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Abstract

Phosphoniumions readily compare to ammoniunons in regards to their aggregate
characteristicsthermal stability,and antibacterial activity. lonic aggregation in phosphorium
based polymers provides thermorevdesibrosslinks, ideal for reversible sal$sembly, self
healing, and smartesponse In polymers, these ionic functionalities aggate, providing
improved moduli and altering the size and structure of ionic aggregates regulates polymer melt
processabilit.

This dissertatiorhighlights phosphoniusbasedchemistry forthe synthesis afiovel step
growth ionomersand structureproperty relationships in ionic polymer3he synthesisof
phosphonim endcapping reagents forelt polyester redions afforded a termally stabldonic
functionality that controled molecular weightWeak associatiowas present witlphosphonium
ions at low ionconcentrationsbelow 7.7 mole % The use of novel ionic bisacetoacetate
monomers irthe formation of networks frorivlichael adlition reactionded to thesynthesisof
ionic networks with increaseand broadenedylass transitiomand improved tensilstresses at
break and strains at breabkmpared tahose in the noionic networks The first electrospun
fibers from Michael additon crosslinking reactiongre reported, anéquilibrium ionic liquid
uptake experimental results indicated that ionic functional netwaiykerb close to three times
the amount of ionic liquid as naaonic, poly(ethylene glycotpased films. Chahextendirg
polyurethanes with a phosphonium diol aubsequentlyarying the hard segmenbntentled

to changes in ionic aggregation, crystallinity, and thermal transitionghe polymers



Additionally, novel phosphoniurhased methacrylate monomers incorporateid diblock
copolymers with styrene exhibited microphase separa@woarall, the inclusion of phosphonium

ions pendant to or in the main chain of various types of polymers led to changes in morphology,
improved tensile properties, enhanced moduli, beoad transitions, changes in crystalline

melting pointschanges in solubilityand appearance of ionic aggregation.
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Chapter 1: Introduction

1.1 Dissertation Overview

lonomers are classically defined as polymers with 15erpekrcenor less ionic groups,
yet the ionic aggregation in isolated locations in the polymer governs thermal, mechanical, and
morphological propertieslon-containing polymers attract much industrial attention due tio the
cambility to dramatically improve bulk polymer properties with small changes in the type and
percent of ionic functionalities. Physical crosslinking in the polymer due to ionic aggregat
provides moduli and tensile improvements, reinforces the polymer, and regulates thermal
stability and miscibility with inorganic additivésThey function as smart materials, providing
improved actuation as transducers, and they improve the uptakaiofiiquid in polymers to
generate enhanced conductivity in eleetotive device$* lonomers also are known to have
self-healingcapmability.” lonomers often have their own ionic transition tempeswhere these
ionic aggregateslissociate and reformgnd energy transferred as hegon impact andonic
aggregatehermoreversitity provide healing as physical crosslinks break and reconirect.

Most ionomers reported in the literature have anionic groups attached to the polymer
backbone and possess:idam placement of the ionic functionalities along the polymer cHains.
In this research, we investigate cationic groups attached to the polymer backbone as well as
regular placement of these functionalities. Phosphonium salts are particularly attraetitee du
their enhanced thermal stabifitgnd antimicrobial abilitycompared to widehRzommercialized
ammonium salts. The large phosphorus cation allows for weak ionic associations in the polymer
that provide improved performance without detrimental effeats processing. Various

phosphoniurrcontaining monomers and endcapping reagents to include in high performance

1



polyesters networks from Michael addition reactigngolyurethanes, and diblock copolymers
were synthesized.

In chapter 3 of thiglissertationthe thermal stability and control of molecular weight with
phosphoniuncontaining endcapping reagents were investigated in-teigiperature melt
reactions to make telechelic polyesters. In chapter 4, novel phosphbaged imidazolium
based and norionic crosslinking reagentsere synthesizetbr Michael addition reactionand
facilitated a study othe influence ofonic aggregatiomand ionic contendn thermal, mechanical,
and morphological properties of crosslinked films. We regbe first electrospn fibers
synthesized fronMichael additioncrosslinking reactions fdsoth ionic and noonic networks
In chapter 5, carbon nanotube incorporation, tensnprovements, and resistivitiesere
examined for no#ionic and ionic networks. In chapter 6,navel phosphoniurbased chain
extender was used to regularly place phosphonium groups in the hard segment of polyurethanes.
Additionally in chapter 7, novel methacrylate phosphonagntaining ionic liquid monomers
were synthesized and incorporated intdlatk copolymers with styrene. In chapter 8,
phosphoniurbased bisphenol monomers were prepared and their potentisdefonsynthese
of functional polysulfoes wasinvestigated. In chapter 9, imidazolidmased polymers are
reviewed. In chapter 10, symses and cytotoxicitiesf several mairchain imidazoliurdbased
polyesters are discussed. Overall, the thermal, mechanical, rheological, and morphological
properties of various polyesters, polyurethanes, networks, and block copolymers containing
phosphonim groupshave been investigated in hopes to inspire future research on polymers that

contain phosphonium chemistry.
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Chapter 2: Molecular Design of PhosphoniumContaining

Macromolecular and Supramolecular Sructures

2.1 Abstract

Non-covalent interactions in polymers provide smart, reversible, and dynamicahys
networks to afford directed sedlssembly, selhealng, electreactivity, enhancednechanical
performance,unique morphologes and other physical properties. lonomees, polymers
containing 15 mole percent less ionic functionality, advantageogsillow for vast changes in
physical polymer attributes with small modifications in the amount, type, and topological
location of ionic functionalities. Alkyl ammoniwtontaining polymers are ubiquitous
throughout the present literature, but their low tiedr stability due to the Hofmann elimination
presents difficulties in industrial applications and Hkigimperature processing. Unlike the
ammonium cations, sodiosulfonate ionomers possess high thermal stability; however, their
strong norcovalent associains oftenremain above thermal degradation temperatures and
prevent processing. Utilizing a large cation with weak ionic associatioag improve
processabilityand provide valuable physical crosslinking interactions to impeontrol over
physical polymeiproperties. The large phosphonium cation is ideal for these applications, for it
provides weak, reversible associations yet is comparable to the ubiquitous sodiosuéfodate
ammoniumbased derivatives. However, the field of phosphoroamtaining polymes is
relatively unexplored. This review elucidates the advantages of the phosphonium functionality as
a means toobtain reversible, selhssembled, and physicakyosslinked macromolecular

structures. Due to the limited literature on phosphortomiainng polymers, we hope to inspire



future research employing phosphontbased polymers in electaxctive devies, sekhealing,

and seHassembly

2.2 Scientific Rationale

Phosphonium cations are readily compared to ammonium groups due to their
aggregabn! phase transfer capabilify,thermal stability’ antibacterial activity, and
electrostatic properties. The phosphonium functionality is attractive predominantly because of its
higher thermal stabilifyand greater antimicrobialctivity’ compared to widelgommercialized
ammonium derivatives. Phosphonium salts are also used as stabfliaedfor adsorption onto
substrate’s® and find application in smart matdg&'® and sekassembly:* Although using these
salts presents several advantages, expense is a comrson f@ausing the ammonium over the
phosphonium functionality.Also, alkyl phosphines are oftemyrophoric and demand more
cautiousaboratory techniqueS Although phosphonium salts are ubiquitous in the liteggtthe
study of phosphoniurbased polymers is a relatively unexplored field.

For many applications, gbymers offer benefits over small molecules, including-non
volatility, improved chemical stability, low permeabilitthrough the skin and recycling
potential}® '’ Using polymeric phosphonium salts may also improve catabtid antimicrobial
actiorf as well as better disperse silicate nanoparticles in a macromolecular nidtexwittig
reaction is one case wherelymersupported phosphonium sakse growing more popular
(Figure 21)13*° For exampleHodge and Waterhougeeatedchloromethylated polystyrenia
1% or2% crosslinked beadsith triphenylphosphine for 60dursat reflux in chlorobenzen@

The reaction produceduantitative convesion of all chloromethyl groups into phosphonium

functionalities. Exposure of these phosphonitgontainng beads to ambient conditions of



various aldehydessolvent, andsodium hydroxide resulted in akecontaining polystyrene
beads.The various aldehydeincludedferrocen2-carboxaldehyde, formaldehyde, thiopkzn

aldehydeandothes.*

% ® NaOH, RCH %
C'JHOCHZ—PPhg, aoH, RC O= ?HOCH:CH—R + O=PPh,

C§)H2 Cl@ R = alkyl, aryl CH,

Figure 2.1. The Wittig Reaction with polymesupported phosphoniunalss®® Adapted from
Polymer 22, P. Hodge, J. Waterhoysghemcal Modification of chloromethylated crosslinked
polystyrene via phase transfer catalyzed Wittig reacti@©531154, Copyright (1981), with

permission from Elsevier

Phosphonium cations may improve the thermal stability of polyfhers|p facilitate
aggregatiorf® or aid in matrix reinforcement of ionomerg* Due to the enhanced thermal
stability of phosphonium versus ammoniumiaas, ph@phoniumcontaining polymers have

many new opotentialapplications.

2.3 Phosphonium versus Ammonium lons: Structure and &nding

The strength of cation, anion, and conjugative interactions plays a role in the final
structure and properties of phosphonibased molecules. Phosphonium cations exhibit
tetrahedral geometry with four twelectron bonds. Phosphorus often exists as the omnipresent
phosphine oxide, phosphate, or phosphonate functionalities since the phosphorus 3d orbital and
large size of the am allow for additional bonding beyond satisfaction of its octet.
Phosphonium cations are synthesized from quaternization of phosphines. Due to a downfield
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resonance shift from phosphine to phosphonium function&tRyNMR is commonly employed
to monitor phosphonium synthedrom precursor phosphines.

The greater electronegativignd smaller size of nitrogen compared to phosphorus leads
to vast differences in the strength and dissociation of ionic interaéfih€lectrostatic
interactions decrease from phosphorusitmgen due to the larger size of the phosphorus atom
and itscapability to distribute charge on its surface. Nitrogen also possess shorter bond lengths
with carbon, namel yC 1h &mBd sU, Z teudteptrt, ¢hd smaller P
ammonium atonfacilitates tighter ion pairs than phosphonium functionalities, and the-alpha
methylene protons for ammonium cations are more acidic than-adptieylene protons for
phosphonium cations due to inductive efféftddydrogenbonding and anion contact is
enhanced for ammonium over phosphonium salts, and all these combined effects elucidate the
lower melting points for phosphonium salts compared to ammonium analogues. Many
phosphonium salts exist as ionic liquids while ammonium molecules do not and more easily
form a crystalline lattice. Melting points of phosphonium salts increase as the alkyl chain lengths
on phosphorus are increased, but ammonium salts do not show a dramatié Aratelicate
balance of packing forces between chains, electrostatic intersicand lypophilic interactions
exists.Phosphonium compounds, however, are more thermally stabtausthay bereferable

for long-term use applications>

2.4 Thermal Stability of Phosphonium versus Ammonium 8lts
Phosphonium compounds possessitial stabiliiesup to 70 to 8 °C higher than similar
ammonium moleculely thermogravimetric analysis (TGA) ramps to 1000 °C at 2 °C/min under

nitrogen® Although phosphonium salts may thermally decompose through various mechanisms



compared to ammonium salts, the Hofmann elimination, its tighp&nasso@tion, and the
i ncr eas ed -pmatons greveny amobniurb functionalities from reaching high thermal
stability. However, anion basicity and sterics both play a vital role in final decomposition
temperatures.

In polymer chemistry, thermal stability is especially important for melt procédsisg
well as composite compoundiiyPan,Vaia, and ceworkers examined thermal decomposition
medanisms of montmorillonite nanocomposites including phosphonium salts and mapped
decomposition pathways for both alkyl and aryl salts compared to ammonium andlogues.
Singlestep decomposition was distinguished for the phosphonium salts alone, but incorporation
into silicates added multiple decomposition steps.

Pan and Vaieat al. outlined the many decomposition pathways for alkyl phosphonium

compoundgFigure 2.2)°



A@

R R

@ /
1. R-P-CHyCH;R —» R-K + A-CHyCHyR
R A = halide, anion
R = alkyl, aryl
S}
R A R
) / H,C=CH
2. R-P—CHy-CH;R — R-R SN HA
R
R A = halide, anion
° R = alkyl, aryl
R OH
| ® R.1
3. R-P-CHyCH,-R —» _P-CH,-CH,-R
& HGe
H
R‘P’R + H3C’CH2_R
R Yo
R = alkyl, aryl
S}
R A R o
| @ |®
4 R-P-CHyCHyR — R-P=CH-CH,R
R R+ HA
R
R-P=CH-CH,R
R
R = alkyl, aryl

Figure 2.2. Thermal decomposition pathways for phosphonium groups in montmorillonite
nanocomposite( 1) r educt i v eelirinaiom{3)rsabstitutiom gnd axidajion, i§4)
Uproton abstraction and formation of Wittig reageitdapted with permission frobie, W.;
Xie, R.; Pan, W.; Hunter, D.; Koene, B.; Tan, L.; Vaia(Rem Mater.2002 14, 48374845.

Copyright 2002 American Chenal Society

First, elimination can occur to produce starting material, phosphines, and alkyl halides. Second,
p r ot -elimination, or Hofmann elimination, creates phosphines, protonated halides, and

alkenes. However, the Hofmann elimination in phospimarnversus ammonium functionaés

occurs at much higher temperatures. Third, anion substitution with strong hydroxyl anions can

promote oxidation to phosphine oxides and alkanes. This decomposition reaction especially

9



limits phosphonium applications inigh-temperature or hydroxideontaining fuel cell
applications. Fourt h, a str ong-prdoasste produceg pi c al
phosphonium ylides and Wittt telgninatienaane sulistiution Re d u
with a fivecoordnate intermediate were the most common mechanisms seen with high
temperature ther mal d e gprotars eeguires the pesemce ef a attorsgt r a ¢
base® Varying long alkyl chain lengths on phosphonium salts of 14 to 18 carbons showed no
change in thermaktability, yet symmetric, longhain alkyl phosphonium salts had hegh

thermal stability than shedhain, norssymmetric salts. Stability for lorghain alkyl salts and

aryl salts was attributed to steric hindrance for the decomposigehanisms listed.

The aryl phosphonium saltdso have a more limited scope of mechanismstifi@rmal
decomposition through radical homdlyst temperatures exceeding 300%°The aryl salts are
particularly attractive due to high thermal stability, but synthesis of these salts often includes use
of difficult-to-remove catalysts like nickel(ll) bromid.?* The alkyl or aryl phosphonium
cationds super i over7Qth8&°Cmrlativetoamnaohium ianbyyr GAramps
at 2 °C/min up to 1000 °C under nitrogeamd the control of stability with varying composition
make application of these salts highly desired, yet synthetic strategies to polymeric phosphonium

saltshave received only moderate exploration.

2.5 Current Synthetic Srategies for PhosphoniumaContaining Macromolecules
2.5.1 Chemical Modification of Polymers with Alkyl and Aryl Phosphines

The vast majority of literature cites the use of chemical nuadibn of polymers to
create phosphoniwmontaining macromolecules These modifications include: (1)

polymerization of chlorineand brominecontaining monomers followely quaternization with

10



phosphined*® (2) chloromethylation or chlorination and bromination reactions on polymers

followed by quaternization with phosphiné%3%

(3) reduction of poly(phosphine oxides)
followed by quaternization with alkyl or aryl halidé* and (4) transquaternizationf
ammonium to phosphonium salts with phosphifies.

Chemical modification of polymers can tedo heterogeneity in the polymer matrix

(Figure 2.3)°

@ @

R Ra O A

R= alkyl, g R g
aryl ¢ cl

Figure 2.3.Incomplete quaternization due to neighboring group effects

lonic aggregation a@hsteric and electronic repulsion in a polymer can alter the kinetics and
mechanisr of substitution reactison the polymer chain, anithe utilization of solvens to
dispersethe chains may not fully disrupt associations. Small changes in the amoiotiof
functionalitycanlead to large changes in polymer properties including crystallinity, morphology,
thermal transitions and mechanical performaiidsl these polymer attributes depend highly
reproducible syntheseof polymers containing specifietbnic functionalities and precise
percenagesof chemical modification reactionsan be difficultto reproducé® Quaternization
reactions on polymers proceed through seceder reations where the conversion of
neighboring groups slows the reaction rate through electronic repulsion and steric3&ffects.

Retardation reactions camad to isolated, unreacted groups along the chain (Figure 2.3).
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Additionally as the polymer changes from neutral to a polyelectrolyte, solvation and aggregation
present challenging problems, and conversion is typically less than 100%. Parent eteal. studi
the reaction kinetics and conversion of brominated poly(isobutyesgoprene) polymerd
When using a 3old excess of triphenylphosphine at 100 °C, deceleration occurred due to
neighboring group effects during conversi@md a 1:1 ratio of phosplne to alkyl bromide
resulted in even slower ratés.

Using a large excess of phosphinereased reaction rates for chloromethylated or alkyl
halidecontaining polymers reacteslith phosphinesAlternatively, the use oélkyl instead of
aryl phosphing andmethyl iodide can lead to more quantitative yieff§. High pressure and
high temperature improves reactosith secondary alkyl halid€'s. The most common route to
phosphoniurrcontaining polymers remains quaterniaat of chlorometllated polymers with
air-stable phosphines like triphenylphosphine. The reactivity of alkyl phosphines is dependent
on steric hindrance. As the number of carbons in the alkyl chains attached to phosphorus is
increased, the reactivity t@sds chloromethyl groups decrea$&sNishikubo et al. modified
polychloromethylstyrene with tripropylphosphine and achieved 96.6% conversion to
phosphonium groups. Conversion with trihexylphosphine peaked at 87.8% for uncrosslinked
and 72.1% for crosslinked polymersCrosslinked polymers showed significantly lower
conversionsia chemical modification reactiorfs.

Coupling reactions catalyzed with nickel(ll) bromide are a less common route, possibly
due to extensive catalyst removal steps required after the synthesis is céimflddeGrath et
al. synthesized poly(arylene ether) phosphonium ionomers in good yield from standard aryl
halide coupling reactions using nickel(ll) bromide and a polyphosphine (Figur&2Hth r ner 6 s

standard procedure was used®
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O OO50
Al

(Nickel(ll))

Br (Nickel(l))

@'@

> ®
W%}@{H ©

@_P_@ @ (Nickel(lll))
Br
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Figure 2.4. Nickel(I) bromide coupling reaction on poly(arylene ether phosphitigs) H.

Ghassemi; D. J. Riley; M. Curtis; E. Bonaplata; J. E. McGHdthin-Chain Poly(arylene ether)
Phosphonium lonomersAppl. Organometal. Chem1998 Volume 12. Pages 781-785
Copyright John Wiley and Sons. Adaptedth permission.L. Horner; G. Mummenthey; H.
Moser; P. Beck Phosphororganische Verbindungen, 51. Die Einflhrung von Arylresten in
tertiare Phosphine mit Hilfe von Komplexen der Ubergangsmetalle (Komplexsalzmethode)
Chemische Berichtd 966 Volume 99,Issue 9Pages 2782788 Copyright WileyVCH Verlag

GmbH & Co. KGaA. Adapted with permission
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2.5.2 Synthesis of Phosphonius@ontaining Monomers and Endcapping Ragents

Few reportsof phosphoniurctontaining monomer synthes exist. Phosphonium
derivatives of vinylbenzyl monomer5®*° brominated phenylacetyleiie, bis(bromoalkyl)
diacetylene moomers? and diallylphosphonium halid&sculminate the list of phosphonium
containng monomers. Due to the nature of currently employed quaternization reactions on
polymers, expansion of phosphoniwontainiry monomer synthesesolves many issues with
reproducibility and high conversion. Many of these monomers also possess proferties o
common ionic liquids.

Endoet al. synthesized severab®d 4(vinylbenzyl)phosphonium chloridésHe and his
colleagues synthesized phosphonium arars through reaction of triethylphosphine,
tributylphosphine, triphenylphosphine, and trioctylphosphines with chloromethylsfyrene.
Dimethyldecyl, dimethyltetradecyl, or dimethyloctadecy{hylbenzyl)phosphonium chloride
monomers were also prepared using similar methods and then compareethtgbédnzyl
derivatives"® These quaternization reactions proceeded at room temperature as opposed to
chemical modification on polymers at 100 °C or gre&t&rCharacterization of these monomers
was limited in the manuscriplthough rapid absorption of water was noted on their contact with
air.*

To datesolution phase,free adi c al pol ymeri zat i cazobis2eact i or
amidinopropane-HCI oazobisisobutyronitrile(AIBN) are he most common methods used to
polymerize vinyl phosphonium salt monomer&ndo et al. found stringent removal @i
necessary for polymerization, and reaction tulvese degassed with three fregaempthaw
cycles, sealedgndthen polymerized atonstat temperaturé Nitrogen was used in the synthesis

of all phosphonium monomers, and no detail of the type of seal for the polymerization tube was
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desribed? Polydispersitydata is often not provided for phosphonitsased polymers due to
high ionic aggregation or insolubilify*

Blumstein et al. andWherrett et al. functionalized acetylene monom&r&. They
successfully quaternized brominated phenyldeas with phosphines.Blumstein et al.
discovered that unlike ammoniubased acetylenes, phosphonibased acetylenesould not
spontaneouslypolymerizeunder ambient conditiorf$* High electron affinity of phosphorus
aided in the stabilization of the acetylene mononinmominated polyacetylene was first
prepared, followed with addition into phosphine solutiSnsC, *'P, and"H NMR spectra UV
Vis spectra and FTIR spectraconfirmed the structure and that the phosphorus center was
connected directly to a c.4PhHosphoniumrsalts thileredphe | y me 1
structure, reactivity, and stability of final polymers.

Blumsteinet al. utilized pyridne or heat to initiate the polymerization of phosphonrium
containing acetyleneé$.The authorssynthesized lack, lustrous phosphoniurbasedpolymers,
andit was reported thagterichindrancesn the final polymer induced unique polymer thermal
instability compared to the thermal stability of the monorfitBostreactionson these materials
resulted in complete quaternization as confirmed WithNMR spectra®'P NMR spectraandIR
spectra Interestingly, the authors proposed the reaction followed a zwitteomaic

mechanism similar to the theory of Balogh and Blumstein (Figuré'?5Y.
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595604, Copyright (1997), with permission from Elsevier

monomer propagates due to attack of the anionic carbormore

Re

P-R

Figure 2.5 Zwitterionic mechanism of phosphonidpased polyacetylene propagatiin

Adapted fromPolymer 38/3, P.Zhou, A. BlumsteinConjugated phosphonium polyacetylenes,

In this mechanism, pyridine atfes the acetylene monomer at the phesupstituted carbon.

Quaternization resultand the phosphoniwsubstituted carbanion is formed. The zwitterionic

phosphoniurrbased
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phenylacetylene mamer. Polymerization occurs with initiation, propagation, and termination
steps. Low degrees of polymerization resulted from ionic aggregation and termination through
proton transfer from chloroform or mononiér.However,Blumsteinet al. repored one of the
firstphosphoniurbased alkynes and phosphontontaining zwitterionic polymerizations.
Seyferth et al. reportedyclopolymerization of diallyldiphenylphosphonium halide

(Figure 2.6)"

R =CHs, H
Figure 2.6. Cyclopolymerization of diallyldiphenylphosphonium halig€ Adapted with
permission from Seyferth, D.; Masterman, T. OMacromolecules1995 28 30553066.

Copyright 1995 American Chemical Society

High initiator and monomer concentrations were required for paligation to poceed, and
allylic hydrogens orthe monomer caused degradative chain transfee authors note that the

high initiator concentri#gons required were not consistevith typical polymerization procedures

to achievehigh molecular weights. 8dbility issues were mentioned in the experimental for the
initiator and polymer. Perhaps better selection of initiator and solvent is nédedeahfirmed by

3P NMR spectra both 5membered and predominatelynéembered rings were formed during

the reacbn. The resultant polymer was amorphous and hygroscopic, forming a hydrate with 0.5
equivalents of water per phosphonium group as deternfipéchrl Fischer titratios. Heating

the polymer at 100 °C for one week still did not dry the polyfher.

17



2.5.3 Synthesis of Phosphoniursindcapped Polymers

The synthesis of phosphonium endcapping reagents for polymers allows control of size
and spacing of ionic aggregates and adds molecular weight control for step growth reactions.
Soutaret al. and Lag et al. exercised this method to produce functionalized phosphdaisea
polymers® %%

Phosphorugerminated poly(1,®utadiene) was first synthesized wiBoutaret al®
Anionic methods were used to synthesiz80P to 10,000 g/mel polybutadieneoligomers
terminated gwithutaldienygl | it @hloedphenyphosplgineo ups .
chlorodiethylphosphine,nal chlorodicyclohexyihosphine endcapped the living polymers with
phosphine functionality, and quaternipat reactionsin situ with iodomethane followed.
Quaternizationwas quantitative However, endcapping the polymewath chlorophosphines
yielded only50-93% phosphorusndcapped polymer. Radical coupling of chains was evident
due to the appearance of aupled byproduct with two phosphine ends, and a single electron
transfer mechanism was suggesisda possible culprit. Polymeispersitiesvere1.17 to 1.25°

To study the microstructure of the polymer termini, -8ifaethylhex2-enyllithium
(neopentyallyllithium) was preparedrom t-butyllithium and butadien®& A model eactionof
this reagentith chlorophosphines PC}Rwhere R equaled phenyl, ethyl, or cyclohexyl groups,
followed with methyl idodide resulted in phosphonibased alkenes with threenfigurations,
1,4cis (2), 1,4trans (E), and 1,2. These model compounds were used to deterniitieNMR
resonances for the polymer termiSubsequently, the authors uséel NMR on theipolymers
compared to these model compournidsshowpreferene for 1,4cis (Z) configuration of the

phosphoniuntontaining alkene at the terminusllowed with trans and then 1?2. Dynamic
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mechanical analysis (DMA3lso confirmed a thermafansitionrelated todissociation ofthe
ionic aggregatefor each polymer between 73 to 120“C.

Our research group previously investigated the synthesis of a monofunctional
phosphoniunrcontaining endcapping reageptcarboxyphenyl trioctylphosphonium bromide for

use in hightemperature melt polyesterifications (Figure 27},

\ I OCHZCHZOFL@JOLOCHZCHZJ i © WOCHZCHZ%+ )})
/ﬁ@* i O,

Figure 2.7.Phosphoniurrendcapped polyestet$** Reproducedvith permission fronnal, S.

Synthesis and Characterization of Branched Macromolecules for High Performast®riers,
Fibers, and FilmsPh.D. ThesisVirginia Polytechnic and State University, BlacksbuA,

2005.

Synthesis of the endcapping reagent involved nickel(ll) bromide catalyzed coupling of 4
bromobenzoic acid and trioctylphosphine at 170 °C ovdio2d4sunder argon. Several washing
steps and five recrystallization steps were required to purify the compound and remove nickel(ll)
bromide. Synthesis of linear and branched poly(ethylene terephthadgie)y(ethylene
isophthalate)(PET-co-PEI) with typical melt polymerization conditions produced oligomeric
polyesters. The endcapping reagent was added with continued polymerization under reduced

pressure at 220 °C to 275 °C foBzours but discolored products result&d*
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Allyl phosphonium salts, phosphonium ylides, and benzyl émytphosphonium salts
initiate polymerizatio®® These reactions present future ways to endcap polymers while
controlling molecular weight and dispersity. For example, photopolymerization of ethyl
cyanoacylate through a zwitterionic mechanismas reportedthrough the use of benzyl
triphenylphosphonium hexafluoroantimonate or (anthré&egimethyl)triphenylphosphonium
hexafluoroantimonat&. Yagci et al. used anion exchange to enhance salt activation with light
absorption, and homolytic and heterolytic cleavage of phosphonium molecules resulted in benzyl
radicals, triphenylphosphonium radical cations, benzyl cations, and triphenylpho€phine.
Triphenylphosphine initiated polymerization of ethyl cyanoacrylate. Addition of
triphenylphosphine to the vinyl group creates a zwitterionic molecule that polymerizes through a
zwitterionic mechanism.The stabilized anionialphacarbon attached to the ester and the cyano
groups facilitates polymerizatioto producea phosphonium endcapped producitiation of
methyl methacrylate (MMA)did not occur dueto the less electrophilic chaster of the
monomer”’ However,a free radical mechanism of initiation was cited for MMA polymerization
with  benzyl triphenylphosphonium bromidedue to phototsis of the bend
triphenylphosphonium bromide into the phosphonium radical cation and the benzyl Yadical.
Bajpai et alpropose that the benzyl radical caussagbsequent itiation, and the phosphonium
radical cation underwent various side reactiartarminated polymechains>

Yagci et. al reported that allyl phosphonium sadgidly produced phosphoniuimased
radical cations through reaction with radical initiators and an addig@mentation
mechanisnt® The authors suggested timbsequent polymerization of cycloteme oxide and
other cationiepolymerized monomersccurred due tgroton abstractiorirom the solvent or

monomerto generatéd” or due todirect initiation from the phosphoniurrbased radical cations
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themselvegFigure 2.8)® *2 Furtherand futureinvestigation of inilation and termination steps

wassuggested.

w QL : 2
)
A 0%
W P o o
RH= solvent -~ @ n+1
©/® AO  Or monomer @ + HOAD +R® 2 @o@ n CHO A©

Figure 2.8. Addition and fragmentation of an allyl phosphonium salt with a radical initeatdr
cationic mlymerization of cyclohexene oxiffe > Adapted fromPolymer 41/16, L. Atmaca, .
Kayihan, Y. Yagci, Photochemically and thermally induced radical promoted cationic
polymerization using allyl phosphonium sal&0356041, Copyright (200), with permission

from Elsevier.Adapted fromPolymer 37/13, Dietmar Dossow, Qin Qin Zhu, Gurkan Hizal,
Yusuf Yaci, Wolfram Schnabel, Photosensitized cationic polymerization of cyclohexene oxide:
A mechanistic study concerning the use of pyridiniype salts,2821-2826 Copyright (1996),

with permission from Elsevier

Radicas first adcedto the vinyl group on the phosphonium molectienphosphonium radical
cationswere generated through decomposition. This radical cation initiates polymerization o
acts as a chain transfer agent through abstracting hydrogens. Triphenylphosphine radical also
endcaps and terminates chalfhi®hosphonium initiators, endcapg reagentsand ionic liquids

facilitate regulation of reaction rate, chain transfer, and fonatichain end&>
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2.6 Physical Properties and Applications of Phosphoniumeais
2.6.1 PhosphoniuraContaining Composites and Thermal &bility

Phosphonium salts find application as flame retardérttsermal stabilizerd® > mass
transport aids> and compatibilizefsin polymer composites.In specifically layered silicate
nanocompositesgither of twolevels of compounded structurexist including exfoliated and
intercalatedstructure® Exfoliatedsilicate layerechanocomposites have dispersed silicate in the
polymer, and intercalatethyered nanocomposites have a stratum of polymer and tglica
Microcompositesare a different type of nanocomposit@gh a fine distribution of silicate
Phosphonium compounds are attractive because composite mixing, processing, and formation
require high temperatures, and phosphonium salts have higher thaltlyshan commonly
used ammonium salts.For example, ammonium bentonite decomposes 70 °C lower than
phosphonium bentonite due to Hofmann eliminaffbfihermal stability is particularly critical
for processing of composite materialsPan and Vaiaet al. studied the mechanisms of
decomposition for both ammoniyumand phosphoniuagontaining montmorillonites using
thermogravimetric analysisTGA), pyrolysis GEMS, hightempeature Xray diffraction, and
FTIR.®> Phosphonium salts decomposed through various pathways compared to amselts;
however, ammoniurgontaining montmorillonites were overall less thermally stable than
phosphoniurmodified compound3.

Faroq et al. tilized the thermal stability of phosphonium salts flame retardant
applications* Treatment with flameetardant phosphonium saksich asphosphonium salt

ureaammonia polycondensates reduced flammability of cotton textiles. Fadbqoiragues

found that phosphonium salts raised the activation energy required for ignition compared to
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cotton without any treatment. Diffusion control contributed to their higher activation energies,
sincethe saltpresented diffusion barrier and ingator to prevent loss of volatil&s.

Phosphonium salts also find applicasoms compatibilizers and stabilizér&>*
Aggregated rather than uniformly distributed silicate stiffens the polymer matrix and decreases
elastomac propertes but incorporation of hydrophilic and ionic polymer endgroups promotes
adhesion to the silicat@s. Transmission electro microscopy (TEM), widangle Xray
scattering (WAXS), and NMR techniquegre utilized toevaluate the effés of phosphonium
salts on nucleation and distribution. TEM imaging confirmed that phosphonium salts jeeiform
better than ammonium salts in dispersing bentonite in an epoxy rffatfike phosphonium
bentonite also possessed improved fire resistance compared to ammonium corffbounds.
Phosphonium and ammonium surfactant absorption on silica nanocomposites was examined with
electron spin echo techniqu®s.Electron spi echo techniques were used to show interaction
between the surfactant, polymer, and nanocomposite material. Morphologies were assessed
based on excess surfactant, stoichiometric amounts, and limiting values. Multiple morphologies
were seen with excess timiting amounts of surfactanit. Tributylhexadecylphosphonium
bromide (HTBP) had a small transition in the compositamgiroximately30 °C, and this
transitionwas around 20 °C in the surfactant alone. These transitions represent dissociation of
aggregates and surfactant lay®rs.

Parent et al. employed one of the first phosphortomtaining polymers asraatrix for
composite materiafs.Polyisobutylene ionomers formed elastomeric composite matelialgo
improved exfoliation ommonium iorexchangednontmorillonite clayin the polymer matrix
and enhanced strengttompared to analogous ndonic polyisobutylene composit&sAlso,

tensile and mechanical properties of zmgde-cured polyisobuylene @ecompared to the ionic
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polymers. The authors inghted that polyisobutylene crosslinked with Zp@vided composites
testable with tensile techniques asichilar in structure to the ionic polymers due to the ionic
physical crosslinking of phosphonium groupsscosity and'H NMR spin relaxation studies
confirmed ionpair aggregation in the phosphonigmntaining polymef® Compounding at 100

°C did not result in significant degradation of phosphonium endgfoupéodulus and tensile
strength improvemenin ionic polyisobutylenesvere also observedompared to nonionjc
crosslinked and uncrosslink@alyisobutylenes Low loadings of clay for notonic crosslinked
polyisobutylene showed nmprovemenbn tensile and mechanical properties, and high loadings
only decreased performandeor the phosphoniurbased polymers, the clay instead acted as a
reinforcing filler for up to 30 weight percemiay with little agglomeration of the fillerbut
tensile and mechanical experiments showed atmglomeratiorat all loading levels for the nen
ionic analogg.

Minteer et al. studie@bn-exchangedNafion® for specifically mass transport properties to
determine if increasing the pore size of Nafiamould allow the transport of large molecules in
redox or biological emapment application$. Minteer et al. also has shown that iemodified
Nafion® traps small redox couples, allowing larger redox couples to transport to the electrodes
and increase electrochemical fltixNafion® modified with ghosphonium saltsnaintaired
greater sulfonic acid proton exchangewith the cationsthan membranes modified with
ammonium salts® The protons on sulfonic acid groups exchange witA o formi SOsX and
H*A” where A is the anion and Xis the cationCasting Nafioff with phosphoniim salts with a
higher hydrophobicity than ammonium safisoduced larger pore sizes than the ammonium
modified polymers. Thus, membranes with phosphortomtaining polymers showed greater

transport of large molecules. Overall, phosphonium compoundsabbrdo improve diffusive
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mass transport with minimal effect on the proexchangecompared to ammonium salise to

the greater hydrophobicity of the phosphonium cation and legsragrationwith the sulfonic

acid exchange sitesHydrophobic interactins are also important in trappingand transport of

ions and neutramaterialin Nafion® membranes®> Alkyl chain length may influence diffusive
mass transport more thahe effects of using ammonium versus phosphonium cations and should

alsobe investigated.

2.6.2 PhosphoniumContaining lonomers, lonic Aggregates, and SelAssembly
lonomers are commonlgiescribedas polymers with less tharl5 mole percenionic
sites and they are attractive for theimpacityto reinforce a polymer matriX. lonic content in a
polymer can serve as thermoreversible crosslink points to facilitate processing at high
temperature$. At ambient conditions low molecular weight polymer containing
thermoreversible csslinks andould have properties similar to high molecular weight analogs.
Morphological and rheological characterization is critical to examinpagential
thermoreversiblepropertiesof phosphoniurbased ionomers. Eisenberg, Hird, and Moore
proposeda morphologcal model of randomonomers based on small angleray scattering
(SAXS) andDMA.? In this theory, ionic material in a polymer existed as aggregates or small
groupings called multipletsand this wasdepaxdent on the ion contefft. Polymer chains
wrapped around and surroued the multiplets, and agglomeration could be controlled by the
type and amount of charged material. These aggregates can be large emoadh@aSAXS
ionic peak andthey canphase separate. DMA or differential scanning calorimetry (DSC) can
measurethe glass transition temperatsreof phase separated ionic domd&msSoutaret al.

showed that phosphoniutarminated polybutadiene polymers between 2,000 and 10,000eg/mol
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have an ionic transition between 70 and 102 °C for polymers with diethylmethyl and
dicyclohexylmethyl phosphonium endgraip
Residualcatalyst andnobile ionic sites serve as nucleation sites for crystal grotim
et al. showed that mixing polystyrene and polyethylene ionomers patly(ethylene
terephthalate)RET) increased the crystallization rateHowever,ionic aggregation thigersists
in the melt hinders chain mobility and prevents full availability of the ionic sites, whitthrnn
has countering effect on the crystallization rateng et al. showed that telechelRET
sodiosulfonate ionomers displayed a slower crystailinatate compared to polymer without
ionic content? In these sodiosulfonate telechelic polyesters, the ionic aggregates persisted even
above 150 °C, and increased viscosity accounted for the slower crystallizatidfl Gusina et
al. discovered theasne thing for sodiosulfonateased telechelipoly(butyleneterephthalate)
(PBT) ionomers’! The ionic groups retarded mobility, leading to slower crystallization Pates.
SAXS is used to confirm ionic aggregation, and DMA is used to confirm the
thermoreersibility of ionic aggregates with a transition irmliog the dissociation and/or
association of them. Howevesthertechniqueshow that phosphonium groups hingeobility
and mechanically reinforce polymers through their ionic aggregatesosity measurements
and melt rheology are commonly useximples In rheological studies, the melt viscosity of
sodiosulfonateéerminated PET was stwvn to be higher than dodecarevidcapped analogs,
indicating ionic reinforcement in the polymer maftix.
More interestingly, ionic aggregation has led to broaderied NMR peaks in
polyisobutylene ionomers *H spinspin relaxation measurements quantified local and chain
mobility.?° Measurement of spiapin relaxation requires a 90 degree pulse with successive 180

degree pulses. Jvalues, the timeequiredto randomize spins of local protons in tin@nsverse
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plane are recordedin polyisobutylene ionomers,,alues of isobutylene resonancgsowed
equal mobility for phosphoniurbased polymers with random attachmheof phosphonium
groupscompared tdorominated, nofonic polyisobutylene with random attachment of bromine
along the polymer chafff However,unlike theotherisobutylene resonancethie T, values of
the allylic hydrogens of phosphoniwtontaining polymers relaxd faster than bromine
containing controls®  lon-pairs restricted mobility of the allylicrgups, and this finding
supportedthe existence obnic aggregatiod> # Spinspin relaxatiorexperimentss useful to
measure diffusion coefficients and local environment restrictions not previously quantified.
Viscosity measurements of the phosphoniaoontaining polymersshowed an increase in
intrinsic viscosity as the methanol content was increased in chloroform/methanol polymer
solutions suggesting thaaddition of methanotlisrupted thaonic aggregates. Wh increasing
methanol in chloroform/methanol solutiond4 NMR resonance positions ifted, and the
resonancebadwidths and positionsimilar tomodel compound®’

Proton spidattice relaxation times and spapin relaxationcan also be utilized to
analyze electrostatic and netectrostatic forces in small molecule phosphonium and@mum
salts® Spinlattice relaxation times of local protons are measured with a 180 degree pulse
followed by a 90 degree pulse. Free induction decay signals are monitored and used to calculate
T, the spinlattice relaxation time. Neutronattering and diffraction studies also indicated that

electrostatic forces were not the only forces affecting structure and mov&&tit.

2.6.3 PhosphoniumBased Polyelectrolytes, Surfactants, and Sefssembly
Phosphoniunbased polyelectrolytes find potential application as stabilfzensart

materials’*® and antimicrobial agent§. ®* Gene therapy and chemotherapeutics are other
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potential future application§>®® Ikeda et al. reviewed physit applications of phosphonium
ions as antimicrobial agents and liquaidystalline molecule® The authors tried to link physical
state and morphology with antimicrobial behavior, explaining that the availability of ionic sites
due to ionic aggregation dmqmorphology was critical to antibacterial activity. They describe
ionic structure, morphology, and micelle formation all as important regulators of antimicrobial
activity. Large aggregates limited antimicrobial behavior, and the authors pointed aubstat
long-alkyl-containing phosphonium salts readily aggregated and were also liquid amgstalli
They investigated trimethyl or dimetipflosphonium salts with respectively one or two long 10
14-, or 18carbon chains. With long alkyl groups, these phospim molecules had liquid
crystalline propertie¥® Organizational ability of phosphonium salts was found superior to
ammonium analogs, but this higher organizational activity is not well undefStood.

Phosphoniurtontaining polyacetylene is currentlynder investigationas a smart
material. Control of chain ogugation length in phosphoniubased polymersgoverns
switching action catalyzed with light, heat, or solvent. Baedm and helixto-coil transitions in
polydiacetylenes are facilitated with this smart respdideCalvin-L e wi s anal?si s us
= kn) where n is the conjugation | ength and &
the polymercan be utilized to calculatextended chain lengti5.Conjugated phosphonium
containingpolyacetylenes possess much longarjugated lengths or extended chain structures
than nonrionic analogs due to electrostatic repulsion of phosphonium groups in the chain (Figure
2.5)4

Nishikubo et al. studied polymeric photosensitizecentaining both pendant
photosensitizing groupsNO,) and aso pendanphosphonium salff These polymers were

usedto photoisomerize small moleculaswater or hydrophilic solvenPhotochemcial valence
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isomerization is important in the storage of solar energy which has utilized the isomerizaiton of
norbornadiea to quadricyclan& Hydrophilic interactions between the small molecule reagents
and the polymersoccurred due to the hydrophilic phosphoniumcations These substrate
attraction interactionglirected the small molecule reagents to the pendant photizenrssit
Potassium 3heny}2,5-norbornadiené-carboxylatd’” and potassium cinnamafeboth showed
enhanced photochemicalalence isomerization with the phosphoniaontaining polymers
compared to noionic polymers.

Photosensitizers transfer energy to other molecules to promote isomerization. Self
guenching due to mobility restrictions in polymers compared to small mesehas limited the
application of polymeric photosensitizéPsThe active photosensitizers on the polymer were 4
nitroxyphenoxy groups, but phosphonium salts on the polymer chain were used for self
assembly. Potassium-nitrophenoxide and veous phosphines were used to functionalize
polychloromethylstyrené. The substratattraction of phosphonium groups helped aid the
cis/trans photoisomerizatidoy placing thei NO, groups next to the small moleculeagents
and photosensitizing ability fothe photosensitizing groups on phosphonitontaining
polymerswas larger than ammonium salt analédacreasing the alkyl length of the groups
attached to phosphorusesuled in decreasedohotoisomerization ratesperhaps due to
aggregation of the ionic polymershd&@ phosphonium groups effectively blocked sgi€nching
of photosensitizing nitro groups to allow uniquely higher rates for polymers than small molecule
models’

Phosphonium functionalitieseremore efficientat substratattraction in these polymers
than ammonium groupswhich subsequently aided iphotoisomerizatioi’ Promotion of

isomerization of potassiumhenyt2,5-norbornadien&-carboxylate was found in the presence
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of both 15 mad % p-nitroanisole photosensitizer and phosphonitontaining polymer (Figure

2.9).

O P(Bu);

NO,
Figure 2.9. Photoisomerization of -Bheny}t2,5-norbornadien@-carboxylate® Adaptedwith
permission fromNishikubo, T.; KawashimaT.; Inomata, K.; Kameyama, Adacromolecules

1992 25, 23122318.Copyright 1992 American Chemical Society

Without phosphonium growp isomerization was not founBhosphonium groups attracted 3
phenyt2,5-norbornadien&-carboxylate to the polymer chain, and isomerism was allowed due
to energy transfer &m ntrate groups on the polymerPhotosensitizing ability was very
dependent on polymer composition and the number of photosensitizing groups incorporated in
the polymer’’

The polarityand structure of phosphonium salts was useful to align nitrate groups with
reagents in photosensitizing reactiobsit phosphonium saltalso find applicationas gelling
reagents the structure of the phosphonium cation is critical to considédallah aad Weiss
investigated small molecule thermoreversibgelators with long-chain phosphonium salts
(Figure 2.10Y° The aggregative properties of phosphonium and ammonium salts combined with
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Van der Waals attractive forces ofnpchain alkyls allowed these unique salts to form a
network in a standing liquid. A colloid with a wetlixed portion of both sol and gel is a
gelator’* Although ammonium gelators retained a network structure for longer times due to
stronger ionic interactia phosphonium gels were reversed to liquids and regelled more times
than the ammonium salts due to thermal stability of the phosphonium 4fibe.phosphonium
gelators have lower gelation temperatures and provided homogeneous disp&daliity of

the salt also affects tfmmpacityto form a gel in an organic liqufd.

A9
®
P—[CHZ(CH2)16CH3] )

A = bromide, iodide, or perchlorate

A©

@
P«fCHz(CHZ)SCH?,]4
A = bromide
Figure 2.10. Thermoreversible phosphonium salts used to gel organic sgiiehtaptel with
permissionfrom Abdallah,D. J.; Lu, L.; Weiss, R. GMater. Chem1999 11, 2907.Copyright

2000 American Chemical Society

Selfassembly and stabilization continue to surface as growing fields for phosphonium
salts. Solvent polarity, temperature, and salt conagon in solution prove critical to aggregate
formation! Phosphonium salt aggregatiaran control porphyrin selassembly and DNA
binding** ® Aggregatesand micelles of triphenylphosphonium ionsith one long alkyl or
fluoroalkyl group formed in formamide’ Decyl, doccyl, tetradecyl, and

hexadecyttiphenylphosphonium bromide surfactants altatiized’®
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Critical micelle concentrations (cmdhe concentration of surfactawhereselfassembly
of amphiphiles into micelles solutionbecomesabundant and spontaneoase measured with
conductance versus concentrati@xperiments or microcalorimetry (isothermal titration
calorimetry)’* "® Abrupt increasgin conductance and decreag® surface tensioindicatethat
one has reached the critical micelle concentrafon the conductometry rtteod, small amounts
of a solution of known concentration of surfactansolventare added sequentially to a large
container ofsolventwith controlled temperature. After each addition, stirring, and temperature
equilibration, the conductance is measuredplots of conductance versus concentration, the
critical micelle concentration occurs whanabruptchangen the slope of lines drawn between
the valuess apparent® In isothermal titration calorimetryntroducing aliquots of surfactant in
solventinto pute solvent is associated with the enthalpysolvation. The heat flow, exothermic,
and endothermidransitionsare recorded for each dilution, and the differential enthalpies of
dilution per injection are plotted against concentration of surfactamic and enthalpy of
dilution are derived?

Isothermal titration calorimetry measuresfferential heats of dilution at varying
temperatures against surfactant concentrdfion.Each injection of surfactant into the pure
solvent relates to &hangein heat flow due to the exothermisolvation processPlotting
kcal/moke of injectant versus concentration of surfactant results ideally in a step output,
indicating a dramatic decrease in kcal/mol of injectant at the cmc that then begins to plateau to a
single value beyond this concentratioMoulik et al. evaluated cmc values mbnalkyl (Cyo-,

Ci12, Cis, and Gg) triphenyphosphoniumbromides in water, but the authorsuiod unique
behavior for shortealkyl triphenylphosphonium salf&.For the decyl and dodecylcontaining

triphenylphosphoniunsalts, heat of dilution versus concentration plots at lower temperatures
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(near 298 K) each showed a peak rather than a stepwiseTdrege peaks indicatecoupled
endothermic and exothermic processasaning twgrocesses of associatiemisted Only one
exothermic procesand a large stepwise drop in the heat of dilution versus concentration plots
occurred wherevaluatingtriphenyphosphonium cations with longeroncalkyl lengthsor when
measurements of the decglr dodecylcontainingtriphenylphosphoniuns al t s 6 oene v al
completedat highertemperature”®

Moulik et al. also showed thatl dour types of tripheylphosphoniumsaltswith varied
monoalkyl group lengthdisplayed two abrupt slope changem the conductivity versus
concentratiorplots” Each abrupt change in slope is considered a critical concentration for a
type of association. Cmc values from microcalorimetry &ond conductivity measurements
were similar for decylcontaining trphenylphosphonium and dodecykontaining
triphenylphosphonium salts The first changein the slope of the conductivity versus
concentration plots wathe cmc, and the authors related the second slope changesnall
secondary chamgin size, shape, orioelle behavior The prime association was seen to decrease
with temperature. Higher temperatures for cmc minima resulted from lipophilicity of the cation.
Low enthalpy of the secondary transition was attributed to a lack of a secondary transition for
longerchain monoalkytcontaining triphenybhosphonium salts.  Ewopy of aggregation
between the different salts varied little, but enthalpy did chafigis change in enthalpwas
responsible fodifferences irselfassembly?

Although most cmcstudies are completed in water, Lattes et al. studede water
insoluble triphenyphosphoniumsalts with one long 4to-8-carbon alkyl groupand their sel
assemblyin formamide’? Formamidesolvatedarge cationsaind has a higher dielectric constant

than water (110 versus 80 respectively)An abrupt change in slope between values of
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conductance versus concentration was noted as the cmc. The cmc decreased with increasing
alkyl group length.Conductance increased even after the critical micelle contentraas
achieved The authors associatedthis behaviorwith imperfect micelle formation due to

formami deds hi g:hhistehavibrésetil not felly understedti.a n t

2.6.4Phase Transfer Gatalysis

Tomoi et al. employed phosphonitmasedsaltsas phaséransfer catalyst¥: ™" Phase
transfer with small molecules is often racefficient than with polymeric phosphonium salts due
to solvation of the ions and entrofyiven desolvation of polymer chaiffs.Polymersupported
phosphonium catalysts were used to stplgsetransfer reactions of alkyl and aryl halides with
sodium cyanide in various solverifs. Alkyl halides thatcould swell catalyst supports had
greater efficiency’ Rates were enhancedith phosphonium catalytisites farther from the
polystyrene backbones of supportedabatts’ Increased hydrophobic character and increased
ion exchange were reported for longer spacer lerf§ths.

Through emulsion polymerization, Ruckenstein et al. prepared two types of
phosphoniurbasedphase transfecatalysts: The authors synthesized both poly(vinylbenzyl
chloride) (PVBC)by itselfandalso a coreshell polymer witha core of polystyrenand a shell of
PVBC. The coreshell polymer was prepared through first synthesizing polgsgymligomers
and subsequently adding vinylbenzyl chloride to the emulsion polymerizafiasslinked
particles were prepared with divinyloenzene (DVBhe resultant PVBGcontaining polymers
were quaternizedwith tributylphosphine, resulting impoly(vinylbenzltributyl phosphonium
chloride) (PVBPCXxontaining polymersScanning electron microscopy (SEM) the particles

suggested that quaternization did not change the particleasidecoreshell morphology was
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observed forpolystyrenePVBPC.? UnsupportedPVBPC showed increased phase transfer
catalysis in the alkylation of isopropylidene malonate due to increased solvation and catalyst
availability compared to glystyrenesupported PVBPC. sfimonium analog synthesized with
tributylamine containing poly(vinyllenzyltributyl ammonium chloride) unijtsvere compared

and found to have much less catalyittivity than the phosphonium polynser Cooperativity
effectswere notedfor controlling and enhancing catalyst activity for supported polymatts

higher catalys content’

Ruckenstein et alalso synthesized the monomers triethylvinylbenzyl phosphonium
chloride and tributylvinylbenzyl phosphonium chloride, and these monomers were used in a third
method to make corshell polystyrend®VBPC? Instead of adding viylbenzyl chloride, the
phosphonium monomer was added in the polymerization step. However, nthision
polymerizationwas affected by the concentration of phosphonium salts, where Weasrea
limiting value for salt content to maintain an emulsidrhis was attributed toraonic surfactant
interactiors with phosphonium growgs

Kubisaet al. utilized telechelic triphenylphosphonivendcappegoly(ethylene glycol)
(PEG in phase transfer catalysi§’® The authorsised commercially available PEG dislsth
degees of polymerization (DP) from 6 to ,34onverted the diol endgroups to bromide
erdgroupswith triphenylphosphine and bromineand subsequentlhyquaternized the polymers
with triphenylphosphinén a separate reactidh’® Measurement of bulk viscosities ambient
temperature was possible due to the low DP values, and in belketechelicPEG had
viscosities thatvere close to10° orders of magnitude higher th®EG diols**”® In chloroform
at 25 °C at conce#rations below 1 g/100 mL, the telechelic phosphorbased polymers had

lower viscositiesthan PEG diolswith comparable molecular weights It was reasoned that
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cyclic structures were possible sincestgroups only contained 6 to 84yethylene unitén the
chain® Phaseransfer of phosphonium catalysts was studtietkactions ofodium phenoxide
with 1-bromooctane irl,4-dioxane. The rate constaot the reactions witlphosphoniurbased
PEG which hada low number of oxyethylene units (6.4 units on average) did not differ from
PEG that washydroxyl terminated. Aphase transfer catalyst with higher degree of
polymerizationof 23 unitsand phosphonium endgroupessessed i@ate constanthat wastwice

tha of the hydroxyl terminatedPEG Cooperative effects with increasing chain length were

implicated™

2.7 Biological Applications of PhosphoniurContaining Macromolecules
2.7.1 Overview of Biological Aplications of PhosphoniumContaining Polymers

Phosphonium small molecule salts find application as antibacterial agents, as nucleotide
carriers, and adirecting agents foself-assembly: ®°" Current employment of phosphonium
containing polymerss limited to antimicrobial agents. Difficult purification and handling of
these salts and their precursor phosphines, the pyrophoric trialkgtphes for example, have
restricted the use of phosphoniltased molecule¥. Most studies have found
transquaternization and chemical modification reactions on polymers with phosgphiasslt in
less than 100% conversioh®®  Antibacterial activity hasbeen found todepend on
phosphonium salt concentratidhLow molar mass phosphonium molecules may aid in transport
of nucleotides across cell membraffesTetraphenylphosphonium cations have bskownto
traverse across mitochondrial inner mianes without ionophore assistance, and fuplcf

these cations can occur inside the mitochorfdri@hosphonium functionalities also facilitate
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porphyrinDNA binding through controlling aggregation and deposition on the surface of

DNA.%

2.7.2 Antimicrobial Activity: Ammonium versus Phosphonium Polymers and Small
Molecule Analogs

Polymeric biocides offer many benefits compared to small molecule antimicrobial agents,
including nonvolatlity, improved chemical stability, low permeabilitirough animal or human
skin, and recycling potentiaf!’ Medical implantatiorrequires long lifetimes of the implants
and no corrosion or leaching of chemicals into the badg medical sterilization requires the
absence of chemical residues on the sterilized instruments that could penetrate the skin or wear
off while the instrumenis in use Small molecule antimicrobial coatings can erode from the
implant or instrument surface, but polyrisased antimicrobial agents or crosslinked coatings
can provide a safer routeBacterial cell death from cationic molecules is commatdgcrbed

in six stepg 882

adsorption on the walbf thebacteia, diffusion into and through the cell wall,
attachment to the cytoplasmic membrane, rupture of the cytoplasmic membrane, leakage of
DNA, RNA, and K as well as other cytoplasmic contents, followed by primarily necrotic cell
death. Since activity varieccor di ng to the antimicrobial
microorganism, selectivity is an issue for both low molar mass compounds and pdfymers.
Small molecules may diffuse through the cell memisané Gramnegative bacteria.
Macromdeculesmay have difficulty penetrating this extra barrier, yet cationic polymers have
greater binding affinity to the negatively charged bacteria. Polymers based on dimethyldecyl,

dimethyltetradecyl and dimethyloctadecyl{ghylbenzyl)phosphonium chlorelmonomers were

synthesized and compared te#hylbenzyl small molecule analogs. The small molecule model
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compounds displayed higher activity agaiBstherichia coliGramnegative bacteria) thathe
corresponding polymerS. TEM has been used to study celll disfigurement andlamage
afterexposure to phosphoniubased polymer¥

Kenawy et al. andEndo et al. havereported thaphosphoium-based polymers have
higher antimicrobial activity than ammonium analdg®. Various phosphoniurbased
antimicrobial macromoleculewere synthesizedthrough chemtcal modification of polymers,
throughtransquaternizatn reactions on polymers, and throygilymerization of phosphonium
based monomers®* Kenawy et al. compared poly(glycidyl methacrytate2-hydroxyethyl
methacrylate) polymers modified with chloracetyl chloride followed by triphenylphoshine,
tributylphosphine, or triethylamin&. The tributylphosphoniursubstituted copolymer was
found to have the highest antimicrobial activity against bacteria and fungi including
Staphylococcsi aureus Escherichia coli Bacillus subtilis Aspergillus flavus Fusarium
oxysporumand Candida albican§® Endo et al. synthesized various phosphoniuand
ammoniumcontaining polymers from vinylbenzyl phosphonium and ammonium monomers.
Model ethylbenzyl phosphoniumased small molecule compounds were also synthesized.
Phosphonium polymers had twies much antimicrobial activity as their ammonium analogs,
and polymer antibacterial activity was higher tii@nmodel small molecules.

Endo et & examined the rdibacterial activity of copolymers of ammoniunand
phosphoniurcontaining monomersyet phosphoniupabased homopolymers proved more
effective than copolymers containing botrammonium and phosphoniununits in the
macromolecular structuf® Including ammonium units into the polymer chain had a negative
effect on antimicrobial activity. However, the authors also analyzed the antimicrobial activity of

a mixture of two independent homopolymers, poly(tributyif@ylbenzyl)phosphonium
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chloride) and poly(tributyl(4-vinylbenzy)ammonium chloride When mixing the two
homopolymers together in solution, the antimicrobial activity peaked at a phosphonium to
ammonium homopolymer ratio of 1*3This 1:1 mixture possessed greater antibacterial activity
than either phosphonium or ammonium homopolymer alone. Mixing thehtmagpolymers
together created a synergistic effect, and the authmpgosed thathe higher antimicrobial
activity was due to greatesolubility of bacterial membraneomponents, phosplipids and
proteins, into the polymer micelléSThe solubilityof bacterial cellcomponentsisrupted cell
function and contributéto cell death.Structuredependent micelle formation was expected at
low concentrations of these cationic polymers, arixed micelles were possible for the mixed
salt copolymers. Antibacterial activity depexdon micelle formation availability of ionic
groups, andsolubility of both the antibacterial agentnd thecontents of the ceff The
relationships of aggregahoand of micelle formation compared with morphological changes in
the cell and antibacterial activity are not fully underst¥od.

Polymeric phosphonium salts with only one lorlgyhchain have been studied, and
antimicrobial action has been found to be highly dependent on the number of carbons in this
chain®® Antibacterial activity decreased with increasirgyhchain length. Decytontaining
pol ymers at 280 X auckudiaderiasirvthirty mindtes dnd wadrel still active
bel ow O0.28 e M,- and wtetadedyboritaniagl patymérs were inactive at
concentrati ons® Theedpmosite Has [#8n faurMd.for small molecule model
compounds. The critical micelle concentration (cmc) decreases upon increasing the number of

carbons in thellayl chain, and aggregation may increase local concentration of 4 salt.
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2.7.3 Biological Transport Properties of Low Molar Mass Rosphonium Salts: Nucleotide
Transport and Mitochondrial Permeation

Hong et al. discovered that moleculdransportation ratesacross phospholipid
membranesare higher forphosphoniunrbased compoundsompared topreviously published
work onammonium analog®:®*® Phosphonium saltsre large and oftenweakly-associated
cationscompared tsimilar ammoniumderivatives'> Tetraphenylphosphonium cations transport
acrossmitochondrial inner membranes and buiipl in the mitochondri& Typically, transport
is aided by ionophores, potential and pH gradielnis tetraphenylphosphonium cations do not
need this aid. Even charged, these phosphonium salts are fat soluble. The radius of the
phosphonium cation center is approximately 4.
1  *¥Transportation acss phospholipid membranes is facilitated by hydrophobic character,
caused by a large radius distributing charge and making local polarization of water less likely.
Sodium ions are hydrophilic and do not cross the mitochondrial membrane without ionophore
assistanc&’

Many antiviral drugs, likeazidothymidingAZT) which is ugd in the treatment ofuman
immunodeficiency virugHIV), stop virus replication through causiegrly nucleic acid chain
terminationin the replication proced$ They block enzymesnd disrupt chain propagation.
Although the mechanisms through which some of these drugs inhibit virus replication are not
fully understoodmuch research focuses on synthesiangviral drugsfrom DNA nucleotides
in hopes that hydrogemonding in complmentary nucleobasgairs will direct transport inside
the cell® However, he problem arises witkransportof thesenucleotidederivativesacross
phospholipid membranes amato the cells High darge concentration and hydrophiliciye

factorscontributing toinefficient transport® &’
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Hong et al. used phosphonium sattsvalently attached to nucleobases carriersto
direct the transport of guest molecules adenosine monophospha{dMP) and guanosine
monophosphat¢GMP) across the cell membraffeThe guest moleculeAMP and GMP are
both components of RNA, and they contain the nucleobases adenine and guanine, respectively.
Non-covalent interactions existed between tmecleobases on thewo different types of
molecules, arrier and guestwhich bound the two togetheAdditionally, supramolecular
interactions betweethe phosphonium centers anike phosphateslso contributed to transport
across the cell membran@sigure 2.11).The nucleobas&ontainingcarriers were syhesized
with phosphonium functionalities to help penetrate cell membr&tadying transport of these
moleculesacross a membrane with source and receiving solutonsxtract the molecules

contributedto future evaluation of antiviral derivatives aneitttransport into cell®

41



@i
HzN@ @
o) @F:/@
0 O\©)\®
S

Figure 2.11. Theorized GMP recognition of phosphonitmased nucleobase compf@xjung,

Y.; Yeo, W.; Lee, S. B.; Hong, Chem.Commun1997, 10621062.Reprodued by permission

of theRoyal Society of Chemistry

Hong et al. achieved the best transport rates for the guests AMP and GMP using-thymine

and cytosinebased, phosphoniwgpntaining

carrier&®

Nucledase pairing on

the

phosphoniurrbased carrier with the guests AMP or GMP also facilitatassport. Using

nucleobases on the phosphonibna s ed car r i

GMP9 s

ers that wer e

compl e

g u ani n etrangportationcgates df AMP and GMP; carriers with non

complementary nucleobases for AMP or GMP provided slower.ratghout phosphonium

functionalities on the nucleobases, AMP and GMP were not trans{orted.
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2.7.4 Porphyrin-Nucleic Acid SelfFAssembly Facilitated with Phosphonium Salt
Aggregation

Research on porphyrins has also received much attention due to their anitiviral activity
and use as chemotherapeufic€leaving DNA or stopping the replication of DNA are antiviral
mechaisms for porphyrins.Anzenbacheet al. synthesizeghosphoniurrbased porphyringo
control selfassembly and facilitate porphysidNA binding (Figure 2.12§" PorphyrirDNA
binding in aqueousolutions wagdictated by porphyrin aggregation on the surface of DNA.
Binding affinity was determined through measuring photochemical changes in quantum yields
and triplet states thaare associatel. Phosphonium groupsn the porphyrinsion-covalently
associatd with phosphates of nucleic acids in the DN&nd binding affinity to DNA was

controlled bythe concentration of salts’
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Figure 2.12. A mesotolylporphyrin with dimethylphenylphosphonium functionalitfés
Adaptedwith permission fronKubat, P.; LangK.; Kral, V.; Anzenbacher, B. Phys.Chem. B

2002 106, 67846792.Copyright 2002 American Chemical Society

Anzenbacheet al. synthesized sevédifferent phosphoniurtontaining porphyring’ A
delicate balance existed between the choice of phosphonium functionality to better direct binding
to DNA and aggregation of those phosphonium compounds in solétggregates themselves
coulddepositon the DNA forming extended assemblid$ie aim was to destabilize aggregation
of the phosphonium salts in solution yet concurrently facilitate phosphonium group association
with the phosphate groups of DNA.Dimethylphenyl, trimethyl, tributyl and
triphenylptosphonium derivatives were synthesi?edSmall changes in the alkyl or aryl
functionalities led to large effects in aggregatiorsolution Triphenyl and tributyghosphonium

derivatives hadhe highest propensity to aggregated they deposited directyn the DNA in
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aggregates Dimethylphenybhosphoniurrbased porphyrinspossessedan equilibrium  of
aggregates/ersussingle salts inaqueous solution, and trimethylphosphonifumctionalized
porphyrins were mostlisolatedsalts in solutiorf! Thesetwo compounds deposited inraore

monomeridfashion on the surface of the DNA.

2.8 Future Perspectives

It is hoped that this review will encourage and expound potential research in the field of
phosploniumbased polymer chemistry. The limited study of phosphorgantaining polymers
in the present literature makes the possibilities boundless. Phosphonium cations offer many
advantages due to their antimicrobial actiViapd thermal stability,and thei ionic aggregation
is a means to sedssembly, selhealing, and smart materials. These polymers are particularly
attractive for both electractive and biological applications, and the large phosphorus center
allows controlled, tunable melt processimglaonic reinforcement through physical crosslinks.

We recentlysynthesized uracitcontaining phosphonium sdtom 6-chloromethyluracil
and trioctylphosphineto physically crosslinkadeninecontaining triblock copolyme® The
triblock copolymers wex synthesized using nitroxigeediated polymerization and included a
poly(n-butyl acrylate) central block and two pdyyinylbenzyladening(poly(9-VBA)) external
blocks.The uracil functionality hydrogen bonded with the nucleolzasgaining polymers, ah
subsequently the phosphonium groups aggregated cregdysgcal crossling between polymer
chains Mixing adeninebasedpolymers withthe uracitbased phosphoniuproducedclear
films, indicating that the uraebased phosphonium salt was miscible wte polymer Mixing

the uraciHphosphonium compound ith poly(n-butyl acrylat¢s produced cloudy films
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indicating that the nucleobase functionality aided miscibilllybonding between uracil and
adenine funtonalitiesenhanced miscibility®

This revew describes the synthesis of several novel phospheomntaining monomers
that were included in the backbone of various high performance polymers to evaluate structure
property relationships. Tailoring the structure of the phosphonium cation allowstoone
incorporate the functionality in various forms as pendant chains, backbone monomers, and
endcapping groups to control the ionic aggregation and melt processability. Small changes in the
ionic content or type of cation resulted in large changes in tikepblymer attributes, creating a
facile method to fabricate polymers with tunable mechanical, morphological, rheological, and

thermal properties.

2.9 References

1. Karaman, H.; Barton, R.;JRobertson, B. E.; Lee, D. G. Org.Chem.1984 49, 4509
4516.

2. Hong, L.; Ruckenstein, ERolymer1992 33(9) 19681975.

Xie, W.; Xie, R.; Pan, W.; Hunter, D.; Koene, B.; Tan; Vaia, R.Chem.Mater. 2002

14, 48374845.

Kanazawa, A.; lkeda, T.; Endo, Tournal of Polymer Science: RaA: Polymer

Chemistryl993 31, 335343.

White, C. K.; Rieke, R. DJ. Org. Chem1978 43(24) 46384641.

Parent, J. S.; Liskoy&\.; Resendes, RRolymer2004 45, 80918096.

Nishikubo, T.; Koichi, A.; Uchida, Makromol. Chem1989 190, 1471-1482.

Nishikubo, T.; Uclida, J.; Matsui, K.; lizawa, T™Macromolecule4988 21, 15831589.

Chance, R. R.; Patel, G. N.; Wiit,D.J. Chem. Physl979 71, 206.

Chance, R. RMacromoleculed498(Q 13, 396.

Preziosi, A. F.; Bhidacharjee, HR.; Patel, G. NPolym. Prepr., Am. Chem. Soc. Div.

Polym. Chem198Q 21(2) 166167.

12. Bhattacharjee, H. R.; Preziosi, A. Patel, G. N.Polym. Prepr., Am. Chem. Soc. Div.
Polym. Chem198Q 21(2) 168169.

13. Bhattacharjee, H. RPreziosi, A. E.Patel, G. NJ. Chem. Phyd.98Q 73, 1478.

14.  Jin, R.; Aoki, S.; Shima, KChem. Commuri996 19391940.

15. Hartley, F. R., John Wiley & Sons: 1994; Vol. 3, p2b

16. Kenawy, E.; Mahmoud, YMacromol. Biosci2003 3(2), 10%116.

»

RBRO®~NO O

= o

46



17.

18.
19.
20.

21
22,
23.
24,
25,
26.
27.
28.
209.
30.
31

32
33.

34.
35.

36.

37.

38.
39.

40.

41.
42.

43.
44,
45,
46.

Popa, A.; Daidescu, C. M.; Trif, R.; llia G.; lliescu, S.; Dehelean, (rReactive &
Functional Polymer2003 55, 151-158.

Hodge, P.Khoshdel, E.; Waterhouse,Makromol. Chem1984 185 483497.
Hodge,P.; Waterhouse]. Polymer1981, 22, 11531154.

Parent, J. S.; Penciu, A.; Guill@bastellanos, SA.; Liskova, A.; Whitney, R. A.
Macromolecule®004 37, 747%7483.

Eisenberg, A.Kim, J. S.ntroduction to lonomersWiley: New York, 1998.

Eisenlerg, A.; Hird, B.; Moore, R. BMacromolecule4990, 23, 40984107.

Unal, S. Synthesis and Characterization of Branched Macromolecules for High
Performance Elastomers, Fibers, and FilRtsD. ThesisVirginia Polytechnic and State
University, BlacksburgyA, 2005.

Unal, S.; McKee, MG.; MassaD. J.; Long, T. EPolymer Preprint2005 46(2), 1028
1029.

Song, K.; Liu, L.; Guo, QJ. Org. Chem2003 68, 46044607.

Tsang, T.; Farrar, T. Q. Chem. Phyd.968 49(10) 44034406.

Wennerstom, H.; Lindman, B.; Forsen, She Journal ofPhysical Chemistry1971,
75(19) 29362942.

Abdallah, D. J.; Weiss, R. GChem.Mater.200Q 12, 406413.

Abdallah,D. J.; Lu, L.; Weiss, R. GMater. Chem1999 11, 2907.

Hartwig, A.; Putz, D.; Schartel, B.; Bartiheai, M.; Wendschuldosties M. Macromol.
Chem. Phys2003 204, 22472257.

Kenawy, E.; AbdeHay, F. |.; EtSharshoury, E. R.; ENewehy, M. H.Journal of
Polymer Science: Part A: Polymer Chemis2802 40, 23842393.

Kubisa, P.; Bedron, TReactive & Functional Polymed®995, 27, 237-241.

Ghassemi, H.; Riley, D. J.; Curtis, MBonaplata, E.; McGrath, J. Bppl. Organometal.
Chem.1998 12, 781-785.

Kobayashi, S.; Stuki, M.; T.Sakaya; Saegusa, Mlakromol.Chem.1987, 188 457-462.
Popa, A.; llia, G.; lliescuS.; Dehatan, G.; Pascariu, A.; Bora, Mol. Cryst. Liqg. Cryst.
2004 418 195203.

Marechal, E., Comprehensive Polymer Science The Synthesis, Characterization,
Reactions & Applications of PolymeiBergamon Press: 1989; Vol. 6.

Nishikubo, T.; KawashimaT.; Inomata, K.; Kameyama, Adacromoleculesl992 25,
23122318.

Horner, L.; Mummenthey, G.; Moser,;HBeck, PChem. Ber1966 99(9), 2782.
Kanazawa, A.; lkeda, T.; Endo, Journal of Applied Polymer Scien@®94 53, 1237
1244,

Kanazawa, A.; lkeda, T.; Endo, Journal of Applied Polymer Scien@®94 53, 1245
1249.

Zhou, P.; Blumstein, APolymer1997 38(3), 595604.

Jenkins, I. H.; Kar, A. K.; Lindsell, W. E.; Murray, C.; Preston, N?; Wang, C.;
Wherrett, B. SMacromoleculesl996 29(20) 63656370.

Seyferth, D.; Masterman, T. ®acromoleculed4995 28, 30553066.

Balogh,L.; Blumstein, A.Macromolecule4995 28, 5691.

Lindsell, W. E.; Radh&.; Soutar, I.; Stewart, M. olymer199Q 31, 13741378.
Atmaca, L.; Kayihan, I.; Yagci, YPolymer200Q 41, 60356041.

47



47.

48,
49,

50.
51
52.

53
54.
55.

56.

57.

58.

59.
60.
61.

62
63.
64.

65.

66.
67.
68.

69.
70.
71
72.

73.
74,
75.
76.

77.
78.

Onen, A.; Arsu, N.; Yagci, YDie Angewandte Makromolekulare Cherh99 264, 56
59.

Prajapati, K.; Varshney, Alournal of Polymer Resear&@®0g 13, 97-105.

Tang, J. B.; SunW. L.; Tang,H. D.; Radosz, M.; Shen, Y. QMacromolecule2005
38(6), 2037#2039.

Tang, J.; Tang, H.; Sul.; Radosz, M.; Shen, YMSE Preprint2005 93, 10061007.
Bajpai, U. D. N.,Otsu T. Eur. Polym. J.1993 29(4), 517521.

Dossow,D.; Zhu, Q. Q.; Hizal, G.; Yagci, Y.; Schnabelt W. Polymer 1996 37(13)
2821:2826.

Pringle, J. M.; MacFaane, D. R.; Forsyth, MSynthetic Metal2005 155, 684-689.

Faroq, A. A.Polymer Degradation and Stabiliy094 44, 323 333.

Moore, C. M; HackmanS.; Brennan, T.; Minteer, S. Dournal of Membrane Science
2005 254, 63-70.

Panek, G.; Schleidt, S.; Mao, Q.; Wolkenhaukt, Spiess, H. W.; Jeschke, G.
Macromolecule®006 39, 21912200.

Schrenk, M.J.Villigram, R.E, Torrence, N]., Brancato, S.JMinteer, S.D.J. Membr.
Sci.2002 2051-2), 3-10.

Modern PolyestersScheirs, J.; Long, T. E. eds. John Wiley & Sons, Ltd.: West Sussex,

England, 2003.

Tang,S.; Xin, Z. Polymer2009 50, 1054 1061

Kang, H.; Lin, Q.;Armentrout, R. S.; Long, T. BMacromolecule2002 35, 87388744.
Berti, C; Colonna, M.; Binassi, E.; Fiorini, M.; Karanam, S.; Brunelle, Relactive and
Functional Polymer201Q 70(6), 366375.

Gutowsky,H. S.; Pake, G. E.; Bersohn, R.ChemPhys.1954 22, 643.

Rush, J. JJ. Chem. Physl966 44, 1722.

Kanazawa, A.; Ikeda, T.; Endo, Antimicrobial Agents and Chemotherap994 38(5),
945952.

Ross, M. F.; Kelso, G. F.; Blaikie, F. H.; James, A. M.; Cocheme, H. M.; Flilipo¥ska,
Ros, T. D.; Hurd, T. R.Smith, R. A. J.; Murphy, M. PBiochemistry (Moscow2005
70(2), 222230.

Jung, Y; Yeo, W.; Lee, S. B.; Hong, Chem.Commun1997 10611062.

Kubat, P.; LangK.; Kral, V.; Anzenbacher, B. PhysChem. B2002 106, 67846792.
Haraldsson, P.; Karlsson, A.; Wieslander, Guztavsson, H.; Back, S. A. Phys. Med.
Biol. 2006 51, 919928.

Kanazawa, A.; Ikeda, TCoordination Chemistry RevieW§0Q 198 117131.
Paczkowski, J.; Neckers, D. @acromolecuts1985 18, 2412.

Terech, P.; Weiss, R. @hem. ReVv1997, 97, 3133.

Escoula, B.; Hajjaji, N.; Ro, I.; Lattes, AJ. Chem. Soc. Chem. Comm884 1233
1234,

Prasad, M.; Moulik, S. R. Phys. Chem. B004 108 355362.

Tomoi, M.; Kon, N.; Kakiuchi, H.Makromol. Chem1986 187, 27532761.

Ford, W. T.; Lee, J.; Tomoi, MMacromoleculed4982 15, 12461251.

Tomoi, M.; Nakamura,E.; Hosokawa, Y.; Kakiuchi, HMakromol. Chem., Rapid
Communl1984 5, 281-285.

Kubisa P.; Biedron, T. Macromol. Sympl994 85, 129.

Kubisa, P; Biedron T. Macromol. Chem. Phy4996 197, 19-30.

48



79.
80.
8L
82

83.
84.
85.
86.
87.

88.

Kubisa, P.;Biedron T. Macromol. Chem. Phy4996, 197, 31-40.
Hugo, W. B.; Longworth, A. R]. Pharm. Pharmacoll966 18, 563578.
Hugo, W. B.; Longworth, A. RJ. Pharm. Pharmacoll964 16, 655662.

Franklin, T. J.; G. A. Snow, EAntiseptics, Antibiotics and the Cell Membrane. in

Biochemistry of Antimicrobial ActiofChapman and Hall: London, 1981; pB8.
Maruyama, K. Tstkube H.; Araki, T.J. Am. ChemSoc.1982 104, 3197.

Behr, J-P; Lehn, J:M. J. Am. Chem. Sot973 95, 6108

Tsukube, HJ. Chem. Soc., Perkin Trans1283 1, 29-34.

GschwentnerM.; SusannaA.; Woll, E.; Ritter, M.; Nagl, U.; Schmard, A.; Laich, A.;
Pinggera,G. M.; Ellemunter,H.; Huemer, H.; Deetjen,P.; Paulmichl, M.Molecular

Medicine1995 1(4), 407-417.
Nucleotide Analogues as Antiviral Agergd. J. C. Martin, American
Chemical Society, Washington, D.C., 1989.

Mather, B. D.; Baker, M. B., Beyer, F. L.; Green, M. D.; Berg, M. A. G.; Long, T. E.

Macromolecule®007, 40,43964398

49



Chapter 3: Synthesis andCharacterization of Phosphonium
Endcapped Ply(ethylene terephthalateco-ethylene sophthalate
lonomers

3.1 Abstract

Poly(ethylene terephthalat®-ethylene isophthalate) ionomers with 1.3 to 7.7 en%l
phosphonium endgrougsy 'H NMR were synthesizeditilizing a novel cationic endcapping
reagent butyl p-carboxyphenyl triphenylphosphonium bromide. Thgh thermal stability of
this phosphonium salt enabléd survival in high temperature syntheses applicatiors. The
phosphoniumendcapping reagemtasfound to bestableupto 317°C by a TGA ramp to 600C
at 10°C/minute under nitrogertH and*'P NMR spectraindicatedthat no degradation of the
phosphonium endcapping rea occurred during synthesef linear polyester ionomers at 220
°C. Melt rheological studies suggested thatappreciable ionic aggregation wagsentabove
120 °Cfor telechelc ionomers endcapped with 7.7 méb or lessof the phosphonium salt. &
was attributed to thiarge, weak phosphonium ions prevegtionic aggregatiorat 120°C. The
glass transition temperatures wef&5 °C for numberaverage molecular weights rangifrgm

5,100 to 9,900 g/melwith 7.7and1.3mole %phosphonium ergtoups respectively.

3.2Introduction

lonomers aralefined agpolymers with less than Ifole %ionic groups that aggregate

: - 1-6 . S
and serve as physical crosslinking sites.lonic associatiog in polymers even at low
concentrations of ionic groups, greatly affect physical properties, increasing both the modulus

and the glass transition temperattifeA thermoreversible transition is associated with the
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. . : . 16 . . . o
formation and disruption of ohic aggrgates. Oligomers with thermoreversible ionic

aggregation are proposed to have properties similar to higher molecular weight analogs below

. .. 1-6
the dissociation temperature of the aggregates.

Many investigationsof ionomers have concentrated on randomoinars® and

-4, 6,9-11 , 1213
& &

anionomers wittcarboxylat and sulonat anionicsites pendant to the main chain
andwith mobile cationgnot attached to the chaim) random ionomers, the ionic functionalities
are randomly distributed along the polyn@rain®*® Cationomers with cationic sitesn the
polymer with mobile anions represent a much smaller class of ionomerkttland published
on phosphonium cationomet$?® The majority of the cationomer literature focuses on

quaternaryammoniumcortaining polymer$' 272° Phosphoniuntations are readily compared to
. . . . .. 3031 .32
ammonium groups in regards to their aggregeharacteristics  thermal stability and
. . .., 14 . . .
antibacterial activity. Phosphoniurbased polymersre attractive predominantly because of

their higher thermal stabili%;z/and greater antimicrobial activfflycompared tdhe omnipresent,
commercitized ammonium derivatives. Theye up ta80 °C*? or even 166C* more thermally
stable than similar ammonium moleculbased on their onset temptires for thermal
degradation by TGA under nitrogen to 1000°C at 2 to 10°C/minute respectitadyefore,
phosphonium salts have potential use in Hghperature melt polyester syntheses and may melt
process.

Our research group has completed extenprexiousresearchon PETF and PEibased
polyester oligomers, polymers, and ionomers3**® For example, we recently published the
use ofsodium salts of Bulfobenzoic acido synthesizeelechelic PETionomers. Since the
chain length between iongites is welldefined, elechelic ionomeréwith terminal ionic groups)

can beutilized as model ionomers“*®*’ These sodiosulfonate telechelic polyesters had ionic
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aggregation even in the melt phase above 150C6lonna et al. published that sodideunhte
based telechelic poly(butylene terephthalate) (PBT) ionomers also had subsisting ionic
aggregatiorf. PET is a common packaging material for soft drinks and fooat offers
exceptional mechanical properties, transparganyg gas barrier performancd®ET properties
include good thermal stability andhigh chemical resistance, aRET exhibitsstrainrinduced
crystallizationandis readily recyclablé® *® These properties all make PET an excellent choice
for packaging and fiber formatiot.*®> However, the necessary higemperature processing of
PET requires significant enerdy.*® PET with ionic endgroups thatan thermoreversikyl
aggregat may allow facile and lowetemperature melt processihg. Phosphoniursbased
polyesterionomers with only wak ionic interactions and sterically hindered cations emable
these polymers to have improved mechanical performance mhilgainng relatively low melt
viscosities that facilitate processin@ur hypothesis is thabw molecular weight polymemvith

thermoreversible ionic aggregation witlave properties similar to high molecular weight

derivatives below the dissociation temperature of the aggrelgsaa@esjncrease in temperature
above the ionic dissociation temperature disrupts aggregates to erqmlytner flow for
molding and shaping.

In this study, synthesis ofphosphoniurrendcapped poly(ethylene terephthalate)
poly(ethylene isophthalate) ionomers offer a unique approach to melt processable, model
telechelics. We have synthesized mixederéphbhalatéisophthalate wholly amorphous
copolymersso that we camvestigateionic association of endgroups without the complicating
effect of crystallizationThis investigation describes the synthesis of telechelic ionomers, with a
unique focus on cationiphosphoniurrendcapped ionomers. These telechelic ionomers had

precise placement of the ionic groups only at the ends of the polymer chains as opposed to
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random placement throughout the polymer chains. It was anticipated that this precise placement
compare to random placement would simplithe study of ionic aggregation and morphological
assembly as related to the polymer structure. Moreover, introducing ionic character through the
use of phosphoniurhased endcapping reagents in these-gtewth polymerzations enabled
control over the polymer molecular weights. The ionic concentration increased and polymer
molecular weights decreased with the addition of more monofunctional ionic endcapping
reagent.

This paper describes the synthesis of a novel, phosgpimcontaining endcappg
reagent butyl p-carboxyphenyl diphenylphosphonium bromide, and phospheenoicapped
amorphous polyesters through melt polycondensation reactitgis.rheological studiehave
shown thationic association in these phosphonientdcapped polyesters was absent above 120
°C, thussuggestinghat such materials may be amenable to preitessing. Our research strives
to expand the limited field of phosphonitlmased polymers and demonstrate the advasitaige

new phosphoniurgontainirg ionomers witthigh thermal stability and melt processability.

3.3Experimental
3.3.1 Materials

Anhydrous nickel(ll) bromide (99.9%), 2-bromoethanol (98%6), 6-bromohexanol
(97%), trioctylphosphine (TOP}90%), triphenyphosphine (TPP) (99%),-dromdenzoic acid
(98%), 4(diphenylphosphino)benzoic acid (97%),-blr o mobut ane ( 099 %) ,
terephthal ate (DMT) ( 099 %) , d ibrme tamyoll 1 SOP@PHA) |
d odec an o lchlofofor& @9.96 atom % D), dimethylsulfoxie6 99.96 atom% D),

and methanetl, (9996 atom % D, hydrogen bromid€ M in H,O, sodium sulfate®9 9 ),0 %
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and ethyl ene g lwgre actuired o )AldrichdBh9dvols diethylether was
purchased from VWRitanium tetraisopropoxidé9%) waspurchased from Alrich and made
into a0.0098 g/mLsolutionin 1-butanol. Tetraoctylphosphonium bromide (TOP&5.099 and
tetraoctylammonium bromide (TOABI(P97.099 were acquiredfrom TCI America.Acetone

and chloroform were purchased fromHésScientificand used aseceived.

3.3.2Synthesis of p-Carboxyphenyl)trioctyl Phosphonium Bromide (Compound A)
Hornerds nickel (1 1) br ormiaddehisdosely followedoyr pr oc e
previous work’ 4-Bromobenzoic acid was dried under reduced pressure oveati§h °C. TOP
(39.7g, 107.2mmol) and 4bromobenzoic acid2(l.2g, 105.6mmol) were addednder argono
a flamedried, doble-neck, 100mL, roundbottom flask with an overhead mechanical stirrer.
The flaskwas then charged with bBydrous nickel(ll) braide (2.00g, 9.15 mmol) from an
ampoule, andhiereactionwas purged with argon for an additional 30 rbe&fore the temperature
was raised td 70 °Cfor 13.5 h.The dark purplg@roductwas dissolved in 100 mL of chloroform
andfiltered to remove dy-product, biphenyd , -dicarboxylic acid. The dark purple chloroform
solution waswashed with 4% aqHBr three timego six times until the color changed to light
yellow. Water was removed from the product with sodium sulfate. The product was precipitated
in approximately 600 mL of hexane. White crystals wered at 60 °Qunder reduced pressure
in avacuum overovernight before recrystallizatidrom acetoneWhen no trace of yellow color
existed, the white crystals were subsequently dried under reducedrprass0 °C in a vacuum
oven over 24 h. The yieldwere around 50%X-ray photoelectron spectroscopyR% data
indicated the absence of residual nickel(ll) bromitteNMR (400 MHz, 25 °C) ilDMSO-dg: U

(ppm) 0.779(t, 9H), 1.0621.460(m, 36H), 2.522.742 (m, 64), 8.0648.218 (t, H), 13.599 (s,
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31 . o
1H). P NMR (162 MHz, 25 °C, referenced toRO, external standard) in CDEI 0 ( p p m)

29.5.DSC (20 °C/min, Rampgl0 to 200°C) mp151-152 °C.

3.3.3Synthesis of p-Carboxyphenyltriphenyl Phosphonium Bromide (Compound B)
p-Carboxyphenyl diphenylphosphine (5.61 g, 18.32 mmol) atwlothobenzoic acid
(3.74 g, 18.61 mmol) were driathder reduced pressure in a vacuum oxegrnight at 60°C
and addedunder argonto a flamedried, doble-neck, 100mL, roundbottom flask with an
overhead mechanical stirréknhydrous nickel(Ill) bromide (2.06 @.43 mmol) wasidded from
an ampoule under an argon purgad therthe flask was purged with argon for an additional 30
min. The reaction proceeded 460 °C under argofor 155 h. Thedark greenproduct was
dissolved in 50 mL of chloroforrand filtered. The product was themshed with 44%q HBr
two times.Residual water was removed with sodium sulfatee dark green solutiomasthen
precipitated in600 mL ofethyl ethe. The product was then purified with9/10 chloroform/
methanol olumn and precipitated in 600 mL of ethyl ethewhite crystalswas acquiredand
dried at 60 °Gunder reduced pressureavacuum oven overnight, aryieldswere around 20%.

XPS data initated the absence of residual nickel(Il) bromit#¢.NMR (400 MHz, 25 °C) in
CDsOD: i ( p p mP.058 (m518HH 9.2579.549 (m, B1), 9.5589.880 (m, 2H. *'p NMR
(162 MHz, 25 °C, referenced to,PO, external standard) in CO D : a (ppsSe)(2022. 9.

°C/min, Ramp-10 to 200°C) mp 148150 °C

3.3.4Synthesis of (6Hydroxyhexyl)trioctylp hosphonium Bromide (Compound C)
TOP (12.0 g, 33.0mmol) was added ta flamedried, 100-mL, doubleneck round
bottom flask with a condenser and an addition funn€he TOP was purged with argon for 30
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min. Then,6-bromohexanolg.98 g, 33.0nmol) was added to the addition funnel under argon

The reaction proceeded at 80 °C for 3 I6dsomohexanolvas added dropwise. After addition,

the temperature was increased to 2@0for 5h. Any residual reagents were removed with
vacuum distillationat 120°C and approximately 0.3 mmHg@he product was a clear and
colorless ionicliquid. Greater than 98% vyield was achievéd. NMR (400 MHz, 25 °C) in

CDClz: U ( ppm) 11518886 (44H), 2.353 {4 BH), 3.350 (t, 1H), 3.607 (t, 2H.

NMR (162 MHz, 25 °C, referenced tosHO, external standard) in CDElI 4 (ppm) 32. 9
(+FAB, 100% M, Exact mass, Direct Probe) 471.5 g/mol as expected. DSC (20 °C/min,-Ramp

80 to 25 °G mp 12.713.0 °C.

3.3.5Synthesis of (2Hydroxyethyl)trioctylp hosphonium Bromide (Compound D)

This procedure closely followedur previous work TOP (16.62 g, 44.8 mmolvas
added toa flamedried, 100mL, doubleneck roundbottom flask with a condensr and an
addition funnel The TOP was purged with argon for 30 min. Theby@ncaethanol (5.66 g, 45.3
mmol) was added to the addition funnel under ardgdre reaction proceeded at 80 °C for 3 h as
2-bromoethanl was added dropwise over 2 h. After additithe temperature was increased to
120 °Cfor 3 h. Any residual reagents were removbdughvacuum distillationat 60°C and
approximately 0.3 mmHdrhe product was a clear and colorless idigjaid. Greater than 98%
yield was achievedH NMR (400 MHz 25 °C) in CDG: a (ppm) 0. 740D (t 9
(36H), 2.205 (t, 6H), 2.506 (t, 2H), 3.87 (t, 2H), 4.473 (s, T&D. NMR (162MHz, 25 °C,
referenced to PO, external standard) in CDEl G  ( p p m) 32.8. “,lEtaat ( +FAI
mass, Direct Probe) 415.4 g/mol asested. DSC (20 °C/min, RampO0 to 30 °C) mp 4.5.4

°C.
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3.3.6Synthesis of Butylp-Carboxyphenyl Diphenylphosphonium Bromide (Compound E)

Our method followed closely with a procedure that was reported earlier in the

Iiterature?OA flame-dried, 250mL, 2-necked, roundbottomed flask was charged with 10.0 g
(0.0326 mol) of 4diphenylphosphinobenzoic acid. A condenser was attached. The flask was
purged with argon for 30 mimnd ther36.4 mL (0.339 mol) of -bromobutanavas addedThe
reactionmixture washeatedin an oil bathadjusted tal10 °C for18 h. The phosphonium salt
product precipitated during the reaction. The product was collected with a fine fritted funnel
under aspiration. The product was washed wajthroximately 50 mL odnhydrous ethyl e#r, 5

mL of chloroform, and then withpproximately 10 mL oéthyl ether. The collected product was
dried overnight in a vacuum oven at 60 °C and stored in a desiccator. A 94% yield was achieved.

'H NMR (400 MHz, 25°C)inCEDD: U (ppm) O. 94.898(m 4H),3.3BI390 1. 50
(m, 2H), 7.6917.946 (m, 1#), 8.2588.327 (m, 2H.)31P NMR (162 MHz, 25 °C, referenced to
H,PO, external standard) in CDElI G ( p p m) 24. 5. +, rexaet méss, bire& , 100

Probe) 363.15 g/mas expecteddSC (20 °C/min, Rampgl0 to 200°C) mp231-237 °C.

3.3.7Synthesis of Linear Poly(ethylene terephthalatego-poly(ethylene isofnthalate) (PET-
co-PEI) lonomers

This procedure closely followed our previous wbrhe oligoners were prepared
through melt polymerizatioof DMT (6.08 g, 0.0313 mol), DMI (6.08 g, 0.0313 mol), and EG
(5.82 g, 0.0938 mol). Titanium tetraisopropoxide (60 ppm, 0.0098 g/mtburianol) was used
as a catalyst threeneck,100-mL, flamedried, rounebottom flask waditted with anoverhead

mechanical stirrerA vacuumdistillation condeser with a 100mL roundbottomreceiving flask
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was attached. DMT, DMI, and EG were added and degassed with three sets of alternating
nitrogen and vacuum cycles, 10 min each. Titanietratsopropoxide catalyst was subsequently
added. The reactants were stirred and heated to 190 °C under niffbgae®actionmixture was
polymerizedfor 2 h at 190 °C withmechanicaktirring. After 2 h, the temperature was raised to

220 °C for 2 h, fobbwed by 275 °C for 30 min. Vacuum (0.30 mmHg) was applied for 30
additional min at 275 °C. The product was allowed to cool to room temperature under nitrogen.

Butyl p-carboxyphenyl diphenylphosphonium bromidedcappingreagent (1.0 to 7.0
mole %by repeaunit) was added tthe oligomers.Mole % targeted was calculated based on the
assumption thatnder reduced pressure at 226 °Cexcess ethylene glycol would be removed
and the stoichiometry would be 1 to 1. This calculation was based on 1 equival@i ends
to 1 equivalent of carboxylate groupster addition of endcapping reagertgtreactants were
degassed with nitrogen for 30 mifihe mixture washeaed under nitrogen with stirring 220
°C for 30 min. Vacuum (0.30 mmHg) was applied, andréaetionwascontinued at 220 °C for
an additional 2 h. The product was allowed to cool to room temperature under nitrogen.

Mole % incorporationreported was calculated based %h NMR integration of the
phosphonium endgrouputyl hydrogen resonances vasshe othermphenyl hydrogen resonances
with subtration of the endcapping reaggaitenyl hydrogen resonances. In particular, the Butyl
CHgs or -CH,-CH,- units were used from each endciaygpreagentMole % values achieved were
1.3, 3.9, 5.8, and 7.7 foné targeted mole % values of 1.0, 3.0, 5.0, and 7.0 mole %. The mole %
incorporated was slightly higher than the métetargeted due to loss of some oligomers in
addition to the excess ethylene glycol during $lyetheticstepsunder reduced pressuré
NMR (400 MHz, 25°C) inCDGIU ( p p m)-CHg),.1.8620767 (CH,-CH,-), 3.6693.536

(DEG), 3.7243.963 (-CHp-P"), 4.2404.338 (DEG, 4.3634.913 (EG),7.389.543 (DMI),
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7.5827.696 (P Phenyl), 7.702.858 (P Phenyl), 7.908.343 (DMT and DMI), 8.568.712
31 . . .
(DMI). P NMR (162 MHz in a magnetic field of 9.39 Tesla, 25 °C, referencedR@Jdxternal

standard)inCDGl 4 (ppm) 24.5.

3.3.8Characterization
1 31 . .
H NMR and P NMR spectroscopic data were collected in CLedid CDOD on a

Varian 400 MHz spdoometeroperating at 400 MHz and 162 MHz in a magnetic field of 9.39
Tesla respectively Fast atom bombardment mass spectrometry (FAB MS) was performed on a
JEOLJMSHX-110 i nstrument in positive mode. -A Perk
ray sourceof 1253.8 eV and with an anode operatat@50W and a takeoff angle of 48 was

used for XPS Sizeexclusion chromatography (SEC) wasnducted in HPLC grade
tetrahydrofuran at 40 °C at a rate of 1 mL/min. A s8xelusion chromatograph with 3-ime 5

em PLgel-C wduXisDand aVaters 717 autosampler was used. A Waters 2410
differential refractive index (DRI) detector using 880 nm and a 690 nm Wyatt Technologies
miniDAWN (MALLS) multiangle laseflight scattering detector were used. The weight awerag
molecular weights reported are absolute molecular weights from the MALLS def@8twas
conductedwith a Perkin ElImer Pyris 1 under nitrogen at 10 °C/ritmese samples were dried
overnight under reduced pressure at/60°C before analysis to remowaay residual water that
could absorb on contact with air. They were stored in a scintillation vial in a jar surrounded by
desiccant for transfer to the DSG/alues from the second heatisgan & reportedSamples

were melt pressed into thin films befarelt rheology onlyMelt rheology was obtained with an

AR G2 TA Instruments rheometer with -Bdm parallel plates and 5% stra@and the

measurements were rum oscillatory mode at 120 °C under nitrogénPerkinElmer TGA 7
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was used forhtermogravimetri@analysis (TGA)under a nitrogen atmosphere &@fC/minfor

temperature ramps up to 800°C

3.4 Results and Discussion
3.4.1Endcapping ReagentSynthesis and Thermal Properties

One goal of this research was to design a polyester oligomer with phosphoniu
endgroups where the endcapping reagent and polymer were sufficiently thermally stable to
withstand the elevate@mperature melt reaction conditions typically utilized for sjegwth
polyesters. A series ahonofunctional phosphonium endcapping reagards preparedand
their thermal properties were compared by TGA to choose the most thermally stable one for
subsequent polymerization reactiorGur studies focused on carboxylic acid or hydroxyl
containing phgshonium salt endcapping reagents that cowpldssibly withstand melt
polycondensation reactionat 220 °C over three hours Synthesis of all monofunctional
phosphonium endcapping reageptsceededhroudh one of two pathways, a nickig) bromide

coupling reaction or & reactions (Figur8.1).
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Br@Rz Br@
@
- (R1)3P@R2

NiBr,, Ar, 170 °C,
(R1)sP 13-24 h

R4 = octyl or aryl

Br—ECHﬁ;‘RB o

Br
@
P(R1)3+CH2%FR3
Ar, 80-130 °C,
7-18 h R3 = CH3 or OH
n=2-4

Figure 3.1. Synthesis of phosphonium endcapping agtdmtsugha nicke(ll) bromide oxidative

addition and reductive elimination pathway or through simp2r8actions

Figure3.2 depictghe series ophosphonium endcapping reagents.
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% O+~
MP‘@% P
OH

OH
(A) Onset 326 °C, Yield = 50% (B) Onset 353 °C, Yield = 20%

Iso: <3% wt lost, 220 °C, 2 h Iso: <6% wt lost, 220 °C, 3 h
Br® Br°
MP® MP@
\_\_\; o
OH
(C) Onset 290 °C, Yield > 98% (D) Onset 200 °C, Yield > 98%
Iso: <7% wt lost, 190 °C, 2 h Iso: elimination at 150 °C

o;
Br O

@ ( > 2,
P
/—Fi OH
(E) Onset 317 °C, Yield = 94%
Iso: <2% wt lost, 220 °C, 3 h

Figure 3.2. Monofunctional phosphoum endcapping reagents, () includes yield
temperature of thenset of degradatioffrom TGA at10 °C/mirute, N,); isothermal wight loss

(220 or 190 °C, 2 or 3durs Ny)

(p-Carboxyphenyl)trioctipphosphonium bromide(A) and -carboxyphenyl)triphenyl
phosphonium bromidé) were synthesizedith anoxidative addition and reductive elimination
reactionwith nickel(I) bromide as a cataly$t*® These reactions required temperatures around
160-170°C and long times of 13 to 24trs For compound A, a bgroduct was produced from
the coupling of twal-bromobenzoic acid groupshe nicke(ll) bromide reactionsvere colored:

Complexes withTOP produced a dark purple color, and complexes Wit prodiwced a dark
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green colorAfter extensive catalyst removal stepglds were around 50% for compound (A)
and 20% for compound (B). Bation of nickelll) bromide limited thermal stability, and
nickel(ll) bromide is carcinogenic, so removal was imperative.

The endcapping reagents -lfgdroxyhexyl)trioctylphosphonium bromide (C), -(2
hydroxyethyl)trioctylphosphonium bromide (D), and butyl -
carboxylphenyl)diphenylphosphonium bromide€) (were synthesizeavith Sy2 reactions and
their yields were 24%. Thesee@actions wereonducted at <130 °Quroduced yields> 94%,
andproceeded without a catalyst

However, htyl (p-carboxylphenyl)diphenylphosphonium bromid&) (had both a
combination of both good yieldnd high thermal stability, and thttss chapter focuseon this
particular endcapping reagent for polycondensation reactionsadt synthesized through a
simple &2 reactionwithout the aid of a catalyst that had to be subsequently ren{&igare

3.3). A large excess of-bromobutane wastilized to generag a fast, complete reaction withe

aryl phosphinel.H NMR and*’P NMR gectraindicated that the product hao residual starting

reagentgFigure 3.4)
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Figure 3.3. Synthesis of buty{p-carboxyphenydiphenylphosphonium bromidg&)

e

(—*—\

o
f Br
0\3 ( > P@ d
HO \C—b\
a

f

a, 3H
f,2H |l e 12H CD;0D
H,0
b,c, 4H
d,
J 2H
I ¥ y
8 7 6 5 4 3 2 1 Oppm

Figure 3.4.'H NMR spectrumof butyl (p-carboxyphenydiphenylphosphonium bromidg);

400 MHz CDs0OD
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Alkylphosphonium salts can degrade through many mechamempared to other salts
includingammonium compoundshich have the Hofmann elimination as their main deafrad
mechanisni’ These mechanisms were previously described in chapter 2 and in Figure 2.2. In the
absence of oxygen and without any hydroxide anion, the degradation mechanisms with only the
bulk sample should not result in phosphine oxide formationh WHydrogen abstraction with a
bromide anion and subsequent Hofmann elimination, an alkene, a phosphine, and HBr would
result®* >*With reduction to phosphine and a bromoalkglthe TGA should show the loss of

the volatile bromoalkanes or bromoalcahol  T-Hydroged abstraction would form a ylide
which can be seen witttP NMR and HBr? *! However, typically strong bases, such as alkyl
l'ithium are r e qg-bydrogenf Inthe case ®fmompaundt(D),ehe Idss of water
helps facilitate his elimination->* The Hofmann elimination is one of the key reactions.
Although the Hofmann elimination is a prevalent mechanism for both functionalities)-the
hydrogenelimination occurs at much higher temperatdoeshe phosphonium salfs.

In this thesis, hermal weight loss profiles with temperaturef the functional
phosphonium  endcapping reagents were compared(Figure  3.2). (6
Hydroxyhexyl)trioctylphosphonium bromidgC) and (2-hydroxyethyl)trioctylphosphonium
bromide(D) are similar in that thy are tetraalkyl phosphoniumonswith one hydroxyl group at
the end of one of four alkyls. These salisplay onsets of degradatioof 290 and 200 °C,
respectively(2-Hydroxyethyl)trioctylphosphonium bromid®) undergoes elimination to form
vinyl trioctylphosphonium bromide and watéfigure 3.5)" > Formation of vinylswere

apparentn the’H NMR spectawith hydrogen resonances ®f3 to 6.8 ppnt.
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©
Br

50 (octyl)sR® 5©
@ 150 °C \ ®
(octyl)gP-CHp-CHy-OH ——> C\HJCH}z(\ —> (octyl)sP-CH=CH, + H,0
H OH
~__ “

Figure 3.5 The elimination reaction of ¢(Bydroxylethyl)trioedylphosphonium bromide (D) to

form water and trioctyl(vinyl)phosphonium bromjtié* Adaptedwith permissiorfrom Unal, S.
Synthesis and Characterization of Branched Macromolecules for High Performance Elastomers,
Fibers, and FilmsPh.D. ThesisVirginia Polytechnic and State University, BlacksbukgA,

2005.

Extending the alkyl chain connecting the phosphonium centethanlalydroxyl in (C)
compared to (Dincreased thenset of degradation and the isothermal stability substant@dly (
°C according to TGAramp 10 °C/minute). The longer alkyl chain (@)evented internal
elimination of water which previously formed the trig{vinyl)phosphonium (Figure 3.54-
Carboxyphenyl trioctylphosphonium bromide (A) had a higher onset of degradation of 833 °C
TGA under nitrogen at 10 °C/minutban compounds (C) or (Dyherefore, having a carboxylic
acid attached directly to the phenyl ring instead of having a long chain with a hydroxyl idcrease
the thermal stability greatlyButyl (p-carboxyphenydiphenylphosphoium bromide (E)
displaysan onset ofveight loss aB17 °Cby TGA under nitrogen with a 10 °C/minute heating
rate 4-(Carboxylphenyjtriphenylphosphonium bromide (B) with all aryl groups proved to have
the highest thermal stability of all salts with arsenof degradation of 353 98 a TGA ramp at

10 °Ciinuteunder nitrogen
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Isothermal stability studies were performed on the most thermaltyestompounds (A),
(B), (C), (B for 2 to 3 hours under nitrogen at 190 or 220 °C in bulk to entbat@o thermal
degradationof the endcapping reagenmtould occur during the course of melt reactions.
Compoung (B) and(E) proved highly isothermally stable and lost less than 6 andighin2o
after 3 loursat 220 °C, respectively. Compound (A) lost less thareight % at 2hoursand had
no degradation during those @aurs and compound (C) was only thermally stable at 190 °C for
2 hoursand lost 7 wight % of its mass. These compounds all readily absorb watancontact
with air, and some mass loss is considete befrom adsorbedwater accumulatedduring
transfer.Based on the TGA data, it was reasoned that compounds (A), (B), paci@ikely
sufficiently thermally stableo survive melt polymerization temperatures.

The polyesterifications in this thesal involve the study of one phosphonitrased
endcapping reageriutyl (p-carboxyphenydiphenylphosphonium bromideE), This reagent
degrades in bulk through eliminati of bromobutaneto reform thephosphine, the reverse
reaction from quaternization iffure 3.6). The expected masssdue tobromobutane was 30%
and this compares well witihe experimental value of 32between abou317-350 °Cobserved

through TGA.
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Figure 3.6. Thermal degradation ddutyl (p-carboxyphenydiphenylphosphonium bromidg),

TGA heating rate wa$0 °C/mirute under nitrogen

3.4.2Polymer Synthesis

Butyl 4-carboxyphenyl diphenylphosphonium brom{@ was the focus of our study for
the polyester reactionsThe synthesis of this reagemtas facile with good yield, and (E)
exhibited great thermal stability. Polyesterification reactions with this endcapping reagent also
resulted in clear, transparent polyesters. Endcapping reagents other)tpaesd(Eeed discolored
polymers, and mly compound (f producedpale yellow, trangarent polyesters. A very slight
yellow tint was evident in all polymers due to the use of titanium tetra(isopropoxide) catalyst,
even in polymers containing only controls with no phosphonium endcapping reagent or just

containingl-dodecanobs theendcapmg reagent.
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PET-co-PEI oligomers were synthesized through typical, rsi#p polycondensation
conditions (Figure3.7).> > DMT and DMI were used in a 50/50 ratio for all polymerization
reactionsto produceamorphous polymers. Synthesizing amanh polyesters allowed for the
study of aggregation and morphology without the complicating effects of crystallization. A series
of polymers with variousoncentrations gbhosphonium endcapping reagent were prepared: 1.3,
3.9, 5.8, and 7.mole % phosphoium endcapping reagent. These polymers were analyzed with
'H NMR, 3P NMR, SEC, DSC, TGA, and melt rheoicgl measurementSamples were melt
pressed into thin films for rheological studies only, but these films were too Iwitttensile
experiments a fractured or crackedimmediately during sample handling, cutting, and
clamping. These polyesters all had low molecular weights and were, thus, very tagbem
films for DMA in tension mode were difficult to make and keegaat during transfer and

clamping, and tensile at ambient temperature was not possible.
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Figure 3.7. Synthesis of linear PEEo-PEI oligomerswvith phosphonium (E) termini
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3.4.3'H NMR and *'P NMR Analysis

Oligomeric polyester precursongere synthesized to limit the time that the phosphonium
salt endcapping reagent was exposed to high temperatures. Shortening the time of high
temperature exposure prevented degradation of the phosphonium functiottdlityyMR
resonanceselating to the hydrogen resonances of tiplnosphoniumendcapping reagentere
evident in the product, anttP NMR spectraalso showedthat significant degradation did not
occur, including the absence of oxidation and reduction of the cationic center to phosphine

oxides omphosphines, respectively (Figuses).

24.5 ppm R 4
HO>_©7P\/\

e 2 -

0
@LOCHQCHZOWOCHZCH20WOCHZCHQO@

Mm

T
50 0 -50 -100

ppm

Figure 3.8 3P NMR spectraof butyl (p-carboxyphenyidiphenylphosphoniunbromide ancthe
correspondingendcappedolyesterwith 5.8 mok % endgroupsNMR: 162 MHz in a magnetic

field of 9.39 Tesla, CDGI
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'H NMR spectra showed quantitative incorporation of  butyl (p-
carboxyphenytiphenylphosphonium bromide into PES-PEI. *H NMR spectraalso provided
evidence of ionic aggregation in solution for a P&IPEI polymer endcapped with 7n7ole %

butyl (p-carboxyphewl)diphenylphosphonium bromide (Figused).

2 H [S]
Bc©eof oggo f o ' o f oe(;cBr

ltr) @P4< --ocH,cH,0{-l— >—“—00H20H20}—H—©—“—00H20H20§—“—< >7P@ b
a/_F @ e g 9 " gg e @K_\a

h
|' ——
d J
f,
g H,0 |
_ 7.7 mole % endcapping reagent
i ‘ | d
h 2.1 a
‘ | mole % CP:OD b
‘ .II CDCl, DEG | \ ﬂ
u "}J = i with CD,0D
-'\_f'\"l i‘-‘"-_:-\_._;;.ﬂl L IN_....—._--\.- \.._.__-J_ .
.-'-r -—ﬂ’ W 1_ e ‘_____.J"--r"". W ___,‘ﬂ‘._,...___ . .,.n‘”’ J.ﬂIEhOlﬂt CD‘SOD
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Figure 3.9. 'H NMR spectraof a 7.7mole %phosphonium endcapped PE®PEI; 400 MHz in

CDCl; with 6 drops of CROD where indicated

Aggregatedphosphonium end groups and subsequently the phosphdmaisedbutyl groups in
CDCl; may cause additional splitting of butyl protons on methylene unitsi iNMR spectra,
compared to shifts in solutions containiagew drops ofCDs;OD in CDCl;. Broadening of the

butyl methylene proton resonances in the polymer wasalidenin CDCL. Adding 6 drops of
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CDsOD to the NMR tube containinghe phosphoniurterminated PET-co-PEI in CDC}

provided aresonanceshift in methylene protons next to the phosphonium center. This dramatic
movement represents increased mobilityhaf phosphonium groups as polar solvents help break
ionic aggregationParent et. al synthesiz@thosphoniurrbasedpoly(isobutyleneco-isoprene)

Their polymers also exhibited broadening’ih NMR in specifically the methylene proton
resonances connectéal the phosphonium center, and the addition o@D also resulted in a
dramatic resonance shift of these isobutylene protons next to the phosphonium center due to the
disruption of ionic aggregation.

'H NMR was also used tanalyzediethylene glycol DEG) units inthe polyesters. The
formation of DEG is a typical PET side reaction where elimination of water creates ether
linkages and diethylene glycol units are formed in the polyniéfEhe DEG levels in a control
polyester using similar reaction cotions except with d-dodecanol endcapping reagent and the
reactions containing phosphonium endcapping reageneé compared. A control polyester with
a M, of 6,800 g/mad had 2.4 mole %DEG. Polymers with 1.3, 3.9, 5.8, and 7nfole %
phosphonium ergtoups had DEG levels of 2.3, 3.4, 3.3, and ble % Fibergrade PET is
known to have DEG values ranging from-2.5%2* andpolymerization with the phosphonium

functionality did notappear to affect this side reaction.

3.4.4 SEC Analysis

The molecular wight of the polymers was reproducibly controlled throutle
stoichiometry of thgoghosphonium endcapping reagent (Table 1). As expected, including more
endcapping reageproduceda lower molecular weightBoth the numbeaverage and weight

average moladar weights decreased with increased addition of phosphonium endcapping
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reagent.Car ot her s o

equation

wa s

used

t ¥ Ehal cul at

predicted molecular weights were within SEC error of 1000 to 1500 g/mxteptonly one

value for thehighest molecular weight was much lower than predicted. The predicted values

assumed tit all excess ethylene glycol wesmoved and that no oligomers wdost under

reduced pressurend, thus, these calculations were not a tadgurate represtation of the

experiments. The targeted mole % of phosphonium endcapping reagesdtes ¢inan expected

due toloss of some oligomers under reduced pressure at 220 and 275 °C. The targeted mole % of

1-dodecanol in the control polyester is much lowantexpected due to the low boiling point of

1-dodecanol around 26TC. SEC traces are provided in FiguselO and show the change in

molecular weight as endcapping reagent imaseasedIncreased elution tim& SEC correlated

with increasednole %phosptonium endcapping reagei the polyesters calculated withH

NMR spectra meaning a lower molecular weight resulted. Overall, control @éaular weight

with compound (Ewas successfully achieved.

Table 3.1. Composiional analysis of phosphonium)(Endcapped PETo-PEI

T+argeted Incgrp_oratea DEG M° M © M i T
PBrSat| pBrsalt | Levels n n w PDI 9
(mole % (mole % (mole % (g/mole) | (g/mole) | (g/mole) (°C)
1.0 1.3 2.3 20,000 9,900 20,000 | 2.06 65
3.0 3.9 3.4 7,300 6,200 12,000 | 1.87 65
5.0 5.8 3.3 4,700 6,000 9,300 1.55 65
7.0 7.7 2.1 3,600 5,100 6,900 1.36 65
Incorporated
1-Dodecanol
(mole %
5.0 1.2 2.4 6,800 14,000 | 2.09 56

*’H NMR analysis® PredictedM,; X, = (1+) /

(1ir¥ HAM( NSUMRNeRodSs
ethylene glycol removed and 100% conversfolt;,” SEC analysisTHF, 40 °C, 1 mL/minute
‘Dsc, 16C/minute, N,
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Figure 3.10 SEC traces of phosphonium endcapped polyesters with 01.3. 4 mole %

endcappingeagent (g THF, 40 °C, 1 mL/minute

PDI unexpectedlylecreased as tmole %of phosphonium was increaseawer values
than 2.0 may be at least partly attributed to ionic interactions, despite assumedly good resolution
in SEC.A small amount of aggregah or column interaction in THF SEC may account for the
low PDI values forthe two phosphoniurendcapped polyesters containing a higble % of
charge 5.8 and 7.7 mole %Polyesters with low amounts of endceggpreagent 1.3 and 3.9

mole %, produced pgimers with typical steggrowth PDI values of 2.06 and 1.87, respectively.

3.4.5 Thermal Transitions

Including isophthalate moieties not only creates an amorphous polymer, but it also
decreases thegyTof PET. All polymers contained 50% DMI and were expdcto have lower
glass transitions than PEThe glass transition temperatures were the samelifppmers with

numberaverage molecular weights spannfrgm 5,100 to 9,900 g/melwith 7.7 to 1.3mole %

75



phosphonium endcapping reagent incorporated (Table All phosphoniurrendcapped
polyesters had a glass transition temperature of 65 °C.dag&(@id not indicate a separate ionic
transition for any of these amorphous, <alhtaining polyestersA control, 1-dodecanal
endcapped polyester with JMbf 6,800 g/mole and a M, of 14,000 g/mad produced a glass
transition emperature of 56 °C. The numkmrerage and weigfstverage molecular weights of
this control were greater than the 1.3, 3.9, andhto& %phosphoniurrendcapped polyesters,
but a T of 56 °Cfor the control is much lower than g af 65 °C.

For most polymersglass transition temperatures increase significantly with molecular
weight when going from very low molecular weights to higher molecular weight, closer to the
limiting glass transition ae. lonic aggregationould potentially affecthis change and make it
less dramati¢’ ® For example, Eisenberg et al. discussed poly(stycené-methyt4-
vinylpyridinium iodide) which had ionic associations that were not stable enough to remain
abovethe T, but they increased they With increasing ionic contedt>® In our case,it is
hypothesized thabnic aggregatioralsodoes not dissociate until above or during the breadth of
the glass transition temperature, and thentreases or broadens the same value for all
structurally similar polymers. The association of the ionic polymer ends resulted in similar
Aeffectived molecul ar weights for al | of t
towards the end or just above the glass ttemsitemperature. lonic aggregates limit the
segmental motion of the chain, increasing the glass transition due to physical cros3finking.
However, weak, large cations are expected to have weak ionic interactions that will dissociate,
and the phosphamm ionic aggregates are not expected to exist well above the glass transition in
these large cationomers. Changing ionic concentration in polymers with smaller cations, short

chain alkyl cations or rigid aryl or ring structures, tends to show large changbe glass
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transition temperatureThe phosphonium saltsdé weak associ a

for reversible supramolecular assembly.

3.4.6 Melt Rheology

Melt rheologydataindicated only a slight change in viscosity due to ionic assoniat

high temperatures exceeding or equal to 120 °C (FigB.
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Figure 3.11 Melt rheology ofphosphoniurrerminated polyesterwith 5.8 or 3.9mole %versus
1-dodecanol endcapped polyesters and polyester; disdéology was conducted with5-mm

parallel plates &% strainin oscillatory modeat 120 °C under nitrogen

Viscosity simply scaled with weigkdverage moleculaweight for all of the polymers. Two
controls including d-dodecanol endcapped P£®-PEI with a of M, 14,000 g/ma and a diol
endcapped PE€o-PEI with a M, of 12,000 g/ma were compared to two phosphonium

endcapped polymemsith 3.9 and 5.8nole % phosphoniunterminal groups ant,, values of

77



9,300 and 12,000 g/mmfespectively. Directly comparing the two polymers witl df 12,000
g/mole, the phosphonium endcapped polymer has a slightly higher viscbsay-dodecanal
endcapped control hadM,, of 14,000 g/mad, and he melt viscosity of this control is much
higher than the phosphonivemdcapped PETo-PEIl. Also, the phosphamm-endcapped
polyester with a weigkhdverage molecular weight of 9,300 g/mbbkd a lower viscosity than the
12,000 g/ma@ PET-co-PEI diol control. Therefore, appreciable ionic association ah hig

temperatures exceeding 120 °C does not exist.

3.4.7 SAXSAnalysis

The similarities in theglass transition temperatures in Tabléofl a range of molecular
weightssuggesthat ionic aggregation exists at or below tddt may dissociate above th@*l’
*> DSC datadid not indicate a separate ionic transitfon any of the saltontaining polymers.
SAXS analysis did not provide any evidence of an ionic peak, dieetemall features and
scattering intensityDue to the low concentrations of ionic content, less than 7.7 mole %, the
ionic aggregates should bmall, and WAXS analyses may provide valuable information relative
to ionic aggregation. WAXS typically is used to observe smaller ionic associations not seen in
SAXS, namely multiplets, instead of larger ionic clustér€hanging the counter anianay

also be a valuable meatw probe thisonic aggregatiomnd increasés effects

3.5Conclusions
We successfully synthesized an isothermally stable, endcapping reagent,(butyl
carboxyphenydiphenylphosphonium bromidéE), and investigated its incaspation as an

endcapping reagent for amorphous polyester oligan®E3-co-PEI oligomeic precursorsvere
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synthesized firstthen the ionic endcapping reagent was adddanit the amount of timehat

the phosphonium ionomer was exposed to the elevatepetature synthetic conditions, and
avoid thermaldegradation of the phosphonium centét.spectroscopic analysis confirmed the
incorporation ofphosphonium endcapping reageamd®'P NMR spectrashowedthe absence of

any significant degradation of thehgsphonium functionality to other phosphorus centers.
Molecular weight was successfully controlled with addition of endcapping .agjkat glass
transition temperatures were 66 for number average molecular weights ranging from 5,100
g/mole to 9,900 g/mad with 7.7 to 1.3mole % phosphonium endcapping reagent, respectively.

'H NMR in solution in CDCJ and DSC provided evidence of ionic aggregation. DSC showed
weak ionic aggregation that increased glass transition temperatures with respect to a control, bu
all polymers with varied low molecular weights uniquely had the same glass transition
temperatureThe use of large phosphonium ions prevents strong electrostatic association, and
this large cation is unique in that ionic aggregation does not hindeproekssability. In melt
rheological studies, low or no appreciable ionic aggregation was apparent above 120 °C in
telechelic ionomers endcapped with fble % or less phosphonium salt. lonomers with
sodicsulfonategroups have shown aggregation existingager than degradation temperatures of
the polymers, creating polymers that are not melt procesSatleak ionic association could
provide a new route to high performance and high strength polymers while maintaining facile

melt processing.
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Chapter 4: Bisphosphonium and Bisimidazolium Cations in the

Design of Novel Networks from Michael Addition Reactions

4.1 Abstract

Crosslinking through carbeMlichael addition with bisaceacetates and diacrylates
affords a fast, rooAtemperature curing reaction under mild, basic conditions. Network formation
occurs in minutes with minimal solvent or under neat conditions to high gel fractions, greater
than 96 to 98%. Thithesisdescribeghe firstionic networkssynthesized from Michael addition
reactions using either a novel bisphosphonium bisacetoacetate (bisacac) or a novel
bisimidazolium bisacac. Incorporation bbth ionic bisacacmonomers into networks through
carbonMichael additioncrosslinkingreactions with biocompatiblPEG diacrylateresulted in
the formation ofclear, transparent films. All networks were synthesized using the saste %
of bisacac. A arrionic bisacac ased on 1/butaneliol was also synthesized. Thisesisreports
the synthesis and the structymeperty relationships in all three types of networks:
bisphosphoniunbased bisimidazoliumbased and norionic. Incorporation of ionic
functionality led to broadened and increasgdss transition temperatsyreyet all three types of
networks hadsimilar plateau moduli measured by DMAnd si mi | ar Youngos
crosslink densitiesBisphosphonium networks displayed a higher and broader glass transition
temperature than thieisimidazolium networks. Inclusion d@he bisphosphonium functionality
also imparted greatestrains at brealand stresss at break forits networks thannclusion of
bisimidazoliumbasedor nonionic bisacacs. The neaonic networks had the lowest straiat
break and stresss at break.Inclusion of bnic functionalities resulted in improved tensile

properties, higher and broadened glass transition temperatures, and greater ionic liquid uptake.
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lonic liquid equilibrium uptakeesultswith 1-ethyl3-methylethyl imidazolium sulfate showed
that hisphosphoniurbasedversus bisimidazoliurbased filmsdid not show preferential uptake
for the imidazolium ionic liquid. Uptake was dependent oner¥6lof ionc character, and both
types ofionic networksabsorbed 2.5Xhe amount of ionic liquid compared theabsorption of
the nonrionic network. Additionally, we repotthe first electrospun fibers synthesized through

Michael additiorcrosslinking reactiondoth norionic and ionidibers

4.2 Introduction

The basecatalyzed carboMichael addition reaan provides a facile, fast, and roem
temperature curing reaction under mild, basic conditions to produce robust networks. The
reaction tolerates a wide variety of functional groups, laovth et al.recently reviewed Michael
addition reactions in polymerhemistry® elucidating their application as tissue scaffdids,
crosslinked resin$, biodegradable hydrogels, and coating§.’ CarbonMichael addition
reactions are omnipresent throughout polymer chenigiry. i v iniorgcopolymerization of
methyl mehacrylateand other methacrylates, for examplaso proceeds through the carbon
Michael addition mechanism. Michael addition is a simple synthetic strategy for a variety of

topologies, including linear, branched, and crosslinked polymers.

i o o S O O
o o g® 0 O ﬁOR Q9 LB . 1. B
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Figure 4.1. General carboiichael addition reaction
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Abstraction of a proton from an acetoacetate methylene carbon generates a Michael
donor that adds across Michael acceptors, which are often olefins with electron withdrawing
groups(Figure 4.1 Our research group has demonstrated the crosslinking of bisacetoacetate
(bisacac) Michael donors with diacrylate Michael acceptors for biodegradable and biocompatible
networks>*° Previously, we investigated aeiteavable, biocompatibleeworks synthesized
from Michael addition crosslinkingof telechelicPEG bis(acetoacetate) with dicumyl alcohol
diacrylate (DCDA)’ PEG in general, facilitates biocompatibility and enhanced conducti¥ity.
Basecatalyzed crosslinking reactions produgetbust networks, and the ester linkages in the
network degraded under acidic conditions to form soluble polymer with diene and carboxylic
acid ends. We also investigated biodegradable polycaprolactone (@®@s@d networks from
PCL bisacac and neopentylght diacrylate’® PCL is well-known as a biodegradable
polyester:>*® Furthermore, we examined the influence of supramolecular interactions in these
networks through urethasierdrogen bonding’ Bis(4-isocyanatocyclohexyl)methane was
derivatized with hydrxyethyl acrylate and crosslinked with poly(propylene oxidePG)
bisacac. Incorporation of hydrogéonding groups produced higher tensile strengths and
elongation at brealiscompared to similar networks without hydrogen bonding functionalities.

In this thesis we reportthe synthesis of iorcontaining bisacac Michael donors and the
influence of incorporating ionic-functional monomers on network structymeperty
relationships. Due to their reinforcing ionic aggregation, enhanced mechanical properdies
enhanced conductivity, iefunctional polymers perform as séléaling, conductive membranes
for transducers or sessembly. They act as transducer membranes to facilitate actuation and
ionic liquid uptake. We recently reportadnic liquid swollen actuators from novel ien

containing polymers instead of the ubiquitous ionic N&fihlonic functionality allows for
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enhanced ionic liquid uptake and subsequent conductivity, and our recent studies with
zwitterionic-containing polymers shaadthat the onic liquid prefers to localize in polymer ionic
domains'® lonic polymers alsohave application as antimicrobiafS. The phosphonium and
imidazolium functionalities show promise antibacterial and antifungal coatings?

Herein we describe the synthissof three novel monomers, bisphosphonibased
bisimidazoliumbased and noronic bisacacs,and their subsequent crosslinkingith
biocompatiblePEGdiacrylate. High crosslinking efficiency was demonstrated it in situ
FTIR spectroscopgnd gelfraction analysis througBoxhletextraction. Thermal and mechanical
properties were investigated wibSC, DMA, and tensile testing. The networks were swollen
with ionic liquid to compare thenespectiveequilibrium ionic liquid uptakeWe have previousgl
reported electrospun zwitterionic polyacrylates as well as other functional poffffers.
Electrospinning fibersesults ina high surface to volume ratimhich may beadvantageous for
potentialfiltration and antimicrobial application®Ve also reporbne of the first instances of

bothnon-ionic andionic electrospun fiberf'om Michael addition crosslinking reactions

4.3 Experimental
4.3.1Materials

Poly(ethylene oxide) (PEG) diacrylate (575 g/mol),-tertylacetoacetate (98%), 1,8
diazabicyclo[5%4.0]Jundee7-ene (DBU, 98%), 1bis(diphenylphosphino)butane (98%), -1,4
dibromobutane, imdazole, sodium hydroxide, ZXputanediol, and &romohexanol were
purchased from Aldrich @h used as received. HPLgtade nethylene chloride, dimethyl

sulfoxide (DMSQ, andtoluene were purchased from Irés Scientificand used as receivetk
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Ethyl-3-methylimidazolium ethylsulfate (EMIm ES) was purchased from Alfa Aesad at 60

°C overnight, and stored over molecular sieves.

4.3.2 Synthesis of Btane-1,4-bis[(6-hydroxyhexyl)diphenylphosphonium] Bromide (or
Bisphosphonium Dol)

A 1-neck roundbottom flask with a Tefloh stir bar was flamelried. 4
Bis(diphenylphosphino)butane (11.78 g, 27.6 mmol) was charged to the flask. The flask and
contents werg@urged withargon for 30 min Then, 6bromohexanol (15.0 g, 82.8 mmol) ir 3
fold excess was charged to the flask under argon, and 72.0 mL of dry chloroform was added. The
reaction was purged with gon for an additional 30 miand then allowed to proceed at 70 °C
unde an argon blanket for 24 h. The reaction solution was diluted with 50 mL of chloroform,
and a white powder was precipitated twice in ethyl ether and driedvactaum overat 60 °C
overnight. Typical yields exceeded 95%. FAB mass spectrometry(+FAB, 100% M, exact
massdirect pobe)provided 707.2764 g/mol for the exact mass wiii7.2782 g/mol calculated.

This ionic diol had a glass transition temparat of 52 °C (DSC 20 °C/min). Anelting
temperature wagmot observed below 200 °C, below its degtimtatemperature'H NMR (400
MHz, 25°C) in CDG: U (.47 L6H), 1.91 (m, 4H), 3.13 (mH). 3.13 (s, 2H;0H),
3.58 (m 8H), 7.567.92 (n, 20H, phenyl).3'P NMR (162MHz, 25 °C, referenced tosAO,
external standard) in CDEl U ( p p¥8)NMR @00MHz, 25°C) in CDG: U ( pp m)
134.69 (pheyl), 133.47 (phenyl), 130.39 (phenyl), 61.80 (2C,-88,-), 31.79 (4C, RCH),),

24.71 (2C-CH,-CH,-OH), 22.3219.69 (8C;CH,-).
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4.3.3 Synthesis of 2,4,25,2Fetraoxo-12,12,17,1tetraphenyl-5,24-dioxa-12,17

diphosphoniaoctacosane Bromide (or Bisphospimium Bisacac)

A 1-neck roundbottom flask with a Teflofi stir bar was flamelried. Bisphosphonium
diol (2.00 g, 2.31 mmol) was charged to the flask. The flask and contentspurgied with
argon for 30 minThen,tert-butylacetoacetate (4.03 g, 25.5 mmialpver a 16fold excess was
charged to the flask, and 16.2 mL of dry chloroform was added. The reaction was purged with
argon for an additional 30 miand then allowed to proceed at 70 °C under an argon blanket for
24 h. The reaction solution was diluteth 50 mL of chloroform and precipitated twice in ethyl
ether. The ethyl ether was decanted each time from the precipitation vessel, and the product was
dried in avacuum oven at 60 °C for 48 The yield was 74%FAB MS m/z (+FAB, 100% M,
exact mass, itect probe) agreed with calculated values, 875.3183 g/mol (FAB MS) and
875.3205 g/mol (calculated). This bisacaonomerhad a glass transition temperaturesaf°C
(DSC 20 °C/min), and a melting powhas not observeldelow its degradation temperaturdner
product existed as waxy solid below 200 °C*H NMR (400 MHz, 25 °C) in CDG a (ppm)
1.33 (m, 4H), 1.52 (m, 12H), 1.93 (m, 4H). 2.23 (s, 6H), 3.18 (), 8.44 (s, 4H), 3.61 (m,
4H), 4.06 (m, 4H), 7.6Z2.79 (1H, phenyl) 7.898.02 (8H, phenyl) The enolate proton
resonance appears at 4.94 ppm upon formation of the affPnMNMR (162 MHz, 25 °C,
referenced to EPQO, external standard) in CDEl U ( p.p°@ NMR2 (80 I@Hz, 25 °C) in
CDCls: ad (ppm) 201.02 (2C¢C, c ar b-028.971(phenyl), 116871931 8 ( 2
(phenyl), 117.347 (phenyl), 65.10 (2C;@H,-), 50.12(2C, COCH,-CO), 30.52520.061 (14C,

-CHy).
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4.3.4 Synthesis of 1Di(1H-imidazol-1-yl)butane (or Bisimidazole)

Synthesis ofthe bisimidazole was accomplished following a literature procetfure.
Imidazole (5.00 g, 73.4 mmol) and 5.88 g of an aqueouat5%h NaOH (73.4 mmioNaOH)
solution were added 0 mL of amixture (50/50 w/w) of DMSO and toluene. The water was
azeotropically distilled and collected with a Deatark apparatus. The solution was cooled to
60 °C, and the lost volume was replacedhwinhydrous DMSO. Then, 7.54 g of 1,4
dibromobutane (35.0 mmol) was added to the solutmhséirred at 60 °C for 18, kluring which
a white precipitate formed. Following the reaction, the DMSO and residual toluene were
removed by distillation under vaamleaving an oily powder to which water was added. White
crystals formed overnight at O °C. The solution was filtered and washed with water and dried
under vacuum at 40 °C. The glass transition temperature-5&a$C, and the monomer

displayed a Tat9°C and a T, in the range of 63 to 67 °éH NMR confirmed the structure

4.3.5 Synthesis of 1,4Butane-1,4-diyl)bis(3-(6-hydroxyhexyl)-1H-imidazol-3-ium)
Bromide (or Bisimidazolium Diol)

Synthesis othe diimidazolium monomer. A -heck roundbottomflask with a Tefloff
stir bar was flamelried. Bismidazole with a butane spacer (2.15 g, 11.3 mmol) was charged to
the flask. The flask and contents wegrerged with argon for 30 minThen, 6bromohexanol
(4.66 mL, 34.0 mol) in 3old excess was charged the flask under argon, and 18 mL of dry
chloroform was added. The reaction was purged wiglorafor an additional 30 miand then
allowed to proceed at 70 °C under an argon blanket for 24 h. The product was precipitated in
ethyl ether as a viscous ionliquid. The ether was decanted, and the product was dried in a

vacuumoven at 60 °C overnight. Typical yields were 90%. FAB M& (+FAB, 100% M,
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exact mass, directrpbe) agreed with calculated values, 471.2319 g/mol (FAB MS) and
471.2335 g/mol (calcutad). This ionic liquid diol had a glass transition temperatur8@°C
(DSC 20 °C/min) and was a liquid at room temperatdtemelting temperature was not
observed!H NMR (400 MHz, 25 °C) in CBDD U (15168 (m, 12H), 1.82.00 (m,

8H), 3.52 (n, 4H), 4.22 (m, 4H), 4.28 (m, 4H), 7.65 (d, 4H), 9.12 Zid).

4.3.6 Synthesis of Mno(1,4bis(3-(6-(3-oxobutanoyloxy)hexyl}1H-imidazol-3-ium-1-
yl)butan-1-ide) Dibromide (or Bisimidazolium Bisacac)

A 1-neck roundbottom flask with a Teflof stir barwas flamedried. Bisimidazolium
diol (1.27 g, 2.30 mmol) was charged to the flask. Thert;butylacetoacetate (3.46 g, 23.0
mmol) in 1Gfold excess was charged to the flask, and 14.0 mL of chloroform was added. The
reaction was purged with argon for asid@ional 30 minutes and then allowed to proceed at 70
°C under an argon blanket for 24 h. The reaction solution was purified with flash
chromatography wih 80/20 hexane/ethyl acetate, and the yield was. 8% product was dried
in a vacuunoven overnighat 60 °C. FAB Mn/z (+FAB, 100% M, exact mas, direct pobe)
agreed with calculated values, 639.2724 g/mol (FAB MS) and g/mol 639.2757 g/mol
(calculated). This ionic liquid diol had a glass transition temperatw27dfC (DSC 20 °C/min)
and was a ligid at room temperatunaithout anobservable melting pointH NMR (400 MHz,
25°C)inCROD U (L.B91.66)(m, 12H), 1.93 (BH), 2.23 (sfH), 3.30 (s, 4H), 4.12.31

(m, 12H), 7.69 (m4H), 9.13 (m 2H).
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4.3.7 Synthesis of Butand,4-diyl Bis(3-oxobutanoate) (or Nonionic Bisacac)

A 1-neck roundbottom flask with a Teflofi stir bar was flamaried. The 1.4
butanediol was dried overnight in a vacuum oven at 60 °C, andhbetol (1.03 g55.5 mmol)
was charged to the flask. Theart-butylaceoacetate (17.8 g, 555 mmol) in-idld excess was
charged to the flask. The reaction was purged wigorarfor an additional 30 miand then
allowed to proceed at 70 °C under an argon blanket for 24 h. The reaction solutiorriies pu
with chromatograpy in an 80/20 hexane/ethyl acetaselution The product was dried in a
vacuum overovernight at 60 °C. Yields exceeded 95%. FAB M& (+FAB, 100% M, exact
mass, direct be) agreed with calculated values, 258.1116 g/mol (FAB MS) and 258.1103
g/mol (catulated).'H NMR (400 MHz, 25 °C) in CDG U (. popmM3H), 2.2 (s, 6H),
3.44 (s, 4H), 4.14 (m4H). Enolate formatiorwas observedvith a downfield shift ofthe
methylene hydrogens directly adjacent to the acac functiorality ( pl@3(mn 4H) and the
enolate proton resonanaeli P45 (s, 2H)*C NMR (100 MHz, 25°C)inCDGt U ( p p m)
201.21 (2C, carbonyl), 167.37 (2C, carbonyl), 64.88 (Z3{,-OAcac), 50.05 (2C, C@H,-

CO), 29.51 (2C;CHy), 26.47 (2C;CHy-).

4.3.8 Network Formation

A bisphosphonium bisacac (0.233 g, 0.2860l) was charged to a 20L scintillation
vial, and 575 g/mol PEG diacrylate (0.190 g, 0.330 mm@} subsequently added. A 1:1.4
molar ratio of bisacadiacrylate was chosen based on previous optimization for these types of
reactions in our research gm to provide higher tensile strengths and gel fractiorghe
reagents were dissolved in 800 uL of methylene chloride and stirred for 5 minutes or until fully

dissolved. A catalytic amount of DBU (14.3 pL) was added to the vial, and the reagents were
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vigorously stirred for 30 to 60 before casting into Tefléhmolds. Reactions were homogenous,

and the viscosities increased dramatically as soon as DBU was added. The reaction proceeded in
the molds for 24 h at room temperature, and films were dried irc@aa oven overnight at

room temperatureSoxhlet extraction and gel fraction calculations followed, and films were
again dried overnight at reduced pressure and 60 °C before subsequent analysis. All other
networks were synthesized using this methgith substitution of bisimidazolium or neionic

bisaca monomers, maintaining the 1:1.4 molar ratio of bisatacrylate.

4.3.9 Characterization

'H NMR spectroscopyvas conducted on a 400 MHz Varian UNITVIR spectrometer
at 23 °C in CDGJor CD;0D. *P NMR was performed on this same spectromefggratingat
162 MHz in a magnetic field of 9.39 Tesla. Gel fractions were reported gravimetrically from
initial over final mass values afte@oxhlet extractions in methylene chloride for 10 h and
subsequent drying ia vacuumoven under reduced pressure at 60 °C overnkfdB MS was
performed on a JEOL JMBX-110 instrumenin positive mode. A Perkin Elmer 7 with a
heating rate of 10°C/min under nitrogen was used for TGA. @&Einstrumented with a Perkin
Elmer Pyrg 1 under nitrogen at 20 °C/min. Values from the secondhigeatclewere reported.
An ASI REACTIR 4000 was used fon situF TI R spectroscopy at 25 e
derived from8 and @& scans averaged every 30 Atomic Force Microscopy (AFM) was
performed ora Veeco MultiMode AFM with an rms of 4.0 and setpcamplitudeof 3.3 mV.
DMA was performed on a TA Instruments8@ in tension mode with a frequency of 1H,
oscillatory amplitude of 15 um, and a static force of 0.01 N at 3 °C/min fi®@ to 120 °C.

Glass transition temperatures were determined from thes pééthe tan delta curve and onset of
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the storage modulusathping. Tensile experiments produced stetssn curves with an Instron
4411, crosshead speed of 2 mm/min, and ambient temperature. The reported values and standard
deviations involvd an average of three samples, and manual grips werelasediquid uptake
experiments were completed according to a previous procedure in our research Befope
starting the ionic liquid uptake experiments, all films were dried at 60 °C for 24 h under reduced
pressure EMIm ES was dried at 60 °C overnight, and pkd in scintillation vials. Enough
EMIm ES was added to fully immerse the films. One film was used per scintillation vial on
EMIm ES. Once immersed, the vials were sealed, and Pafafitis wrapped around the top.

The scintillation vials were placed intadasiccator with low humidity. The films were removed

for each measurement with tweezers and excess ionic liquid was lightly removed from the
surface by blotting with a Kimwige After each measurement, the ionic liquid uptake was
calculated from the folling equation % ionic liquid uptake= (X - Xo)/Xo. Xo is theinitial

weight of the film, and X is the weight after ionic liquid uptake at a specific tiReaction
solutions for electrospinning were prepareda similar manneas casting networks in mad
except the solutions were quickly stirred and loaded into-mR2Mypodermic syringe with an
18-gauge needle within seconds after base was added. The syringe was mounted in a syringe
pump from KD Scientific, Inc. A high voltage power supply, a Spellmta#E1000R from
Spellman High Voltage Electronics Corp., delivered 25 kV across the tip of a syringe needle that
was connected withnaalligator clip to the positive lead. There was a 20 cmatdifarget
distance, and the grounded metal target was a 30#esimisteel mesh screen that was ¥4 inch x

Y inch.The solution was pumped at 3 mL/h with a 25 kV constant voltage immediately after
loading, and electrospinning continued until pumping was no longer possible due to gelation of

the solution. Fibers were detted on the stainless steel mesh screen, and they weBexidet
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extracted due to their brittle nature. They were sputteted with an & m layer mixture of
platinum and gold to reduce electron charge effects in the microscope. Scanning electron
microscopy was performed at 5 KV and 100 and 200 KX magnifications on a Leo 1550 field

emission scanning electron microscope (FESEM).

4.4 Results and Discussion
4.4.1 Synthesis of Networks from CarbofMichael Addition Reactions

CarbonMichael addition faditated the synthesis of highlgrosslinked ionic and nen
ionic networks. The reaction involves abstraction of bisacac protons with base to generate
carbanions, which add across activated olefins or diacrylaigsré1). The base should have a
pKa in the same range as the pKf the two acetoacetate methylene hydrogens,#Kand 13
respectively:"?® In our case, we selected the basediz&abicyclo[5.4.0Jundeg-ene (DBU)
having a pK of 12. After abstraction of a proton with base and after additonsa the olefin,
the new carbanion generated capstract a protofrom the protonatedbase to form a neutral
product. The catalytic base is thus regeneratBsacetoacetate (bisacac) precursbesjing a
functionality of four from their four abstractabiethylene hydrogens are synthesized through a
transesterification reaction of diols witert-butylacetoacetat€. Thus, the synthesis of three
novel bisacac monomers first included the synthesis of hydfargtionalized precursors.

First, we syntheged a bisphosphonium bisacac monomer from -1,4
bis(diphenylphosphino)butane;b8omohexanol, and tebutylacetoacetate. All reactions were
purged thooughly with argon for 30 mutesand kept under an argon blanket to prevent rapid
oxidation of phosphingéo phosphine oxide during the precursor and the monomer synthesis.

Simple §2 reaction of the bisphosphine with a three molar excess-twbrohexanol in
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chloroform at 70 °C for 24 hougsroduced a bisphosphonium diol in excellent yield, > 95%

(Figure4.2).

Excess o
= Br
Br(CH,)sOH Br ®

@
P—(CH,)s—P, HO(CH3)g—P —(CHz)s—P —(CH5)sOH

CHCl,, 70 °C,
24 h, Ar

0O O
CHCl,, 70 °C, >L
24 h, Ar OM

Excess

© S)

//ii\v/ji\ Br Br O 0
® ® + 2 HO‘é
O_(CHz)s—P—(CH2)4—P_(CHz)e—O/U\)I\

Figure 4.2. Bisphosphonium bisacac monomer synthesis

The ionic solid had a glass transition temperature of 52 °C, and no melting point was observed
below 200 °C. However, a melting point could exist beyond its degradation point as it still
remaineda sold past theglass transition temperature.

Subsequently, this ionic diol was reacted with afdl@ excess otert-butylacetoacetate
in chloroform at 70 °C for 24 hours. The product was precipitated twice into ethyl ether to
remove remainingert-butylacetoacetateTypical yields were 74%'H NMR and 3P NMR

spectra also confirmed the structure (Figure 4.3).
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Figure 4.3 'H NMR spectrum o®,4,25,2#tetraoxe12,12,17,1ftetraphenyl5,24-dioxa12,17

diphosphoniaoctacosane bromide (or bisphosphobisatac)400 MHz CDCl;

The glass transition temperature of the ionic solid was 5INeCmelting point was observed
below 200 °C The glass transition temperatures for the bisacac and diol bisphosphonium
precursors were very similar, 51 and 52 °C respalg. Functioralization with thetert-
butylacetoacetate did not facilitate a large change in packing endf@eselting point existed,

the melting pointould not be determinedlie to degradation above 200 &ithough long alkyl
chains improve meltig points and crystalline packing efficiency fanost phosphonium

functionalities®
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A second iorcontaining bisacac monomer was synthesized through a bisimidazole

precursor (Figure 4)4

N 1. NaOH . .
N_NH > N7 N—(CHy)s—N"N + 2 NaBr
2. Br(CHy)4Br

70 °C, Ar BF(CHQ)BOH

Excess

BI’e Bre

HO(CH2)s—N g N—(CH2)4—N§ N—(CH;)sOH

O O
70 °C, Ar >L J\/U\
(@]

Excess
Bre Bre
PN PN + 2HO—€
O"‘(CHQ)G_N N—(CH2)4"N N—(CHQ)G_O
Y & & Y
O O O O

Figure 4.4. Bisimidazolium bisacac monomer synthesis

The synthsis of bisimidazole precursor followed literature procedur€. Imidazole was
deprotonated with sodium hydroxide for three to four hatesy 1,4-dibromobutane was added.
Imidazole in excess capped the -@ljdromobutane through \8 reactions to pmuce he

bisimidazole precursor, theaaction ofthe bisimidazole with a 3old excess of @romohexanol
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at 70 °C for 24 hourproduced a bisimidazolium diol. This ionic diol was a clear ionic liquid at

room temperature with a glass transition temperatur800fC and no observable melting point.
The diol was subsequently reacted with afdl@ excess oftert-butylacetoacetate in

chloroform at 70 °C for 24 hounsnder argorto synthesize the bisacac monomét. NMR

spectra confirmed the structure (Figure 4.5)

5
Br g . . g r@ f d
c d I ] C
d e — ] [ — d
6 o n=h hh ° m
4Hla, cp,oD
0 26 H
4H 12H -
2H b,f,i e,
dc
9 e
12 o s s a4 0 p‘pm

Figure 4.5. '"H NMR spectrum ofnono(1,4bis(3(6-(3-oxobutanoyloxy)hexyhlH-imidazo}3-

ium-1-yl)butan1-ide) dibromide (or bisimidazolium bisacadpP0 MHz CD;OD

The glass transition temperatures for the bisacac and bisimidazolium diol precuzsensevy
similar, -27 and-30 °C respectively. Functionalization with ttegt-butylacetoacetatapparently
did not result in a large decrease in the packing energiyilar to the bisphosphonium
precursors.However, he bisimidazolium dioland the bisimidzolium bisacaalid not have

melting points, and they were roet@mperature ionic liquids.
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Reaction of 1,dutanediol withtert-butylacetoacetate ichloroform at 70 °C for 24 hours
under argon facilitated the synthesis of a-farc bisacac monomefFigure 4.9. The structure
was confirmed withH NMR spectra (Figure 4.7).

Excess

O O
>LOM o o o o

- + 2 HCT—<£—
HO(CH,),OH ~ MO—(CH2)4—O)J\/[J\

70 °C, Ar

Figure 4.6. Nor+ionic bisacac monomer synthesis
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Figure 4.7. *H NMR spectrum obutanel,4-diyl bis(3-oxobutanoate 400 MHz, CDCl;

These three novel bisacac monomers wereratgq crosslinked through Michael addition

reactions witha biocompatible PEG diacrylat€igure 4.9.
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Figure 4.8 Synthesis and film formation dafmidazoliumcontainingnetworks from Michael
addition reactions

The low molecular weight PEG diacrylai@75 g/mol) has a functionality of 2, and the bisacac
monomers each hava functionality of 4. A 1.4 ratio of bisacac to diacrylate facilitates
complete reaction of acrylate functionalities in fast crosslinking reactmprevent dangling
acrylate endghat might besusceptible to further polymerization or degradatiofrevious
results from crosslinking experimeritsour research group showed that d.%: ratio produced
networks with improved tensile properties and higheel gfractions compared to eéh
stoichiometric 1:2 ratio of bisacaliacrylate functionalities’

Preparation of networlkisom Michael addition reactionavolved combininghe bisacac
and diacrylate monomers in all4 mole ratio in a scintillation vial. The reactants were then
diluted with 800 uL of methylene chloride, and 14.5 pL of DBU was added. ed2BU was

addel, the solutions immediately becawmiecous. The solution was stirred for one minute before
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casting into Teflofi molds. Afte 24 hoursat room temperature, the filmseve dried in a
vacuum oven overnight. They were th8oxhlet extracted for 10 hoursth methylene chloride
and dried to produce transparent, fstanding films. The bisimidazolinbased
bisphosphoniurbased and noronic networks all had gel fractior(svith an average of three
sample} greater than 96 to 98eight % with less than 7% errosp it was concluded that these

materials were efficiently crosslinked (Table 4.1).

Table 4.1. Gel fractions

Gel Fraction
Bisacac Functionality
(%, after Soxhlet etxaction®)

Bisphosphonium 96+ 6
Bisimidazolium 98+ 4
Norrionic 96+ 7

*10 hours CH,CI,

4.4.2In situ FTIR Spectroscopy of Network Formation from Michael Addition Reactions
Monitoring the reactions witn situ FTIR on the surface showed completeersion of

diacrylate. The 80820 cm' region involves oubf-plane bending of the hydrogens on the

acrylate monomers. Over time, the absorption due to diacqytaten bending reduces to

baseline, indicating complete conversimndisappearance @icrylate functionality (Figure 4)9
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Figure 4.9 In situ FTIR spectra ofout-of-plane bending of diacrylate protons oviene in (a)

bisphosphonium(b) nortionic, and (c) bisimidazoliunMichael addition crosslinking reactions

with PEG diacrylateASI REACTIR 40002 5 , &1 €cans averaged every 30 seconds

Viscositiesof the crosslinking reactions increased essentiafitantly, so comparing the reaction

rates

over time wadifficult due to delag and mixing times before casng. However, all

reactions \erecomplee within the first 315 mirutes

Phosphines are known to add across activated olefins to catalymmMichael addition

reactions through the synthesis of phosphonium yfid€ke ylide then deprotonates the
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acetoacetate functionality. Thiarbanion then adds across additional activated olefins. The new
carbanion produced from this addition abstracts a prisaam t h ecardon, reforms the vinyl
group, anceliminatesphosphine. The phosphine catalyst is regenerated for subsequent feaction.
The formation of phosphonium vylides typically invets very strong bases such as
alkyllithiums®' so the formation of phosphibm ylides in this reaction i®xpected to be
extremely low.*'P NMR spectraof a solution ofbisphosphonium bisacac with excess DBU
overnight inchloroformdid notshowany degradation to phosphine or phosphine oxides or other

phosphorus cente(Bigure 410).

28.2 ppm

! ! \ ! \ ]
80 60 40 20 0 -20 PPM

Figure 4.10 3P NMR spectrumof bisphosphonium bisacac monomer after 24 hours overnight

in the presence of excess DBLE2 MHz ina magnetic field of 9.39 Tesl&DCl;

Only one resonance at 28.2 ppm with the same shift as the bisphosphoniumenasulted
However, even a trace amount of phosphine produced in the reaction through elimination would
catalyze crosslinking. The bisphosphonium reaction proceeds to high gel fraction, greater than
96%, so the Hofmann elimination and production of phose during the reaction is considered

minimal.
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4.4.3 Thermal Properties of Networks Synthesized from Michael Addition Reactions

TGA indicated that the neinic networks were the most thermally stable. Therefore,
including the ionic monomers decreashd thermal stability of the final crosslinked film, most
likely because Hofmann elimination reactions can occur with these alkyl monomers. Although
the imidazoliumcontaining networks appeared to be slightly less thermally stable than the
phosphonium stietures in these networks, both the phosphonium and imidazolium TGA curves
were within experimental error (Figure 4.11). The &igit % loss for TGA under nitrogen of
norrionic, bisphosphonium, and bisimidazolium networks were determined resulting in

tempeature of 299, 249, and 248 °C, respectively.

100 -

Weight (%)

0 100 200 300 400 500 600
Temperature (°C)

Figure 4.11 TGA curves indicating thermal stability of the ionic networks; 10 °Cltgrramp

25 °C to 600 °C, M
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Thermal analysisresults using DMA and DSC showed increased glass transition
temperatures @ahbroadening of the glass transition temperaturegHerionic versus no#ionic
networks (Table4.2). lonic functionality and ionic aggregation in polymers is vkelbwn to

facilitate both increased and broadened transitiois.

Table 4.2 DSC and DMAresults forbisphosphonium, bisimidazolium, and rimmic networks

DSC T, | DMA Onset Ty | DMA Tan Delta T
Type of Network
(°C) (°C) (°C)
Bisphosphonium -13 3 19
Bisimidazolium -19 -11 3
Nornrionic -33 -22 -12

*Midpoint T, 20 °C/mirute,-80 to 150 °C, &

PPeak of Tan Delta, 8/mirute, 1 Hz-100 to 120 °C, air
The bisphosphonium network had hagher temperature antiroader transition than the
bisimidazolium, and both ionic networks hlaigher temperature armtoader transitiosithan the
norrionic ndwork (Figure 4.12) DMA tan delta and storage moduwaliurves showd the same
broadening trend in the glass transition temperature. The DMA tan delta glass transition from the
bisphosphoniurtontaining networks 19 °C, and theorrespondindisimidazoliumcontaining
material showed the transition &t°C. The nononic network hada glass transition ofl2 °C.

The broadening is very apparent ie tDMA tan delta curves (Figure 4)13
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Figure 4.12 DSC thermogramsof bisphosphonium, bisimidazolium, an@rAionic networks

from Michael additionreactions20 °C/mirute,-80 to 150 °C, N
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Figure 4.13 D MA t @unvesdi bisphosphonium, bisimidazolium, and Aonic networks

from Michael additiorreactions3 °C/mirute 1 Hz,-100 to 120 °Cair

The DMA storage moduli profiles for each network showleel same broadening trends,
ard the glass transition increasetth the use of an ionic crosslinker just as with the tan delta
and DSCdata TheDMA profiles, however, also showesiimilar plateau modulior eachtype of
network. Plateau moduli arelated to crosslink density *>and havingsimilar plateau moduli
suggests thahe crosslink desitiesfor all three norAonic and ionic networkaresimilar. There
is no flow or melting transition, so these ymkrs were successfully crosslinked to high
conversion (Figure4.14). The nonionic networks had lower glass transitions, and these
networks showed a slight increase in the plateau moduli due to clamping difficulties with such
soft materials. Howevem stu FTIR spectroscopy, high gel fractions greater than 96% gel, and

no change in the DMA curves upon running multiple scans confirmed efficient crosslinking.
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Figure 4.14 DMA curvesof bisphosphonium, bisimidazolium, and rienic networks from

Michad addition reactions3 °C/mirute, 1 Hz -100 to 120 °Cair
4.4.4 Tensile Kperiments
In tensile experiments, bisphosphonium networkshghderstrairs at brealand stresss

at break than imidazolium or naonic networks (Tabld.3, Figure 4.1p

Table 4.3. Tensilepropertiesof bisphosphonium, bisimidazolium, and rionmic network$

Tvpeof Network Tensile Stress g Tensile StrainaYoung o6 s
yP Break (MPa) Break (%) (MPa)
Non-ionic 0.20 £ 0.07 10.6£ 45 2.33+0.03
Bisimidazolium 0.51+£0.8 32.6£32 2.41 £ 0.62
Bisphosphonium 1.03+0.16 65.5+£ 121 242 +0.31

4 crosshead spe@dmm/mirute, 25 °C, average of three samples reported for each value
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The strain at break followed the same trend with bisphosphonium networks hagregter

value. The nonionic network had lower stress at break and strain at break than both ionic
networks. Howe v e r Youngods moduPR3t® 2.40MPafor alptireeaoxic ma t e |
net wor ks. On e c a m tensdeeor thé plateag Mmalulusio BNMol calcsilate

thecrosslink density of the film&he equation related involves the following relationsflip:

E = JRT/ M
E is Youngdés modulus. Then } is the density.
the experiment. Mis the molecularweg ht bet ween crosslinks. Havir

moduliis another indication of similar crosslink densities for ionic andinnit networks

1.2 -
1 . :
Bisphosphonium
S 08
2
n 0.6
o Bisimidazolium
& 0.4
0.2 —
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o
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Figure 4.15 Tensile stresstrain curves of bisphosphonium, bisimidazolium, and-inarc

networks fromMichael additiorreactions; crosshead speethm/mirute 25 °C
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Although the networks had comparable crosslink densgitessses at break and strains at
break in tensile experiments were enhanitedughphysical crosslinking (Figure 4.1L5lonic
functionality is known to improve modulus and tensile properties in various polyAt&rshe
ionic monomers were longer and larger, having both a butylene spacer and two hexyl groups on
either side of the two ionic sites. These longer and larger monomers $fageldncreased the
distance between crosslink points, changing the crosslink densities. However, ionic and non
ionic films had similar plateau and Youngos
in the ionic films may have affected their criads densities.The bisphosphonium functionality
involves large phosphorus cations that form weak physical crosslinking through electrostatic
interactions. The phenyl rings on the phosphonium functionality provide rigidity as wedpas
stacking interatons. Supramolecular interactions make these particular networks dynamic. As a
sample is stretched, crosslinking prevents chains from moving past one another or plastic
deformation, but the sample chain segments are perturbed from their random cagndtate
aligned. The closeness of these chains allows dynamic electrostatic interactions to take place. In
semicrystalline polymers, strainduced crystallization provides hardening and elongation
effects due to chain alignmefit® In these amorphous iononse the energy stored and used to
stretch the molecules causes slightly closer alignment of the ionic groups as the polymer chains
are stretched. Electrostatic attraction between the ionic groups in closer proximity improves
stress at brea&nd strain at teak.

Thebisimidazolium ion appears to be less efficient at enhancing strain at break and stress
at break compared to the bisphosphonium @& this may be at least partially attributable to
the positive charge on each cation beigjocalized over twaitrogens. Although the nitrogen

atom is smaller than phosphorus, the two nitrogens in each imidazolium are confined in an
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aromatic ring. This delocalization provides a monomer with weaker physical crosslinking and
lower crystalline packing energies thdre tphosphonium cations. Therefore, these monomers
typically have lower glass transition temperatures and melting points, and the bisimidazolium
monomers are ionic liquidst ambient temperatusghereas the bisphosphonium monomers are
solids at room tempeae. lonic crosslinking and electrostatic interactioas accountor the
greaterstress at break and strain at bréakthe ionic networksandcan also help to rationalize

the large increase and broadening in thesgleensition temperatures compate the norionic
networks Coordination of PEG oxygens to the phosphonium and imidazolium cations may also

contribute to physical crosslinking of the ionic materfals.

4.4.5 Atomic Force Microscopy of lonic and Nofonic Networks

Atomic force microscpy (AFM) images indicated large-100-nm, ionic aggregates
within the ionic networkswhereas the on-ionic networks did not show any surface features
(Figure4.1. The white or fAhardo regions in these im
the suface of the films. However, Xay analysis is needed to conclude higher phosphorus
content in the white or aggregate regions. TEM also is needed to investigate ionic aggregate

formation in the bulk film, rather than just on the surface.
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(a) Bisphosphonium  (b) Bisimidazolium  (c¢) Non-ionic

Figure 4.16 AFM of networksfrom Michael addition reactiond x 1 um images rms 4.0mV
andamplitudesetpoint 3.3nV

4.4.6 Equilibrium lonic Liquid Uptake of lonic versus Non-lonic Networks

One of the advantages mi-containing polymers is theincreased capagitto uptake
ionic liquidssince this could be important in potengdéctreactive polymer application'$:**4°
The ionic liquid tethyl3-methylimidazolium ethylsulfate is commonly used in electctive
polymer and actuator applications. This ionguid has a melting point aroun@5 °C, and a
conductivity 0f3.82mS/cm (25 °C)? Swelling the polymers to their equilibrium ionic liquid
uptake over time provided evidence that itr@c networks uptake 2.54s much ionic liquid as

nortionic ones (Tald 4.4, Figure 4.1)7
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Table 4.4. lonic liquid uptake over time

Equilibrium IL Uptake
Type of Network
(wt %)
Bisphosphonium 56.6 +3.4
Bisimidazolium 55.6+34
Non-ionic 20.7+5.2

* thickness = 0.5 £ 0.1, average of 3 samples each film

Bisphosphonium and bisimidazolium networks had similar equilibrium ionic liquid upiake
time of 56.6 + 3.4 % and 56.= 3.4 % respectively (Figure 41 The moé % of ionic groups is

the same for the bisphosphonium and the bisimidazolium networks. Tieeréfere was no
preference for the bisimidazolium network to uptake imidazolium ionic liquid over the
bisphosphonium network. Both ionic polymers with the sameer®olof ionic functionality
resulted in the same ionic liquid uptake levels, despite havifeyaht types of functionality.
Therefoe, ionic liquid uptake dependedore on the ma@ % of ionic groups than the type of

ionic groups.
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Figure 4.17 lonic liquid uptakeover timein networksfrom Michael addition reactions; 25 °C,
1-ethyl3-methylimidazolium ethylsulfatethickness = 0.5 + 0.1, average of 3 samples each film

Nonrionic networks only had an uptake of 20.7 £ 5.2 % ionic liquid, compared to the nearly 56
57% uptake for the ioa polymers. A 2.5Xincrease in ionic liquid uptakeesulteddue to

including ionic functionality.

4.4.7 DMA of lonic and Nor-ionic Networks with Varied lonic Liquid Uptake

Absorption of ionic liquid in the networks from Michael addition reactions altered DMA
behavior and produced changes in the thermal transitiong et al. previously investigated the
effect of swelling polybetaines with EMIm E&The rubbery plateaus decreased dramatically
with increased uptake of ionic liquid. However, the glass transition temperatures decreased
slightly for polybetaines soe ionic liquid absorbed mainly in the ionic domains of the

polymers®®
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In this thesis, we report unique DMA behavior of the networks from Michael addition
reactions after swelling them with EMIm ES. Films of the bisphosphcbased networks were
swollen to 6 and 23 weight % EMIm ES. At 0, 6, and 23 weight % EMIm ES, the
bisphosphoniurbased films had volumes of 99 Mni30 mni, and 141 mm respectively
Increasing absorption of EMIm ES slightly sharpened the onset of the glass transition
temperature angrovided curves with one or two additional, broad thermal transitions (Figure

4.18, Figure 4.19).
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Figure 4.18.DMA curves of bisphosphoniumetworks from Michael addition reactions swollen

with 0, 6, and 23 weight % EMIm ES ionic liqui8l°C/mirute, 1 Hz,-100 to 120 °C, air
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Figure 4.19.D MA t @unvesadl bisphosphoniunmetworks from Michael addition reactions

swollenwith 0, 6, and 23 weight % EMIm ES ionic liquisl°?C/mirute, 1 Hz,-100 to 120 °C, air

In previouslystudied polybetaines, thenic liquid preferred to locate in ionic domains of the
polymer, and swelling with ionic liquid led to the disruption of ionic aggredat®selling the
bisphosphoniurbased networks with EMIm ES possibly led to the disruption of phosphenium
based ioniaggregates in the films that were responsible for broadening of the ionic transition.
The PEG oxygens can also coordinate cations, and addition of ionic liquid would also disrupt

coordination of network cations with the PEG oxyg&ns.
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lonic Stes can acas nucleatingitesfor crystal growth**

and EMIm ES can crystallize

and has a melting point e85 °C*® The additional thermal transitioms Figures 4.18 and 4.19

are most likely related to crystallization and melting of EMIm ES in the films. Bealbw
transitions, the films swollen with 23 and 6 weight % EMIm ES had higher storage moduli than
the films without any ionic liquid. Below its meig point, the ionic liquid acteds a filler.
Above the melting temperature of EMIm ES crystallites, thecidiquid acts as a diluent and
lowers the plateau moduli. Therefore, the plateau moduli of the ionic liquid swollen films are
slightly lowerthan those without or swollen with less ionic liquidowever, plateau moduli in
crosslinked films are limited byhe short distance between covalent crosslink points in the
polymers.

Films of the noronic networks from Michael addition reactions were swollen to 14
weight % EMIm ES. Swelling the naonic networks produced very soft films that tore easily.
The norionic films with 0 and 14 weights EMIm ES had volumes of 54 nfrand 114 mm
respectively Absorption of EMIm ES broadened and slightly decreased the glass transition
temperature (Figure 4.20, Figure 4.21). Two additional, broad thermal transitions onite i
liquid swollen film were observed, and the absorption of iowjgidi lowered the plateau moduli
(Figure 4.20). These additional transitions may also be associated with crystallization and

melting of EMIm ES.
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Figure 4.21.D MA t eunvesdi norrionic networks from Michael addition reactions with 0

and 14 weight % EMIm ES ionic liqui®;°C/mirute, 1 Hz,-100 to 120 °C, air

4.4.8 Electrospinning lonic and Norlonic Networks from Michael Addition Reactions

One key issue relative to ionic networks for potential applications as etative
polymers is to identify a means to process tlegfciently into fibers. We report the formation
of ionic and noronic electrospun fibers form Michael additioarosslinking reactions
Formation of fibers islsoadvantageous for numerous applicatisash asantimicrobial mats
and filtration deviceslue to the resulting high surface to volume ratio, allowing large exposure

to the polymer surface and active functionafft® Spinning fiberscould also provideontrol
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over morphology, porosity, pore size, and fiber dian®tr.Electrospinning invales
application of a voltage across a liquid drop at the end of a syringe and syringe pump. The
applied voltage distorts the drop, and when enough voltage is applied to break the surface tension
a jet erupts from the syringe tipnd proceeds toward a graled target in a whippintike
motion. This whipping providethin, uniform fibers with few defects’he required equipment is
relatively simple.In most cases, fiber diametetependson solution concentration and
viscosity?*?® For thesematerials that @sslink during the spinning operatjotime and base
concentration are also important factors. Solutions were prepared as described for film casting in
Teflon® molds, except each reaction solution was added to a syringe. The viscosity changed over
time ascrosslinking began. Electrospinning produced-B&ding fibers for all three polymers,
nortionic, bisimidazolium, and ibphosphonium networks (Figure 4)2Zuture work will
involve investigation and control of crosslinking and fiber formation throsgstematic
variances irtime and base concentration.

Scanning electron microscopy (SEM) of these fibers showed increased diameters for the
norrionic and imidazolium networks versus the phosphonium networks. Thmmiemetworks
had flat large fibers, wle the phosphonium and imidazolium networks produce rounder fibers
when spunfrom methylene chloride. We haveéemonstratedin recent experiments with
zwitterionic polymers that ionic aggregation facilitates fiber formation even at low solution
concentratins compared to neionic analogg® The formation ofcylindrical fibers in the
phosphonium and imidazolium electrospinnimgocess could also be at least partially

attributable tcelectrostatic interactions during the spinning process.
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Figure 4.22 SEM imagesof electrospurfibers fromMichael addition crosslinking reactions;

nm sputtercoatedgold/platinum 5 KV, 100 and 200 KX magnificationteo 1550FESEM

4.5 Conclusions

We synthesized three novel monomers, bisphosphonium, bisimidazoliumgaiehit
bisacacs. Thishesisconveys thdirst report of ionicnetworksfrom Michael addition reactions
and their structurproperty relationships. Synthesis of networks vathow molecular weight
PEG diacrylate produced clear, transparent films widaigr than 96% geln situ FTIR also
provided evidence of fast, efficient crosslinking to highesrs| i nk densi ty. Youn
plateau modulwere similar for all three networks with the same m@éb of bisacacand this
supports the premise thail of the networkshad similar crosslink densities. Use of the
bisphosphonium functionality afforded broader and higher glaagssition temperatures,
increased stress at break, andjreaterstrairs at break than eithaghose ofbisimidazolium or
nortrionic networks. The noionic networkspossesselbwer and sharper glass transition values,
strairs at break andtresgs at breakhan any of the iorontaining networks. lonic furicinality
also afforded 2.5Xhe ionic liquid equilibrium uptake thawptake inthe norionic analogs, and
the bisphosphonium and bisimidazolium networks absortschilar amounts. The

bisphosphonium versus the bisimidazolium did not show any preference in rate or final
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equilibrium uptake for absorbing imidazolium ionic liquidethyt3-methylethylimidazolium
sulfate, and the ionic liquid uptake was dependent om Pabf ionic character and not the type

of ionic functionality. We also described the first electrospun fibers from Michael addition
crosslinking reactiongoth ionic and an-ionic fibers. The small molecule reagents electrospun
into insoluble and crosslinked fibers in one simple step. Future work should include
electrospinning with various solution concentrations to study changes in fiber diameters, and

rheology would helorrelate gel time to solution concentration and viscosity.
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Chapter 5. Examination of Thermal, Morphological, and
Mechanical Properties of Bisphosphonium and Nonionic and lonic
Networks from Michael Addition Reactions in the Presence of

Multi -Walled Carbon Nanotubes

5.1 Abstract

Incorporation of carbon nanotubes into polymers enhances mechanical performance and
conductivity. In particular, carbon nanotubes boost teuyn g 6 s modul i and pl .
Dispersion of these nanotubes into a polymer matrix imparts stiffness that can enhance the
moduli of soft, hydrophilic polymers with low glass transition temperatures such as hydrophilic
PEGbased networks from Michael atidn crosslinking reactions. Carbon nanotube
incorporation also provides decreased resistivity, or improved conductivity. In this ibesis,
containing networks from Michael addition reactions were synthesized with novel
bisphosphoniumbisacac anda novel non-ionic bisacac &sed on 1:utaneliol. Clear,
transparent filmgesulted after crosslinkingBisphosphoniurtontaining and ncionic PEG
based networks from Michael addition reactions in the presence of 1, 3, amigli %
unfunctionalized Baytulsg, pristine multiwalled carbon nanotubes (MWCNTSs) from Bayer
MaterialScience, were also prepar€dosslinking in the presence of dispersed carbon nanotubes
in the casting solution produced black, opaque filBEven with carbon nanotube incorporation,
gd fractions were greater than 9@ight %. Soxhlet extractions resulted in no visible loss of the
black carbon nanotubes from the filmvghin over 10 hours. The Soxhlet thimbles were pristine

after extraction, and the 10awght % loss during Soxhlet extion was assumed to result mostly
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from the loss of uncrosslinked polymer. DMA and tensile experiments indicated that increasing
MWCNT incorporation increased the plateau moc
the glass transition temperaturesr Broe norionic networks from Michael addition reactions,
increasing nanotube content from 0 to 8ight % decreased surface resistivity front 10 16
ohms/square, respectively. lonic networks with O to &gt % MWCNTs showed a larger

change in resistity from 10° to 10 ohms/square. MWCNTSs affected the surface conductivity in

the ionic networks to a greater extent than in theionit networks.

5.2 Introduction

Multi-walled carbon nanotube (MWCNT) composites are omnipresent in the literature
and hae exceptional purpose in elec@motive and smart material applicatioifsThey include
several carboicarbon bonded cylindrical nanotubes of various diameters from 1 nm {single
walled carbon nanotubes SWCNTSs) to around 10 nm (MWCNTS) in diameter (Fdyre

Lengths of the nanotubes are often a few’um.

Figure 5.1.Structure of CNTs

Figure 5.1 is only a general representation of CNTs. MWCNTs come in many forms with

various numbers of hollow, tubular walls insidach other, various diameters, and various
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lengths. Several comprehensive reviews exist on the mechanical, morphological, thermal,
conductive, and electractive properties and potential applications of polymer composites with
MWCNTsX** Inclusion of MWCNTs in a polymer matrix can improve thermal stability of the
polymer!® alter or enhance morpholodyand increase conductivifyPolymers reinforced with
MWCNTSs have application as separation médimart adhesivesactuators, biomarkers, drug
carries? and neural implantsSingh et al. reviewed MWCNT composite materials for sensors,
actuators, fuel cells, solar cells, and photovoltaiasiditionally, Shi et al. investigated cell
targeting and medical sensing of these polymers for drug deliverycapmis® PEG is a
biocompatible polymer often utilized in conductive polymer applicatttffs.Rhee et al.
dispersed MWCNTs in PEG to examine resultant tensile properties and crystallinity with varied
nanotube conterif The nanotubes acted as nucleatiites for crystal growth. Dispersion of the
nanotubes in the polymer matrix with a higbwered sonication probe proved beneficial for
properties such as strain at break compared to other preparatory methods. Veiti204v
MWCNTs dispersed in the polyan matrix, the PEG crystallinity in the films increased 12.5
fold, because the nanotubes acted as nucleation agents for crystal growth. Thessnd®EG
MWCNT-containing polymer composites also had up to 110 times the modulus of the neat PEG
polymer?

Seweral ways of preparing wetlispersed carbon nanotubes in PE&3ed polymers exist,
and these methods include using kpgiwered sonication, adding surfactants, and including the
MWCNTSs within the polymerizatiof® Utilizing fast Michael addition crosslifkg reactions for
network formation takes advantage of both kHglwer sonication and polymerization techniques
to uniformly disperse MWCNTs in a PEG matris previously described in chapter 4 of this

dissertationthe Michael reactioninvolves abstraabn of bisacac protons with base to generate
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carbanions, which add across activated olefins or diacryfat&#se Michael reaction is
ubiquitous in polymer chemistf},and our research group has sound experiesresslinking
bisacetoacetate (bisacac) Miehadonors with diacrylate Michael accept6té’ Michael
crosslinking produces robust films with mechanical integrity. In this thesis, we descrilve the
situ synthesis of MWCNIPEGbased composites, their mechanical and tensile properties, and
their surfce resistivityOne unique feature of these films is capability to fully enclose the carbon
nanotubes in the network through dispersing them and crosslinking around them. No visible loss
of nanotubes is apparent with over 10 hours of Soxhlet extractianethylene chloride
lonomers and ionipolymer composites are particularly attractive for eleattive polymer
applications, andhobile ionic sitescanenhance conductivity and lower resistivify?> Thus, we
additionally investigate the effect of blepsphonium cations on the mechanical and electrical

properties of MWCNT composites compared to4mmmc analogs.

5. 3 Experimental
5.3.1 Materials

Poly(ethylene oxide)PEG diacrylate (575 g/mol)ert-butylacetoacetate (98%), 1,8
diazabicyclo[5.4.0]unec7-ene (DBU, 98%), 1is(diphenylphosphino)butane (98%), 1,4
dibromobutane, imdazole, sodium hydroxide, ZRutanediol, and &romohexanol were
purchased from Aldrich and used as received. Hgtalle methylene chloride, dimethyl
sulfoxide (DMSO), andtoluene were purchased from Fisher and used as recddagar
MaterialsScience provided unfunctionalized, pristine Bayftb&® 150 Batch Number

AO001AAA06 (multi-walled carbon nanotubes (MWCNTS)).
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5.3.2 Synthesis of CarbofNanotube-Containing Non-lonic Networks

First, the Baytubéswere sonicated with a sonication probe for 60 min in a Rawt
solution in methylene chloride. Mielscher Ultrasonics GmbH UP400S ultrasonic processor
with sonotrode H3 was utilizedith max amplitude of 210 um and acoustioMeo density of
460 Wi/cni. The probe was run at 70% of the amplitude and ultrasonic o@ptamel,4-diyl
bis(3-oxobutanoate)(nonionic bisaca¢ was synthesized as described in 4.3.7 in chapter 4 of
this thesis. The neionic bisacac (0.122 g, 2 pwascharged to a 2L scintillation vial, and
575 g/mol PEG diacrylate (0.38 g, 1.4) egas subsequently addetihese two reagents were
dissolved in 200 pL of methylene chloride. Immediately after sonication of the nanotubes with
the sonication probe, 5 Wi of the nanotube dispersion was added (2.64 mL). Methylene
chloride was again added until the total solvent equaled 1600 pL. The solutions with the
nanotubes were sonicated for an additional 30 minutes in a sonication bath. Then, a catalytic
amount of DBU(28.6 pL) was added to the vial, and the reagents were vigorously shyred
hand by stirring the scintillation vial conterfts 30 to 60 seconds before casting into Tétlon
molds.Theviscosities increased dramatically immediately following DBU addifidre reaction
proceeded in the molds for 24 h at room temperature, and films were uwhtedl reduced
pressure in a vacuum overernight at room temperaturéhe materials were Soxhlektraced
for 10 h in methylene chloridend gel fractios were measted to be around 90% he films
were dried overnightinderreduced pressure and 60 °C before subsequent anélgsiess of
black carbon nanotubes was visible during Soxhlet extractions, suggesting that most weight loss
resulted from the extraction of usslinked polymerAll other networks were synthesized

usingsimilar methods with varied compositions: 0, 1, 3, and SoWWCNTSs.
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5.3.3 Synthesis of CarbotfNanotube-Containing BisphosphoniumBased Networks

The bisphosphoniurhased networks were synthesil using themethod previously
described in 5.3.2 for the noonic networks with 1:1.4 equivalents of diacrylate to bisacac
monomers. Networks with 0, 1, 3, and 5 %tof unfunctionalized Baytub8MWCNTs were
prepared. The only change to the procedues wthe substitution of nonionic bisacac with
bisphosphoniurtontaining bisacac monomet,4,25,27tetraoxel12,12,17,1#tetraphenyb,24
dioxa12,1%diphosphoniaoctacosane bromideThe bisphosphoniuroontaining bisacac

monomer was synthesized accordingeot®ns 4.3.2 to 4.3.i8 chapter 4 of this thesis.

5.3.4 Preparation ofThin Films

Films cast in the Tefldh molds were not wide enough for surface resistivity
measurements which required a width of 5 cm. Thin films for surface resistivity measurements
were prepared from reaction solutions described in 5.3.2 and 5.3.3 drawn down withl a 6
(0.03mm) doctor blade over glass plates. The films made from 4im#l @octor blade on glass
plates were only used for surface resistivity measurements, antelinetworks for tensile and
DMA were synthesized in Teflhmolds instead of on glass plates. After addition of DBU, the
solutions were poured into one end of theib doctor blade, and the reactant solutions were
immediately drawn down across the glgdate. These films were allowed to dry at ambient
temperature for 24 h and additionally in a vacuum oven under reduced pressure for 24 h.
Resistivities were measured, and then the glass plates were rinsed with methylene chloride.
Soxhlet extractions of tlse thin, émil films were not possible due to the fragile nature of the
films and since the films strongly adhered to the glass plates. The crosslinked films remained on

the glass plates after washing with solvent. The films were dried in a vacuum @@&fGfor
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12 h before surface resistivity measurements were again taken to ensure that any extraction of sol
did not change these measurements and that efficient crosslinking had been achieved. Reported

values are from fully rinsed and dried films.

5.3.5Characterization

Gel fractions were reported gravimetrically from final over initial mass values after
Soxhletextractions in methylene chloride for 10 h and subsequent dryingvat@umoven
under reduced pressure at 60 °C overnigktM was performed ma Veeco MultiMode AFM
with an rms of 4.0 andmplitudesetpoint of 3.3DMA was performed on a TA Instruments
Q800 in tension mode with a frequency oH%, oscillatory amplitude of 15 um, and a static
force of 001 N at 3 °C/min from100 to 19 °C. Glas transition temperatures were determined
from the peak of the tan delta curve and onset on the storage modulus damping. Tensile
experimentswere conductedvith an Instron 441lwith a crosshead speed of 2 mm/mirt a
ambient temperatunatilizing manual gips. The reported values and standard deviations involve
an average of three samplé&urface resistivities were measured with a Monroe Electronics
meter model 291 on thin films produced with anB (0.03mm) draw down blade on glass
plates. The Monroe |Ectronics meter model 291 has the capability to measuteo1@0*
ohms/square with an error of +0.5 decades, applying 10 V fao1l’ ohms/square and 100 V
for 10° to 10 ohms/square. The meter dimensions are 6.5 x 13 x 3 cm with parallel bar
electodes approximately 5 cm apart. Muttblored LEDs signified the power of ten values,

conductive(green) dissipative(yellow), andinsulative (ed).
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5.4 Resultsand Analysis
5.4.1 Preparation of MWCNT-Based Networks

Networks were synthesized usi@gl 5,2 -tetraoxel12,12,17,1#tetraphenyds,24-dioxa
12,17diphosphoniaoctacosane bromideisphosphonium bisacac) dyutanel,4-diyl bis(3-
oxobutanoate)non-ionic bisacacMichael donors (Figures 5.2 and 5.3). The synthesis of the
monomers and the synthex$ their subsequent networks are described in chapter 4 of this
thesis. A 575 g/melPEG diacrylate served as the Michael acceptor. Each Michael acceptor had
a functionality of 2 from the two acrylate groups. Each Michael donor had an assumed
functionality of 4 with two deprotonatable hydrogens from each of two bisacac functional
groups. The second deprotonatable hydrogen on each acac had a slightly higloérigK
compared to the first deprotonatable hydrogen with a pKa 8t $ferics are also involvedlith
the second deprotonatiShTher ef ore, a functionality of 4
reactivity of the bisacac monomer.

When synthesizing crosslinked films, leaving dangling acrylate end grouptsas
unfavorable. These are reactive, can polynee and are not light stabld. stachiometric ratio
of 1 to 1.4, deficient in acrylate, ensured efficient crosslinking with no dangling acrylate end
groups. Previous situ FTIR studies described in chapter 4 and 90% getitmas by Soxhlet
extractioncorfirmed efficient crosslinking. Long et al. also indicated that to 1.4 ratio of
bisacac to diacrylate improved tensile properties compared to a 1 to 2 ratio in Michael addition
crosslinking reaction§ Reactant solutions with 0, 1, 3, and ®ight % MWCNTs were

prepared for both neionic and ionic networks and cast into Teftanolds.
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Synthesis of MWCNJbasednetworks involved including O, 1, 3, and Zeigiht % of
probesonicated MWCNTSs into reactant solutions before the addition of DBU catalyst. First,
unfunctionalized Baytub&swere sonicated as leight % solutions in methylene chloride. All
other reagents we prepared in a scintillation vial with the exception of DBU, and 200 pL of
methylene chloride was added. Baytubesre added to 1, 3, or Seight % as necessary. Then,
the methylene chloride was added until 1600 pL total was reached. DBU additiorzedtaly
crosslinking, and solutions were immediately cast into T&flmolds once mixedBoth ionic
and nonrionic networks with 0 to 5 wight % of MWCNTSs had high gel fractions around 90%.
No visible loss of the opaque MWCNTs occurred from the samples witlgn 10 hours of

Soxhlet extraction with methylene chloride.

5.4.2 DMA of MWCNT -Containing Networks

Mechanical analysis of the networks was conducted after Soxhlet extradtiosonic
networks with 0, 1, 3, and 5eight % of MWCNTs all displayed simitaglass transition
temperatures measured by DMA tan delta curves as expected (Figure 5.4). A slight increase in
the glass transition was observed with an increase in carbon nanotube content, but the increase

was within experimental error.
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Figure 5.4.DMA tan delta curves of neionic bisacac crosslinked films with 0 to ®ight % of

MWCNTSs; 3 °C/mimte 1 Hz,-100 to 120 °C, air

Additionally, nonionic bisacac films with 0 to 5 eight % of MWCNTs showed increased
plateau moduli going from 0 to 5Seight % respectively (Figure 5.5). The plateau modulus of the
0 weight % network around 1 MPa increased dramatically to around 10 MPa in teeh 96
MWCNT-containing norionic network. Increasing the filler in the polymer correspondingly

increased the storagnodulus or stiffness of the polymer as in other polymer compdéttes.
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Figure 5.5 DMA storage moduli for nofonic bisacac networks with O to Sewght %

MWCNTSs; 3 °C/minte 1 Hz,-100 to 120 °C, air

The bisphosphoniurbhased networks displayeldet same trend. They all had similar glass

transition temperatures within experimental error (Figure 5.6), and they also showed a large

increase in plateau moduli with an increase in MWCNT loading (Figure 5.7). Adding a robust

filler does not affect the g&s transition temperature since it is not directly absorbed into the

amorphous content of the polymer as a plasticizer or tackifier incorporates. The barrier to

translational and rotational motions rengmthe same with MWCNT loading, but the plateau

moduls where entanglements and crosslink density relate is increased with MWCNT content.
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The nanotubes remain as large particulates dispersed within the polymer matrix, dramatically
affecting the stiffness and softness of the material above its glass transimperature since

these they are trapped between the crosslinks points. Before the glass transition, the carbon
nanotubes function as filldor networks with greater nanotube loading, so a slight increase in
modulus is observed before the onset of tlasgtransition temperature. However, this increase

is not comparable to the X6ld greater plateau moduli that result from trapping of the carbon

nanotubes between covalent crosslinks.
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Figure 5.6. DMA tan delta curves for bisphosphonitbased networkwith O to 5 weight %

MWCNTSs; 3 °C/mimte 1 Hz,-100 to 150 °C, air
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Figure 5.7. DMA storage moduli for bisphosphonidbased networks with 0 to Seight %

MWCNTSs; 3 °C/mimte 1 Hz,-100 to 150 °C, air

Both the ionic and neionic networks displayedhcreased plateau moduli from 1 to 10
MPa with 0 to 5 wight % MWCNTSs. Plateau moduli relate to the crosslink density of the films
as described in chapter 4 of this thési8oth the ionic and noionic networks have similar
crosslink densities, and theyth exhibit similar increases in plateau moduli with MWCNT
loading. Thus, the ionic structure of the bisphosphortomtaining networks did not
significantly enhance aggregation or deter distribution of the MWCNTs within the polymer,

allowing both norionic and ionic DMA plateau moduli to increase proportionally with nanotube

content.
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5.4.3Tensile of MWCNT-Containing Networks

In tensile experiments, bisphosphonigontaining networks produced much greater

strains at break and stresses at break tharoman networks with similar MWCNT loadings

(Table 5.1 and 5.2). The bisphosphonibased networks exhibited enhanced stresses at break

and strains at break compared to samc analogs as discussed in chapter 4 of this dissertation.

As also discussed irhapter 4, stress at break and strain at break are often enhanced through

physical associations of the chafig! and ionic associations are increased as the polymer is

stretched and chains compact. It is reasoned that the ionic groups can find eaichtlitherore

compact structure and that the ionic associations provide physical crosslinks that enhance both

stress at break and strain at breakpiFstacking interactions can occur in the bisphosphonium

containing monomer from phenyl rings attachedht® phosphorus center. Theseppstacking

interactions could partially be responsible for enhanced association. Also, the coordination of

phosphoni um

cations

to PEG

ionic analogs by providinghysical crosslinking?

Table 5.1 Tensilepropertiesof nor-ionic network$

oxygens

coul-d

Wt % Tensile Stress at Break| Tensile StrainatBreak Youngos N
MWCNTs (MPa) (%) (MPa)
0 0.20 £ 0.07 10.63 +4.45 2.33+0.03
1 0.27 £ 0.09 12.10 + 2.69 452 +0.58
3 0.51 +0.06 12.25 + 0.27 5.53+0.61
5 1.17 £0.33 18.37 £ 2.72 7.41 +0.80

& crosshead speédmm/mirute, 25 °C, average of three samples reported for each value
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Table 5.2.Tensilepropertiesof bisphosphoniurtontaining networks

Wt % Tensile Stess at Break | Tensile StrainatBreak Youngos N
MWCNTS (MPa) (%) (MPa)
0 0.51 +0.08 32.55 + 3.16 241 + 0.62
1 1.41 £0.17 61.79 £ 0.95 3.40 + 0.56
3 4.86 +0.80 102.76+ 17.38 567 + 0.78
5 3.58 + 0.4 51.17+0.91 10.02 +0.98

& crosshead s®d2 mm/mirute, 25 °C, average of three samples reported for each value

The nonionic networks exhibited similar strains at break and stresses at break with low
standard deviations. Youngds modul i Il ndor eased
5 weight % MWCNTSs. The 0, 1, 3, and 5eight % loadings for all of the networks resulted in
gradually increased Youngdés modul i . -®ricress a
polymers showed a slight increase with inceehamount of MWCNTS. Thstressat-break and
strainatbreak values increased for the bisphosphortomtaining networks from a 0 to 3
weight % MWCNT loading, but the 5 sight % MWCNT films had lower stress at break than
the 3 weight % MWCNT films. Poor nanotube distribution caause variances in mechanical
properties® Matrix distribution of MWCNTs may not have been as uniform for the ionic
networks as for the neionic networks.Poor nanotube dispersiarould be at least partially
attributed toany ionic physical crosslinkingThe hydrophobic carbon nanotubes may also
disperse more appreciably in the Aonic networks during solution casting due to their greater

hydrophobicity than the ionic ones. The streBain curves for both neinic and ionic
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networks with 0, 1, 3, andl weight % MWCNT loading are included below (Figure 5.8 and 5.9).
They confirm the substantially higher stress at break and strain at break for the bisphosphonium
containing networks comparedtororoni ¢ anal ogs as wel | as incr

increased loading.

14
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Figure 5.8. Stressstrain curves for noeifonic networks with MWCNTSs incorporated; crosshead

speed2 mm/mirute, 25 °C
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Figure 5.9. Stressstrain curves for bisphosphoniutontaining networks with MWCNTSs

incorporated; crosshead sp&thm/mirute, 25 °C

These stresstrain curves clearly indicate a large increase in stiffness with MWCNT loading for
all polymersWi t h 5 wei ght % | oading 10 MPa Youngos
modulus is needed for most actuator or eleatrtive plymer application$® ® However, future

work may achieve this using more rigid monomer structures.

5.4.4 Surface Resistivity of MWCNTContaining Networks

Surface resistivities of the netwobkxs were
13 x 3cm. A draw down blade was used to makent (0.03mm) crosslinked films on glass
plates since at least a 5 x 5 cm film was requiredidhroe Electronics meter model 291 with
parallel bar electrodes 5 cm apart and the capability to meastre 102 ohms/square with an
error of £0.5 decades was used. Surface resistivity is a measure of the resistance to flow of
electrons over the surface of a square region of the material. The ASTM standard units of
ohms/square reflect simply that the square geomdtwslone to cancel the length and width of
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thetwod i mensi onal region being MR &sthenressdned. Aist he

the area, and J is the resistivity. The word

separate the suia resistivity values from ones of bulk or volume resistivity which have units of
ohmscm. Bulk or volume resistivity is highly dependent on the thickness of the cubic region or
electical resistivity through thredimensions®* PEG at 1000 g/melhas wlumeconductivity
on the order ofl0” S/cm® Conductivity is approximately 1/resistivity.Insulative polymers
have surface resistivities > *0ohms/squaré™ ** Static dissipative polymers have surface
resistivities in the range of 1Go 10% ohms/square, and finally conductive polymers have
resistivities < 1®8ohms/squaré™

Immediately after the addition of base to the MWGCGdbhtaining reactant solutions, the
solutions were drawn across a glass plate to form thmil §0.03mm) crosdinked films. The
plates were allowed to dry at ambient temperature, washed with methylene chloride, and then
dried again before surface resistivity measurements. Resistivity is inversely related to
conductivity and measures the resistance to flow of relesi® Therefore, lower resistivity
correlates with higher conductivity. Surface resistivity is a measure of the resistance to flow of
electrons on a coated surface and is not the total resistivity in the bulk film, but such
measurements can provide somaderstanding of how ionic versus romic networks
generally affect the flow of electrons and how MWCNT loading increases electrical
conductivity.

The bisphosphoniumontaining networks had lower resistivities in almost all cases for
equal loadings oMWCNTs compared to neionic analogs (Table 5.3). The bisphosphonrium
containing and noionic networks with O wight % of carbon nanotubes both had resistivities on

the order of 1dohms/square. However, every other resistivity was an order of magnituee lo
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for the bisphosphoniurhased networks compared to the fm@mc networks with the same
amount of MWCNTSs. The bisphosphoniteantaining network with 5 wight % loading, for
example, had a resistivity of 1®hms/square compared to the fionic analog vith 10°
ohms/square. Dispersion of MWCNTS in the ionic polymer matrix enhanced conductivity to a
greater extent than in the n@nic networks.

PEGbased polymers are commonly used to enhance ionic conductivity since lone pairs
on oxygens in themain chan coordinate cation¥ In this thesis, we examined electrical
conductivity and not specifically ionior electronicconductivity. The MWCNTSs are electronic
conductors due their uniqueylindrical honeycombgraphee-like structure with spbonds*
Carbon nanotubesare either conducting or semiconducting based on structureow the
nanot ub e duegoth@avaidbilityeofinlomentum states along fleagth of the nanotube,
or direction of conductiod® To the contraryjonic polymers arepotentialionic conductors.
However, plyelectrolytes are ionic conductors when their ionic sites have mobility, but they are
electrical insulators when their ionic sites cannot move towards opposite electrodes and carry
charge®® Enhanced electrical conductivity és from movement of ioff$ or increased
alignment of the carbon nanotubes in the polymer matrix compared to tHemomnalogs?

These polyelectrolytes were crosslinked and contain immobile cations, and the ionic networks
without MWCNTs had the sam&urface resistivity values as the ronic network without
MWCNTSs. It is hypothesized that alignment of the MWCNTSs contributed to the conductivity.
Dispersing hydrophobic MWCNTSs in the hydrophilic, ionic networks may have resulted in
enhanced alignmenhttough van der Waals interactions between the MWCNTSs during casting
rather than just agglomeration of the nanotulbtsyever, the ionic networks could also have

enhanced conductivity with MWCNTs compared to 4mamic ones with similar loadings due to
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p-type doping. MWCNTs are slightly -doped in water and electrolyte solutiofisThe
phosphonium ionic sites could possibly actasppe dopant s, anabpingoni c
activity may be at least partially responsible for the lower resistivities foc MWCNT-based
networks.Further studies are required to confirm tpatoping oralignment of the MWCNTSs
contributes to the enhanced electrical conductivity. All polymer films analyzed were not
conductive and were still in the static dissipative range i sur face r°esi st
ohms/square. Therefore, more work is needed to examine conductive composite formulations
these crosslinked filmdor different loadings of MWCNTs and possibly with increased

alignment of the MWCNTSs.

Table 5.3.Surface restivity of ionic and noronic networks*

Bisphosphonium-Containing Non-ionic
Wt % MWCNTs Network Network
Resistivity (ohms/square) Resistivity (ohms/square)
0 10° 10°
| 107 108
3 10° 108
5 10° 106
*thickness émi | ; d i nbe&x $3ix8 ans 10 and 100 V

5.4.5 Atomic Force Microscopy (AFM) of MWCNT-Containing Networks
Atomic force microscopy (AFM) of neionic networks allows us to examine the soefa

arrangement of carbon nanotubes within the soft polymer matrix. The AFM images of the
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bisphosphoniurtontaining networks appear to contain aggregates as discussed in chapter 4.
However, the nomonic networks have a smooth, continuous surface. Imagieget nofionic
networks allows us to examine the placement of these nanotubes within theniecopolymer
(Figure 5.10).

Aligning MWCNTSs takes advantage of their high aspect ratios for improved composite
electrical properties and strengthChanPark et al. reviewed the multiple techniques used to
align CNTs in a polymer matriX. By TEM, Zhou et al. showed that solution casting polymers
with CNTs in Tefloff molds and then simply stretching the materials achieves CNT alignment in
the polymef* Any shar or elongational flow during casting polymer solutions also aligns
carbon nanotubé8. Applying surface acoustic wavésmeltspinning the composités, ¥ or
subjecting the casting solutions to magnetic fofcesn improve alignment of the carbon
narotubes. Xin and Woolley even showed that flowing gas over the composite casting solution
can induce alignment of the carbon nanotubes in the direction of the g&S flow.

AFM imagesof a nonionic network fromMichael additiorreactions in the presence Df
weight % MWCNTSs indicates the possible alignment of the nanotubes in rows (the hard or white
phases in Figure 5.10) throughout the network. Theimwic network for AFM was prepared
according to the procedure in 5.3.2 and solution cast in a Tefimid. The film was not made
with the draw dowrblade, but it was cast in a flen® mold, covered with a Petri dish, and left to
cure inside a chemical hood. Although the films were covered with a Petri dish, carbon nanotube
alignment could be partially attribed to the air flow over the surface of the film inside the
chemical hood. Crosslinking is very fast for these polymers, and alignment of the nanotubes
must take place within a few minutes before cure. All films were Soxhlet extracted with

methylene chlode for 10 hours in one direction over the film surface. However, diffusion of the
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MWCNTs through the crosslinked matrix is assumed to not be appreciable enough for
rearrangement . Due to Xin and Wooll eyos pr e:
nanotule alignment in solution, the chemical hood air flow may be at least partially
responsiblé? Additionally, hydrophobic interactions between the nanotubes castydrophilic

solution may aidalignment, but further investigation with TEM is needed to rdetee if this

alignment is reproducible in the bulk rather than just on the surface of the polymer. A study of
MWCNT alignment in these PEGased films with different film preparation methods would

help confirm the method.

Figure 5.10.AFM of a 1 weight % MWCNT-containing noronic network; (a) height image,
(b) phase image: %5 pm images rms 4.0mV andamplitudesetpoint 3.3nV

5.5Conclusions
We examined the incorporation of unfunctionalized MWCNTseeatworks fromMichael
addition reactionswith both nonionic and ionic bisacac crosslinkers and PEG diacrylate.
l ncl usion of MWCNTs i mpr ov e d' dnd our gebwsrks futlyd u | i é

encapsulated the nanotubes and had gel fractions greater thad l®®%arbon nanotubes are
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uniquely fixed in place in the network through dispersing them in the reagents and forming
crosslinks around them that restrict their movement in the film, and even Soxhlet extraction for
over 10 hours in methylene chloride did not visibly remove anlyan nanotues from the films.

Incorporation of the MWCNTs did not significantly change the glass transition
temperatures for networks with 0, 1, 3, or ®igit % MWCNTSs, but the plateau moduli
increased dramatically with carbon nanotube loading for both ionic andongnnetworks.
Networks showed a-®bldanda 4 ol d i ncrease i n Y-goniomanpdienic modul i
networks with 5 wigh % MWCNTSs respectively. The stress at break and strain at break were
similar for all the norionic networks with 0 to 5 aight % MWCNTSs. These values varied in the
bisphosphoniurtontaining networks possibly due to poorer distribution of the MWCNTSs from
ionic crosslinking in the polymers. Surface resistivity measurements for all bisphosphonium
containing versus neionic netwoks were an order of magnitude lower. Additionally, a-non
ionic network showed MWCNT alignment in a leiyht % nanotubéased film with AFM.

TEM to investigate bulk film morphology is suggested future work.
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Chapter 6: Hydrophilic Polyurethane lonomers with Varied

Bisphosphonium Hard Segment ©ntent

6.1 Abstract

Novel hydrophiic polyurethane ionomers containing a bisphosphonium chain extender
were synthesized with 37.1, 46.0, and 6x¥€ight %hard segment. For the first time, a series of
phosphonium cha#extended polyurethanes with varied hard segment and ionic composigon wa
synthesized. As the hard segment and ionic composiveneincreased, melting points of the
PEG soft segment of the polyurethane dropped from 30 to 14 °C. lonic aggregation impeded
PEG crystallization. Physical crosslinking from increased ionic coripodiroadened the glass
transition temperatugseand increased the plateau modul dynamic mechanical curveshe
phosphoniuncontainingpolyurethanes with varied hard segment showed unique film formation
propertiesincluding memory of the TeflShmold poportions during castingFilms cast in
Teflon® molds shrank proportionally to the mold shape, resulting in films with % of the mold
width and length while increasing in the z direction, perpendicular to the 8&KIS indicated
increasing ionic contentnd increasing hard segment content resulted in shotgraggregate
spacing from 105 to 7@&ngstromsAll of theionic polyurethanes exhibited an ionic aggregate

peak in the SAXS profie and the nofionic controls did not have this peak.

6.2 Introdu ction
Polyurethanesoften contain microphaseeparated, hard and soft segment domains,

providing mechanical strength and elastomeric behdwalyurethanes are used commercially
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in biomedical implant$® such astissue scaffoldsnd catheter$™® These plymers also have
coating and adhesivapplications:>** and they are acoustitamping foams>*® In our research
group, we have extensively examined branched and linear poly(urettea)d®* and
poly(esterurethane)$? Our research groupven illstrated electrosm fibers from branched
poly(urethanaurea)s® and we reported evidence of orientation of carbon nanotubes
functionalized with hydrogen bonding groups into nanowires in electrospun polyurethane
fibers?®

lonic polyurethanes containingnic sites either withn or pendantto the backbone
generallyexhibit less hydrogen bonding, weaker phase separation, and higher water absorption
than structurally similar neionic polyurethane&® Kuo et al. chairextended polyurethanes with
sulfonic add- or carboxylicacid-containingdiols?® The ionic polyurethanes were synthesized
through neutralization with 0.5 N sodium hydroxide in water/ methyl ethyl ketone solutions, and
no discussion of the extent of neutralization was present. These aniopicepizhnes were
compared to PTMéased and 1;8utanediol chairextended polyurethanedd-bonding
weakenedhe C=0 bond, makg the FTIR peak shift from 1D2tovards1693cm™. If ionic
sites disrupt hydrogen bonding, the carbonyl region will shift tdvérigvavenumbers which
indicate stronger C=0 bond$he C=0 stretching region in FTIR was deconvoluted with a
Gaussian fit to ratio the area of nbanded urethane carbonyls to hydrogpemded urethane
carbonyls. The ionic polymers containgteater amountsf nonbonded to hydrogebonded
carbonyls compared @ non-ionic 1,4butanediol chairextended PTMGbased polyuretharf8
Kuo et al. also suggested that ionic polyurethanes had weaker phase separation-ibart non
polyurethanes, and this weaker phasparation in ionic polyurethanes was indicated with DSC

by the greater breadth in the endothermic region of the glass transition RFM®@ segment®
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The authors did not provide a concrete analysis that included DMA, which may have more
definitely shom microphase separation through the indication of two melting points or multiple
transitions. However, the ionic polymer absorbed23% of their original weight in water
compared to 2% absorption for the ronic polymer?® Cooper et al. also showed that
pyridinium-containing, PTMGbased polyurethanes absorbed more water compared-iomon
polyurethane$’

lonic sitesin these polymersggregatdo provide physical crosslink pointand these
aggregateposses a dissociation temperaturéChanging thestructure of the ionic group alters
the size and structure of ioniaggregates and subsequentiggulats polymer melt
processability®*! Buruiana et al. studied the micellization and aggregation of ionic
polyurethanes through inclusion of fluoresceptepe label§? PEGbased polyurethanes were
synthesized with a N-methyldiethanolaminechain extender. After polymerization, - 4
chloromethylphenylcarbamoyll-oxymethylpyrene was used to quaternized the amines.
Fluorescence spectra indicated a high excinwer dimeric or heterodimeric molecule) to
monomer intensity ratit’

Polyurethanes containing ionic functionalities offgpod antimicrobial activity?’
biocompatibility> 3**® and conductivity’>*® providing polymers with high mechanical strength
that could fight bacterial infectiof! Cooper et al. synthesized ionic polymers through chain
extending PTMGbased oligomers withN,N-bis(2hydroxyethyl)isonicotinamideand through
subsequent quaternization with various alkyl halfdeShe extent of quatermation was not
discussed, but a twenty percent molar excess of alkyl halide was used. The authors incorporated
greater ionic character through varying the stoichiometric ratio of the polyol to the functionalized

diol chain extender.nkreasing the ionic cdent led to increased o u n rgoaldi without large
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changes in theultimate stressThese pyridiniurrcontaining polyurethanes possessed high
antimicrobial activity towardsStaphylococcus aured$ Hung et al. investigategrimary,
secondary, and tertiaryrane-containing polyurethanes which are quaternized at physiological
pH.> These cationic polyurethanes had the capacity to bind with DNA in complexes, allowing
DNA transfection. Also, the authors found that these cationic polyexéibited lower toxicies

than commonly used polyethylenimine (PEI) or polg{&ethylaminoethyl methacrylate)
(PDMAEMA).> Wang et al.showed thaPEGbased polyurethanes with sodiosulfonate -side
chain graftshad moderate ionic conductivitiesom 10° to 10’ S/cm at room tempexture
Using a PEG polyol also facilitates better biocompatibility and conductivity than RPi&sed
polymers®*® Biocompatible polyurethanesre already used in angiopladty’ and it is
proposed that conductive, biocompatible polyurethane coatirmyshawe future potential in
many medical applications including sensing the extent of deployment of balfoons
angioplasty’***

Although phosphonium chemistry is ubiquitous, investigation of phosphenium
containing polymers is a relativity unexploredldieThe phosphonium functionality provides
many advantages including flame retardancy, thermal stability, andasselmbly**®
Phosphonium saltpossesshigher thermal stabilifif and greater antimicrobial activify
compared to structurally similar anemum salts. Phosphonium functionalities are upado 80
°C more thermally stabldy TGA at 2 °C/minute under nitrogethan similar ammonium
molecules.’” This thesisaims to elucidate the synthesis of hydrophilic polyurethanes <hain
extended with a bigmsphonium diol. Previously, RTMO-based polyurethane cha@xtended
with bisphosphonium salts was reported in our research gfe¢tdmwever, the hard segment and

percent ionic hard segment was never varied, and this is the first series synthesizestitmatev
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the effect of phosphonium ionic aggregation on polymer proper#iéso, PEGbased
polyurethanes were used in this thesis due to their higher biocompatibility and higher
conductivity than PTMG?** and PEG also had better solvation during polyzagion at high

ionic contents than PTM®ased ionic polyurethanesncreasing hard segment and ionic
contents in the polyurethanes changed polymer mechanical propertiethédisexpounds the
interplay of crystallinity and ionic aggregation in sevéradirophilic polyurethanes with varied

composition.

6.3 Experimental
6.3.1 Materials

2-Bromoethanol (9%0), dibutyltin dilaurate (DBTDL) (95%), 1,4
bis(diphenylphosphino)butane (98%gimethyl sulfoxide (DMSQ (99.9%), chloroformd
(99.96 atom % D)acetic anhydrided®9%), pyridine((99%),and 0.1 N potassium hydroxide in
methanolwere purchased from Aldrich and used as receidedButanediol © 9 9 %as
purchased from Aldrich and distiled over calcium hydridcunder nitrogen. Bayer
MaterialScience provided , -meljylenebis(cyclohexyl isocyanathiMDI) (>99.5% with an
isomer mixture of 22% trans, trans, 54% trans, cis, and 24% cis HMDI was used as
received Poly(ethylene glycol) (PE¥diol with a M, of 2180 g/mol was obtained from Aldrich
The PEG was dried overnight under reduced pressure in a vacuum oven at 60 °C before use.
N,N-Dimethylformanide (DMF) (99%) from Aldrich was collected froman Innovative
Technology, InG.PureSolvMD3 solvent purificabn system. Tetrahydrofuran THF) (HPLC
grade O 9f@MEMD Science was distilled under nitrogen from sodium benzophenone. A 1

wt % solution of DBTDL in dry THF was used as the catalyst solution. Chloroform (Optima
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grade,89.0%) was purchased from Fisher Scientific and distilled over calciumdeydrider

nitrogen.Anhydrous diethyl ether was purchased from V&Rl used as received.

6.3.2Synthesis of Butanel,4-bis[(2-hydroxyethyl)diphenylphosphonium]
Bromide Chain Extender

The synthesis of this chain extender was reported previtysbur reseech group®®
Bis(diphenylphosphino)butane (6.00 g, 14.1 mmol) was charged to adiaate 100mL flask
with a Teflm® stir bar underargon Three equivalents of-Bromoethanol to one equivalent
bis(diphenylphosphino)butane were used. THardinoethanol 3.00 mL, 5.29 g, 42.3 mmol)
was charged to the flask undegon Then, 28.0 mL of dry chloroform was added, and the flask
and contents were purged for 20 min watigon The reaction continued at 65 °C for 24 h under
an argon blanket. Once cooled, 50 mLf @hloroform was added to the product, and the
bisphosphonium diol was precipitated in 900 mlaohydroudiethyl ether and washed with an
additional 50 mL ofanhydrousdiethyl ether. White crystals were collected airied in a
vacuum oven for 24 h at 6. FAB mass spectrometmn/z (+FAB, 100% M, exact mass,
direct pobe)provided595.15g/mol for the exact masand the melting point wd23-124 °C as
reported earliet’ '"H NMR (400 MHz, 25 °C) in CDGI U  @.p2p22P6(m, 4H), 3.129
3.269 (m, 4B, 3.4133.630 (m, 4H), 3.91:3.122 (m 4H), 5.4315.573 (s, 2H-OH), 7.60%
7.863(m, 20H, phenyl 3P NMR (162MHz, 25 °C, referenced tosAQ; external standard) in

CDClz: U 26Bp m)
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6.3.3 Synthesis of Bisphosphonium Diol Chaigxtended, PEGBased Polyurethane
lonomers

The synthesis dbnic polyurethanes closely followed the literatéte® *°Both the PEG
diol and the bisphosphonium diol were drigaider reduced pressuire a vacuum oven deast
60 °C overnight prior to reaction. All polymeations utilized a flame&ried 250mL, 3-neck,
roundbottom flask with attached addition funnel, condenser, and overhead stirrer. All
pol yurethanes were synthesized in two steps
37.1, 46.0, and 67.1 Wb hardsegment were synthesizddiard segment (HS) % was calculated
using the following equation: % HS = 1Q®IMDI + chain extender)i ( H4MtBain extender
+ PEG].* A characteristic synthesis of 87.1 wt % hard segment ionic polyurethane is
describedA 218) g/molPEGdiol (2.00 g, 0.92 mmol) was charged to theegk, rounebottom
flask and purged withargon for 10 min. Bisphosphonium diol (0.643 g, 0.95 mmol) was
dissolved undeargonin 20.0 mL of dry DMF. The solution was cannulated into the addition
funnel underargon HMDI (0.5 mL, 0.538 g, 2.05 mmol) was chargedthe flask, and five
drops of a 1 web solution of DBTDL in dry THF were added. The first stage of the reaction of
PEG diol with HMDI catalyzed by DBTDLwas allowed to proceeith bulk at75 °C for 4 h.
Completion of the first stage and significant conversion of hydroxyl groups to urethane groups
were monitored with FTIR on samples taken during the reactioraddiionally with in situ
FTIR. After 4 h when the polyol was endcapped with isaey@, the solution of bisphosphonium
diol chain extender in DMF was added dropwise over 1 théoreaction at 73C under a
nitrogen purge. After 24 h, the polyurethane solution in DMF was cast into aTeflold. The
cast films were dried at ambient tpemature for 4 days, heated agproximately 8 °C for 2

days,evacuatedn the vacuum oven at ambient temperature for 3 h, and then dried in the vacuum
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oven at80-90 °C for24 h to remove all residual DMHFhe dried ionic polyurethane films were
insoluble **P NMR (400 MHz, 25 °C, referenced tgRD, external standard) inCDEl & ( p p m)

26.8.

6.3.4 Synthesis of 18Butanediol Chain-Extended, PEGBased B®lyurethanes

Synthesis ofthe nonionic polyurethanefollowed the same procedure as for the
phosphoniurrcontaining polyurethanes except -bdtanediol was added as the chaineager
calculated to 37.Wvt % hard segment. These films were cast in the same manner, and they

remained solublen DMF and chloroformafter drying.

6.3.5 Characterization

'H NMR and®*P NMR spectroscopic data were collected in G®ld CROD on a
Varian 400 MHz spectrometer operating at 400 and 162 MHz respectivAB. MS was
performed on a JEOL JMBX-110 instrument in positive mod&nd group analysis on PEG
diol was preformed prior to use. Approximately 2 grams of the PEG diol was dissolved in three
flasks of 1:3 v:v acetic anhydride/pyridine solution. Three solutions without PEG diol were
prepared as controls as well. The solutions were stirred for 48 h. Pyridine (10 mL) and HPLC
grade water (10 mL) were added to each. All solutions were titratddOvli N KOH solution
and phenolphthaleinndicator. Titration resulted in calculation of 2,180 g/mol for the PEG diol
from the hydroxyl equivalenfAn ASI REACTIR 1000 was used fam situ FTIR spectroscopy
with a resolutionderived from8 and & scans asraged every 30. Dynamic light scattering
(DLS) was conducted on a MALVERN CGSat a90° angleat ambient temperature. All

solventswerefiltered with a 200 nm filter prior to use, andl @olymer solutionswerefiltered
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with a 450 nm filterprior to aralysis. APerkinElmer TGA 7 under a nitrogen atmosphere at a
heating rate of 10°C/miwas used for TGAA Perkin Elmer Pyris 1 under nitrogen at 5 °C/min
was used for DSCValues from the second heating of a heat/cool/heat ayele reportd.

DMA was comlucted with a Seiko Instruments model DMS210 with a 3 °C/min heating rate
from -150 to 225°C in tension mode with a frequency oHk, oscillatory amplitude of 15 pm,

and a static force of 0.01.X-ray diffraction (XRD) was performed on a Nova diffractetsr
system from Oxford Diffraction witlan Onyx CCD detectaand a copper Xay source. Small

angle Xxray <attering (SAXS) profiles were collected with 60 second scaftseed&tation 4C1

PLS synchrotron radiation source (Pohang, Korédd&)M was instrumened with a Veeco
MultiMode AFM with an rms of 4.0 and setpoiamplitudeof 3.3 mV. A Philips EM 420
transmission electronisroscopeg TEM) equipped with aungsten filament electron gui?0 kV
maximum accelerating voltagand aCCD cameravas used. Sangs for TEM were prepared
through cryomicrotoming 70 nm slices that were collected DMEO/H,O solutions. Surface
resistivities were measured with a Monroe Electronics meter model 291. The Monroe Electronics
meter model 291 has the capability to measieto 102 ohms/square with an error of +0.5
decades, applying 10 V for 4@ 10 ohms/square and 100 V for%® 10 ohms/square. The
meter dimensions are 6.5 x 13 x 3 cm with parallel bar electrodes approximately 5 cm apart.
Multi-colored LEDs signiéd the power of ten valuespnductive(green) dissipative(yellow),

andinsulative (ed).
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6.4 Results and Discussion
6.4.1 Synthesis of Polyurethanes

The synthesis of the bisphosphonkgontaining monomer proceeds through ag S
mechanism. A largexcess of 2romoethanol was used to facilitate a fast, complete reaction

with thearyl bisphosphineRigure 61).

Br(CHz)ZOH
Excess

—(CHo),— >~ HO( CH2 F’ (CHy)s— P (CH3),0H

@ CHCL, 24 h, Ar dj ©

Figure 6.1. Synthesis obutanel,4-bis[(2-hydroxyethyl)diphenylphosphonium]

bromide chain x@ender

'H NMR and®P NMR spectraconfirmedthe expected structure of the final product, and DSC
thermogramsndicated a melting point of 12824 °C for this monomef® An ionic liquid is
designated as any iemontaining monomer that is a liquid at 100 °C or lower, so this monomer is
not classicallydefined as an ionic liquid due to its high melting pdieinggreater than 100 °C.
PEGhbased polyurethanes incorporatitg bisphosphonium monomer were synthesized

with typical, two-step conditions (Figure 8).2428:4°
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OH
H<OA% + OCNOCH2<:>—NCO
n

Excess

75°C, Ar

0]
H
N CH NCO
oor o O o O
n O
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BeOror O OO @HQ )

Soft Segment Hard Segment

Figure 6.2. Synthesis of isphosphoniumcontaining PEGbased plyurethanes

Polyol molecular weight was determined with acetic anhydride functionalizatiosudnséquent
titration with 0.1 N potassium hydroxide in methanolitration was completedbefore
incorporatia into polyurethane prepolymers to confirm a,Mf 2,180 g/maé. First, aPEGdiol

was reacted with excesd ,-melljylenebis(cyclohexyl isocyanatdHMDI) in bulk with
mechanical stirring under an inert atmosphere and catalyzedliwiityltin dilaurate PBTDL).

The rato of diisocyamate tototal diol was kept constant. Alttugh the total moles of diol were

kept constant, the mole ratio of PEG diol and bisphosphonium diol chain extender was varied to
produce polyurethanes with 37.1, 46.0, and 6veight %hard segment.In situ FTIR every 5

minutes of the first stage of the reaction as it proceededatrl on samples drawn from the
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reaction every hour were used to conclude tbat hourswas sufficient to terminate tig180

g/mole PEG diol with HMDI. After these fouhours, the chain extendesasdissolved in dry

DMF and added dropwise under an inert atmosphere tee#otion The reaction proceeded for

24 hoursuntil no isocyanate peak remained in FTIR spectra, and films were cast directly into
Teflon® molds.**P NMR spectra of the reaction solution confirmed that there was no significant
degradation to any other type of phosphorus centers since the spectra exhibited only one

resonance, the one for the phosphonium cation (Figure 6.3).

»

)
Br ®
Ay

26.8 ppm HO &P@ ZH

<}

Chain Extender

Polyurethane

%sz@ﬁw%@cwm%%x%i

‘ ‘ ‘ ‘ ‘ ‘
50 0 -50 -100 DM

Figure 63. 3P NMR spectra o phosphonium chain extender and phosphoriased

polyurethangl62 MHz ina magnetic field of 9.39 Tesl@DCl;
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6.4.2 Film Formation

We hypothesize that physical crosslinking through ionic aggregation and hydrophilicity
resulted in rearrangement dfet films during dryingReactionsolutionswere cast directly into
Teflon® molds The cast films were dried at room temperaturefdor days, and shape change
became evidentDuring solvent evaporation and film formatiothe sides of theonic films
pulled away from the edges of tfieflon® molds, andthe filmsshrank isotropically to % the size
of the mold in the x and f(or side)directions, parallel to thenold surfaceg(Figure 6.4). Film
dimensions increased in the z (or upward) direction perpendicuthe mold surface to account
for changes in the x and y directions. Nonic analogs did not show this rearrangement, and
casting the nofonic polyurethanes led to films with the exact dimensions of the Teflurids
used.

Teflon® hasa large differace in intrinsic surface energy compared to the hydrophilic
polyurethanes. Hydrophilic, ionic polyurethanes cast into hydrophilic glass petri dishes retained
the shape of their molds; thus, it is hypothesized tmgdrophobicity of the mold directly
affeced film shape, dimensions, and formatidime rearrangement of the ionic films was also
attributed to the increased ionic aggregatialaking placeduring solvent evaporatioronic
aggregation in DMF solution of the ionic polyurethanes was also apparntymnamic light
scattering (DLS). DLS indicated intensity average diameters of approximately 2@0r rihe

aggregates as part of their size distribution in DMF at ambient tempe(faigues 6.5).
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Figure 6.4. Shape change during film formation @f, o) ionic and (c) naionic polyurethanes

ambient temperature
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Figure 6.5. DLS profile of anionic polyurethane with 37.1 eight % hard segment, indicating
ionic aggregate formation in solutiorMALVERN CGS-3, 90° angle DMF, ambient

temperature
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After drying, the ionicpolyurethane films were insoluble, but the dried-butanediol
chainextended, nomonic polyurethane films that did not contain bisphosphonium functionality
were completely solubldt is hypothesized that the insolubility of the iompolyurethanes is
partly due to ionic associations. However, hydregending and rigidity of the ionic hard

segment compared to ipitanediolbased polymer may also contribute.

6.4.3 Thermal Properties

PEGsegment [@ass transitions fothe polymersvere within error of each other and did
not significantly change with increasing phosphonium hard segment type or content§(Thable
Phase mixing would have resulted in increased PEG glass transition temperatures with increased
bisphosphonium antard segrant HS) content, so vast phase mixing is not evident although

both soft and hard segments are hydrophilic.

Table 6.1. DSC and DMA of Phosphonium or BD PHfased Polyurethanes

HS TS TS T
Soft segmen{polyol) | Hard segmen

(%) | (DMA,eC|( DSC,|(DsC,
PEG - 54
PEG BD 37.1 -41 -35 35
PEG P 37.1 -41 -30 30
PEG P 46.0 -41 -33 26
PEG = 67.1 -41 -33 14

®DMA, 3 °C/mirute, 1 Hz-150 to 225 °C, aiPDSC Midpoint T, 5°C/minute,-80 to 220 °C, M
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Although PEG soft segment (SS) glass transition temperatures dufasdiicallychange
with increasedonic HS, the PEG SS melting poirdecreasegignificantlyas the phosphonium
hard segment was increased, suggesting the disruption of PEG crystafiiay.dol had a
melting point of 54 °C, and the naonic 1,4butanediol chairextended PEGbased
polyurethane had lower melting point of 35 °C. Incorporation of ionic H&da drastic effect
onthe SS melting pointompared to changes in SS glass transition.

Physical crosslinking in theséonic polymers thragh ionic interactions restricted
crystallization, and the SS melting poirdecreased as HS wascreased.MacNight et al.
showed that increased ionic content led to decreased crystallinity in neutraligethyleneco-
poly(methacrylic acid) copolymerand Long et al. and Colonna et al. also showed that ionic
groups slow the crystallization rate in PET and R&iEed ionomers respectivély>? However,
the disruption of hydrogen bonding with ionic imgorationis also reportedh the polyurethane
literature?® Hydrogen bonds have a typical strength of 20 kJmaethile electrostatic
interactions have strengths around 200 kJ&ffoThe 10fold increase in energy associated with
electrostatic interactis compared to hydrogen bonding interactitgegls to the disruption of
urethane hydrogehonding in ionic polyurethanés.

DMA data showedthat the breadth of the glass transition temperatures in ionic
polyurethanes increased with increasing ionic HS, thed67.1 weight% HS polymer hadhie

broadest transition (Figure 6.6
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Figure 6.6 DMA storage moduliprofiles for ionic polyurethanes with varied % HS

°C/mirute, 1 Hz-150 to 225 °C, air

The second broadest transition occurred for the d@ight % HS polyurethane, anthe 37.1

weight % HS polymer had the sharpest glass transition temperature. All glass transition
temperatures &re around the same value-dfl °C, and only their breadth drastically changed

with hard segment conterit.is hypothesiedthat ionic aggreation in these polymers subsisted
above the glass transition temperature. lonic aggregates that exist above the glass transition
temperature of polymers are w&hown to behave as physical crosslitkat broaden the glass
transition®*3% >3

PEG polyurethanes are known to crystallize during dynamic mechanical analysis, causing

an increase in the storage modulus beyond the glass transition temperature and where the plateau

modulus for most polymers begitfsBeyond the crystalline niteng point for the PEG SS
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around 50 °C, the storage moduli scale with ionic hard segment content. Theeijhtl% HS

ionic polyurethane had higher modulus than the 46.@ight % HS polymer and subsequently
the 37.1 weight % HS polyurethane. All ionipolymers stadd to crystallize above 100 °C.
Although the melting pint of the PEG crystallites hdaeen exceeded, the phosphonium hard
segmentmay also crystallize. The melting point for phosphonium HS crystallites and adl thre
ion-containing polymersaxurredaround 225 °Gccording to DMA (Figure 6.8)here all three
polymers staddto flow. The onset temperature of flow is the same for all three polyurethanes
with varied hard segment. Therefore, ionic aggtes as well as crystallites didt existabove

225 °C for these polymers.

Semicrystalline polymers are opaque when the size of the crystallites are larger than the
wavelength of light. According to DMA, all the PEG crystallites have meltden the
temperature is above 70 °C during a 3 °C/mertetmperature ramp. If only the PE8&gment of
the polyurethane crystallized, then these films may start to show transparency above 70 °C.
However, if the phosphonium hard segment also can crystallize, then the films may remain
opaque. Films of a 37.1 eight % HS PEGbased ionic and neionic polyurethane were
sandwiched between transparent microscope slides. Images were taken without and with a drop
of silicon oil placed on each side of the microscope slides touching the polymer film. The silicon
oil was sed to counteract any light reflected due to surface roughness when investigating
transparency. lonic polymer films remained opaque above 87 °C under reduced pressure and
even after equilibration for 60 minutes, but sionic films were transparent at 8% °under
reduced pressure (Figure 6.7). A 67.1 weight % HS ionic polymer also did not show

transparency with heating up to 110 °C (Figure 6.8).
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Figure 6.7.Images of 37.1 weight % HS ionic polymer films heated to (a) 30 °C and (b) 87 °C
under reduced pssure; images of newnic 1,4butanediolbased PEG polyurethanes heated to

(c) 30 °C and (d) 85 °C under reduced pressure

Figure 6.8.Images of ionic 67.1 weight % ionic polymer films heated to (a) 30 °C and (b) 110

°C
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6.4.4Analysis of X-ray Scattering
SAXS and Xray diffraction (XRD) were performetd investigatdong-range order with

increased ionic hard segment content. Elastic scattering fromysivas examined to probe
crystalline and longange order. Whereas SAXS measures larger distantks manometer to
micrometer range, Xay diffraction looks at smaller size dimensions with crystallites. XRD of

these samples indicated increased order with increased bisphosphonium hard seyghett w
(Figure6.9).

37.1wt% BD HS 37.1wt% P* HS 46.0 wt% P* HS 67.1wt% P* HS

Increasing P* Hard Segment
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Figure 6.9 XRD profiles for polyuethanes with varied hard segmeNva diffractometer

systemOnyx CCD detectorgopper Xray sourceambient temperature

XRD scattering profiles shosd an increased number of sharp peaks for the polymers with

greater % HS. The value 2d is rel atparticlet o q

scattering distance) through®Braggés | aw and
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ne = 2dLsin(d)

n = i nt=eXgarwavelemgth, d = intgslane or intefparticle
di stance, d = scattering angl e
Equation6.1.Br aggos | aw

Omax=2 /d  d = Bragg scattering distance

Equation 6.2. Relationship of g (scattering vector) te4,

XRD scattering is usually attributed tonall features below 5 nrsuch ascrystallinity with
smaller size dimensions than ionic aggregate80(5hm or 50300 angstrons Since the
bisphogphoniumbased polyurethanes hamtreasing order in XRD with increasing hard segment
and with decreasing PEGS content, this order may hmartially attributed to crystallite
formation in the bisphosphonium hard segment. Tuasld also explain the rise in storage
moduli for the ionic polyurethanes above 100 °C and the melting point in DMA at ZFCe
6.6).

Throughthes ame equati ons and Br argygsGatering amwhe we i
nanometer to micrometer range through SAXS. An ionic aggregate peak-isnaeih to occur
in SAXS, attributed to the differences between elastra)scattering in ioic aggregates versus
the polymer matrix. Thegxfor the ionic aggregate peak is inversely proportional to the-inter
aggregate distanéd.The breadth of the ionic aggregate peak alswvidesa profile of the
breadth of ionic aggregate size distributi@msl interparticle spacings. A wide range of sizes is

known to occur in ionomers with a most populated distancg.af &
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All of theionic polyurethanes our workdisplayed a SAXS ionic aggregate peak, and

the nonionic polyurethangdid not (Figue 6.10.

le+5

b 37.1 wt% HS Non -ionic
b 37.1 wt% HS lonic
b 46.0 wt% HS lonic
b 67.1 wt% HS lonic

~
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Figure 6.10 SAXS profiles of ionic polyurethanes with varied % HStation 4C1 PLS

synchrotron radiation source (Pohang, Koraa)bient temperaturép second scans

A shift in gnaxto higher values of g (lower values of d or shorter digants seen as the hard
segment is increased from 37.1 to 46.0 to 67elglw %. Higher values of gorrespond to
shorter distances between these ionic aggregates, so increasing the amount of phosphonium salt

in the polyurethanes also resulted in shopacsg between ionic domains (Tabl).

172



Table 6.2. SAXS analysis of inteaggregate spacing in polyurethanes with varied % HS

Type of HS| Wt % HS| gmax(A™) | d (A)
norn-ionic 37.1
lonic 37.1 0.06 105
ionic 46.0 0.08 79
ionic 67.1 0.09 70

* Station 4C1 PLS synchrotron radiation source (Pohang, Kae®ient temperaturé

second scans

6.4.5 Atomic Force Microscopy of lonic Blyurethanes
Microphase separation in these polyurethanes with hard and soft segwests
investigated with AFMAFM images may indicateome structural order in these polyurethane

ionomers(Figure 611).
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Figure 6.11. AFM imagesof ionic polyurethanes with varied % H%$a) 37.1 weight %
bisphosphonium HS and (b) 67.1 weight % bisphosphoniumlKSE um images rms 4.0mV
andamplitudesetpoint 3.3nV

The soft segments &k) containing polyol arseparated from the hard segments (light) phases
containing bisphosphonium salihe AFM of thesgolymers displayedpossiblesubstructure in
the 15nm range, but thesimages areery clear compared toEM images in the next section

and represent only surface morphology rather than bulk polymer morphology.

6.4.6 Transmission Electron Microscopy of lonic Blyurethanes

Transmission electron microscopy images indicédege, circular structures ~200 nm in
diameter (Figure 6.12) in a 37.1egh % HS phosphoniudbased, PE&ontaining
polyurethane, similar to domain sizes observed by AFM for the same polyurethane (Figure 6.9).
Long et al. previously showed that a mor@lfophobic PTMGbased, phosphoniweontaining
polyurethane hadt3 nm circular features in acanning transmission electron microscopy

(STEM)image?® In this thesisthe PEGbased ionic polyurethanes with greater ionic content and
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hydrophilicity swelled sigificantly in DMSO/HO solutions, and good cryomicrotomed sections
were difficult to collect. Although it is not expected that 70 nm films would retain a large amount
of solution under reduced pressure in the TEM microscope, any residual DM3@/&ly have
contributed to swelling of the films and larger domain sizes. The diameters of the circular
structures in the TEM image appeared larger than the dimensions determined through SAXS, and
the morphology may be attributed to ionic aggregation and/or phasat@palhe SAXS data
reflected both inteparticle and inteaggregate spacing, and depended on the difference in the
elastic scattering of Xays between regions of hindered mobility, ionic content, and the
amorphous regions of the polynfé€f® Analysis of SAXS data estimatedinter-aggregate
spacings of7.0-10.5 nm for these polyurethane ionomerEhe literature estimated-B) nm
aggregates fo2.5-3.0 nminter-aggregatspacing by SAXS® Thus, thenter-aggregatespacing

is oftenmuchless than the #&gal diameter of the aggregates, depending on ionic concentration

and hydrghilicity of the polymer matrix.
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Figure 6.12 TEM image indicating circular structure in a 37.&ight % HS phosphonium
based polyurethan®hilips EM 420TEM, 100 KV, 70 nm s&tions collected oveDMSO/H,0

solutions

6.4.7 Surface Resistivity Masurements

In chapter 5 of this thesis, we investigated surface resistivities oftlRE&1 networks
from Michael addition reaction®esistivity is inversely related to conductivity andasures the
resistance to flow of electroisThere are two main forms of conductivity, electronic and ionic.
lonic polymers are conductive when their anions and cations are able to move towards opposite
electrodes, conducting electrict§.In chapter 5, the PEGbased phosphoniwepntaining
network and the neionic PEGbased 1,4utanediolcontaining network (without MWCNTS)
both had a surface resistivity of 1l6hms/squarelt is proposed that the crosslinked structure in
the films may haverestricted mobility of the ionic sites and prevented these from vastly

improving the conductivity.
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In this chapter, we describe analysis of PlE&Sed polyurethanes with varied ionic
content. The surface resistivities of the ionic and-iooic polyurethanes were msured on
fil ms wit h6.%8x18rceiatcamisent@mperatuiihe films wereapproximately
0.60 + 0.36 mm in thicknessThe surface resistivities of the PH@sed, phosphonium
containing polyurethanes are compared to a-inoic PEGbased, 1,4utanediolcontaining
polyurethane (Table 6.3). The na@mic polyurethane had the highest resistivity of*“10
ohms/square, a value indicating an insulative mat&falThe ionic polyurethane with a 37.1
weight % hard segment had a lower surface ieiisvalue of 10 ohms/square, suggesting that
the ionic sites did have a positive effect on conductivity compared to themaonpolymer.
However, increasing the hard segment and ionic content in the polymers led to an increase in
surface resistivitwalues, possibly due to restricted mobility of the ionic domains from enhanced
ionic aggregation. Resistivity of PEased polymers is often increased with PEG crystallinity.
However, the ionic polyurethane with tgeeatest amount of PEG @8d lowest amunt of ionic
HS had the lowest resistivity valuEnhancedanic aggregation gphosphonium hard segment
crystallinity with increasedphosphonium hard segmentay have contributed to restricted

mobility of ionic sites and thus higher resistivities.
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Table 6.3 Surface resistivity of ionic and naanic network$

Hard Segment Weight % Hard Segment Resistivity (dims/square)
BD 37.1 10*
P 37.1 10°
P 46.0 10"
P 67.1 10"

* 0.60 + 0.36 mnthickness di me 1.5 x 18 x 3cmA0 V and 100

6.5Conclusions

We have prepared a new series of hydrophiladyurethanes containing eationic
bisphosphonium chain extendeAs the ionic content and hard segment content were
simultaneously increased in the polymdesSC and DMA data indicated PE€2gment glass
transitions broadened and thelateau moduliincreased A high modulus is important for
structural integrity in polyurethadeased biomedical devices such as tissue scaffolds and
catheter$?® Also, glass transition temperatures and modufiuénce the hardness, abrasion
resistance, adhesive properties, and applicability of polyurethased protective coatings.

Conductivity is influenced by polymer morphology and ionic site mobility and is
important in polyurethanbased sensing applitas®?** *° In these polyurethanethe PEG
segment melting point decreased with increased HS, indicating that the ionic hard segment
impeded crystallization of the PEG segment. Howewecreasing ionic content in these
polymers led to higher surfacesistivity values. These higher surface resitivities were at least

partially attributed to restricted mobility of the ionic sites due to enhanced ionic aggregation.
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SAXS confirmedthe presence of ionic aggregates in the polyurethanesinarehsing ionic
content decreased the sparbetween these ionic aggregafsM also indicated large, circular
structures ~200 nm in diameter. Thus, including ionic character drastically changed the
morphology of the polyurethanes.

Film forming properties are also irogant in adhesive and coating applicatidhBilms
cast in Tefloff molds shrank to % of the mold width and lengihd this rearrangement was
attributedto ionic aggregation and intrinsic surface energy differences betihedrydrophilic
polymers and Tion®. Films of these materials we insolublepossiblydue to their physical

crosslinks butsolvent resistance after film formation is imperative for protective coatings.

6.6 Acknowledgements

Research was sponsored by the Army Research Laboratbmyamaccomplished under
Cooperative Agreement Number W911H62-0014. The views and conclusions contained in
this document are those of the authors and should not be interpreted as representing official
policies, either expressed or implied, of the ArRgsearch Laboratory or the U.S. Government.
The U.S. Government is authorized to reproduce and distribute reprints for Government purposes
notwithstanding any copyright notation ben. Jong Keun Park and Robe® Moore are
acknowledged for SAXS experimsnand help with XRD experiments. Garth L. Wilkes is also

acknowledged for insightful discussions.

6.7 References

1. Oertel G. Polyurethane handbook. 2nd ed. New York: Hanser Publishers; 1994, p. 629.
2. BoretosJW.; Pierce W.S. Sciencel9671581481-148.

3. PeppasN. A,; LangerR. Sciencel994 2635154) 17151720.

4. Zdrahala, R. JZdrahala, I. JJ. Biomater. Appl199914, 67-90.

179



5. Hung, W. C.; Shau, M. D.; Kao, H. C.; Shih, M. F.; Cherng, J. ¥rrda of Controlled
Releas€009 133, 6876.

6. Guan, J.J.Fujimoto, K.L.; Sacks, M.S.; Wagner, W.Biomaterials2005 26, 3961
3971.

7. Shau, M.D.; Teng, S.J.; Yang, T.F.; Cherng, J.Y.; Chin, WX.Biomed. Mater. Res.
Part A2006 736 746.

8. Tseng, S.J.; Tang, S.C.; Shau, M.D.; Zeng, Y.F.; Cherng, J.Y.; Shih Bidb¢onjugate
Chem.2005 16, 1375 1381.

9. Yang, T.F.; Chin, W.K.; Cherng, J.Y.; Shau, M.Biomacromolecule2004 5, 1926
1932.

10.Cz ech, Z. Progfess i ©Orgdni€Coangs201Q 67(1),72-75.

11.Chattopadhyay, D. K.; RajiK.V.S.N. Progress in Polymer Scien@907, 32(3), 352
418

12.Zubielewicz, M.; Krolikowska, AProgress in Organi€oatings2009 66(2),129-136.

13.Deka, H.; Kar&, N. Progress inOrganic Coatings2009 66(3),192198

14.Malucelli, G.; Priola, A.; Ferrero, F.; Quaglia, A.; Frigione, M.; Carfagna C.
International Journal of Adhesion atihesive2005 25(1),87-91.

15.Verdejo, R.; Stampfli, RAlvarezLainez, M.; Mourd, S.; Rodrigue®Perez, M. A,;
Brihwiler, P. A.; Shaffer, MComposites Science and Technol2g99 69(10) 1564
1569.

16.Xu, J.; Buchholz, J. M.; Fricke, F. RppliedAcoustic2006 67(5), 476-485.

17.Bolton, J. S.; Gold, Elournalof Sound and Vibratiof986 110(2), 179202

18.Wang,X.; Eisenbrey,).; Zeitz, M.; Sun J. Q.Journal of Sound and Vibratidz004
2734-5),11091117.

19.Unal, S.; Yilgor, L.; Yilgor, E.; Sheth, J. P.; Wilkes, G; Long, T. E.Macromolecules
2004 37,7081-7084.

20.Supriya, L.; Unal, S.; Long, T. E.; Claus, R.Chem. Mater2006,18,25062512.

21.Sheth, J. P.; Wilkes, G. L.; Fornof, A. R.; Long, T. E.; Yilgoivacromolecule005,
38,5681:5685.

22.Sheth, J. P.; UnalS.; Yilgor, E.; Yilgor, |.; Beyer, F. L.; Long, T. E.; Wilkes, G. L.
Polymer2005 46, 101806 10190.

23.McKee, M. G.; Park, T.; Unal, S.; Yilgor, |.; Long, Holgmer2005 46, 2011 2015.

24.Unal, S.; Ozturk, G.; Sisson, K.; Long, T. Hournal of PolymerScience: Part A:
Polymer Chemistrg00846, 6285 6295.

25.Hunley, M.T; Potschke, P.; Long, T.BMacromol. Rapid Commun2009 30(24)
21022106

26.Chen, K:Y.; Kuo, J-F.; Chen, CY. Biomaterials200Q 21, 161-171.

27.Grapski, J. A.; Cooper, S. Biomaterials2001, 22, 22392246.

28.Unal, S. Synthesis and Characterization of Branched Macromolecules for High
Performance Elastomers, Fibers, and BilRh.D. ThesisYirginia Polytechnic and State
University, BlacksburgyA, 2005.

29.Tant, M. R.; Mauritz, M. R.; Wilkes, G. LIpnomers: Synthesis, Structure, Properties
and ApplicationsBlackie Academic & Professional: New York, 1997.

30.Eisenberg, A.Kim, J.S.Introduction to lonomersWiley: New York, 1998.

31.Mather, Brian D.; Baker, Margaux B.; Beyer, Frederick L.; Green, Matthew D.; Berg,
Michael A. G.; Long, Timothy EMacromolecules2007, 40(13),43964398.

180


http://www.sciencedirect.com/science/journal/02663538

32.Buruiana, E. C.; Buruiana, T.; Strat, Gtre, M. Journal of Polymer Science: Part A:
Polymer Chemistrg005 43, 3945 3956.

33.Wang, X.; Li, H.; Tang, X.; Chang, ¥. Journal of Polymer Science: Part B: Polymer
Physics 1999 37, 837 845.

34.0zturk, G.; Long, T. EJournal of Polymer Science: Part Rolymer Chemistr2009
47, 5437 5447.

35.Yim, E. S.; Zhao, B.; Myung, D.; Kourtis, L. C.; Frank, C. W.; Carter, D.; Smith, R. L.;
Goodman, S. B.Journal of Biomedical Materials Research, Par2®09 91A(3) 894
902.

36.Rogero, S. O.; Malmonge, S. M.; Luga¥, B.; lkeda, T. I.; Miyamaru, L.; Cruz, A. S.
Artificial Organs2003 27(5), 424427.

37.Wang, Y:P.; Gao, X:H.; Chen, JC.; Li, Z-W.; Li, C-L.; Zhang, S.C. Journal of
Applied Polymer Scienc@009 113(4) 24922498.

38.Qi, L.; Lin, Y.; Wang, FEuropean Polymer Journal999 35(5), 789-793.

39.Aldenhoff, Y. B. J.;Blezer,R.; Lindhout, T.; Koole, L. H. Biomaterials1997, 18(2),
167172

40.Holmes D. R.;CamrudA. R.; JorgensoniM. A.; EdwardsW. D.; SchwartzR. S.
Journal of the American College of Cawtbgy 1994 24(2), 525531

41 Ajili, S. H.;Ebrahimi,N. G.;Soleimanj M. Acta Biomaterialia2009 5(5), 15191530.

42.Squire, J. C.; Rogers, C.; Edelman, E. R. Stent expansion and apposition sensing. U.S.
Patent 6,179,858, January 30, 2001.

43.Squire, J. C.; Bgers, C.; Edelman, E. R. Stent Slip Sensing System and Method. U.S.
Patent 6,091,980, July 18, 2000.

44 Hartley, F. R., John Wiley & Sons: 1994; Vol. 3, p2b

45.Faroq, A. A.,Polymer Degradation and Stabiliyo94 44, 323 333.

46.Jin, R. ; Aoki, S. ; Shima, KKhem. Commuri996 19391940.

47.Xie, W.; Xie, R.; Pan, W.; Hunter, D.; Koene, B.; Tan, L.; VaiaCORem.Mater. 2002
14, 4837 4845.

48.Kanazawa, A.; Ikeda, T.; Endo, TJpurnal of Polymer Science: Part A: Polymer
Chemistry1993 31, 335343.

49.Williams, R. S.; Wang, W.; Winey, K. I.; Long, T. Blacromolecules2008 41 (23),
90729079.

50.Uemura, Y.; Stein, R. S.; MacKnight, W.Macromolecule4971, 4, 490494.

51.Kang, H.; Lin, Q.;Armentrout, R. S.; Long, T. BMacromolecule2002 35, 87388744.

52.Berti, C; Colonna, M.; Binassi, E.; Fiorini, M.; Karanam, S.; Brunelle, IRehctive and
Functional Polymer201Q 70(6), 366:375.

53. Gauthier, S.; Duchesne, D.; EisenbergMacromoleculed4987 20, 753 759.

54.Silver, J. H.Myers,C. W.; Lim, F.;Cooper F. L. Biomaterials1994 15(9), 695704.

55.Atkins, P.; de Paula Physical Chemistry7" ed. W. H. Freeman and Company: New
York, 2002, 832842.

56. Applications of Electroactive PolymeiBruno, S. ed. Chapman & Hall: New York, 1993,
75113.

57.Schutte, C. LHutchins,R. O.Polymer1993 34(3), 476-480.

58. KathirgamanatharP.Polymer1993 34(7) 15491550

181



59.Dangelmayer. T.ESD Program Managemem, RealisticApproach to Continuous
Measureable Improvement in Static Cont@F ed. Lucent Technologies, Kluwer
Academic Phblishers: Norwell, Massachusetts, 1999, 140.

60. Andrews, R.; Jacques, D.; Minot, M.; Rantell Macromol. Mater. Eng2002 287, 395.

182



Chapter 7: Phosphonium-Containing Methacrylate Monomers and

Diblock Copolymers

7.1 Abstract

Novel hydrogerbonding phosphoniumion-containing methacrylate monomers were
synthesized with different alkghe spacers derived from ionic liquid precursors.(6-
Hydroxyhexyl)trioctylphosphonium and  (2hydroxyethyljrioctylphosphonium salts were
synthesizedby reactionof the respective bromoalkyl alcoholsith trioctylphosphine.These
ionic liquid precursorsverethenreacted with Asocyanatoetyimethacrylate to form hydrogen
bonding, phosphoniuroontaining methacrylate monomers. Block copolymerizationusing
reversible additon fragmentation and chain transfer (RAFmMethods with polystyrene
macroinitiators enabled predictable formation pifiosphonium blockswhile maintaining
solubility throughouthe reaction.'H and®'P NMR spectra showeduantitative incorporation of
the phosphonium functionalityAFM imagesindicated microphase separation time block
copolymers. SAXS profiles showed an ionic peak for the phosphontomiaining block
copolymer with the longest alkylene spacer between the main chain and pendant phosphonium

ion.
7.2 Introduction

Incorporation of onic sitesin polymersinfluences moduji melt strengt and glass
transition terperatures lonomers aredefined aspolymers with less than 15 neo6 ionic

groups, and these ioniaggregatesgovern properties in ddated areas of the polyméf
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Thermoreversible ionic interachie can provide selfiealing capability. It is hypothesized that
melting of ionic domain®ccurs wherenergyfrom the impacting substrate is transferred to the
polymerupon impact™® The majaity of energy associated with plastic deformation is dissipated
as heaf® At high strain rates where the heating rate for the polymer is greater than the cooling
rate, adiabatic conditions generate a temperature increase which is possible to meesure dur
impact testind:® The mobility and reorganization of ionic sites into aggregptesides elastic
recovery to repair defect€ In addition, the phosphonium cation offersew avenue for self
assembly® The majority of the present literature debes ionomers with anionic groufike
carboxylatd* 11 and sulfonate™’ anionic sites pendartb the polymer chain and mobile
cations not tethered to the polymé&mmoniumbasedionic polymersare most cited among
cationic poyelectrolytes and ionoers® **' 1¥2! Phosphonium salts aparticularlyattractivedue
to greatethermal stabilitf? and antimicrobial activi& compared tsimilar ammonium analogs.
Vaia et al. indicated thathpsphoniumcationsare approximately ® to 80 °C more thermally
stable tharsimilar ammonium molecules by TGA under nitrogen at 2 °Quteiff

Incorporation of ionic sites in polymers at varied concentration can considerably alter
polymer propertieS Our research group has focused great attention on the synthesisoos
ionic polymers for fiber applicatioAand DNA transfectioA> We have shown that presence of
a zwitterionic functionality benefits electrospinning of fibers at low concentrations through
electrostatic interactiorfS.We also have shown that wassluble, ammoniurbased polymers
bind with negativelycharged DNA to create polyplexes and transport polymer chains into
cells?® The polyplex is intercalated into the nucleus, and DNA is transcfiearthermore, we
have extensively researched the tietaship of hydrogen bonding at polymer terrifrénd in

block copolymers with DNA purines including adenffied phosphoniurrbased uracil blended
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with poly(9-vinlylbenzyladenineplockpoly(n-butyl acrylate)blockpoly(9-vinylbenzyladenine)
triblock copoymers provided enhanced plateau moduli for the polymer and greater solution
viscosity in chlorofornf® AFM indicated microphase separation, sesembly, and morphology
dependent on block copolymer structure and film preparation.

To create block copolge r s, Al i vingo polymeriza¥Pon tec
% |deal living polymerization involves three main concepts: simultaneous initiation of all
growing polymer chains, all chains growing at the same rate, and no termination of‘¢hains.
Growth continues until all monomer is consumed and wihtinueonce more monomer is
added providing a route to the formation of weléfined block copolymer structufe Block
copolymer structure can lead to microphase separation, creating various mesopblasling
lamellae®® We have exploredeseral living free radical polymerizatistrategies to synthesize
ionic block copolymers including anionic polymerizatiolf and nitroxide mediated
polymerization (NMP)2® However, #om transfer radical polymeriian (ATRP)* and
reversible additi onT f(RART polymetization 6 are atsdhappropriate r a n s f
methods to synthesize ionic polymers.

Our research group recently investigated the living anionic synthegsmlgimethyl
methacrylategraft-(poly(sulfonic acid styrenejblock-poly(tert-butylstyrene) andpoly(methyl
methacrylategraft-(poly(tert-butylstyreneblockpoly(styrenesulfonic acid styrene}® The
sodiosulfonatdased ionic sites were synthesized through neutralization with sddidroxide
solutions. Pronounced aggregation resulted from including anionic sites pendant to the main
chain as evidenced by the appearance of an ionic ipetie SAXS profiles. Increasing the
connecting distance of the ionic sites from the main chainiggdvenhanced aggregation

compared to having the pendant ionic sites tethered in close proximity to the main chain. Glass
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transitions increased with increased ionic content, and higher glass transition temperatures
resulted for the copolymers having pendamnic sites far from the main chain. Lamellar
morphologies also resulted due to microphase separétion.

Anionic polymerization provides limited functional group tolerance and demands more
stringent methods compared to other pseliidog techniques® 3 Lowe et al. recently reviewed
RAFT asan optimal process for ciain-containing copolymershydrophilic copolymers, and
methacrylate' Met hacryl ates arebedaeemed mbeomebestf
polymerizations, and various styrenic polymers also faell with RAFT techniqued!
Therefore, RAFT is a versatile process, useful for water Eokd organic soluble monomers
and ideal for our phosphonidoontaining block copolymers containing methacrylate
functionalities, cationic moieties, and styrex@@nonomes.

Reversible additioof growing radicalsand chain transfeio a RAFT reagent allovior
the equilibration of growing and dormant chains to afford a linear relationship of molecular
weight with conversio” *! This methodcontrok the dispersiy of polymer chains through a
rapid and reversible addition and fragmentation mechanism. Thiocarbormgtigients provide
fast chain transfer ratder monodisperse polymer growth, argetdegree of polymerization is
independent of the primary radicalsdainstead subject to monomer to RAERgent ratid> 3
Farmer et al. outlined RAFT polymerizationethodswith S-(thiobenzoyl)thioglycolic acid®
Homapolymerizationresulted ina dispersity of 1.38 for polystyrefig This particular RAFT
reagent isa ommercially available one@equiring no additional syntheses.

Phosphoniunbased polymers compose a small, relatively unexplored*fiétdvicGrath
et al. and Long et. al. synthesized some of the first phosphdrased polymers through step

growth method***’ To date,RAFT techniques havachieved successful homopolymerization

186



of 4-vinylbenzyl(trimethylphosphonium)xhloride and 4vinylbenzyl(triphenybhosphonium)
chloride monomers but copolymerization was not reporf&d Homopolymerization was
conducté in aqueous media and resulted in low dispersities below 1.10 for various targeted
molecular weight§? Therefore, choosing RAFT for the synthesis of our methacrylate
containing, phosphoniwhased diblock copolymers was a logical next step.

In this thess, the synthesis of two novel phosphonigontaining methacrylate
monomers and copolymerization with styeearereported. These two monomers have different
alkylenelengths connecting thghosphoniumon to the backbone dheir subsequent polymers.
The thesisexplores the fundamental synthesis and properties of these two novel moaathers
their copolymers. The effect of altering alkyl lengtbf substituentsn the cationic monomer
and theresultingeffect of distance of #hphosphonium functionality fra the backbone of the

polymerhave beemxamined.

7.3 Experimental
7.3.1 Materials

2-Bromoethanol (95%), -6romohexanol (97%),rti oct yl phosphi 2e (TOP
isocyanatoethyl methacrylate (98%fyrene (99%)dibutyltin dilaurate (DBTDL, 95%), an&
(thiobenzoyl)thioglycolic aciq99%) were purchased from Aldrich and used as recei2e2j
Azobis(2methylpropionitrile)(AIBN, 98%) was purchased from Aldrich and recrystallized from
methanol N,N-Dimethylformamide(DMF, 99%) and hexanes O9 8 . 5 %) rchasedrfrem p u
Aldrich. N,N-Dimethylformanide (DMF) (99%) and etrahydrofuran THF) (HPLC grade

09 9 %0m EMD Science were dried and collected fr@m Innovative Technology, Inc.
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PureSolvMD3 solvent purification systemA 1 wt % solution of DBTDL in dy THF was used

as a catalyst during monomer synthesis.

7.3.2 Synthesis of (Hydroxyethyl)trioctylphosphonium Bromide [(2-HE)TOPBr]

This procedure closely followealr previous work and is also included in chapter 3 of
this thesisA 100-mL, doublened, roundbottomflask with a Teflor? stir bar was flame dried,
anda condenser and an addition funmedre attachedlOP (16.62 g, 44.8 mmoNlvas syringed
into the flask and purged with argon for 30 min. Subsequerdypoethanol (5.66 g, 45.3
mmol) wassyringed into the addition funnel under argénl:1.01molarratio of phosphine to
2-bromoethanol was usedThe 2bromoethanol was added dropwisender argon to
trioctylphosphine at @ °C. The reaction proceeded at 80 °C for 3 h. The temperature was
increased td 20 °Cfor 3 h after addition complete addition of thebBomoethanolResidual 2
bromoethanol wasemovedthroughvacuum distillationat 60°C and 0.3 mmHgThe isolated
product was a clear, ionic liquid and was stored below 2 °C under an dagdetbA 98% yield
was achieved'H NMR (400 MHz, 25°C)inCDGl & ( ppm) 0. 71015 (36H),, 9H) ,
2.205 (t, 6H), 2.506 (t, 2H), 3.87 (t, 2H), 4.473 (s, I¥9.NMR (162MHz, 25 °C, referenced to
HsPQy external standard) in CDEl U ( p pmie) (+FBB2 108% M, Exact mass, Direct

Probe) 415.4 g/mol as expected. DSC (20 °C/min, R&@po 30 °C) mp 4:8.4 °C.

7.3.3 Synthesis of (@1ydroxyhexyl)trioctylphosphonium Bromide [(6-HH)TOPBTr]

This procedure was also reported in chapter 3 ofttlesis. A100-mL, doubleneck
roundbottom flask with a Teflorf stir barwas flame driedand acondenser and an addition

funnel were attachedTOP (12.0 g, 33.0mmol) was syringed intdhe flask and purged with
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argon for 30 min. @Bromohexanol %.98 g,33.0 mmol) was syringed into the addition funnel

under argon, and was added dropwise over 3 h to TOP at.8théGemperature was increased

to 120 °C for h after complete addition of thelfomohexanolResidual ébromohexanol was

removed with vacuum diillation at 120°C and approximately 0.3 mmHd@he isolatedproduct

was a clear, ionic liquid and was stored below 2 °C under an argon blanketzent oxidation

A 98% yield was achievedH NMR (400 MHz, 25 °C) in CDGI a (ppm) O0.834 (t,
1.885 (44H), 2.353 (t, 8H), 3.350 (t, 1H), 3.607 (t, 2. NMR (162MHz, 25 °C, referenced to

HsPQy external standard) in CDEl G (ppm) 32. 9. " rBtaet mgss, Pie&, 100

Probe) 471.5 g/mol as expected. DSC @0min, Ramp-80 to 25 °C) mp 12:13.0 °C.

7.3.4 Synthesis of (Z2-Oxycarbonyliminoethyl 2-methyl prop-2-enoate)ethyl)

(trioctyl)phosphonium Bromide [(2-UME)TOPBI]

A flame-dried, 100mL flask with a Eflon® stir bar was charged with 2.71 §.62 mmol)
of (2-hydroxyethyl)trioctylphosphonium bromide. The flask and contents were dried overnight at
60 °C undereduced pressure in a vacuum ave@nce cooled to room temperature, theskla
was charged with 1.01 .62 mmol) of 2isocyanatoethyl methacrylata 1:1 molar ratio of
hydroxyl to isocyanate) arlO0 mL (35 w % solids) of THFunder argon. One drop of a 1 %t
solution of DBTDL in @y THF was added. Thesaction mixture wapurged with argon for 10
min, and then theeactionwas allowed to proceedt 50 °C for 4 h with stirring. THF was
removed by rotavaporatioat 25 °C, and the monomer was drigabler reduced pressuie a
vacuum oven overnight at room temperature. The final clear, ionic liquid monomer was stored

below 2 °C under an argon blankét. NMR (400 MHz, 25°C)inCDGl U (ppm) 0. 835
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1.1531.590 (44H), 1.930 (s, 3H), 2.424 (t, 6H), 2.626 (t, 2H), 2.919 (t, 2H), 3.442 (t, 2H), 4.201
(t, 2H), 5.601 (d, 1H) ), 6.145 (d, 1H) ), 6.465 (s, 1. NMR (162MHz, 25 °C, referenced to
HsPO, external standard) in CDElI 4G ( p p m) 32. 0. 7 \Exaet m§ss; Pire& , 100

Probe) 571.3 g/mol as expected.

7.35 Synthesis of (62-Oxycarbonyliminoethyl 2-methyl prop-2-enoate)hexyl)

(trioctyl)phosphonium Bromide [(6-UMH)TOPBT]

The synthes of this phosphoniurdased methacrylate monomer followed the same
procedure aslescribed previouslin section 7.3.4&xcept(6-hydroxyhexyl)trioctylphosphonium
bromide was used as the hydroxgntaining phosphonium sattd NMR (400 MHz, 25 °C) in
CDCl: U 0.82p (n)H), 1.131.708 (44H), 1.80 (s, 3H), 2.303 (t, 6H), 2.586 (t, 2H), 3.50
(t, 2H), 4.25 (t, 4H), 5.50 (d, 1H) ), 6.10 (d, 1H), 6.70 (s, 1P NMR (162 MHz, 25 °C,
referenced to BPO, external standard) in CDEl G ( pp m) AB210®4 M, Exaat ( +F

mass, Direct Probe) 626.5 g/mol as expected.

7.3.6 Synthesis & PhosphoniumContaining Homopolymers from (2-UME)TOPBr and (6-

UMH)TOPBr

A flamedried, 100mL flask with Teflon® stir bar was charged witt2{UME)TOPBr
(2.09 g, 3.21 mmol)AIBN (0.00527 g, 0.0321 mmolyas added to th#task. Dry DMF, (8.5
mL to make an ~20 W% solidsreaction mixture) was added. The mixture was purged with

argon for 15 min, and then theactionwas allowed to proceeat 70 °C for 48 h under argon
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with dtirring. The mixture was cooled to room temperature, diluted WithL chloroform and
precipitated ito cold hexanes and dried overnight under reduced pres$ii@ °C.Isolated and

dried products were insoluble in common organic solvents.

7.3.7 RAFT Pdymerization of Styrene Precursor

An activated alumina column was usedémove the inhibitor fronstyrene. An example
of the polystyrene block RAFT polymerization follow&tyrene (20 g, 0.192 mol), wakarged
into a ckan, flamedried, rounebottomflask. S(Thiobenzoyl)thioglycolic aciq0.425 g 0.0020
mol) andAIBN (0.0547 g 0.00033 molwereaddedto the flask. Ther®0 mL of dry THF was
added under nitrogen. The solution was purged for 30 min with nitrogen, placed under a nitrogen
blanket, andubrrergedin an oil bath at 70 °C for 24 Each of thepolymers vasprecipitated in
400 mL of methanolThe RAFT chairend functionalized polymer adhered to the bottom of the
precipitation flaskThe methanol was decanted, and then 400 mL of methanol wad. ddge
process was repeated three tirtesvash the polymerand then th@roduct was rotaevaporated
and driedunder reduced pressue¢ 40 °C overnightM, (SEC) equaled 12,000 g/mol. M
equaled 16,000 g/mol with a PDI of 1.361 NMR (400 MHz, 25 °C) irCDCls: & 0.§64 m)

2.510 (m, 3H), 6.236.440 (m, 5H).

7.3.8Synthesis of(2-UME)TOPBr Copolymerswith Polystyrene Macroinitiators

A similar procedureto the one in section 7.3was used tgrepareblock copolymers

from the polystyrene macroinitiator. &haddition of 24 units was targeteBolystyrene
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macroinitiator (2.11 g, 0.176 mmol) af@UME)TOPBr (2.10 g, 4.24 mmol) were added to a
flame-dried tneck flask with a Teflofi stir bar. AIBN (0.00345 g,0.0210 mmol) was added.

The flask was septsealedand purged with argon for 30 min. Then dry THF (18.5 mL) was
added under argon, and the solution was purged for 30 min. The temperature was increased to 60
°C for 48 h. The polymer was precipitated in hexanes (~400 MLNMR (400 MHz, 25 °C) in

CDCls: U . (Tpepasyltant number of units added to the polystyrene block equaled 22 with

'H NMR, or 19.0 mole %'H NMR (400 MHz, 25 °C) in CDGI U  0.§70n999, 1.035

1.672, 1.662.138, 2.272.407, 2.532.677 3.7084.229, 6.248.876, 6.2487.387 *'P NMR

(162 MHz, 25 °C, referenced tosAO, external standard) in CDEl U B34pMa INMR)

equaled 14,300 g/mol.

7.3.9Synthesis of(6-UMH)TOPBr C opolymerswith Polystyrene Macroinitiators

The same proceduri@ section 7.3.8vas used tqrepae block copolymers with the
polystyrene macroinitiator, except the phosphonaantaining methacrylate monomer w@s
UMH)TOPBr. The addition of 20 units was targetétl NMR spectrashoweda 14.8 mot %
incorporation of phosphonium monomard 20unit addtion to the block copolymer'H NMR
(400 MHz, 25 °C) in CDGl U  (0.39:0r998, 1.1971.718, 1.7092.205, 2.258.703,
3.2894.455 6.2746.853, 6.8777.241 M, (NMR) equaled 26,000 g/mol. M(SEC) equaled
26,000 g/mol. N, equaled 36,000 g/mol with a PDI of 1.49P NMR (162 MHz, 25 °C,

v

referenced to fPO, extanal standard) in CD@l G  82p/p m)
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7.3.10Characterization

'H and*P NMR spectra wereollected in CDGJ and CRXOD on a Vaian 400 MHz
spectrometer operating at 400 add2 MHz respectively. Fast atom bombardment mass
spectrometry (FAB MS) was penfimed on a JEOL JM&IX-110 instrument in positivenode.
DSC was conductednder nitrogerwith a Perkin Elmer Pyris hstrumentat 20 °C/min. Values
from the second heatingf heat/cool/heat cycleare reported. TGA was instrumented under
nitrogen with a P&in-Elmer TGA 7instrumentand a heating rate of 10 °C/miAn ASI
REACTIR 4000instrumentwas used foin situ FTIR spectroscopy with a resolutiaierived
from 8 scans averaged every 8OAFM was performd on a Veeco MultiMode AFM with ems
of 4.0 andsetpointamplitudeof 3.3. Rheology was conducted am/&R 2000 with Peltier plate
geometry with 45 mm plates at 25 °&. Philips EM 420transmission electron igroscope
(TEM) with a120 kV maximum accelerating voltagad aCCD cameravas used. Samplesrf
TEM were placed in epoxy and microtomed into 70 nm slices that were collected over
DMSO/H,0 solutions.SAXS profiles were collected at the Army Research Laboratories (ARL)
with a pinholecollimated 3 m camera. Adltrax18 rotatingcopperanode generat@perated at
45 kV and 100 mAgenerated the Xays. Data analysis was completed with Igor #5d04B

from Wavemetrics, Inc

7.4Results and Discussion
7.4.1 Synthesis and Characterization of PhosphoniwBased Monomers

Quaternization reactions on polymerecursors have been used to synthesize

phosphoniurrbased methacrylates However, this methodbften does not provide 100%
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conversion as electrostatic repulsion of ionic units andicsteindrance canprevent the
quaternization ofill precursorunits in he polymef*® Unquaternized units produced from this
electrostatic repulsion during chemical modificationraredonty spaced along the main chifh
and direct synthesis of polymers by usirg methacrylatdased phosphoniwtontaining
monomer eliminateshese problemdt was anticipated that controlling thearge concentration
and distribution along the polymer backbomeuld beimportant forunderstanding structure
property relationships related tieermal?*** mechanicaf?> and antimicrobial evaldimn.>*

For this study, synthesis of hydroxgbntaining ionic liquid precursors and reaction with
isocyarate-containing methacrylates provided a unique route to hydrogen bonding monomers
with phosphoniumions. The quatanization of trioctylphosphine witbbromoalcohols to form

phosphonium ionic liquids proceeded through gRBrBechanismKigure7.1).

©
] . © Br
Poctyl)s + Br{CH-OH =8%°C . (oetyi),Pf-CH,}-OH
n n
2.130 °C
0.3 mmHg n=26

Figure 7.1. Synthesis of hydroxytontaining phosphonium ionic liquids, (a)}¥E)TOPBr and

(b) (6HH)TOPBr

Slow additionof 2-bromoethanol hekxd toprevent elimination of the hydroxgroupto
form water and a vinyl phosphonium salt. Abo
trioctylphosphonium bromide occu¢shapter 3, Figure 3.5)°° The reaction temperature must

be kept under 150 e?C* Symhesip ofésWMH)TOPBe broceededat i o n
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similarly. The phosphonium ionic liquid precursors were liquids at rtenperature as seen in

Figure 7.2and analyzed with DSC.

()

(2-hydroxyethyl)trioctylphosphonium bromide

(b)

Figure 7.2. Images ofroomtemperatug, hydroxyl-containing phosphonium ionic liquids, (42-

HE)TOPBr and (b)6-HH)TOPBr

DSC thermogram®f (2-HE)TOPBr indicated a melting point of 484 °C, and DSGracesof
(6-HH)TOPBYr indicated a melting point of 1218.0 °C. This trend of increasimgelting point

with increasing alkyl chain lengthwas expected anchas been reported previousfpr
phosphonium salf¥ The viscosity of the (@H)TOPBr is also higher than that of-(2
HE)TOPBr. The longer chain of the hexgdntaining phosphonium ioniajluid aicedin packing

of the salt im0 a crystalline lattice to increase the melting poirlso, hydroxyl hydrogen
bonding is more readily facilitated between phosphonium molecules with a longer spacer. With
the ethyl spacer, the hydroxyl is closer te fthosphorus center aivd closer proximity tothe

three, long, octyl chains. Lineéts of rheological curvesf the hydroxylcontaining precursors

in the linear viscoelastic regicand measuredith paralletplate geometry indicated a complex

viscosityof 7.5 Pa*s for (6HH)TOPBr and 4.5 Pa*s for (HE)TOPBr (Figure 7.3)
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¢ (6-hydroxyhexyl)trioctylphosphonium bromide, mp = 12.713.0AC
B (2-hydroxyethyl)trioctylphosphonium bromide , mp = 4.85.4/AC AC
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Figure 7.3 Rheology of hydroxytontaining phosphonium ionic liquids; Rheology: 45 mm
plate, Peltier Plate, 25 °C, DSC: 20 °C/otigy Rampi 90 or-80 to 25 or 30 °C

Synthesis of posphoniurdbased methacrylate monomers was achieved through reaction
of hydroxytcontaining salts with -Bsocyanatoethyl methacrylaté-igure 7.4). In situ FTIR
spectroscopy was used to evalwuate compl etion
Disappearance of the isocyanate group at 2300 to 2175acmh appearance of the urethane

carbonylfrom 1750 to 1700 cihwere monitored over time. K hours reaction was complete.
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Figure 7.4. Synthesis of methacrylateased phosphonium monomers, (a)2E)TOPBr and

(b) (6UMH)TOPBr
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Figure 7.5. In situ FTIR of the formation of ionic liquid methacrylatentaining phosphonium
monomer (BUMH)TOPBYr: (a) disappearance of the isocyanate group, (b) appearance of the

urethane carbonyl, (c) absorbance versus;tih$ REACTIR 4000 8 scans averaged every 30

seconds

198



