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ABSTRACT
This research focuses on creating and investigapolymer/organic bound
interfaces on nanoparticles with advanced architestto tailor the properties of polymer
nanocomposites for various applications. Reversibtilition-fragmentation chain
transfer (RAFT) polymerization and a toolbox of fage functionalization from the

simple to the advanced were developed to preparpdlymer nanomaterials.

In the first part (Chapter 2), a varief RAFT agents (xanthate, dithiocarbamate
and trithiocarbonate) were used to mediate therpetizations of several classes of free
radical polymerizable monomers. These monomersistoos styrene, methyl acrylate,
methyl methacrylate, vinyl acetate and isopreneickwihave different activities and
require different classes of RAFT agents to continel polymerizations. RAFT agents
containing the tertiary and-EWG R groups demonstrated excellent control oher t
molecular weights with little effect on the PDIs.ARIX agents and trithiocarbonate
RAFT agents containing the similar R groups gemergiolystyrene with a high PDI (~
2.0) and a low PDI (~ 1.1) respectively with cohtveer the polymer molecular weights.
These differences can result in either sharp oryfumterfaces on nanoparticles with
similar chain lengths and chain densities. A dithibamate RAFT agent exhibited
excellent control over the polymerization of virgdetate. In addition, trithiocarbonates
were used as thermally stable RAFT agents thatdcoddiate the polymerization of

isoprene with predictable molecular weights. Palgrene grafted silica particles are



expected to improve the dispersion of particlesuinber matrices, which is critical for
mechanical reinforcement.

In the second part, two classes ofewaluble polymers were grafted on
nanoparticles via surface-initiated RAFT polymeti@as. A new RAFT agent, 4-
cyanopentanoic acid N-pyrroledithiocarboxylate (€PDvas invented for mediating the
polymerization of N-vinylpyrrolidone. The synthesi$ poly(vinylpyrrolidone) (PVP)
grafted nanoparticles was confirmed by FTIR, TBANMR and TEM. The synthesis of
dye-labeled poly(methacrylic acid) (PMAA) graftatice nanoparticles was studied with
two methods. In the first method, “one-pot” cliGactions between azide attached silica
nanoparticles and alkyne functionalized molecubdkyfe based dye and 4-pentynoic
acid) were used. In the second method, surfacexsit RAFT polymerization ofert-
butylmethacrylate tBuMA) was conducted on dye-labeled CPDB coatedcasili
nanoparticles followed by sequential removal of ttnecarbonylthio end groups and the
tert-butyl moieties. Additionally, as a more straightfard strategy, direct
polymerization of methacrylic acid on silica nandjzdées with a diameter size as small
as 15 nm was conducted via the RAFT polymerizateminique. A variety of PMAA
brushes with different lengths and densities weepgred on nanoparticle surfaces with
excellent control.

In the third part (Chapter 5), a direaprecipitation of iron salts strategy was
used to generate superparamagnetic nanopartidiesavsaturation magnetization of 59.5
emu/g. A silica coating was applied and used tbil&ta the magnetic nanoparticles and
create a convenient platform for further functioraion. PMAA brushes were prepared

on the magnetic nanoparticles with an average dmmsze as small as 10 nm via



surface-initiated RAFT polymerization of methactylacid while maintaining good
dispersibility in solutions. The synthesis was aonéd by FTIR, TGA, VSM, TEM and
AFM. The polymer grafted magnetic nanoparticlesemamoved from water solutions
after antimicrobial testing using a magnet, therabgiding nano-based pollution of the
environment.

In the last part (Chapter 6), thefaue of silica nanoparticles was modified with
a variety of functionalities, from the simple toetladvanced. A series of luminescent
particles with different sizes were prepared. Dgleeled monolayer carboxylic acid
coated silica nanoparticles with a range of graghgities were synthesized and the
particles have strong fluorescence. It was showat tivhen the commonly-used
antibiotics, such as penicillin-G, were linked tarlwoxylic acid grafted silica
nanoparticles, their bacteriocidal efficiencies evancreased significantly, even to
antibiotic-resistant MRSA. We hypothesize that thereased antimicrobial activity is
ascribed to locally high concentrations of antilm®tbound to nanoparticles, which
overwhelms the resistance of bacterial strginr€yclodextrin grafted nanoparticles were
prepared to capture acyl-homoserine lactone madscul the bacterial quorum sensing
(QS) process. Advanced bimodal PEG and PMAA grafiatbparticles, and poly(MAA-
b-NIPAM) grafted particles were designed and pregpavéa the “grafting to” and
“grafting from” techniques. A new strategy of aqusdased surface functionalization of

particles with water soluble polymers was developed

Vi
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1.1 Reversible Addition-Fragmentation Chain Transfer Polymerization

Free radical polymerization has been widelgdutor industry applications due to its
advantages, such as being adaptable to variousmessand less strict polymerization
conditions! In addition, very high molecular weights of cemta@iolymers can be easily
achieved. However, free radical polymerizationssally accompanied with irreversible
termination resulting in a large amount of deadmh&rmed during the polymerization.
It also can not be used to build more complicatedenular architectures, such as block
copolymers and star-shape polymers. Thus, controfidical polymerization (CRP) was
developed to prepare polymers with controllable enolar weights, polydispersity and

sophisticated architecturés.

Reversible addition-fragmentation chain treansfRAFT) polymerization has been
recognized as an important reversible additioncadiolymerizatiofRDRP) technique
to prepare polymers with controllable molecular gi$ and low polydispersities since
its invention by Moad and co-workers in 199&RAFT polymerization has many
advantages, such as being adaptable to almoseallr&dical polymerizable monomers,
without participation of inorganic catalysts anddraperational conditions. Also in 1998,
macromolecular design by interchange of xanthates(1X) *° was reported by Rhodia
Chimie in France. MADIX and RAFT techniques operateidentical mechanisms, and
the only difference lies on the choice of Z sulbstitt of the chain-transfer agent (CTA)
structure. RAFT terminology indicates structures HIC(=S)-S-R generally, while

MADIX was named for xanthates only with Z = OZ'.

Being different from nitroxide-mediated polyrization (NMP§ and atom-transfer

radical polymerization (ATRP)the RAFT/MADIX technique uses a degenerative chain



transfer method to control polymerization, ratheart employing a persistent radical in
the systenf.One of unique features of the RAFT/MADIX technidaéts applicability to
functional monomers, such as vinyl acetate and riytvpyrrolidone. It has been
successfully applied in mediating polymerizatiofisaovariety of monomers under mild
conditions with controllable molecular weights, noav polydispersity and sophisticated
architectures.

Initiation

Monomer
l - ————— » Py°

Initiator
Pre-equilibrium

K dd Kfra .
P,r + Ss_S-R ___*¢_ S.._S-R __"™ . S.__S +
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Scheme 1.1 Mechanism of RAFT polymerizatfon.

The mechanism for a RAFT polymerization isvshdn Scheme 1.11n the initiation
stage, the initiators decompose into free radicahsch add to monomers and grow into
oligomeric propagating radicalsPA variety of initiation methods have been coneddct
for a RAFT polymerization, such as the thermaliaion’ photochemical stimulation by
ultraviolet light!® y radiation** and pulsed laser irradiatidhHowever, the most widely

utilized method is the thermal decomposition oficaldinitiators. Then, the addition of



P.- to the chain transfer ageri) (generates adduct intermediate radicd)s Which can
transfer back to the original statB or form a macro RAFT agenB)(by fragmentation.
Hence, the R ideally should be a good leaving amitiating group. After initiation,
polymer chains grow by monomer addition, and tregydly exchange between dormant
adduct transient radicalsd)( and the macro RAFT agenB)( The rapid exchange
guarantees that the growing radicals are at lovegrcentrations than the stabilized

intermediate radicalgl], thus minimizing termination.

In chain polymerization, chain transfer constC;) represents the ratio of the rate
constant of transfer ¢k to that of propagation gk Ci = ki/kp. As the transfer process for
CTA is associated with the both addition and fragtagon process, the ((X) is

expressed as Equation (3.
(&) = (ke/kp)[Kp/(Katkg)] 1)(

where k, kg and k, are the rate constant for addition, fragmentatsoml reverse addition
steps respectively. From the equation, it was knthah G,(X) is associated with the rate
constant of addition gk and the probability @(k.a+kp)) of fragmentatiort? The higher
the transfer constant, the faster for chain transfeequilibrium, then the closer the
experimental molecular weight is to the theoretmalecular weight.

1.2 Surface Functionalization of Nanoparticles

Surface functionalization of nanoparticlesesy appealing due to their applications in
coatings, biomedical engineering, organic light#ing devices (OLEDs) and
chemosensor¥. Surface functionalization plays a critical roletailoring the properties

of nanoparticles for applications, such as enhangadicle dispersion in polymer



matrices and the resulting optoelectronic propstienechanical properti€$§,improved
cellular internalizatiort! enhanced binding ability for therapeutic delivétyand

selective recognition to bio-systerfs.
1.2.1 Surface Functionalization with Small Molecule Ligands (SMLs)

Small molecules represent a significant claissnaterials which have been widely
used to modify surfaces and have many advantagels,as low molecular weights, easy
coordination onto nanoparticles, and easy procgssionditions:>* Compared to
macromolecules, the small size of these moleculdeemsurface functionalizations with
multiple ligands much easier. In this section, omlgn-charged SMLs for surface

modification will be reviewed and discussed.

A wide range of small molecule ligands (SMhbs)ve been coated onto nanoparticles
for applications in biosensing and drug delivér§® These ligands can alter the
nanoparticle’s stability, hydrophobic/hydrophilicoperties, zeta potential, cytotoxicity,

and the interactions with ceft&2°

Small molecules provide a repulsive layer artiple surfaces which can enhance the
stability of nanoparticles in suspension and miaennanoparticle aggregations. Two
factors should be considered while choosing SMissfabilization of nanoparticles, one
is the substrate particles, and the other onedsdibpersion solvent. Rotello and co-
workers have summarized the surface functionatimatif a variety of nanoparticles with
corresponding SMLS’ Generally, silane SMLs are used to modify Si@nopatrticles,
thio SMLs are suitable to coat Au nanoparticles @hdsphate based SMLs can be

employed to functionalize iron oxide and pi@anoparticles. In the nanoparticle surface



functionalizations, SMLs are bound to surfaces eieemical absorption or physical
absorption (hydrophobic/hydrophilic interaction3he dispersion solvents consists of
organic solvents and water. Choosing appropriateests with close polarity to the

dispersion patrticles is quite necessary to stargditicles.
1.2.2 Surface Functionalization with Charge Moieties

Surface modification on nanoparticles withrgjeal moieties was reported to load and
release drug® and affects the interaction between nanopartieles cell membrane
structures, which further alters the cell uptdk®ositive charge, negative charge and

zwitterionic moieties have been functionalized anaparticle surface¥.

Cationic compounds have been applied on stlestras important candidates of
antimicrobial agents in the past few decades. @uatg ammonium (QAY} is the most
important and commonly used cationic material tth kacteria. Matyjaszewski and
coworkeré? modified magnetic nanoparticles with poly(quateyremmonium) (PQA) to
kill E. coli with a retained 100% biocidal efficiency duringlet-cycles usage of the
nanoparticles. Klibanov and cowork&réunctionalized glass slides with poly(4-vinyl-N-
alkylpyridinium bromide) to kill airborne bacterian contact. The antimicrobial
properties of QA compounds are probably ascribetheointeraction with bacterial cell
membranes and further results in the disruptiothefmembrane¥.3® Carmona-Ribeiro
reviewed the specific functions of cationic matlsrihen interacting with bacterial cell

membranes and summarized the general steps faptin of cell membrane¥.

QA compounds can also be used as drug delivehicles to load and release

antibiotics. Leeet al. have demonstrated thatesoporous silica nanoparticles (MSN) can



be functionalized with surface positive chargesi¢tiver an anionic anti-inflammatory
drug, sulfasalazine, with controllable loading aetease by changing the pH vafie.
The positively charged surface was synthesized lppradensation reaction between
trimethylammonium (TA)-silane and tetraethoxysilafi@&0OS) of MSN. Sulfasalazine
was loaded into the nanoparticle and stayed infitlimework of MSN under acidic
conditions, and was sustainly released by eleettiostepulsion from the gradually

formed negative charge surface under neutral condit

Surface functionalization with negatively apedl compounds has also been widely
investigated for antimicrobial or other biomediagbplications. It was reported that
positively charged nanoparticles demonstrated highternalization while negatively
charged nanoparticles showed cell uptake by difftision3®%° Surface attached
anionic compounds can be employed as drug deliwehicles to kill bacteria. Riffle and
coworker§® modified FgO, nanoparticles with block copolymers PBARAA. The
unattached segments of PAA provide thousands ohancarboxylates which were used
to conjugate with cationic aminoglycoside antikgetivia ionic complexation for
therapeutic applications. The delivery vehicles @so be used to deliver moieties
ranging from antibiotics to metal ions. Anionic p@-sulfopropylmethacrylate) brushes
were prepared on a Si/Si@urface and employed to coordinate silver iongd@she
brusheg! The surface attached silver-coordinated brusheibited the growth of both

gram negative and gram positive bacteria.

Zwitterionic materials (also called inner salwvith one pair or multiple pairs of
positive and negative charges in the structurese Haen anchored on a variety of

surfaces. Surface attached zwitterionic materiasevshown to be resistant to bacterial



adhesion and biofilm formaticls. However, most of the applications of these surface
attached zwitterionic moieties are still in the intling field. These anchored
zwitterionic materials were found to be highly stant to protein adsorption. The two
main zwitterionic materials are based on sulfoletaiSB) and carboxybetaine (CB).
Thus, SB based sulfobetaine methacrylate and CBdbearboxybetaine methacrylate

materials have been widely investigated as antiiguhaterials**

Surface functionalization with different chargioieties can be characterized by zeta
potential testé? It reveals the surface electrical potential whiem be used to analyze
the stability in solutions. Generally, nanopartichkve demonstrated stable dispersions in
solution when the zeta potential is above £30 miVis Iwell known that the surface
charge can inhibit aggregation of nanoparticlesstburface modification to introduce

appropriate amounts of charges is an effective atkth store nanoparticle suspensions.
1.2.3 Surface Grafting Chemistry

Generally, surface functionalization of nantiges includes two strategies, namely
“grafting from” and “grafting to”. In the “graftingo” method, free molecules/polymers,
containing functional groups react with nanofilkrface functional groups to create a
covalent linkage. Due to steric hindrance, the tgdansity depends on the molecular

weight and flexibility of the molecules.

Silane coupling, phosphate coupling, and kclehemistry” can all be used for
“grafting to” a variety of nanoparticles, such a®Z* ITO,* and SiQ.***° Silane
coupling has been widely reviewgtf* More phosphate functional groups have been

used to attach molecules to the surface of titanfand barium titanat& In addition, the



use of copper-catalyzed azide-alkyne cycloaddiffmtick chemistry”) has become a
common tool for grafting to and can be used on melg synthesized using a variety of
method$®**° due to the easy preparation of clickable blockkyte and azido end-
capped moieties), high efficiency and specificityhe reaction. It does, however, leave a

copper catalyst in the mixture.

One technique that can be used to tailor thushes before attachment is RAFT
polymerization which is adaptable to almost allicatl polymerizable monomers. For
example, it can be used to prepare alkyne and aaidiscapped polymers for “click”
reaction or through the use of a trimethoxysilanataining RAFT agent to create a
polymer that can couple to the hydroxyl groups cammn metal oxide nanoparticles.

ATRP*! was also used to graft previously prepared triblmmpolymers to silicon wafers.

In the “grafting from” method, polymerizatiaminitiated on the nanofiller surface and
the polymer growsn-situ. This technique can generate a relatively higlft giensity due
to the absence of steric hindrance. A variety oftiled radical polymerizations (CRP),
such as ATRP, nitroxide-mediated polymerization ®Mand RAFT, have been
employed to graft a wide range of polymers fromfaes over a broad range of graft
densities with controllable chain lengths, polyeisity and morphology>® These
surface-attached polymers have well-defined andamckd structures, such as block
copolymers, branch copolymers, and star-shape molmnirhe first work of surface
functionalization using ATRP was reported by Wirmd co-workers in 1997.
Acrylamide was polymerized via ATRP on benzyl clder attached silica surfaces.
Then, Matyjaszewski and co-worket& significantly expanded grafting polymers from

surfaces via ATRP. The first report of surface tiomalization using NMP was in 1999



by Hawker and Russell on silicon wafétsSince the invention of RAFT in 1998, it was
firstly reported to modify surfaces by Tsejt al. in 2001%° They prepared the RAFT
agentin-situ by conversion of a surface-supported ATRP initidmlowed by surface
initiated RAFT polymerization of styrene. Brittaimnd co-worke® employed
azoundecylchlorosilane as the anchored initiatoinibate RAFT polymerization on
silica particles. Brittairet al®* also employed the “click” reaction to anchor RA&Jents
on silica particles to mediate the polymerizatidnstyrene and methyl methacrylate.

Benicewicz et al®®®®

employed a RAFT agent 4-cyanopentanoic acid di#mabate
(CPDB) to prepare a wide range of polymers frontaihanoparticle surfaces with a
variety of graft densities of 0.01 - 0.68 chains/nfthus, CRP methods are tremendously
important techniques for the “grafting from” methdd prepare polymer grafted

nanoparticles?>°

Usually, NMP requires high reaction temperguand ATRP generates residual
copper or other metals after polymerization whgkextremely difficult to be completely
removed. Thus, both NMP and ATRP have not been Iwidpplied on nanoparticle
surfaces for biomedical applications. RAFT, gergraémploying mild reaction
conditions without residual metal issues after pwyization, is adaptable to a variety of
functional monomer8 Due to the advantages of the RAFT technique, stiieen widely
applied for the surface functionalization of namipkes to conjugate lacto¥eand

peptides? to deliver therapeutic agefiteind siRNA™

Both “grafting to” and “grafting from” have ba demonstrated as effective methods
to graft monomodal polymer brushes on surfacessdIneethods have been reviewed by

Benicewicz'* Brittain,”* Matyjaszewski>’* and Perrief> In addition, these two
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strategies can work cooperatively to functionalimemoparticles with ligands from the

simple to the complex for various applicationssaswn in Figure 1.1>

Matrix compatibility

Nanoparticle with
superior intrinsic
properties

Figure 1.1 Surface functionalization of nanopagclfrom the simple to the compl&.

Recently, nanofillers with bimodal polymer bhes have been developed to decrease
the entropic interfacial tension between the gdatiad the matrix polymer brushes, and
suppress dewetting in polymer matricéghere are only a few reports on the preparation
of bimodal brush grafted surfaces. Minko al’® grafted two incompatible polymer
brushes, carboxyl-terminated polystyrene and pei#lipyridine), to silicon wafer
consecutively via a “grafting to” technique. ZhandaH€ "’ reported using a surface
anchored “Y” shaped initiator to consecutively cood ATRP and NMP for grafting
poly(acrylic acid) and polystyrene mixed bimodalthes on silicon wafer. Benicewicz

et al’® firstly reported preparing bimodal polymer brushes small size Si®
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nanoparticles (diameter: 15 nm), which is sigaifit for polymer nanocomposites
because bimodal brushes had previously only beaftegron silicon wafer or 150 nm
SiO, particles. Two rounds of surface-initiated RAFTypoerizations were used to graft
the bimodal polymer brushes. The original Si@anoparticles were reacted with 3-
aminopropyldimethylethoxysilane to form amino fuootlized SiQ nanoparticles
followed by the reaction with mercaptothiazolinehzated RAFT agent (CPDB) to
obtain RAFT agent coated nanoparticles. After thest fsurface-initiated RAFT
polymerization, the terminal dithiobenzoate moetys removed by treating with excess
amount of AIBN. The exact surface chemistry wasatpd one more time to obtain a
second population of polymer brushes. This synth&sategy can be widely employed to
prepare bimodal homopolymer brushes and mixed brusbn surfaces including

PS/PMMA, PS/PS, PMMA/PMMA (ipopulation/2® population of polymers).

For some nanofillers, such as FjATO, and CdSe quantum dots (QDs), ligand
exchange is an important strategy to prepare palymeshes that are firmly attached to
the nanopatrticles. In this process, weakly bountkeoubes are replaced by molecules that
can strongly bond to enhance the interactions beiwsirface attached polymers and
substrates. Oleic acid has been used as an impartdrcommon ligand in the synthesis
of many metal oxide nanopatrticles. It is quite fdipo stabilize the nanoparticles and
improve the dispersity in some organic solventsweler, oleic acid is a weak binder
and is usually replaced with a silane ageand phosphonic acid/phospHat& moiety to
obtain stronger binding. Schadkdral. reported using a phosphate-azide ligand to replace
oleic acid on TiG* andITO® surfaces, followed by further functionalizatioraVviclick

chemistry” on the new ligand. They also directhedigphosphate-terminated PDMS to

12



replace oleic acid on Ti$¥ and QD' surfaces. Long chain and short chain phosphate-
terminated PDMS chains were attached on QDs seallgrtb form bimodal PDMS-
brush-grafted QDs which demonstrated an excellésgedsion in the high molecular

weight silicone matrix.

Generally, oleic acid or oleylamine are addedstabilize magnetic iron oxide
nanoparticles in the preparation process. Howeawvémits the surface functionalization
of particles and reduces the dispersion of thagbestin hydrophilic media. Thus, ligand
exchange is quite necessary for further applicatmimagnetic iron oxide nanopatrticles.
Bronstein and co-workefs used N-(6-aminohexyl)-aminopropyltrimethoxysilane
replace oleic acid on iron oxide nanoparticlestabitize the particles. Binder and co-
worker$® employed 1,2-diols bearing-azido orm -bromo ligands to replace octylamine
or oleic acid ony-Fe,O; nanoparticles followed by post-functionalization tbie new
ligand to obtain fluorescent properties. Sun andiarker$® replaced oleylamine via
ligand exchange to convert the nanoparticles frgmrdphobic to hydrophilic for stable
dispersion in an aqueous environment. Hagbral®’ replaced oleic acid with various
hydroxyl group containing ligands followed by pdghctionalization for surface-

initiated ATRP polymerizations.

Ligand exchange is also an important tool dorface modification of nanocrystals.
Murray and co-workef8 used nitrosonium tetrafluoroborate to replace o#si™ or
oleylamine on nanocrystals to stabilize the nangiaty in various hydrophilic solvents

|89,90

and made the ligand exchange reversible. Talapia used metal chalcogenide

complexes to exchange ligands on nanocrystalstiegih a hydrophilic property.
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1.2.4 Characterization of Surface Functionalization

The characterization of ligand functionalizeahopatrticles is a critical component of
research on surface functionalities with monomoblimhodal, mixed bimodal and multi-
modal distributions. There are several factors tie&d to be well characterized in surface
ligand engineering. The first one is graft densiyvariety of small molecule ligand
functionalized nanoparticles have been analyzedgusieir unique UV-vis and/or IR
absorptions®* The amount of small molecules bound to the surfzoe be measured
guantitatively based on the comparison betweerabis®erbance of ligand functionalized
particles and a standard UV-vis absorption cunatedl from known concentration of
free ligands. The graft density of polymer graftemhoparticles can be determined by
TGA when the polymer brushes have a narrow lengdtniloution. The second factor is
grafting distributions. The polymer length distrilmin can be easily characterized by
GPC analysis of cleaved polymer chains. Howevee, tharacterization of spatial
distribution of the brushes on patrticle surfacesdseasy. Recently, significant progress
has been achieved in characterization of spatgilymetric and asymmetric distributions
of surface functionalitie¥® TEM so far is the main technique to qualitatively
characterize the asymmetric distribution of surfaretionalities > The third factor is
the morphology of surface grafted brushes. Theipenorphology of the brushes is
affected by the interactions between the brush taeddispersion solvent or polymer
matrix. The dimensions of the brush have been cleniaed by dynamic light scattering
accompanied with theory and simulatidhd® In benign solvents, the dimensions of the
nanoparticle-attached spherical brushes are ineagrst with the dimensions of free

chains in the same solverfs.In polymer matrices, small-angle neutron scatterin

14



(SANS) accompanied with selective labeling demanstt that there is a significant
reduction of the brush dimensions in the polymetrimaompared to normal organic

solvents!®® Kumar et all®

recently specifically discussed the characteratof
nanoparticle-attached brush structures in organigeats and polymer matrices. In
addition, the characterization involved in surfatgand engineering of polymer

nanocomposites has been reviewed by Kuthkno *°” Mittal,'° and Hussain®
1.3 Polymer Chemistry on Various Substrates

A wide variety of substrates have been modifee graft polymer chains by “grafting
to” or “grafting from” techniques. The functionatayps on substrates can be initiator;
chain transfer agents (CTA) that allow surfacerat#d (SI)-ATRP, Si-NMP and Si-
RAFT; or other groups required to couple with frggymer chain end groups. This
section will discuss the different surface chemastamong silica, metal oxides, gold,

carbon and polymer nanomaterials.
Silica Surfaces

Silica substrates, such as silica nanopastidéica gel, glass and quartz have been
extensively used to graft polymer brushes. A gdr&rategy to functionalize the silica
substrates is using organosilanes to incorporatetiftnal groups on nanoparticles
including amino, carboxylic acid, and bromo groupke further post-functionalization
can introduce initiator or CTA groups to mediataface-initiated controlled radical
polymerization. In this method, a condensation treadbetween silanol groups (Si-OH)
on silica surfaces and alkoxysilane or halogensilarolecules occurs resulting in the

formation of a Si-O-Si bond®®!1%12A series of mono- and tri-functional silanes have
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been widely employed, such as -Sg@& -SIM,OEt, -Si(OMe)} and -Si(OE®H.

Trifunctional organosilanes have been reporteddlgrperize with unreacted functional
silane moieties in water, which is not good to famonolayer of surface functionalized
groups'™® As a different approach, silane-containing indiator CTAs were employed to
directly modify silica surfaces. Benicewiet al developed a silane-containing RAFT
agent by a multistep synthesis to react with sllagmoups on the surface of silica

nanoparticles?®

Silica nanoparticles have been applied in dekvery of enzymes, antibiotics and
DNA.*** The biocompatibility makes silica nanoparticles ideal carriers for bio-
applications associated with the human body. Asrgortant class of silica materials,
mesoporous silicas have attracted huge interestse sits first synthesis by Mobil
Corporation researchers in 1992 Mesoporous silicas have been applied in the fiefds
catalysis and biomedical devices because of theque properties, pore morphologies
and easy surface functionalizatibA*'’ In the last few years, mesoporous silica
nanoparticles (MSN) particles have been used imétigery of bio-molecules, especially

drug molecule$!®

Metal Oxide Surfaces

Metal oxide nanoparticles provide unique props of local heating and magnetic
properties. The surface functionalization of theaeoparticles varies depending on the
nature of the substrates. The most widely used Inogide nanoparticles for grafting

polymers are iron oxide, titanium and aluminum aces.
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Alumina substrates have been functionalizeth varganosilanes to form Al-O-Si
bonds via a condensation reaction between Al-OHetres and organosilane agents. The
post functionalization can introduce an ATRP indraby coupling with 2-bromo-2-
methylpropionyl bromide for surface-initiated ATRpolymerization:*® Iron oxide
nanoparticles (R©,; and FeOs) contain various surface groups depending on the
synthetic recipes. Oleic acid containing iron oxmdoparticles can be functionalized by
ATRP initiators via a ligand-exchange process tesylin a surface-initiated ATRP
platform?°*** Carboxylic acids and phosphonic acids were usedbit@l FeO,
nanoparticles inspiring the development of a sesfanitiators or CTAs containing these
acids for surface binding followed by Si-CE# %' TiO, substrates have been modified
by organosilanes to form Ti-O-Si bonds on the s@$aor coordinated by acid
derivatives-*? Similarly, initiators containing organosilane wensed to functionalize
TiO, surfaces followed by SI-ATRP. An acid containingf agent has been used to
coordinate the surface of TiOnanoparticles for Si-RAFT with three indentified
approaches, namely monodentate, bridging or chelatidentate between carboxylic
acid moieties and the Ti atolff A series of other metal oxide nanoparticles hazenb

functionalized employing similar strategies asabeve three substrat&s:'*°
Gold Surfaces

The general strategy to functionalize goldapatticles is forming an Au-S bond on
the surface. The first strategy is preparing golahaparticlesin-situ under the
stabilization of polymers containing thio end grsupowe and coworket® reduced
several RAFT end group containing polymers and dd gprecursor complex

simultaneously in water resulting in a variety alymer stabilized gold nanopatrticles.
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The second strategy is preparing initiator or RA&Jent coated gold nanoparticles
followed by Si-CRP. Fukudat al.reduced HAuCt4H,0O and ATRP initiator containing
a disulfide bond simultaneously to prepare ATRPtiator functionalized gold
nanoparticles followed by SI-ATRB! Dithioesters or trithiocarbonates has been
reported to directly attach on gold substraté$his straightforward strategy provides a

simple tool to prepare polymer grafted gold nantgplas by Si-RAFT technique.

Carbon Surfaces

Generally, there is no functional group onbeoar nanotubes or nanoparticles. Thus,
the modification of the carbon nanomaterials nesdexidative activation with HN{or
H,SO, to introduce carboxylic acid moieties on the stefa The further conversion of
carboxylic acid with initiator containing groupsavan esterification reaction resulted in

ATRP initiator modified carbon nanotui&or nanoparticle$**

Polymer Surfaces

The surface functionalization of polymer namdenials varies depending on the
nature of the substrates. Generally, there are dategories of the substrate polymer
surfaces, namely functional group containing anertippolymer nanomaterials. The
strategy to modify functional group containing puolr substrates is either converting
these groups with initiators/RAFT agents followgd3s-CRP or coupling with other free
functional group containing polymers. Cellulosehnlitydroxyl groups were coupled with
ATRP initiators by condensation reactidisHalogen and epoxide containing polymer

substrates were treated with sodium N,N-diethylddarbamate and carboxylic acid
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containing ATRP initiators respectively to incorate initiators and/or RAFT agents on

surfaceg?®

The inert polymer substrates need to be @ttdeto incorporate functional groups on
the surface followed by the above-mentioned strasegr directly used as a platform for
growing polymers employing irradiation or plasmage&dures. The pretreatment method
varies depending on the inert polymer substratest €&xample, polypropylene,
poly(tetrafluoroethylene) (PTFE), and rubbers wenbjected to ozone treatmérit,
hydrogen plasma/ozor&® and NaOH/KMnQ** respectively. The newly generated -OH
groups on the polymer substrates can be postfuradized with initiators or RAFT
agents followed by SI-CRP. An alternative stratémyrow polymers on inert polymer
substrates employs irradiation or plasma techniquids y-radiation and plasma have
been employed to generate radicals on poly(vingkdituoride), polyethylene and PTFE

surfaces followed by Si-RAFT or Si-ATRP to grow yolers:4%-14?

1.4 Water Soluble Polymers

Water soluble polymers have been applied imbrane transpoft?® coatings** and
biomedical area¥’> These polymers offer water solubility to nanogdes when they are
grafted on nanoparticles, which is very appealiog ihdustrial applications. In this

section, the main categories of water soluble pehgiFigure 1.2) will be discussed.
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Figure 1.2 The structures of several categoriegabér soluble polymers.

Poly(ethylene glycol) (PEG), a hydrophilic ywoler generally used to enhance the
water solubility of materials, is a significant poler material that has been used in
bioapplications due to its unique properties, ideig exceptional biocompatibility and
non-toxicity*® Surface coating with PEG prevents protein absompgind minimizes cell

147 The surface anchored PEGs have also been

attachment as antifouling materiaf
reported to prevent protein absorption, enhanceulation time, improve tumor

targeting, and increase stabilization in salt $ofs*®**°

pH responsive water soluble polymers usualiytain ionizable groups in the
structures. They can protonate and deprotonater whifierent pH conditions. Generally,
there are two classes of pH responsive water slpblymers, namely polyacids and
polybases. The representatives of polyacids arey(aollic acid) (PAA) and
poly(methacrylic acid) (PMAA). Both of them contamultiple carboxylic acids which

can be used to chemically or physically bind smradlecules, thus they have been coated
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on nanoparticles to kill bacteria as antibioticigisly materials’®**! The representative

polybase is PDMAEMA. It has also been applied oniédical devices??*>*

The representative temperature-responsive wateublsol polymer is poly(N-
isopropylacrylamide) (PNIPAAm), which alters its nformation under different
temperature conditions. When the temperature ikenighan the lower critical solution
temperature (LCST), the PNIPAM transits from a damlhydrated phase to a shrunken
dehydrated phagg>***PNIPAAmM has a LCST around 32 in water, which is suitable
for applications of drug delivety**®and bio-separatioris?**° PDMAEMA is another
important temperature-responsive water solublerpetywith a LCST around 4%C in

water at pH 8.8%11%The LCST varies at different pH values.

Poly(vinyl pyrrolidone) (PVP), a very importawater soluble polymer, has been
applied in the biomedical area and cosmetic ingudtre to its nontoxic and nonionic
characteristics, and its biocompatibiltfj.It is particularly attractive in the drug delivery
field for its abilities to conjugate active biomolges and prolong the circulation lifetime
of antibiotics in blood®® Although PVP has been synthesized via free radical
polymerization of N-vinylpyrrolidone (NVP%* the preparation of PVP with great
control on polymer chain length and architecturdasirable and extremely important for
biomedical applications. NMP, ATRP and organocoebsddiated radical polymerization
(OMRP)®* have demonstrated no effect or very little effafter careful design and
operation, on the mediated polymerization of NVRuioontrolled manner. The reason is
the special polar lactam structure in the monoméich interacts with the catalysts and

further interrupts them in these polymerizationtsyss.
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1.5 Resear ch Outline

The goal of this research was to functionalimnoparticles with new surface
chemistries to obtain desired properties for vagiapplications. The beauty of polymer
grafted nanopatrticles is that the properties ofdhiposites can be tailored by choosing
different substrate nanoparticles and polymer shélhus, surface functionalization is
critical to prepare the composite materials and alsll affect the dispersion of
nanoparticles in small molecule or polymer matrisdgch would further influence the
properties. This research would be helpful to ustded the structure-property

relationship of polymer grafted nanopatrticles.

The first part of this work (Chapter 2) is @gsand synthesis of RAFT agents to
mediate the polymerizations of main classes of fietical polymerizable monomers,
such as styrene, methyl acrylate, methyl methateryhinyl acetate and isoprene in
solutions and on nanoparticles. There is no unatdR&FT to control the polymerization
of all monomers. Thus, a variety of RAFT agentghsas xanthate, dithiocarbamate and
trithiocarbonate were employed for monomers witfiedent activities. The effects of
different R groups were investigated and it washtbthat tertiary and-EWG R groups
were effective for controlling molecular weight.rfB8e RAFT agents were able to control
the molecular weight but with high PDé.g. PDI = ~2.0), which was helpful to design
polymer grafted nanoparticles with broad PDI to iioye the dispersion of these
nanoparticles in polymer matrices by overcoming lites of interface entropy. New
polymer chemistries were also developed for coltigplthe polymerizations of vinyl
acetate and isoprene. Polyisoprene grafted silawticies are expected to improve the

dispersion of particles in rubber matrices, whelritical for mechanical reinforcement.
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The second part of this work (Chapter 3 ands 4jrafting water soluble polymers on
nanoparticles. In Chapter 3, a new RAFT agent waseldped to control the
polymerization of N-vinylpyrrolidone on silica naparticles, which has not been
previously reported in the literature. The as-sgaithed poly(vinyl pyrrolidone) grafted
nanoparticles may have many applications in themaerobial area. In Chapter 4, dye-
labeled and poly(methacrylic acid) grafted nanopias were prepared via two new
classes of chemistries. The direct RAFT polymeiarabf methacrylic acid on small size

nanoparticles provides a new window to preparegdponsive nanocomposites.

The third part of this work (Chapter 5) is gysis of poly(methacrylic acid) grafted
superparamagnetic nanoparticles. An effective ntktias used to prepare &r/SiO,
superparamagnetic nanoparticles with sizes as lswiGa nm and a high saturation
magnetization using very mild synthetic condition$ie direct surface-initiated RAFT
polymerization of MAA was conducted on very smalkes FgO,/SiO, magnetic
nanoparticles while maintaining good dispersibility solutions. The as-synthesized
magnetic nanoparticles can be used as a recyghtdiferm in the biomedical area thus

avoiding nano-based pollution of the environment.

The last part of this research (Chapter 6)susface functionalization of silica
nanoparticles with a strategy of “from the simpte the advanced”. A variety of
functionalities were precisely built on nanopadgl and the resulting tailored
architectures exhibited different properties. Thepde surface functionalization consists
of coating small molecules, such as fluorescens dyel carboxylic acids onto particles

while the advanced surface modification consistsbloick copolymers and bimodal
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polymers with tailored graft densities. In additioa new strategy of surface

functionalization of particles with polymers in watvas developed.
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CHAPTER 2

DESIGN AND SYNTHESIS OFRAFT AGENTS FORMEDIATING POLYMERIZATION

OF VARIOUS MONOMERS

2.1 Introduction

Weak single bond

, S S-R R—S. SR ———~ R-—S S .
R- + Y — Y — \( + R
7 T

Reactive 5 z z
double bond T llzésinarerfcr,eesradlcal R-must also
g group be able to reinitiate

Z modifies addition and polymerization
fragmentation rates

Figure 2.1 Process of radical addition to thiocasiéhio chain transfer agents (CTA)

and fragmentatioh.

RAFT agents play an extremely significant role iIARR polymerizations. As shown
in Figure 2.1, it contains R and Z groups in thecture® For an effective RAFT agent,
R should be a good leaving group to facilitate thpid fragmentation and must be
effective in reinitiating polymerization to guarasteffective chain transfer. The Z group
activates the thiocarbonyl bond to radical additeomd provides the stability for the

adduct radical (Figure 2.1).

The R group of RAFT agents can greatly affect thietrol of molecular weight while
the Z group can influence the PDI of polym&FsGenerally, increasing the substitution

and stability of the R leaving group increasesdhain transfer constaftThis explains
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why tertiary R groups usually facilitate controlesvthe polymerization of a variety of
monomers. All of these modifications and effects ¢@ understood in terms of the
radical stability of the radical leaving group. TBegroup affects the polydispersity of
polymers by changing the electron density of thiecdrbonyl in the CTA. Usually,
conjugation is a effective method to greatly affdwt electron density of C=S bond. Z
groups possessing lone-pair donors such as ORAN&R SR increase the stability of the
CTA, reduce the addition rate constant of radigadht thiocarbonyl, and further enhance
the PDI via the conjugation effect between the Ipag electrons on oxygen, nitrogen or
sulfur atom and the thiocarbonyl. PDIs of polymets;h as polystyrene and poly(methyl
methacrylate), mediated by MADIX agents, are uguaigher, varying from 1.5 to 2.4,
compared to those mediated by dithiobenzoate bR#&el agents:? It was observed

that the PDI for polystyryl chains is around 2 layctlation from the formulalj:®*
PDI = 1+1/G(PX) 1X

As introduced above, the proper design of the RZaadbstituents as well as choice of
monomer determine the control of molecular weightl #DIs. Other items, such as
temperature, solvent, feed ratio between speciesilghalso be considered when
designing and operating RAFT polymerization. Magtdal. reviewed the appropriate

selection of various Z and R groups to differennomers:

In early results of nanocomposite systems usingnpet grafted nanoparticles, the
dispersion of the particles in polymer matrices wasally pooP. This behavior can be
controlled by understanding the effects of surfgadted brush molecular weight, matrix

molecular weight, and the chain density on the am@fof the nanoparticles on
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interactions between particles and matrix. An ingatr reason underlying the polymer
grafted nanoparticle phase separation from matrgct®e loss of entropy associated with
the interface. Broadening the brush/matrix intesfé& a potential method to overcome
the loss of interface entropy, which can be implet®@ by using widely distributed

polymer chains on the nanopatrticle surface.

It is known that under the same conditions, paldity with commonly used
monomers, such as styrene and methyl acrylate,Pis of these polymer chains
mediated by xanthates or dithiocarbamates are rlathan that mediated by
dithiobenzoate based RAFT agehtdn general, the former is 1.5-2.4, while the lager
around 1.2 or even smaller. Hence, we are motivdateddevelop xanthates and
dithiocarbamates to mediate the RAFT polymerizatiom nanopatrticle surfaces to form
relatively high polydisperse polymer chains. Itasticipated that these surface-attached
brushes with high PDI will significantly alter thateractions with polymer matrices

resulting in better dispersion of the polymer grdfhanoparticles.

The click reactionazide-alkyne Huisgen cycloaddition) has been widelgd as an
efficient method to connect different moleculesbiwcks® Our initial design targeted
RAFT/MADIX agents containing alkyne or azide maasti which can be easily anchored
on the corresponding azide or alkyne functionalimadoparticles via the click reaction,
as shown in Scheme 2.1. There are two methodstathatg a RAFT agent on the
surface of nanoparticles via click chemistry. Thestfone is using a RAFT agent
containing azide moiety, which then was reactedhwatkyne functionalized silica

nanoparticles using the click reaction (Scheme&).1The second method is employing a
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RAFT agent containing alkyne moiety, which then weected with azide functionalized

silica nanoparticles (Scheme 2.1, b).

X

Koy §
o Z l

_ %‘OW + Xanthate agent X X 'Grafting From" 1

B — > jf —————>

o Click Chemistry " g VL""X Polymerization /) \
X
| s

X: RAFT Agent:
gen Z)J\SMWWMNS

X
N3
N E X J»‘Jx
3 N3
J\"r + Xanthate agent X Vv X "Grafting From" r\
Na N3 ¢ > O |:(>
‘JJJ U, Click Chemistry 5‘55 g X Polymerization / ) \
N é Na X
3
N s

X
X: RAFT Agent: zJ\smme
Scheme 2.1. Two methods of immobilization of RARJEIats containing alkyne or azide
moieties on silica nanoparticles via the click te&ac and subsequent surface-initiated
polymerizations.

Polyisoprene has been recognized as an impoctass of rubber materials for the
automotive industry since its first applicationi817’ Polyisoprene has been prepared
by anionic, cationic, and radical polymerizatidi§ However, few people have reported
the RAFT polymerization of isoprene in a controliednner:’*? Silica particles have
been used to improve the mechanical properties ulifber materials, such as
polyisoprene? However, bare silica particles are usually agglates! in polymer rubber
matrices due to the incompatibility. Even thoughtipke surface functionalization, such
as silane chemistry modification, has been conductte improve the dispersion of

particles, the effects were still limited. In tlw®rk, we report the surface-initiated RAFT

polymerization of isoprene on silica nanopartidesobtain polyisoprene grafted silica
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nanoparticles with controllable polymer chain ldérsgt These polyisoprene grafted
particles are expected to disperse well in polymatrices even at high particle loading,

which could find applications in the rubber indystr

2.2 Experimental
2.2.1 Materials

All chemicals were obtained from Fisher or égrand used as-received unless
otherwise specified. 4-Cyano-4-(dodecylsulfanyltiaidonyl)sulfanylpentanoic acid was
obtained from Strem Chemical Inc. Aminopropyldimg¢thoxysilane was obtained
from Gelest and used as-received. Styrene, meththiawrylate and methyl acrylate were
purified by passing through an activated neutraimaha column. AIBN was

recrystallized from methanol before use.
2.2.2 Instrumentation

'H NMR (Varian Mercury spectrometer 300/400) was craried using CDGlor
CD;OD as the solvent. Molecular weights and PDI westendnined using a gel
permeation chromatography (GPC) equipped with at3REC pump, a 2410 refractive
index detector, and three Styragel columns. Thenoos consisted of HR1, HR3 and
HR4 in the effective molecular weight ranges of -B000, 500-30000, and 5000-500000,
respectively. The GPC used THF as eluent at 30ntCaaflow rate of 1.0 mL/min and
was calibrated with poly(methyl methacrylate) olystyrene standards obtained from
Polymer Laboratories. Samples were filtered throomtrofilters with a pore size of 0.2
um before injection. Infrared spectra were recordgtth a PerkinElmer Spectrum 100

spectrometer. UV-vis spectra were measured witlerkif-Elmer Lambda 4C UV-vis
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spectrophotometer. TEM images were examined usingitachi 8000 transmission
electron microscope with an operating voltage d® R¥. Carbon-coated copper grids
were used to prepare samples by dropping sampleigmd on the grids followed by
drying in a fume hood before use. TGA measuremeas wonducted using a TA
Instruments Q5000 with a heating rate of 10°C/momf 25°C to 1000°C under nitrogen
flow. Differential scanning calorimetry (DSC) measment was conducted using a TA

Instruments Q2000 under nitrogen flow.
2.2.3 Synthesis of O-ethyl S-prop-2-yn-1-yl carbonodithioate

Phosphorus tribromide (14.16g, 0.052 mol) added dropwise to propargyl alcohol
(8.04 g, 0.143 mol) cooled in an ice bath. The tieacsolution was then stirred at'O
for 2 hours and at room temperature for 1 hour. Mindure was diluted with 100 ml of
water and then went through extraction with pent@%0 mL), drying with anhydrous
magnesium sulfate, filtration and followed by comication. The crude compound was
purified via silica gel column chromatography uspentane as an eluent. After removal
of the solvent, the colorless oil product was ai#di A THF suspention (10 mL) of
Potassium ethyl xanthogenate (1.00g, 6.00%a®|) and propargyl bromide (1.02g,
7.00x10° mol) was stirred at rt overnight under dark enminent. After filtration of the
formed precipitate, the resulting solution was abtte100 mL water. The solution went
through extraction with diethyl ether (3x30 mL),yuhg with anhydrous magnesium
sulfate and followed by filtration. The compound smvaurified via silica gel column
chromatography using pentane as an eluent. Aftaoval of the solvent, a pale-yellow
oil was obtained and dried under vacuum to constaight (0.81g, 81% yieldfH NMR

(300 MHz, CDC}): 6 (ppm) 1.40 (t, 3H, CH), 2.20 (t, 1H, CH), 3.86 (d, 2H, GB), 4.64
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(q, 2H, CHO). **C NMR (400 MHz, CDGJ): § (ppm) 13.67 (CH), 24.25 (CHS), 70.2

(CH0), 71.57 (CH), 77.65 (C), 211.92 (C=S).
2.2.4 Synthesis of 1-azido-6-hydroxyhexane

1-Chlorohexanol (6.83g, 0.05 mol) and sodium az{@&0g, 0.10 mol) were
dissolved in 50 ml water. The resulting solutiorsvetirred at 80 °C for 12 h. The cooled
solution went through extraction with diethyl eti@<50 mL), drying with anhydrous
sodium sulfate and followed by filtration. Aftermeval of the solvent, a colorless liquid
was obtained and dried under vacuum to constarghwvéyjield, 7.04g, 98.4%fH NMR
(400 MHz, CDC}): 6 (ppm) 1.40 (m, 4H, Ch), 1.51-1.62 (m, 4H, C}), 3.27 (t, 2H,

CH>-N3), 3.63 (t, 2H, CHO).
2.2.5 Synthesis of 6-azidohexyl 2-((ethoxycar bonothioyl)thio)-2-methylpr opanoate

A THF solution (25 mL) ofa-bromoisobutyryl bromide (16.69g, 72.63mmol) was
added dropwise to a solution of 6-azido-1-hexan@l054g, 49.26mmol) and
triethylamine (7.35g, 72.63mmol) in THF (45mL) aocdbled in ice bath. The resulting
solution was then transfered to room temperatuk sinred for 1 hr. Then, 10 mL
methanol was added and the formed triethylammoniwomide salt was filtered off.
After removal of the solvent, the product was diesd in methylene chloride followed
by washing with a saturated ammonium chloride smhuftwo times) and DI water (two
times). After drying with anhydrous sodium sulfdtiration, and removal of the solvent,
the crude yellow oil was purified via silica colunshromatography (hexane/ethyl
acetate, 20/1). A colorless oil was obtained anelddunder vacuum to constant weight

(yield: 11.351g, 78.9%}H NMR (400 MHz, CDCY): J (ppm) 1.41 (m, 4H, Cb), 1.52-
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1.82 (m, 4H, Ch)), 1.94 (s, 6H, C(CH>), 3.27 (t, 2H, CHNg), 4.17 (t, 2H, CH-O-

C(=0)).

A DMSO solution (45 mL) of 6-azidohexyl 2-bror2-methylpropanoate (9.525g,
32.60mmol) and 3-fold excess of potassium ethylthate (15. 68g, 97.82 mmol) was
stirred at rt overnight. The resulting solution veaikled to 100 mL water. After filtration
of the generated white precipitate, the solutiors watracted with diethyl ether (3x50
mL), drying with anhydrous sodium sulfate and faléa by filtration. After removal of
the solvent, the product was purified via silicduoon chromatography (hexane/ethyl
acetate, 20/1). A yellow oil was obtained and dngaler vacuum to constant weight
(9.18g, yield 84.5%)*H NMR (400 MHz, CDCY): 6 (ppm) 1.40 (m, 4H, Ch), 1.48 (t,
3H, CH), 1.51-1.82 (m, 4H, C}), 1.67 (s, 6H, C(CH),), 3.26 (t, 2H, CHN3), 4.11 (t,
2H, CH-O-C(=0)), 4.62 (g, 2H, CHD). °C NMR (400 MHz, CDG): 6 (ppm) 14.1,

25.4, 25.6, 26.5, 28.7, 30.3, 50.1, 50.3, 65.61,7072.4, 215.5.
2.2.6 Synthesis of O,0O-diethyl bisxanthate

3.17 g iodine was added slowly into a watdutsan (10 mL) of potassiun®-ethyl
xanthate (4.01 g, 0.025 mol). After stirring fohes, the product went through extraction
with hexane (3 x 20 mL) and washing with 5% sodthmsulfate solution (2 x 10 mL).
The hexane layer was dried with anhydrous sodiulfatsuand followed by filtration.
After removal of the solvent, the product was padfvia silica column chromatography
(100% hexane). A yellow solid was obtained andddtieder vacuum to constant weight
(2.87g, yield=94.5%)*H NMR (400 MHz, CDCJ): § (ppm) 1.42 (t, 6H, CH), 4.66 (q,

4H, CHy).
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2.2.7 Synthesis of S-(2-cyanopropan-2-yl) O-ethyl carbonodithioate

A toluene solution (40 mL) 0oD,0-diethyl bisxanthate (1.43 g, 5.9%1Gnol) and
AIBN (1.21 g, 7.35x18 mol) was purged with Nor 30 min then stirred at 80 °C. After
2 h an additional amount of AIBN (0.8 g, 4.87%1fiol) was added. The reaction was
stopped after 7.5 h. After removal of solvent, pneduct was purified via silica column
chromatography (hexane/ethyl acetate: 95/5) (1.83g} % vield).*H NMR (400 MHz,
CDCL): 6 (ppm) 1.55 (t, 3H, Ch), 1.76 (s, 6H, C(CH).), 4.74 (g, 2H, CkD).

2.2.8 Synthesis of (4-cyano-4-diethyldithiocarbamyl) Pentanoic Acid (CDPA)

Tetraethylthiuram disulfide (7.62g, 25.7 mmalhd 4,4’-azobis(4-cyanopentanoic
acid) (10.0 g, 35.7 mmol) were dissolved in 100 aethyl acetate. The reaction solution
was heated at 75 °C for 18 h. Then solvent was veth@nd the crude product was
purified via silica gel column chromatography (heea ethyl acetate = 3:2). The product
was obtained as a yellow liquid (yield: 11.0 g, 78% NMR (300 MHz, CROD): &
(ppm) 1.26 (t, BHCHCH,), 1.89 (s, 3HCH3C(CN)), 2.42 (t, 2HCH,C(CN)), 2.61(t,

2H, CH,-C(=0)-0), 3.76-4.00 (m, 4HZHN).
2.2.9 Activation of CDPA

CDPA (4.14 g, 15.1 mmol) and 2-mercaptothigmol(1.80 g, 15.1 mmol), and
dicyclohexylcarbodiimide (DCC) (3.74 g, 18.1 mmaiere dissolved in 40 mL dry
mixture of dichloromethane and THF (dichloromethaféHF = 1 : 1), followed by the
addition of dimethylaminopyridine (DMAP) (183.4 mgd,50 mmol). The resulting
solution was stirred at rt for 6 h. After removdltbe solvent, the crude product was

purified via silica gel column chromatography (hesa ethyl acetate = 4:13H NMR
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(300 MHz, CDCY): § (ppm) 1.28 (t, BHCH3CH,), 1.95 (s, 3HCHSC(CN)), 2.63 (t, 2H,
CH,C(CN)), 2.75 (t, 2HCH,-C(=0)-0), 3.32 (t, 2HCH,SC(=S)), 3.60-4.06 (m, 4H,

CH,N), 4.59 (t, 2H, C(=0)IgH,).

2.2.10 Activation of 4-Cyano-4-(dodecylsulfanylthiocar bonyl)sulfanylpentanoic acid

(CDSS)

CDSS (0.81 g, 2 mmol) and 2-mercaptothiazolif®e24 g, 2 mmol), and
dicyclohexylcarbodiimide (DCC) (0.52 g, 2.5 mmol)ens dissolved in 20 mL
dichloromethane followed by the addition of 4-dimgaminopyridine (DMAP) (24.4
mg, 0.2 mmol). The resulting solution was stirrédrtafor 6 h. After removal of the
solvent, the crude product was purified via silggd column chromatography (hexane :
ethyl acetate = 4:1). The yellow product was dogdrnight under vacuum (yield: 0.72g,

71.3%).
2.2.11 Synthesis of CDPA Functionalized SiO, Nanoparticles

A THF stock solution (2.8 mL) of activated CBF63.97 g/L) was diluted in ~20 mL
dry THF. A THF solution of amino-functionalized is& nanoparticles (approx. 1.5 g)
was added slowly to the above activated CDPA swiuéind the resulting mixture was
stirred at rt overnight. After the reaction, théusion was precipitated into cyclohexane
and ethyl ether mixture. (200 mL, cyclohexane yke#ther = 4 : 1), centrifuged at 3000
rom for 5 minutes, and redispersed in dry THF. Tiscedure was repeated several
times until the supernatant solution was colorlegter centrifugation. The final

nanoparticles were dried under vacuum at rt fahfmrusage.
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2.2.12 Synthesis of CDSS Functionalized SiO, Nanoparticles

A THF stock solution (2.6 mL) of activated C®$1L7.72 g/L) was diluted in 25 mL
dry THF. A THF solution (15 mL) of amino-functiomzéd silica nanoparticles (approx.
1.5 g) was added slowly to the above activated CB@&ion and the resulting mixture
was stirred at rt for 6h. After the reaction, tisdusion was precipitated into cyclohexane
and ethyl ether mixture. (300 mL, cyclohexane yke#ther = 4 : 1), centrifuged at 3000
rom for 5 minutes, and redispersed in dry THF. Tiscedure was repeated several
times until the supernatant solution was colorlefier centrifugation. The yellow

nanoparticles were dried under vacuum at rt fahfmrusage.
2.2.13 Polymerization of Styrene Mediated by RAFT/MADI X Agent

Styrene (3.47 mL, 30.33 mmol), O-ethyl S-p&pn-1-yl carbonodithioate (16.2 mg,
0.1013 mmol) and dry THF (4 mL) were added to ar5Schlenk flask. AIBN (1.011
mL, 10mM in THF) was added and the solution wasadegd by four freeze-pump-thaw
cycles, filled with nitrogen, and then placed in@hbath of 70 °C for various intervals.

The polymerization was stopped by quenching théeB&flask in ice water.
2.2.14 Polymerization of Vinyl Acetate Mediated by Dithiocarbamate RAFT Agent

Vinyl acetate (776.5 pL, 8.425 mmol), CDPABR5 mg, 1.685x1®mol) and anisole
(0.594 mL) were added to a Schlenk tube. AIBN (@.88., 5 mM in anisole) was added
and the solution was degassed by three freeze-phoawp-cycles, filled with nitrogen,
and then placed in an oil bath of 80 °C for varimtgrvals. The polymerization was

stopped by quenching the Schlenk tube in ice water.
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2.2.15 Bulk RAFT Polymerization of |1soprene

Isoprene (0.5 mL, 5.0 mmol), CDSS (4.04 mg, 10.0oplrand dicumyl peroxide
initiator (0.54 mg, 2.0 umol) were added to a 15 Bdhlenk tube. The mixture was
degassed by three freeze-pump-thaw cycles, filliélal mitrogen, and then placed in an oil
bath of 115 °C. The polymerization was stopped bgnghing the Schlenk tube in ice
water.

2.3 Results and Discussion
2.3.1 Synthesisof RAFT/MADIX Agents

Four O-ethyl (Z group) based MADIX agents weymthesized, as shown in Figure
2.2. The classic method to synthesize ethoxyl bada®I1X agents is employing the
coupling reaction between ethyl xanthogenate gataSsium or sodium) and halogen

based R group.

S S S CN j\ CN
/\oJ\s/\\\ /\OJ\SX(O\/\/\/\ Na /\OJ\S ~o S)\©
o)

Figure 2.2 The structure of O-ethyl S-prop-2-yntkgrbonodithioatel), 6-azidohexyl
2-((ethoxycarbonothioyl)thio)-2-methylpropanoat®), (S-(2-cyanopropan-2-yl) O-ethyl
carbonodithioate3d) and S-(cyano(phenyl)methyl) O-ethyl carbonodiditeod).

The synthesis of alkyne-based MADIX agent Oykt S-prop-2-yn-1-yl
carbonodithioate was conducted according to SchzghePropargyl alcohol was reacted
with phosphorus tribromide to generate proparggihide, which then was reacted with
a xanthogenate to form the yellow O-ethyl S-progazt-yl carbonodithioatelj. The

synthetic strategy has a high efficiency with aldjilast step) of 81%. Th&H NMR
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(Figure 2.3) and®C NMR (Figure 2.4) spectra reveal the successfuh&ion of O-ethyl
S-prop-2-yn-1-yl carbonodithioate. The alkyne-basd&d-ethyl S-prop-2-yn-1-yl
carbonodithioate can be easily anchored on azidetibinalized nanoparticles via “click”

chemistry, which allows for further surface-inigdtRAFT polymerization.

S
Py )J\ CHIC) S
\/OH + PBr; rt2h \/Br + 0" §°K Py
- /\
rt, THF 0T

(81%)

Scheme 2.2 The synthetic strategy of xanthate @-8tprop-2-yn-1-yl
carbonodithioate.
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Figure 2.3'H NMR spectra of O-ethyl S-prop-2-yn-1-yl carbortbibate.
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Figure 2.4°C NMR spectra of O-ethyl S-prop-2-yn-1-yl carboribitiate.

The preparation of azide-based MADIX agent?) ( 6-azidohexyl 2-
((ethoxycarbonothioyl)thio)-2-methylpropanoate (A¥MCwas conducted according to
Scheme 2.3. 1-Azido-6-hydroxyhexane was first preghaby reacting 1-chloro-6-
hydroxyhexane with sodium azide. This aqueous baeadtion has a high yield of
98.4%. The subsequent esterification cebromoisobutyryl bromide with 1-azido-6-
hydroxyhexane gave the oil 6-azidohexyl 2-bromo-&hylpropanoate in good yield
(78.8%) under mild reaction conditions, which wasfamed by the'H NMR spectra
(Figure 2.5). It was then reacted with potassiulmylekanthogenate to generate the
MADIX agent 2 AECM (yield: 84.5%). TheéH NMR (Figure 2.6) spectra reveals the
successful formation of AECM. The azide-based MARI¥ent2 AECM can be easily

attached on alkyne functionalized nanoparticles“gi@k” chemistry. This strategy can
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be employed to graft polymer brushes on nanopastigia both “grafting from” and

“grafting to” techniques.

80°C 12h Br
>SS OH + NaNg T T NS SO B>§(

H,0 0
THF, TEA
0°C - 25°C

S 0
CHCI
/\O)J\S><H/O\/\/\/\N3 4—3 KS)J\O/\ + N3\/\/\/\O)§<Br
0
(84.5%) (78.9%)

Scheme 2.3 Theynthetic strategpf 6-azidohexyl 2-((ethoxycarbonothioyl)thio)-2-
methylpropanoate.
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Figure 2.5'"H NMR spectra of 6-azidohexyl 2-bromo-2-methylpropate
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Figure 2.6'H NMR spectra of 6-azidohexyl 2-((ethoxycarbonoyhjthio)-2-
methylpropanoate.

The MADIX agent S-(2-cyanopropan-2-yl) O-ethghrbonodithioate 3) was
synthesized by a two-step reactidri> O,0-diethyl bisxanthate was first prepared by
reacting potassium ethyl xanthogenate with iodifike subsequent radical reaction
between O,O-diethyl bisxanthate and 2,2’-Azobisiggionitrile (AIBN) gave the yellow
oil S-(2-cyanopropan-2-yl) O-ethyl carbonodithioatigh a yield of 65.4% (Scheme 2.4).
The'H NMR (Figure 2.7) spectra reveals the successfuhétion of S-(2-cyanopropan-

2-yl) O-ethyl carbonodithioate.
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Scheme 2.4 The synthesis of (a) intermediate Ogivdi bisxanthate; (b) S-(2-
cyanopropan-2-yl) O-ethyl carbonodithiogks.***°
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Figure 2.7*H NMR spectra of S-(2-cyanopropan-2-yl) O-ethylbmarodithioate.

The MADIX agent4 was synthesized by the reaction between 2-bromo-2-
phenylacetonitrile and potassium ethyl xanthoger{@gheme 2.5). This synthesis is
straightforward and the S-(cyano(phenyl)methyl) tBye carbonodithioate was

successfully prepared.
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Scheme 2.5 The synthesis of S-(cyano(phenyl)me@®ndjhyl carbonodithioatel).

Another RAFT agent with the tertiary cyanopertic R group was synthesized for
mediating the polymerization of vinyl acetate, &®wn in Figure 2.8. It contains a
diethylamino based Z group. The method for synthedi RAFT agent (4-cyano-4-
diethyldithiocarbamyl) pentanoic acid (CDPA) is wm in Scheme 2.6.
Tetraethylthiuram disulfide was allowed to reacthwd,4’-azobis(4-cyanopentanoic acid)
to form the yellow liquid CDPA!H NMR spectra (Figure 2.9) showed peaks at 1.26
ppm, 1.89 ppm, 2.42 ppm, 2.61 ppm, 3.76-4.00 ppenikeexd to the protons in CDPA.
Activated CDPA was prepared by the coupling reactlzetween CDPA and 2-

mercaptothiazoline for further use.

S

CN
/’\/ NJ\SXACOOH

Figure 2.8 The structure of (4-cyano-4-diethylditarbamyl) pentanoic acid (CDPA).
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Scheme 2.6 Synthesis of RAFT agent CDPA.
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Figure 2.9'H NMR spectra of CDPA (E.A.: Ethyl Acetate).

2.3.2 Synthesisof RAFT/MADIX Agents Grafted Nanoparticles

The strategy for synthesis of trithiocarbonalRAFT agent 4-cyano-4-
(dodecylsulfanylthiocarbonyl)sulfanylpentanoic aci@DSS) coated nanoparticles is

shown in Scheme 2.7. Initially CDSS was activatgd2bmercaptothiazoline to form
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activated CDSS with a yield of 71.3%. Then CDSShaned silica nanoparticles were
prepared by the reaction between amino immobilinadoparticles with accurately
measured densities and activated CDSS. The améu@D8S coated on nanopatrticles
can be controlled by changing the feed ratio betmaaaino coated particles and CDSS.
The amount of CDSS covalently bound to the nanaparsurface was determined
guantitatively by comparing the absorbance for@GBSS modified particles to a standard
UV-vis absorption curve prepared from known amowftBee CDSS at 299 niffrigure
2.10). The as-synthesized CPSS modified silica pamicles used here possessed a graft
density of 0.35 chains/rfim

S
NHJkS
/

S
oo Loo s
(a) C12H25S SX/\COOH DCC/DMAP C12H25S S X \_/

S
/ NH; j\ CN N)\ S
HQN_/\_SI—O/\ H2N JJNHZ C12H258 Sw \_J CDSS
(b) A o SSDC -CDSS
H2N NH,
THF, 85°C % it SSDC CDSS
| RN e “CDSS
NH, SSDC 3
CDSS

Scheme 2.7 Synthesis of CDSS anchored silica naticps.
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Figure 2.10 UV-vis standard absorption curve of G299 nm.
The method for synthesis of CDPA coated narimbes is shown in Scheme 2.8. The

CDPA anchored silica nanoparticles were preparedthgy reaction between amino
immobilized nanoparticles with accurately measuwtedsities and activated CDPA. The
amount of CDPA coated on nanoparticles can be altedr by changing the feed ratio
between amino coated particles and CDPA. The atwssized CDPA modified particles

possessed a graft density of 0.12 group&/nm

S
S Y-S
NH2 /\NJ\S NJ

/ CDPA
HoN \/\/SI\_O/\ H,N +NH _ CN X APDC WCDPA
H,N NH, APDC CDPA
THF, reflux, overnight

HoN' 3 NHp THF, rt, overnight APDC’ & 'CDPA
NH, CDPA

coPA: iy R4
© /ONTNg — \/\// I\O Silica
_ CN (\)

Scheme 2.8 Synthesis of CDPA anchored silica natioles.
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2.3.3 Polymerizations M ediated by O-ethyl Based MADI X Agents
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Figure 2.11(a) Kinetic plots and (b) dependence of the GPCemdar weight (filled
triangles), theoretical molecular weight (solideljrand polydispersity (filled squares) on
the conversion for the MADIX polymerization of styre ([Styrene]:[CTA]:[AIBN] =
300:1:0.1) at 76C mediated by O-ethyl S-prop-2-yn-1-yl carbonodittie ().

The results of the kinetic study of MADIX pahgrization of styrene mediated by

MADIX agent O-ethyl S-prop-2-yn-1-yl carbonodithtea(l) at 70 °C in THF with a
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monomer concentration of 3.36 mol/L is shown inufey2.10. A linear relationship
between In(M/M;) (where M is the initial monomer concentration and; M the
monomer concentration at tinleand polymerization time was observed, which iepk
constant radical concentration. However, the Mreweined by GPC of the polymer
chains was higher than theoretical molecular weagtt the PDIs were around 2.1 during
the polymerization. The reason for the moleculaigitedeviations may be that propargyl
group witha-primary carbon is not a good leaving group, wHedds to a low transfer
constant of the O-ethyl S-prop-2-yn-1-yl carbonbidiate () over styryl monomer. As
discussed previously, polystyryl is a less reacpvepagating radical, which therefore
requires a MADIX agent with increased C=S doubledeactivity to achieve controlled
polymerizations. The C=S double bond reactivitytttd MADIX agent {) may be not
high enough to control the propagating styryl ratlicTo test whether O-ethyl S-prop-2-
yn-1-yl carbonodithioate1j is a good controlling agent to a more reactivdiaa

monomer, such as methyl acrylate, the polymerinatinetic study was investigated.
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Figure 2.12(a) Kinetic plots and (b) dependence of the GPCemdar weight (filled
triangles), theoretical molecular weight (solideljrand polydispersity (filled squares) on
the conversion for the MADIX polymerization of mgthacrylate in THF (monomer
concentration: 5.14 mol/L) at 7C mediated by O-ethyl S-prop-2-yn-1-yi
carbonodithioatel().

The results of the kinetic study of MADIX pahgrization of methyl acrylate
mediated by MADIX agent O-ethyl S-prop-2-yn-1-ylrisanodithioate 1) with a ratio
between species of [Monomer]:[CTA] = 288:1 at 70iACTHF is shown in Figure 2.12.
A linear relationship between In@dM;) and polymerization time was observed, which
implies a constant radical concentration. Howetee, Mn determined by GPC of the
polymer chains decreased linearly with monomer eosion while the PDI slowly
increased. The reason for the gradually decreassotdcular weights may be that some
low Mn polymer chains were generated at high cosigar which results from chain
transfer to monomer. This can be further ratioraliy the slowly increased PDI.
Compared to styryl radical, acrylyl radical is moeactive, which means the propagation
for acrylyl radical is faster. This agrees with thieservation that high molecular weights

were achieved within 2h. Even though O-ethyl S-g2eyn-1-yl carbonodithioatelf was
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not able to control the polymerization of styrenadamethyl acrylate, further

polymerization tests were conducted with the higkbctive vinyl acetate.

The results of the kinetic study of the MADIolymerization of vinyl acetate
mediated by MADIX agent O-ethyl S-prop-2-yn-1-ylrisanodithioate 1) at 70 °C in
THF with a monomer concentration of 5.19 mol/L i®wn in Figure 2.13. A non-linear
relationship between In(¥M;) and polymerization time was observed, which iepli
non-constant radical concentrations during the rmpelyzation. In addition, the Mn
determined by GPC of the polymer chains (d4g) was higher than the theoretical Mn at
low conversion, while theoretical Mn was higherrtliae Mngpc at high conversion. The
PDIs varied from 1.15 to 1.83 during the polymetitza These results indicated that O-
ethyl S-prop-2-yn-1-yl carbonodithioatel)( exhibited hybrid behavior between
conventional and living free radical polymerizatiowhich is a sudden increase of
molecular weight at the beginning of the reactitmilowed by a slight increase of
molecular weight with conversion. Such behavior basn extensively described for the
case of cumylphenyldithioacetate mediated methylthamylate polymerizatidA
However, O-ethyl S-prop-2-yn-1-yl carbonodithiogigis still more effective than some

RAFT agents for controlling the polymerization dfiyl acetate’
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Figure 2.13(a) Kinetic plots and (b) dependence of the GPCemdar weight (filled
triangles), theoretical molecular weight (solidelirand polydispersity (filled circles) on
the conversion for the MADIX polymerization of viny acetate
([Monomer]:[CTA]:[AIBN] = 300:1:0.1) at 70C mediated by O-ethyl S-prop-2-yn-1-yl
carbonodithioatel().

MADIX agent 1 was also used to mediate the polymerization of ghettethacrylate
(MMA) in THF with a monomer concentration of 3.8®l#.. It was conducted at 60 °C
for 10 h, and the experimental Mn was 183,774 ghviole the theoretical Mn was 4,622

g/mol, with a PDI of 2.48. Thus, it was not ablectmtrol the polymerization of MMA.
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MADIX agentl did not control the polymerization of styrene, nyktacrylate, and
vinyl acetate very well because of its low transfenstant. As introduced above, the
more substituted and stabilized the R leaving grabp higher the transfer constant.
Thus, a new MADIX agent bearing a tertiary R grouf;azidohexyl 2-
((ethoxycarbonothioyl)thio)-2-methylpropanoat®) was designed and synthesized, as

shown in Figure 2.1.
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Figure 2.14(a) Kinetic plots and (b) dependence of the GPCemdar weight (filled
squares), theoretical molecular weight (solid liae§l polydispersity (unfilled circles) on
the conversion for the MADIX polymerization of styre ((Monomer]:[CTA]:[AIBN] =
300:1:0.1) at 70°C mediated by 6-azidohexyl 2-((ethoxycarbonothimt))-2-
methylpropanoate?j.

The results of the kinetic study of MADIX patgrization ofstyrenemediated by 6-
azidohexyl 2-((ethoxycarbonothioyl)thio)-2-methydpanoate?) at 70 °C in THF with a
monomer concentration of 2.91 mol/L is shown inufey2.14. A linear relationship
(generally linear) between In@M; and polymerization time was observed, which
implies a roughly constant radical concentratioowidver, the Mnspc of the polymer
chains was higher than theoretical molecular weggid the PDIs varied from 1.49 to
1.90 during the polymerization. Even though the d&dg,is not very close to the
theoretical Mn, the effect of MADIX ageftis much better than the MADIX agehtue
to the closer agreement between the d¥gand the theoretical Mnwhich demonstrates
the effect of the tertiary R group in the incregdiransfer constant and further controlling
the molecular weight during polymerization. Althdugit demonstrated some
improvement compared to the MADIX ageht the transfer constant of this MADIX
agent2 is still not high enough to control the polymeripat of styrene well. For the
same consideration as discussed in testing MADIehaly methyl acrylate was chosen
to further investigate the nature of MADIX agehtor controlling the polymerization of

a more reactive monomer.
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Figure 2.15(a) Kinetic plots and (b) dependence of the GPCemdar weight (filled
squares), theoretical molecular weight (solid liae§l polydispersity (unfilled circles) on
the conversion for the MADIX polymerization of mgthacrylate in THF (monomer
concentration: 4.40 mol/lL) at 70°C mediated by 6-azidohexyl 2-
((ethoxycarbonothioyl)thio)-2-methylpropanoa®. (

The results of the kinetic study of MADIX patgrization of methyl acrylate
mediated by MADIX agent 6-azidohexyl 2-((ethoxyaambthioyl)thio)-2-
methylpropanoate2] with a ratio between species of [Monomer]:[CTA] 6031 at 70 °C

in THF is shown in Figure 2.15. A linear relatioishetween In(M/M;) (where M is
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the initial monomer concentration and M the monomer concentration at tir)eand
polymerization time was observed, which impliescastant radical concentration. The
Mn determined by GPC of the polymer chains gragualcreased with monomer
conversion, but did not correlate with the theaadtiMn. The possible reasas still the
transfer constant. Even though the MADIX agent basiary R leaving group, the
transfer constant is still not high enough to colntine polymerization of methyl acrylate

and the hybrid behavior described earlier is okl fer this polymerization.

According to the literatufeintroducing electron withdrawing groups (EWG) Bn
can greatly increase the transfer constant of MADRI¥ent. Thus, the cyano-based

MADIX agents3 and4 were targeted for further investigation (Figure)2.2

The results of the kinetic study of MADIX pahgrization of styrene mediated by S-
(2-cyanopropan-2-yl) O-ethyl carbonodithiod® at 80 °C in THF with a monomer
concentration of 3.12 mol/L is shown in Figure 2.¥6 linear relationship between
In(Mo/M;) and polymerization time was observed, which iegplia constant radical
concentration. Additionally, the Mn determined bR G of the polymer chains increased
linearly with monomer conversion and agreed closeith the theoretical molecular
weight, especially at high conversions. The PDIsewapproximately ~ 2.0 during the
polymerization, which is consistent with the caltidn from formulal for polystyryl
chains. These features demonstrated the livingolbed nature of the MADIX
polymerization of styreneediated by S-(2-cyanopropan-2-yl) O-ethyl carbatinoobte.
These also showed that the cyanoisopropyl groapgisod leaving and reinitiating group
for mediating the polymerization of styrene. Ths tMADIX agent has great potential

to mediate the polymerization of styrene on nanogar surfaces with controllable
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molecular weight but with high PDI, which may bdeatp overcome the loss of interface
entropy and enhance the dispersion of polystyreatiegl nanoparticles in polystyrene

matrices.
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Figure 2.16(a) Kinetic plots and (b) dependence of the GPCemdar weight (filled
squares), theoretical molecular weight (solid liaeyl polydispersity (unfilled circles) on
the conversion for the MADIX polymerization of styre ((Monomer]:[CTA]:[AIBN] =
300:1:0.1) at 86C mediated by S-(2-cyanopropan-2-yl) O-ethyl cadabithioate 8).
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2.3.4 Polymerizations Mediated by Trithiocarbonate and Dithiocarbamate RAFT

Agents
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Figure 2.17(a) Kinetic plots and (b) dependence of the GPCemdar weight (filled
squares), theoretical molecular weight (solid liae§l polydispersity (unfilled circles) on
the conversion for the RAFT polymerization of styge([Monomer]:[CTA]:[AIBN] =
500:1:0.1) at 70 °C mediated by 4-cyano-4-
(dodecylsulfanylthiocarbonyl)sulfanylpentanoic acid

The results of the kinetic study of RAFT pobmzation ofstyrenemediated by 4-

cyano-4-(dodecylsulfanylthiocarbonyl)sulfanylperdenacid (CDSS)at 70 °C in THF
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with a monomer concentration of 5.16 mol/L is shown Figure 2.17. A linear
relationship between In(MM,) and polymerization time was observed, which iepla
constant radical concentration. Additionally, the Bletermined by GPC of the polymer
chains increased linearly with monomer conversiord agreed closely with the
theoretical molecular weight. The PDIs were apprately 1.1 during the
polymerization. These features demonstrated thaglisontrolled nature of the RAFT

polymerization of styrenmediated by CDSS.

CDSS coated silica nanoparticlesere also used to mediate the polymerization of
styrene in DMF. After 24h, the conversion of thelypterization was 23%. The
experimental Mn was 19,416 g/mol and the theorelitawas 17,055 g/mol, with a PDI
of 1.2. The experimental Mn has a close agreeméhtthe theoretical Mn. The RAFT
polymerization of methyl acrylate was also conddate CDSS coated nanoparticles at
60 °C. After 9.5 h, the conversion of the polymatian was 55.9%. The experimental
Mn was 10,113 g/mol while the theoretical Mn was838 g/mol, with a PDI of 1.18. In
addition, the polymerization of MMA on CDSS coateaihoparticles was investigated.
After 9h, the conversion was 34.1 %. The Mn obtéifrem GPC was 37800 g/mol and
the theoretical Mn was 34,564 g/mol, with a PDI1of2. The experimental Mn agrees
well with the theoretical Mn. Thus, CDSS was alsmdnstrated good control over the

polymerization of styrene and MMA on nanoparticles.

All the O-ethyl, trithiocarbonate and dithiobanate based RAFT agents with similar
tertiary R groups containing one cyano and two latkgieties are able to mediate the
polymerization of styrene with controllable molemulveight. However, O-ethyl based

RAFT/MADIX agent controlled polystyrene with a mubklgher PDI (~ 2.0) compared to
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that of trithiocarbonate and dithiocarbonate cdredbpolystyrene (PDI = ~1.1). This
difference can be used to design polymer grafteshparticles with broad polymer chain
distribution (i.e., “fuzzy” interface) to improvéné dispersion of these nanoparticles by

overcoming the loss of interface entropy.

The dithiocarbamate RAFT agent CDPA was usethédiate the polymerization of
vinyl acetate with a ratio between speciegMdbnomer]:[CDPA]:JAIBN] = 500:1:0.1 in
anisole with a monomer concentration of 4.57 maodl 80 °C. After 17.5h, the
experimental Mn was 9,857 g/mol and the theorehawas 9,401 g/mol, with a PDI of
1.37. The experimental Mn has a close agreement thvé theoretical Mn. In another
experiment, after 24h, the experimental Mn was 2@,@§/mol and the PDI was 1.49.
Thus, CDPA is a potential good RAFT agent to mediie polymerization of vinyl

acetate with controllable polymer chain length.

2.3.5 RAFT Polymerization of I soprene

Many RAFT agents are not able to mediate thignperization of isoprene which is
usually ascribed to the high reaction temperatab®ye 100C). Most RAFT agents are
not stable at this temperature, such as dithiotsestd On the other hand,
trithiocarbonates have demonstrated some advantagesdiating the polymerization of
isoprene. Thus, 4-cyano-4-(dodecylsulfanylthiocagsulfanylpentanoic acid (CDSS)
was used to mediate the polymerization of isoprerceir work.

The bulk RAFT polymerization of isoprene wasducted in a sealed tube at 115 °C
with a ratio between species disoprene]:.[CDSS]:[Initiator] = 1082:1:0.2. The

experimental Mn of the polyisoprene chains afterhBvas 18,168 g/mol and the PDI
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was 1.35. The conversion was 35.4% and the thealanolecular weight was 26,814
g/mol. The experimental Mn was lower than theoettddn, which was also observed by
Perrier et al’® They used another trithiocarbonate RAFT agent withilar reaction
conditions in their work, and explained that thelenalar weight difference was due to
the GPC calibration standard. This also could leerdason for the difference between
experimental and theoretical Mn in our work. Botlodey and Perrief reported that
the PDI of the synthesized polymers was around, M80ch is similar to the current
work. Thus, CDSS is an effective RAFT agent to ratxlthe polymerization of isoprene
with predictable molecular weight.

The surface-initiated RAFT polymerization sbprene was conducted in DMF at 115
°C with a ratio between species of [isoprene]:[CD@8tiator] = 348:1:0.14 and a
monomer concentration of 1.07 mol/L. The generaigglisoprene grafted nanopatrticles
that produced an optically transparent solutioniciaig excellent dispersion. The
experimental Mn of the anchored polyisoprene chaias 35,907 g/mol and the PDI was
1.21. Thus, CDSS is a thermally stable RAFT agamable of mediating the RAFT
polymerization of isoprene on nanopatrticles. Thiyipoprene grafted nanoparticles have
a great potential to improve the dispersion of ipes in rubber matrices, which is
critical for mechanical reinforcement.

2.4 Summary

In conclusion, a series of new RAFT/MADIX atemwere designed and synthesized
to mediate the polymerization of styrene, MA, MMA/Ac and isoprene. The
polymerizations of styrene, methyl acrylate, viagktate mediated by O-ethyl S-prop-2-

yn-1-yl carbonodithioate 1} and/or 6-azidohexyl 2-((ethoxycarbonothioyl)thizs)
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methylpropanoate2j were not well-controlled which probably was duwe the low
transfer constants of these MADIX agents. BothRIA-T agents containing the tertiary
and a-EWG R groups of S-(2-cyanopropan-2-yl) O-ethyl bearodithioate (3) and
trithiocarbonate CDSS demonstrated excellent cbotrer the polymerization of styrene.
The former generated polystyrene has a high PDI .0} ®hile the later generated
polymer has a low PDI (~ 1.1). These differences @mult in either sharp or fuzzy
interfaces on nanoparticles with similar chain kasgand chain densities. The fuzzy
interface would be helpful to improve the dispensaf these nanoparticles in polymer
matrices by overcoming the loss of interface enr@pDSS anchored RAFT agent also
demonstrated good control over the polymerizatioh styrene and MMA on
nanoparticles. CDPA exhibited great control over plolymerization of vinyl acetate. In
addition, CDSS is a thermally stable RAFT agent doald mediate the polymerization
of isoprene with predictable molecular weights.yfaprene grafted silica particles are
expected to improve the dispersion of particlesuinber matrices, which is critical for
mechanical reinforcement.
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CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF POLY (VINYLPYRROLIDONE) GRAFTED

NANOPARTICLES VIA RAFT POLYMERIZATION

3.1 Introduction

As a significant water soluble polymer, poinit pyrrolidone) (PVP) has been
applied in a variety of industrié€. Free radical polymerization has been employed to
prepare PVP, however the polymer molecular weightl architecture were not
controllable> Compared to other controlled radical polymerizagit® reversible
addition-fragmentation chain transfer/macromolecdisign by interchange of xanthates
(RAFT/MADIX) "® polymerization has been widely used to synthepialymers in a
controlled manner (both molecular weight and pagdrsity) since it does not require
the use of inorganic catalysts and is adaptable ¢xtremely wide range of functional
monomers. So farD-ethyl xanthate based RAFT/MADIX agents have besaduin
mediating the NVP polymerizatioh? However, it was reported that the termi@aéthyl
xanthate on PVP chains is unstable and decompasibe ipolymerization® In addition,
the terminalO-ethyl xanthate on PVP chains was hydrolyzed tonfar hydroxyl end
group after 16 h in a 4% aqueous environmeHtThus, more thermally and chemically
stable RAFT/MADIX agents are desirable for medigtithe polymerization of NVP.

Dithiocarbamates have been used as a thermalliesigbnt in RAFT polymerization. So
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far, only a few groups have reported using dithibamates to mediate the
polymerization of NVP:*® However, these dithiocarbamate RAFT agents coedain
either bulky Z groups or alkyne based primary Rugsy which are not good living
groups and interfere with the polymerization duehe alkyne moiety? Therefore, we

are motivated to design new dithiocarbamate RAFEh&gto mediate the polymerization

of NVP.

Polymer grafted nanoparticles are very appgatomposite materials with broad
applications in coatings, biomedical devices aneénmubsensor®’’ In addition, the
properties of the composites can be tailored bysimg different substrate nanoparticles
and polymer shells. The graft density and chaigtles of the surface attached polymers

are able to greatly affect the dispersion and ithed properties of the nanoparticles.

Few groups have reported placing PVP on natiofes'®%* In these reported PVP
covered particles, PVP chains were physically dietbron the particles surfaces or
grafted on surfaces without control (by free ralipalymerizations). Thus, we were
motivated to graft PVP on particle surfaces in atdled manner for advanced
applications. This is the first report of mediatitige polymerization of NVP on

nanoparticles in a controlled manner via surfacgated RAFT polymerization.

The growing phenomenon of bacterial resistataeantibiotics results in high
morbidity and mortality, which is an exceptionallygent healthcare problethA wide
range of antibiotics, such as penicillin, have Imeeoineffective or have limited
effectiveness against bacteria since their firsiges decades ago. MRSA (methicillin-
resistant Staphylococcus aure)sis a well-known bacteria exhibiting resistanae t

antibiotics with beta lactam structures, such asigién. The resistance makes MRSA
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caused infections much more difficult to overcommal dahus results in an extremely
dangerous infection. Nanopatrticles with a seriesfantages, such as high surface to
volume ratio and unique nano-size effects, haven bemployed as drug delivery
vehicles”® They have been widely used to carry and releasgeabiomolecules to
eukaryote cells, however few groups have appli¢d iarget bacteria, especially MRSA.
Thus, we were motivated to prepare PVP grafted manicles with controllable chain
length and graft densities for overcoming MRSA atilens by conjugation to bacterial

resistant penicillin.
3.2 Experimental
3.21 Materials

All chemicals were obtained from Fisher or édsrand used as-received unless
otherwise specified. 3-Aminopropyldimethylethoxgsié was obtained from Gelest and
used as-received. The amino-functionalized sili@aoparticles were prepared according
to the literaturé? N-vinylpyrrolidonewas purified by distillation under reduced pressure

before use. AIBN was recrystallized from metharefbbe use.
3.2.2 Instrumentation

'H NMR (Varian Mercury spectrometer 300/400) was daaried using CDGIor
CD3;OD as the solvent. Molecular weights and PDI were rdateed using a gel
permeation chromatography (GPC) equipped with at3REC pump, a 2410 refractive
index detector, and three Styragel columns. Thenoos consisted of HR1, HR3 and
HR4 in the effective molecular weight ranges of -B000, 500-30000, and 5000-500000,
respectively. The GPC used THF as eluent at 30ntCaaflow rate of 1.0 mL/min and
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was calibrated with poly(methyl methacrylate) olystyrene standards obtained from
Polymer Laboratories. The polymer grafted nanogasi were cleaved by HF before
GPC analysis. Samples were filtered through miltesd with a pore size of 0.2m
before injection. Infrared spectra were recordedhwva PerkinElmer Spectrum 100
spectrometer. UV-vis spectra were measured witlerkifElmer Lambda 4C UV-vis
spectrophotometer. TEM images were examined usingitachi 8000 transmission
electron microscope with an operating voltage d® R¥. Carbon-coated copper grids
were used to prepare samples by dropping samplegism on the grids followed by
drying in a fume hood before use. TGA measuremeas wonducted using a TA
Instruments Q5000 with a heating rate of 10°C/noirmf 25°C to 950°C under nitrogen
flow. Differential scanning calorimetry (DSC) measment was conducted using a TA

Instruments Q2000 under nitrogen flow.
3.2.3 Synthesis of 4-Cyanopentanoic acid N-pyrroledithiocar boxylate (CPDC)

Pyrrole (2.68g, 0.04 mol) was added dropwisa PMSO solution (30 mL) of sodium
hydroxide (0.96 g, 0.04 mol) at rt. The resultimgyen solution then was stirred at rt for
30 min. After that, carbon disulfide (3.04 g, 0184l) was added to the solution followed
by another 30 min stirring. Excess amount of agqaesmlution of potassium ferricyanide
(14.48 g) was added dropwise to the solution ardeBulting mixture was stirred for 30
min. The product was formed and further washed byv&xer until the washings were
colorless. The product was dried overnight undeuuan and obtained as a coffee color
solid (yield: 61%, 3.46 g)*H NMR (300 MHz, CDCJ): § (ppm) 6.45 (m, 4H, =CHN),

7.77 (m, 4H, =CH).

71



1H-pyrrole-1-carbothioic dithioperoxyanhydridgl.10g, 3.87 mmol) and 4,4’-
azobis(4-cyanopentanoic acid) (1.69 g, 6.029 mmaaje dissolved in 70 mL ethyl
acetate. The reaction solution was heated at 7tr@8 h. Then solvent was removed
and the crude product was passed through silicc@amn chromatography (hexane :
ethyl acetate = 3:2). The product was obtained asla yellow solid (yield: 2.08 g,
88.3%).'H NMR (300 MHz, CDCJ): 6 (ppm) 1.90 (s, 3H, C(CHCN), 2.39-2.61 (m,
2H, C(CN)CH), 2.64 (t, 2H, CHC(=0)-0), 6.30 (m, 2H, =CHN), 7.54 (m, 2H, =CH).

Melting point: 114 °C. Mass spectroscopy: m/z: ®&oretical m/z: 268).
3.2.4 Activation of CPDC

4-Cyanopentanoic acid N-pyrroledithiocarboxg140.285 g, 1.064 mmol) and 2-
mercaptothiazoline (0.127 g, 1.064 mmol), and datyexylcarbodiimide (DCC) (0.264
g, 1.277 mmol) were dissolved in 20 mL of dichloethane. (Dimethylamino)pyridine
(DMAP) (13.0 mg, 0.11 mmol) was subsequently addHte resulting solution was
stirred at rt for 6 h. After removal of the solvetite crude product was passed through
silica gel column chromatography (hexane : ethytae = 5:4). The product was
obtained with a dark yellow color (yield: 0.2466%.5 %).*H NMR (300 MHz, CDCJ):

o (ppm) 1.91 (s, 3H, C(CHICN), 2.60 (m, 2H, C(CN)C}h), 3.26 (t, 2H, -CHSC(=S)),
3.66 (t, 2H, -CHC(=O)N), 4.52 (t, 2H, -C(=O)NC#4), 6.30 (m, 2H, =CHN), 7.54 (m,

2H, =CH).
3.2.5 Synthesis of CPDC Functionalized SiO, Nanoparticles

A THF stock solution (4.10 mL) of activated @® (0.05 mol/L) was diluted in 20

mL dry THF. A THF solution of amino-functionalizesilica nanoparticles (approx. 3g)
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was added slowly to the above activated CPDC swiudind the resulting mixture was
stirred at rt for 6h. After the reaction, the s@muatwas precipitated into cyclohexane and
ethyl ether mixture. (300 mL, cyclohexane : ethiylee = 4 : 1), centrifuged at 3000 rpm
for 5 minutes, and redispersed in dry THF. Thiscpture was repeated several times
until the supernatant solution was colorless af@artrifugation. The light yellow CPDC

anchored nanoparticles were dried under vacuumn at r

3.2.6 Surface-Initiated RAFT Polymerization of NVP from CPDC Anchored SO,
Nanoparticles

NVP (0.44 mL, 4.114xIdmol), CPDC coated Sihanoparticles (50.26 mg), dry
dioxane (1.5 mL) and anisole (1.5 mL) were added td0 mL Schlenk tube. After
sonication for 1 min, AIBN (51 pL, 10 mM in dioxaneas added. The solution was
degassed by four freeze-pump-thaw cycles, filletthwitrogen, and then placed in an oil
bath at 80 °C for various intervals. The polymeiaawas stopped by quenching in ice

water.
3.2.7 Cleavage of Grafted PVP from Silica Nanoparticles

Generally, 20- 50 mg of PV@rafted silica nanoparticles were dissolved in DE2F
mL) in a plastic bottle. HF (1.0 mL, 49% in aq) wadded, and the resulting solution was
stirred atrt overnight. The solution was poured into a PTHri dish and left in a fume
hood overnight taemove the volatiles. The cleaved PVRs dissolved in DMF, and

then characterized by GPC.
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3.3 Results and Discussion
3.3.1 Synthesisand Characterization of RAFT Agent

The structure of the new RAFT agent is showrigure 3.1. It contains a pyrrole
based Z group and a tertiary cyanopentanoic aggoRp, which has been reported as a
good leaving grouf’ The strategy for the synthesis of RAFT agent CR®€&hown in
Scheme 3.1. Pyrrole was allowed to react with sodydroxide in DMSO, followed by
addition of carbon disulfide to generate sodiumyxrgledithiocarboxylate. An excess of
potassium ferricyanide was added to oxidize sodilzpyrroledithiocarboxylate resulting
in 1H-pyrrole-1-carbothioic dithioperoxyanhydridehich was further allowed to react
with 4,4’-azobis(4-cyanopentanoic acid) to form GRPBEH NMR spectrum (Figure 3.2)
confirmed the peaks at 6.4 ppm and 7.8 ppm assigm#te protons in the pyrrole rings
of the intermediate 1H-pyrrole-1-carbothioic dithéwoxyanhydride. TheH NMR
spectrum (Figure 3.3) showed peaks at 1.9 ppmp@d, 2.6 ppm, 6.4 ppm and 7.8 ppm
ascribed to the protons in CPDC. The CPDC has ar ail pale yellow with UV-vis
strong absorption peaks at 308 nm and 288 Figure 3.4). Mass spectrum (Figure 3.5)
confirmed the molecular weight of CPDC of 268 g/mbhe IR spectra (Figure 3.6)
demonstrated the presence of the peaks at ~1788sumbed to the carbonyl moiety in -
COOH, the broad peak at 3400 ~ 2400"@ue to the hydroxyl moiety in —-COOH, and a
range of strong absorption peaks at 1500 ~ 600 assigned to the pyrrole moiety.
Activated CPDC was prepared by the coupling reactietween CPDC and 2-

mercaptothiazoline for further use.
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Figure 3.1 The structure of 4-Cyanopentanoic acjgyNoledithiocarboxylate (CPDC).
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Figure 3.3'H NMR spectra of CPDC.
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Figure 3.4 UV-vis spectra of CPDC.
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Figure 3.5Mass spectrum (CPDC.
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Figure 3.6. IR spectra @PDC.
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3.3.2 RAFT Polymerization of CPDC

The results of the kinetic study of RAFT polymetiaa of styrene mediated by CPDC
in THF is shown in Figure 3.7. There was a linedationship between In()M;) (where
Mo indicates the initial monomer concentration and Mdicates the monomer
concentration at timeé) and polymerization timé, which means a constant radical
concentration during the polymerization. In additithe Mn measured by GPC of the
polystyrene (PS) chains increased linearly with amer conversion and matched well
with the theoretical molecular weight. All of thesenfirmed the living/controlled nature
of the RAFT polymerization of styrene mediated byBI. Compared to a traditional
well-controlled RAFT polymerization with a narrovDP(usually less than 1.2), the PDIs
were slightly higher and around 1.3-1.5 during ploéymerization.Nonetheless, a range
of PS chains with controllable molecular weights) d&e prepared using the CPDC

mediated RAFT polymerization.
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Figure 3.7 (a) Kinetic study and (b) GPC molecwarght (inverted triangle), theoretical
molecular weight (solid line) and polydispersityfilled circles) for the CPDC mediated
RAFT polymerization of styrene in THiFStyrene]:[CPDC]:[AIBN] = 475:1:0.1) at 75

O

C.

As a specially designed RAFT agent, CPDC wasduto mediate the RAFT
polymerization of NVP. The polymerization of NVP sveonducted at 8T employing a
ratio between species of [NVP]:[CPDC]:[AIBN] = 4970.125 at 80°C in 0.934 mL
dioxane. After 24.5 h, the polymerization reachezbaversion of 27 %. The molecular
weight (Mn) of the PVP chains obtained frofld NMR was 11,320 g/mol and the
theoretical Mn was 15100 g/mol. As a comparisoithiocarbonate RAFT agent 4-
cyano-4-(dodecylsulfanylthiocarbonyl)sulfanylperden acid (CDSS) was used to
mediate the polymerization of NVP under similar dibions. After 24.5 h, the

polymerization resulted in a gel which was not veatkip.
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Scheme 3.2 Scheme for synthesis of PVP graftezhsitanoparticles.

The method for the synthesis of PVP graftedoparticles is shown in Scheme 3.2.
The CPDC anchored silica nanoparticles were prephyethe reaction between amino
immobilized nanoparticles with accurately measutedsities and activated CPDC. The
amount of CPDC coated on nanoparticles can be atedrby changing the feed ratio
between amino coated particles and CPDC. A \iB/absorption standard curve
(absorbance VS concentration) of CPDC was madecitigely measure the graft density

of CPDC on nanoparticles (Figure 3.8).
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Figure 3.8 UV-vis standard absorption curve of CADTHF.

The surface-initiated RAFT polymerization ofMihylpyrrolidone was conducted
using a recipe of [NVP]:.[CPDC]:[AIBN] = 1438:1:0.1& 80°C in a mixed solvent of
dioxane and anisole (dioxane/anisole = 1/1) withamomer concentration of 1.18 mol/L.
The'H NMR spectra exhibited the proton peaks at 1.3pp® and 3.5-4.0 ppm ascribed
to the attached polymer backborkne IR spectra of the PVP grafted nanoparticles
(Figure 3.9)showed the appearance of the absorption peak2865 cnt, 1655 cnf,
1423 cnt, 1287 cnt, 1065 cmidue to the methyl group, amide in lactam, sCih
lactam, C-N in lactam, and Si@oieties, respectively. The molecular weight,\df the
surface anchored PVP chains was 56900 g/mol and RBé was 1.65. The
thermogravimetric analysis (TGA) confirmed that #mehored PVP chains accounted for
48 % by weight (Figure 3.10, bYhe PVP grafted silica nanoparticle solution was

transparent in dimethylsulfoxide (DMSO) (Inset, tiig 3.11).The TEM image (Figure
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3.11) shows the PVP grafted silica nanoparticlesevegspersed and demonstrates that

the size of the nanoparticles was around 20-30cham(eter)
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Figure 3.9 IR spectra of PVP grafted silica nanbglas.
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Figure 3.10 TGA of (a) CPDC coated nanopatrticlesl, @) PVP grafted nanopatrticles.
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Figure 3.11 TEM image of PVP grafted nanopartidieset: Photograph of PVP grafted
nanoparticles in DMSO.

3.4 Summary

In conclusion, we designed and synthesizeevadithiocarbamate based RAFT agent
CPDC for mediating RAFT polymerization of NVP. CPD&n also mediate the
polymerization of styrene and methyl acrylate icoatrolled manner. CPDC was coated
on silica nanoparticles via surface silane couptihgmistry. The surface-initiated RAFT
polymerization of NVP was conducted on 15 nm (digam)esilica nanopatrticles resulting
in well-dispersed particles. The synthesis of PWRftgd silica nanoparticles was
confirmed by FTIR, TGA'H NMR analysis and TEM. PVP grafted silica nanciptes

appear to be a new vehicle to efficiently restorggotic activity.
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CHAPTER 4

SYNTHESIS AND CHARACTERIZATION OF DYE-LABELED POLY(METHACRYLIC

ACID) GRAFTED NANOPARTICLES ™
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4.1 Introduction

Polymer grafted nanoparticles are of greatredt because of their applications in
chemosensors, coatings and organic light-emittimyiogs (OLEDsf. The RAFT
polymerization technique has emerged as a powwx@lito modify nanoparticle surfaces
with functional polymers containing predeterminedl@sular weights due to the

straightforward attachment chemistry and contrédlaurface graft density.

Poly(methacrylic acid) (PMAA) and other polyrmemade from acid containing
monomers represemn important class of stimuli-responsive polymensl dave been
widely used in membrane transpbijomedical application$,coatings’ and sensors.
There are few reports about the synthesis of PMAAother multi acid containing
polymers on nanoparticle surfaces. For exampletariet al® synthesized polyrt-
butylacrylate) brushes on silica surface by atamndfer radical polymerization (ATRP),
followed by pyrolysis at 208C resulting in PAA grafted silica substrates. Gereteal®
prepared polyért-butylacrylate) grafted silicon wafer by ATRP, fmNed by acid
hydrolysis of the polymer to form the immobilized# chains. Zhaet al’ sequentially
prepared polyért-butylacrylate) brushes by ATRP and polystyreneshes by nitroxide-
mediated radical polymerization (NMRP) on the stefaof silica nanoparticles.
Subsequent deprotection of tieet-butyl moieties with trimethylsilane iodide (TMS&d
to environmentally-responsive nanoparticle materidlo avoid the toxicity issue of
residual copper from ATRP catalysts in bioapplwasi Benicewiczet al® prepared
PMAA grafted silica nanoparticles by surface-irgih RAFT polymerization ofert-

butyl methacrylate, followed by deprotection of thg-butyl groups by TMSI.
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Very few groups have conducted direct suriadeated RAFT polymerization of
methacrylic acid or other acid containing monomers nanoparticle surfaces. One
particular challenge is maintaining good dispelgibi of the polymer grafted
nanoparticles using small size substrate nanopesticGenerally, smaller size
nanoparticles agglomerate more readily than lgpgeticles. Thus, the size and nature of
the substrate nanoparticles are important issugsctiafg the final dispersibility of
polymer grafted nanoparticles. Charpentierl? used a RAFT agent with a carboxylic
acid group to modify Ti@ nanoparticles and conducted the surface-initiated
polymerization of acrylic acid. Yusat al® synthesized poly(6-(acrylamide)hexanoic
acid chains on 11 pym (diameter) size silica pasiclThe polymer grafted particles
flocculated at low pH’s (pH=3) and dispersed in avadt high pH’s (pH=10). However,
the large (11 um diameter) particles are much e&sidisperse in solution. In this work,
we report the direct polymerization of MAA on smdlbmeter silica nanoparticles (as
small as 15nm) in a controlled manner via surfatgaied RAFT polymerization which
was compared to another procedure for attaching RMAains to nanoparticles.
Cleavage of the methylated chains from the nanmparsurface enabled accurate
measurement of the molecular weights via organiasph GPC, and a precise

determination of the polymerization kinetics.

In the microbiology field, resistant microbiaifections, especially the bacterial
biofilm infections, have increased greatly in thestpdecade¥. Biofilm infections are
capable of protecting bacterial cells by blockingef antibiotics outside of the “barrier”
and coordinating their metabolic activity by quorgensing, which allows the bacterial

cells to operate, communicate, and function aoagmrather than individual cells. To our
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knowledge, antibiotics bound to nanoparticles havebeen extensively used to combat
biofilm infections. Our preliminary research hasmimstrated that nanoparticle
conjugated antibiotics with non-specifical bindwig carboxyl groups are more bioactive
against bacteria than free antibiotics in solutibm.addition, carboxylic acid coated
nanoparticles penetrated biofilms to a distancappiroimately 50 um within 24 h. Thus,
modifying a nanoparticle with a controllable amowitcarboxylic acids may be useful

against biofilm related infections.

Fluorescent nanoparticles have been appliedbisimaging and nanomedicine
fields*** Silica nanoparticles possess a series of properiech as biocompatibility,
controllable particle size, easy fabrication andwedul surface functionalization
chemistry toolboX? Fluorescent silica nanoparticles provide univeissging probes
with other functionalities by powerful surface nmilinctionalization with a variety of
biomolecules and polymet3!® Aditionally, labeling the nanoparticle surface hwit
fluorescent dyes is helpful in monitoring the prese and movement of particlés
biological cells or other systems. Nanoparticleghwvanchored polymer chains containing
carboxylic acid moieties have been reported to defull for fighting bacterial infections
and as drug delivery vehicles in the biomedicadffe’” Based on the great potential
bioapplications, we were motivated to prepare dyeled PMAA grafted silica

nanoparticles as a powerful platform for such aggpions.
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4.2 Experimental
4.2.1 Materials

All chemicals were obtained from Fisher or ésrand used as received unless
otherwise specified. Colloid silica nanopartilces methyl ethyl ketone was obtained
from Nissan Chemical. TrimethylsilyldiazomethaneO(21 in hexanes) was purchased
from TCI. 4-Cyanopentanoic acid dithiobenzoate (BfDQvas obtained from Strem
Chemical Inc. 2,2’-Azobis(4-methoxy-2,4-dimethyllemnitrile) (V-70) was obtained
from Wako and used as received. CPDB immobilizelicasinanoparticles were
synthesized according to the literatdffe3-Aminopropyldimethylethoxysilane was
obtained from Gelest and used as receivieglt-butylmethacrylate (99%, Acros) and
methacrylic acid (99.5%, Acros) were purified bysgag through an activated neutral

alumina column. AIBN was recrystallized from metbbbefore use.
4.2.2 Instrumentation

'H NMR (Varian Mercury spectrometer 300/400) was cwmied using CDGIor
CD3;OD as the solvent. Molecular weights and PDI were rdgteed using a gel
permeation chromatography (GPC) equipped with al3REC pump, a 2410 refractive
index detector, and three Styragel columns. Thensot consisted of HR1, HR3 and
HR4 in the effective molecular weight ranges of -B000, 500-30000, and 5000-500000,
respectively. The GPC used THF as eluent at 30ntCaaflow rate of 1.0 mL/min and
was calibrated with poly(methyl methacrylate) stmod obtained from Polymer
Laboratories. The PMAA grafted nanoparticles were ethylated by

trimethylsilyldiazometharf€ and then cleaved by HF before GPC analysis. Samysdee
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filtered through microfilters with a pore size aR@m before injection. Infrared spectra
were recorded with a PerkinElmer Spectrum 100 specter. UV-vis spectra were
measured with a Perkin-Elmer Lambda 4C UV-vis spgtiotometer. TEM images were
examined using a Hitachi 8000 transmission electrooroscope with an operating
voltage of 200 kV. Carbon-coated copper grids wesed to prepare samples by dropping
sample solutions on the grids followed by drying an fume hood before use.
Thermogravimetric analysis (TGA) was conducted gigiTA Instruments Q5000 with a

temperature ramping from 25 °C to 1000 °C at ao&t) °C/min under nitrogen.
4.2.3 Synthesis of 1-Azido-6-hydroxyhexane

1-Chlorohexanol (6.83g, 0.05 mol) and sodium az{@&0g, 0.10 mol) were
dissolved in 50 ml water. The resulting solutiorsvgéirred at 80 °C for 12 h. The cooled
solution went through extraction with diethyl eti@~50 mL), drying with anhydrous
sodium sulfate and followed by filtration. Aftermeval of the solvent, a colorless liquid
was obtained and dried under vacuum to constarghwéyield, 6.00g, 84%)‘H NMR
(300 MHz, CDC}): § (ppm) 1.40 (m, 4H, Cb), 1.51-1.64 (m, 4H, Ch), 3.24 (t, 2H,

CHN3), 3.66 (t, 2H, CHO).
4.2.4 Synthesis of 6-Azidohexyl Methacrylate (AHMA)

1-Azido-6-hydroxyhexane (7.34 g, 51 mmol), haetrylic acid (3.87 g, 45 mmol), 4-
(dimethylamino)pyridine (DMAP) (1.84 g, 15 mmol) ree dissolved in 100 mL
methylene chloride and the resulting solution wasled in an ice bath. A methylene
chloride solution (50 mL) of dicyclohexylcarbodiida (DCC) (10.32 g, 50 mmol) was

then added slowly. The resulting solution was ttransfered to room temperature and
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followed by overnight stirring. After removal of @hprecipitate and solvent, the crude
compound was purified via silica gel column chroogaaphy (hexane : ethyl acetate =
10:1). A colorless liquid was obtained and driedlemvacuum to constant weight (yield:
5.91 g, 62.2%)'H NMR (300 MHz, CDCJ): 5 (ppm) 1.40 (m, 4H, C}), 1.55-1.70 (m,
4H, CH), 1.95 (s, 3H, CEC), 3.24 (t, 2H, ChN3), 4.16 (t, 2H, CHO), 5.54 (s, 1H,
=CH), 6.12 (s, 1H, =CH)**C NMR (400 MHz, CDGJ): 18.75, 26.04, 26.86, 28.98,

29.28, 51.6, 64.93, 125.78, 136.60, 167.90.

4.2.5 Preparation of Fluorescent Dye and CPDB Coated Silica Nanoparticles
A THF solution of N-[2-{N-(7’-Nitrobenz-2’-oxd’,3’-diazol-4’-yl)amino} ethyl-

carbonyloxy]succinimide (NBD-NHS) (31.6 mg, 90.4énpl) was added dropwise to
amino-functionalized silica nanoparticles (appréxg) dispersed in THF (50 mL). The
reaction mixture was stirred at room temperature3fé. The solution was precipitated
into a large amount of hexane (300 mL), centrifuggd3000 rpm for 5 minutes,
redispersed in dry THF. This procedure was repesg¢edral times until the supernatant
solution was colorless after centrifugation. A THBlution (30 mL) of the above
fluorescent silica nanoparticles (approx. 3 g) wdded dropwise to a THF solution (30
mL) of activated CPDB (0.18 g, 0.468 umol). Aftéirrsng overnight, the solution was
precipitated into a large amount of cyclohexane atityl ether mixture (500 mL,
cyclohexane : ethyl ether = 4 : 1), centrifuge®@®0 rpm for 5 minutes, redispersed in
dry THF. This procedure was repeated several tiomt$ the supernatant solution was
colorless after centrifugation. The final fluorestedye and CPDB coated silica

nanoparticles were dispersed in dry THF for furthesage and an aliquot of the
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nanoparticles was subjected to UV-vis analysis dteminine the graft densities of the
coated fluorescent dye and CPDB on the particlaser
4.2.6 Surface-Initiated RAFT Polymerization of Tert-butyl methacrylate from Dye-
labeled CPDB Anchored Silica Nanoparticles

Tertbutyl methacrylate (3.85 mL, 2.37 x4@nol), dye-labeled CPDB coated silica
nanoparticles (0.54 g, 43.63 pmol/g) and THF (30 mikre added to a 50 mL Schlenk
flask. Anisole (0.50 mL) was added as the standarchonitor the conversion of the
polymerization by"H NMR. After sonication for 1 min, AIBN (23§L, 0.01 M in THF)
was added. The solution was degassed by four fg@erg-thaw cycles, filled with
nitrogen, and then placed in an oil bath of 60 8Cviarious intervals. The polymerization
was stopped by quenching in ice water.

4.2.7 Cleavage of Grafted Poly(tert-butyl methacrylate) from Silica Nanoparticles

Generally, 20- 50 mg of potgft-butyl methacrylateyrafted silica nanoparticles were
dissolved in THH4 mL) in a plastic bottle. HF (1.0 mL, 49% in agas added, and the
resulting solution was stirred #tovernight. The solution was poured into a PTH=Eri
dish and left in a fume hood overnight iemove the volatiles. The cleaved potdyt-

butyl methacrylateyvas dissolved in 2 mL THF, and then characterize@GBC.

4.2.8 Ester Cleavage of Poly(tert-butyl methacrylate)

Polyfert-butyl methacrylate) grafted silica nanoparticl&®Q mg) were dispersed in
CH)CIl, (20 mL) and the solution was bubbled with nitrogéor 10 min.
Bromotrimethylsilane (3 mL) was added dropwise #mlresulting solution was stirred
at rt overnight. After removal of the solvent anxcess bromotrimethylsilane under

reduced pressure, the concentrated solution wagpgeged into diethyl ether. After
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centrifugation, the polymer was redispersed intwaetl. This procedure was repeated
several times until the supernatant was colorless.
4.2.9 Surface-Initiated RAFT Polymerization of Methacrylic acid from Dye-labeled
CPDB Anchored Silica Nanoparticles

Methacrylic acid (5.63 mL, 6.64 x f0mol), dye-labeled CPDB coated silica
nanoparticles (0.80 g, 70.2 umol/g) and dry DMF (@B) were added to a 50 mL
Schlenk flask. After sonication for 1 min, AIBN 4D mL, 0.005 M in DMF) was added.
The solution was degassed by four freeze-pump-ttyokes, filled with nitrogen, and
then placed in an oil bath of 65 °C for variousmtls. The polymerization was stopped
by quenching in ice water.
4.2.10 Methylation of poly(MAA) Grafted Silica Nanoparticles

Poly(MAA) grafted silica nanoparticles (~ 20 mg) wetissolved in 10 mL DMF. An
excess Yyellow solution of trimethylsilyldiazometieanvas added dropwise into the
nanoparticle solution at rt. After complete additithe solution was stirred for 3h at rt.
Around 10% by volume of methanol was added to eohathe conversion of the
methylation. The excess trimethylsilyldiazomethames quenched by acetic acid.

4.3 Results and Discussion
4.3.1 Synthesis of dye-labeled poly(carboxylic acid) grafted silica nanoparticles

The first synthetic strategy was based on ‘the-pot” click reactions between
PAHMA grafted silica nanoparticles and alkyne fumicalized molecules (alkyne based
coumarin 343 fluorescent dye and 4-pentynoic aadgprding to the Scheme 4.1. Thus,
fluorescent dye molecules and carboxylic acids viezerporated onto PAHMA grafted

nanoparticles sequentially. PAHMA grafted silicanoparticles were synthesized by
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surface-initiated RAFT polymerization of AHMA on OB coated silica nanopatrticles.
The graft density of CPDB coated nanoparticles bandetermined by a Uv-vis
absorption at 305 nnA variety of PAHMA grafted silica nanoparticles witifferent
graft densities and chain lengths were prepareghawn in Table 4.1. The molecular
weights of these surface attached PAHMA varied frizfD00 to 28,000 and the PDIs
were generally lower than 1.2. The loading of tlye dnolecules and the amount of
carboxylic acids can be controlled by using PAHMAfted nanoparticles with different
graft densities and chain lengths, and the fead tatween the dyes and 4-pentynoic

acid.

CN AHMA | CN >\_©
| H >—< > A S
OO S'WNMS THF, 40°C OS'“\’NWn

o} o 00

=R, =R, OOS'WNW >0
0" o

CuBr, PMDETA

)

Ra: HOJ\/
Scheme 4.1. Synthesis @fe-labeled poly(carboxylic acid) grafted silicanoparticles.
The “click” reaction was conducted between #sesynthesized PAHMA grafted
nanoparticles and alkyne functionalized moleculéh @ ratio of 1: 1.2 between =Mnd

the alkyne groups. The amount of alkyne functiaeali coumarin 343 accounted for 1
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mol % ~ 10 mol % in the alkyne moieties. The CuBd ®VDETA are 0.1 equivalent
compared to —p After the around 10 h reaction betweens-aldd alkyne functionalized
coumarin 343, 4-pentynoic acid was added to thetimasolution. IR spectroscopy was
used to monitor the progress of the “click” reactigfter 24 - 48 hours, the reaction was
completed, which was confirmed by the disappearahtiee azide peak around 2100°cm
! according to the Figure 4.1. For “click” reactiorisvolving polymer grafted
nanoparticles, the residue copper catalyst wasllystganoved by passing through an
activated alumina colunf?. However, the as-synthesized poly(carboxylic agidjfted
particles were greatly absorbed in the aluminaroolgas shown in Figure 4.2), resulting
a low yield. In addition, it was speculated thaigh carboxylic acids were able to interact

with PMDETA/Cu(l)Br complex, making the copper evesrder to be removed. Thus, a

new strategy was required to address this challenge

Table 4.1 Surface-initiated RAFT polymerization AfIMA on silica nanopatrticles in
THF

Entry Mn, GPC PDI Conversion (%) Graft Density
(g/mol) (chains/nm)
1 27282 1.37 - 0.42
2 21309 1.17 - 0.33
3 25246 1.43 - 0.30
4 28051 1.16 - 0.24
5 12355 1.12 11.6 0.23
6 27060 1.10 29.5 0.23

Note: For all the polymerizations, ([AHMA]/RDB]/[AIBN] = 500:1:0.1) and the
[eaction temperature was 40 °C. The conversiohe@pblymerization was determined by
H NMR.
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Figure 4.1 IR spectra of PAHMA grafted nanoparsdia) before and (b) after “click”
reaction.

Figure 4.2 Photograph of column purification ofyaaid grafted nanoparticles after
“click” reaction.
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4.3.2 Synthesis of dye-labeled PMAA grafted silica nanoparticles via deprotection of

poly(tBuMA) grafted nanoparticles

As a new method, the “deprotection” strategy faeparation of dye-labeled PMAA
grafted nanoparticles was demonstrated accordirfgcteme 4.2. The first task was to
prepare dye labeled RAFT agent coated silica natioles, and the second task was to
synthesize dye labeled padig(t-butylmethacrylate) (BuMA) grafted nanoparticles
which was followed by the last task of deprotectminthe tert-butyl groups on the

nanoparticles.

CPDB

/ NH,
H,N \/\/SI\—O/\ HoN 2 NH (1)< 5 mol% NBD-NHS BOPC
THF, refl ight Ha Nrtz BoPe cPpB
, reflux, overnig N S N
HN 3 'NHp S S BDPC' 3 'CPDB
NH; @ @ E/J CPDB
ST eN
0

THF, RT tBuMA
AIBN

60 °C
THF

CN

' N
0-Si-CH, INH CN AIBN | c s
O_ Ay ﬁgm <—O—o-s|i+CH2}NH
o={% THF reflux 3 s
© 0«,4 o 0=
o
TMSBr
CH,Cl

| CN
Oo-sli+CH27\NH CN
3
o) o=
OH

Scheme 4.2 “Deprotection” strategy for preparatbdye-labeled PMAA grafted silica
nanoparticles.

Initially, the dye labeled RAFT agent coated sili@noparticles were synthesized by
allowing the amino coated nanoparticles with prelgisletermined densities to react with
a small amount, less than 5 mol % relative to tnénas, of activated nitrobenzofurazan
derivative followed byan excess of activated CPDBhis method generated a universal

platform for surface initiated RAFT polymerizatioof nanoparticles labeledvith
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fluorescent dyes for biomedical tracking. The antooindye covalently bound to the
nanoparticle surface (2.383mol/g, 0.01 agents/nf) was determined quantitatively by
comparing the absorbance for the dye modified gagito a standard UV-vis absorption

curve prepared from known amounts of free dye (f@gu3).

812 umoiL
——80.9 pmoliL
——133.6 umollL
—159.0 umol/L|
26 ——218.1 umol|

3.0 1 b

Absorbance

254 o

2.0 -

1.5 1

Absorbance

1.0 1

T Y LS RSN, SVN) U S PSSR NS ISR IENSSY, DU WSS RR FUSSL S
40 60 80 100 120 140 160 180 200 220 24
Concentration (umol/L)

Figure 4.3 UV-vis standard absorption curve of NBDOH.

The surface-initiated RAFT polymerization of tBuMA wasenducted on dye-labeled
CPDB coated silica nanoparticles employing a ratieetween species of
[tBUuMA]:[CPDB]J:[AIBN] = 1000:1:0.1 at 60°C in an appropriate amount of THF. The
thermogravimetric analysis (TGA) showed that thaftgd poly{ert-butylmethacrylate)
accounted for 20% by weight (Figure 4.4), which wassistent with the UV analysis. In
our previous work, we found that the deprotection of tert-butyl greun the

environment containing thiocarbonylthio moiety withimethylsilyl iodide (TMSI)
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generated ill-defined groups and led to subsegaggtegation. We surmised that the
TMSI coordinated to the thiocarbonylthio moiety armlised its decomposition to free
thio groups and nanoparticle aggregation by oxw@atioupling. Thus, the dye-labeled
poly(tert-butylmethacrylateyjrafted silica nanoparticles were alternativelyateel with
excess AIBN to remove the thiocarbonylthio end geobefore deprotection of tert-butyl
groups® After treatment with excess AIBN, the UV-vis spect confirmed that the
thiocarbonylthio moiety was removed by the absesfcihe absorption peak at 300 nm

(Figure 4.5).
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Figure 4.4 TGA of dye-labeled potiluMA) grafted silica nanoparticle.
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Figure 4.5 UV-vis absorption of (a) dye-labeled ®&Pt»ated silica nanoparticle; (b)
dye-labeled CPDB removed silica hanopatrticle.

Initially, TMSI was used to deprotect ttegt-butyl groups. However, the fluorescence
of the nanopatrticles was destroyed after the treatiwith TMSI. It was speculated that
the attached dye molecules were decomposed duhiagptocess. To exclude the
possibility of the unstable NBD dye structure, twther fluorescent dyes, an amino
coumarin and fluorescein derivative, with complhetelifferent molecular structures
(Figure 4.6) were used to investigate the TMSI ps3cin simple solution experiments.
Both of them failed to show fluorescence after titeatment. Thus, the reason may be
that the side product iodine attacked these fluams dyes with highly conjugated
structures which resulted in the fluorescence lo3® test this hypothesis,
trimethylsilyloromide (TMSBr) was used as altermatunder the same conditions. It was

found that the fluorescence of the nanoparticlesewmaintained after the TMSBr
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treatment. Thus, TMSBr was used to replace TMShendeprotection of theert-butyl

groups.
HO O @] O OH
COOH

NH, O

(0]
= NH
0] 0]
N 0]
OH
Amino Coumarin Fluorescein Derivative

Figure 4.6 The structures of amino coumarin andltifieescein derivative.

The kinetic study of surface-initiated RAFT lyuoerization oftBuMA on CPDB
coated nanoparticles (154.j4hol/g, 0.65 agents/nfhis shown in Figure 4.7. A linear
relationship between In(§/M;) (where M is the initial monomer concentration and i
the monomer concentration at tinjeand polymerization time was observed, which
implies a constant radical concentration. Additibnahe Mn determined by GPC of the
polymer chains increased linearly with monomer @swn and agreed closely with the
theoretical molecular weight. These features detnatesl the living/controlled nature of

the RAFT polymerization aBuMA mediated by CPDB anchored nanoparticles.
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Figure 4.7(a) Kinetic plots and (b) dependence of the GPCemdar weight (filled
squares), theoretical molecular weight (solid liaeyl polydispersity (unfilled circles) on
the conversion for the surface-initiated RAFT poéymation oftert-butylmethacrylate
([tBUMA]:[CPDBJ:[AIBN] = 1000:1:0.1) at 6CC.

The FTIR analysis of the nanoparticles (Figdr8) confirmed the absence of the
strong absorption peak at ~ 2900 ‘@mcribed to theert-butyl moiety after TMSBr

treatment. In addition, the presence of a broack mga~ 3400 cri ascribed to the
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hydroxyl group in —COOH and the shift of the candostretch peak to 1700 ¢h
demonstrated the generation of grafted PMAA chaiihe'H NMR (Figure 4.9) reveals
the successful formation of the PMAA grafted namtples after the TMSBr treatment.
The disappearance of the peak at 1.4 ppm confittneccomplete removal of thert-
butyl group. The TGA demonstrated that the graffdlAA (graft density: 0.23
chains/nm) accounted for 79.3% by weight difference measwed0°C and 900°C
(Figure 4.10), which was consistent with the UVlgsia. Figure 4.10 also shows TGA Iin
nitrogen of PBUMA, PtBuMA-grafted sNPs. The weight loss for each sampées
consistent with the grafting density and chemicalifications across different polymer
molecular-weights investigated in this study. ThEM image illustrates the PMAA
grafted silica nanoparticles were well dispdrsed shows that the diameter of the

individual nanopatrticles was around 30 nm.
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Figure 4.8 IR spectra of Siy-polytBuMA) (a) after and (b) before TMSBr treatment.
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Figure 4.9'H NMR spectra of PMAA grafted silica nanoparticles.
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Figure 4.10 TGA in nitrogen: (a) potgft-butyl methacrylate), Mn=7000 g/mol; (b)

poly(tert-butyl methacrylate) grafted silica nanoparticlethaut RAFT group chain end
capped); (c) PMAA grafted silica nanoparticles.
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Figure 4.11TEM image of poly(methacrylic acid) grafted silicanoparticles.

4.3.4 Synthesis of dyelabeled PMAA grafted silica nanoparticles via direct

polymerization of MAA

We found that surface-initiated RAFT polymatian of MAA directly on dye-labeled
silica nanoparticles can be well controlled in DIsiF60°C with a ratio between species
of [MAA]:[CPDBJ:[AIBN] = 1000:1:0.1 (Scheme 4.3). Amall amount of 1,3,5-trioxane
was added to the solution to monitor the monomerewsion by"H NMR (Figure 4.12).
The spectra clearly showed an increase of protakgat 1.1 ppm and 1.9 ppm over time
assigned to the anchored polymer backbdhe. IR analysis of the nanoparticles (Figure
4.13)confirmed the presence of the strong absorptiok pea 2900 crifascribed to the
methyl moiety after methylation. In addition, theappearance of a broad peak at 3500 ~
2500 cm*ascribed to the hydroxyl group in —COOH and thédt stfithe carbonyl stretch
peak from 1700 cihto 1725 crit demonstrated the methylation of the anchored PMAA
chains. TheH NMR spectra (Figure 4.14hows the PMAA grafted silica nanoparticle

before and after methylation by trimethylsilyldimzethane. The appearance of the peak
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at ~ 3.6 ppm ascribed to the new methyl group furtbenfirms the successful
methylation. The TGA demonstrated that the graf®dAA accounted for 75% by
weight difference measured at 31 and 100°C (Figure 4.15), which was consistent
with the UV analysis. The dye-labeled PMAA graftatica nanoparticle solution was
yellow and transparent in dimethylsulfoxide (DMS@®)gure 4.16). The nanoparticles
were dispersed well in water as well (Figure 4.1@hder UV light with 365 nm
wavelength, the nanoparticles showed very stromgrdéiscence. The TEM image (Figure
4.18) illustrates the dye-labeled PMAA graftedcsilinanoparticles were well dispersed

and shows that the diameter of the individual namntigdes was around 30 nm.
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Scheme 4.3%ynthetic scheme for preparation of dye-labeled PMypafted silica
nanoparticles via direct polymerization of MAA.

106



I ™ a
0—0—?i+CHz7\3NH b CN
0 o=<'"?

d c OH
H CH, DMF
e H

>=;O
O,
H

%#LF#L

9 8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)
Figure 4.12'H NMR spectra of PMAA grafted silica nanopartickdifferent time in the

kinetic study (for calculation of the conversiorcattain time in the polymerization). (A):
t=0 h; (B): t=1.58 h; (C): t=4.05 h; (D): t= 6 [E) t= 8.7 h; (F): t=10.82 h.
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Figure 4.13 IR spectra of PMAA grafted silica naadijcle before and after methylation
by trimethylsilyldiazomethane.
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Figure 4.15 TGA of dye-labeled PMAA grafted silitzanoparticle.
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Figure 4.18 TEM of dydabeled PMAA grafted silica nanoparticles. Size b&00 nm
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The kinetic study of surface-initiated RAFT polynzation of MAA on nanoparticles
is shown in Figure 4.19. A linear relationship beén In(M/M;) (where M is the initial
monomer concentration and (Ms the monomer concentration at tint¢ and
polymerization time was observed, which implies @nstant radical concentration.
Additionally, the Mn determined by GPC of the mé#tgd PMAA chains (calibrated
with PMMA standards) increased linearly with monormenversion and agreed closely
with the theoretical molecular weight. The PDIs evapproximately 1.1 during the
polymerization. These features demonstrated thagligontrolled nature of the RAFT
polymerization of MAAmediated by CPDB surface anchored nanoparticles.hsve
previously demonstrated that we can achieve atyaoksurface grafting densities of
0.01 — 0.68 chains/rfmising similar surface chemistry to anchor RAFT ag&rf*Thus,
the surface-initiated RAFT polymerization of MAA waconducted on silica
nanoparticles with a high surface density of 0.88R agents/nh measured by UV-vis
spectroscopy® The molecular weight (M) of the attached PMAA chains was 41077
g/mol and the PDI was 1.11. Thus, a variety of PMBshes with controllable lengths
and densities can be synthesized on silica nanolgarusing the direct surface-initiated

polymerization approach and with grafting densitissigh as 0.65 chains/Am
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Figure 4.19 (a) Kinetic plot and (b) dependencé¢hef GPC molecular weight (inverted
triangle), theoretical molecular weight (solid jrend polydispersity (unfilled circles) on
the conversion for the surface-initiated RAFT podyimation of methacrylic acid
(IMAA]:[CPDB]J:JAIBN] = 1000:1:0.1).

Compared to our initial synthetic strategy, theedirpolymerization of MAA on dye-

labeled CPDB coated silica nanoparticles is moraigitforward. It also prevents the

loss of nanoparticles that occurs in the washiruggsses after each step in the reaction
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scheme. These concerns are critical for small diemeanoparticles which are
particularly prone to agglomeration. These chaksngre largely addressed by the direct
polymerization approach described herein. The kinettudy demonstrated the
living/controlled nature of the RAFT polymerizatioof MAA on small diameter
nanoparticle surfaces. The dye-labeled PMAA grafitida nanoparticles generated in
this process dispersed well in DMF and DMSO andewsgable in these solvents for

more than six months.
4.4 Summary

In conclusion, we demonstrated two methodgHersynthesis of dye-labeled PMAA
or poly(carboxylic acid) grafted silica nanoparil In the first synthetic strategy, “one-
pot” click reactions between PAHMA grafted silicaanoparticles and alkyne
functionalized molecules (alkyne based coumarin Bd8rescent dye and 4-pentynoic
acid) were conducted to prepare dye-labeled palgealic acid) grafted silica
nanoparticles. In the second strategy, dye-lab€RDB coated silica nanoparticles were
prepared by treating amino functionalized nanogpladiwith activated dyes and followed
by activated CPDB. Then surface-initiated RAFT podyization of tBUMA was
conducted followed by sequential removal of thiboarylthio end groups anert-butyl
groups to generate dye-labeled PMAA grafted siigaoparticles. The second method of
direct surface-initiated RAFT polymerization of MAAn small size (15 nm)
nanoparticles is more straightforward. A varietyPdIAA brushes with different lengths
and densities were prepared on nanoparticles witklient control and surface grafting
densities as high as 0.65 chains/nifihe synthesis of the dye-labeled PMAA grafted

silica nanoparticle was confirmed by FTIR, TGA, NMR analysis and TEM. The dye-
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labeled PMAA grafted silica nanoparticles providplatform to bind biologically active
molecules and to monitor the presence and movenoénthe nanoparticles for

bioapplications.
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CHAPTER 5

PREPARATION AND CHARACTERIZATION OF RECYCLABLE MAGNETIC
NANOPARTICLES WITHSURFACE-GRAFTED POLY (METHACRYLIC ACID) VIA

RAFT POLYMERIZATION

5.1 Introduction

Magnetic nanoparticles with controlled sized drigh magnetization are important
materials with wide application in magnetic recagli magnetic resonance imaging
(MRYI), drug delivery and therapeutitd.However, there are some problems with the
application of bare iron oxide nanoparticles in stheapplications, such as easy
aggregation, quick biological-caused decompositimil the environmentally induced
loss of the magnetic propertigSilica coated iron oxide magnetic nanoparticlesvjote
a biocompatible silica shell, which can effectivglsotect the iron oxide in biological
systems and preserve the magnetic properties. iliba soating is also a convenient
platform for subsequent surface functionalizatiden & powerful silica surface chemistry

toolbox.

Many of the biomedical applications requireatththe sizes of the magnetic
nanoparticles are smaller than 100 nm with a lolygspersity and that the particles are
superparamagnetic. Usually, small size magneticoparicles can be completely

secreted from the human body through the kidnelyasTthe synthesis of functionalized
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magnetic nanoparticles with a small size and highikty is an ongoing challenge.

There are several traditional methods to peepeon oxide nanoparticles, namely
thermal decomposition of iron (£® chelates at high temperature in high boiling poin
organic solvenfsand coprecipitation of E&and F&" salts in basic aqueous solutidns.
The nanopatrticles prepared by the former methodgssshigh saturation magnetization,
however the high temperature used in the syntlfasisally above 208C) is an obstacle
for scale-up fabrication, especially for industaalplications. The coprecipitation method
generally leads to larger size nanoparticles (aki¥enm). In this work, a modified
coprecipitation strategy was employed to synthes$ieg, SiO, superparamagnetic
nanoparticles with a ~10 nm size using mild synthetinditions while maintaining a

high saturation magnetization.

As a significant controlled radical polymetiba (CRP) technique, reversible
addition-fragmentation chain transfer (RAFT) polymation has been widely applied to
synthesize polymers in a controlled manner (colatoté molecular weight and low
polydispersitiesf:> RAFT polymerization has emerged as a powerful toomodify
nanoparticle surfaces to prepare polymer graftechoparticles with significant
advantages, such as applicability to many radicéyrperizable monomers, low metal
contamination in the final polymer, and mild polyization condition$:*® Polymer
grafted nanoparticles have important applicatiomsbiomedical areas such as drug

delivery and tumor theragy.

Poly(methacrylic acid) (PMAA) represents anportant class of pH-responsive
polymers and has been used in membrane tranSpaaatings:®> sensor§ and

biomedical application¥ There are a few reports about the surface funalimation of
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nanoparticles with PMAA or other multi-acid contaigp polymers. Some research
groups reported the strategy of deprotection ofaser attached poligrt-butylacrylate)
or polytert-butylmethacrylateJ®*® However, the deprotection aért-butyl moiety is
tedious and usually uses harsh conditions which magave the surface attached
polymers. The direct surface-initiated polymeriaatiof acid containing monomers on
particles has been reported by very few grdipSHowever, these particles are very
large (up to 11 um diameter) and are not apprapf@t many biomedical applications.
Direct surface-initiated polymerization of acid tamning monomers on small size
nanoparticles while maintaining good dispersibilgycritical and also a challenge for
biomedical applications. Surface-initiated RAFT ypoérization provides a convenient
technique which can be used to precisely cont®IRMAA chain lengths and densities
on surfaces while other CRP techniquesg(ATRP) cannot be used for this acid
containing monomer due to catalyst poison is$t&SIn this work, we report the
investigation of the direct polymerization of MAAhasmall size (10 nm) E©4/SiO;
magnetic nanoparticles via surface-initiated RAFdlymerization while maintaining

good dispersibility in solutions.

The significantly growing phenomenon of baeleresistance to antibiotics causes
high morbidity and mortality, which is an extremedgitical problem in the healthcare
area®® A variety of antibiotics used over several decadegh as penicillin, become
much less active or inactive to bacterial straManoparticles have been used as drug
delivery materials because of their unique propsrtsuch as high specific surface area,

nano-size effects and easy surface engineeringrtmdiice new functionalitieS.
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Magnetic nanoparticles have exhibited a varief advantages in biomedical
applications-? The unique property of stimulus response underneiag fields can be
used to direct the antibiotic attached magneticoparticles to penetrate complicated
bacterial environments, such as biofilms, which r@ech more resistant to antibiotics
than individual bacteria. The delivery platformranoparticles can be easily recycled via
a magnet without leaving residual nanomaterialh@&environment which avoids public
health concerns. Magnetic particles have been widséd as drug delivery vehicles to
eukaryote cells, however there are few reportsajoplications to bacterial cells. In
addition, the recyclability of the delivery vehislén bacterial system has not yet been
reported yet. Thus, in this work, we used PMAA tgdfmagnetic nanopatrticles as a
recyclable platform, with high surface area to woduratio, to deliver large amounts of
penicillin-G and examined their effectiveness ihirkg bacteria. The recyclability of the
magnetic particles is also discussed. The smadlsiater soluble PMAA grafted E@./
SiO, magnetic nanoparticles also have great potentiahgplications such as MRI,

multiple drug delivery and therapeutics.

5.2 Experimental
5.2.1 Materials

All chemicals were obtained from Fisher or ésrand used as-received unless
otherwise specified. Trimethylsilyldiazomethaned(®1 in hexanes) was purchased from
TCI. 4-Cyanopentanoic acid dithiobenzoate (CPDB$ whtained from Strem Chemical
Inc. CPDB immobilized silica nanoparticles were togsized according to the

literature?® 3-Aminopropyldimethylethoxysilane was obtainednir@elest and used as
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received. Methacrylic acid (99.5%, Acros) was pedfby passing through an activated

neutral alumina column. AIBN was recrystallizednfronethanol before use.
5.2.2 Instrumentation

'H NMR (Varian Mercury spectrometer 300/400) wasdraried using CBDDas the
solvent. Molecular weights and PDI were determinesing a gel permeation
chromatography (GPC) equipped with a 515 HPLC pum®410 refractive index
detector, and three Styragel columns. The colunensisted of HR1, HR3 and HR4 in
the effective molecular weight ranges of 100-50800-30000, and 5000-500000,
respectively. The GPC used THF as eluent at 30ntCaaflow rate of 1.0 mL/min and
was calibrated with poly(methyl methacrylate) olystyrene standards obtained from
Polymer Laboratories. The PMAA grafted nanopariclevere methylated by
trimethylsilyldiazometharfé and then cleaved by HF before GPC analysis. Samysee
filtered through microfilters with a pore size aR@m before injection. Infrared spectra
were recorded with a PerkinElmer Spectrum 100 specter. UV-vis spectra were
measured with a Perkin-Elmer Lambda 4C UV-vis spgtiotometer. TEM images were
examined using a Hitachi 8000 transmission electm@oroscope with an operating
voltage of 200 kV. Carbon-coated copper grids wese to prepare samples by dropping
sample solutions on the grids followed by dryinganfume hood before use. XRD
characterization was conducted using a Rigaku D/M&k00 Powder X-ray
Diffractometer with Cu k& radiation. The saturation magnetization of nanitgas was
determined using a Vibrating Sample MagnetometeSMY. Tapping mode AFM
measurements were operated using a Multimode Napesdll system (Digital

Instruments, Santa Barbara, CA). The characteozatias conducted using commercial
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Si cantilevers with a spring constant and resondmrpiency of 20-80 N thand 230—
410 kHz respectively. The sample of PMAA graftedoyarticles was prepared via spin-
coating on silicon wafers with a speed of 3000 rfi@A measurement was conducted
using a TA Instruments Q5000 with a heating ratel@fC/min form 25°C to 950°C

under nitrogen flow.
5.2.3 Synthesis of Fes04/SIO, Magnetic Nanoparticles

Two methods were employed to prepargdg#SiO, magnetic nanoparticles. The first
method was a microemulsion strategy reported pusWd The second method was
based on the following procedur@94 g FeG and 6.04 g FeS&¥YH,O were dissolved
in 400 mL N purged DI water. To this solution was added slows mL 29 wt%
NH4OH at 90 °C under Nprotection. Then, 9 mL oleic acid was added drgpwli hour
later and the resulting solution was stirred at°@0for 2 hours. The solution was
precipitated into a large amount of acetone to memextra oleic acid. Then, Triton X-
100 (2.5 mL) and 42 mL cyclohexane were added26CamL round-bottom flask. After
sonication for 1 min, 1 mL above prepared cyclomexaolution of F¢O, with a
concentration of 22.4 mg/mL and 350 puL 29 wt% JOH were added slowly to the
stirring solution at room temperature (RT). TEOSsvealded slowly and the resulting
solution was stirred at RT for 18 hours. The fisalution was washed with methanol to
remove the surfactant by precipitation and cergafion at 4000 rpm for 5 min, which

was repeated 4 times.
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5.2.4 Synthesis of Amino-Functionalized Fe;s04/SiO, M agnetic Nanoparticles

3-Aminopropyldimethylethoxysilane (1.29 g, &fmol) was added to E@4/SIO,
nanoparticles (approx. 112 mg) dispersed in dry OQB-mL). The reaction mixture was
stirred at 75 °C overnight undeg [drotection. The solution was precipitated intctluye
ether (200 mL), centrifuged at 3000 rpm for 5 mastand redispersed in dry THF. The

solution was precipitated again into hexane angspedsed in dry THF for further use.
5.2.5 Synthesis of CPDB-Functionalized Fe;04/SiO, Magnetic Nanoparticles

Activated CPDB (202.4 mg, 532 mmol) was digedl in dry THF (10 mL). The
above amino-functionalized nanoparticles (apprdq fng, in 20 mL THF) were added
slowly and the resulting solution was stirred at BJernight. After the reaction, the
solution was precipitated into cyclohexane and letether mixture. (200 mL,
cyclohexane : ethyl ether = 4 : 1), centrifuge@@Q@0 rpm for 5 minutes, and redispersed
in dry DMF. The solution was precipitated agairoiethyl ether and redispersed in dry
DMF. This procedure was repeated several timed timti supernatant solution was
colorless after centrifugation. The final nanopaes were dispersed in dry DMF for

further usage.

5.2.6 Surface-Initiated RAFT Polymerization of Methacrylic Acid from CPDB
Anchored Fe;04/SIO, Nanoparticles

Methacrylic acid (0.99 mL, 1.17x%0mol), CPDB coated E©./SiO, nanoparticles
(17 mg) and dry DMF (2.88 mL) were added to a 20 &thlenk tube. After sonication

for 1 min, AIBN (233 pL, 5mM in DMF) was added. Thelution was degassed by four
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freeze-pump-thaw cycles, filled with nitrogen, ahdn placed in an oil bath of 65 °C for

various intervals. The polymerization was stoppgdirenching in ice water.

5.2.7 Methylation of PMAA Grafted Fe;04/SiO, Nanoparticles

The procedure was similar to the literattire.

5.2.8 Cleavage of Grafted PMMA (After Methylation) from Fe;04/SIO;
Nanoparticles

The procedure was similar to the literattire.

5.2.9 Synthesis of PenG-Nanoparticle Complex

33 ul of PMAA grafted nanoparticles (35 mg/mias added to 500 pl of Penicillin
solution (1 mg/ml), followed by an incubation at 28 with shaking (186 rpm) for 2
hours. The resulting PenG-nanoparticle complex ealected and washed via Amicon

centrifuge tubes.
5.2.10 Bacteria I nhibition Efficiency Deter mination

10 pl of E. coli suspensionsvere added into 2 mL TSB solutions at 37°C for
incubation overnight. Three tubes of the same batteulture solutions were prepared.
Tube 1 was used as blank group without adding @am@GPor nanoparticles. Tube 2 was
employed to test the activity of free PenG. 50 fiPenG-nanoparticle complex was
added to Tube 3 before incubation. Bacterial grow#s measured at Q§, and was
compared to the Tube 1. Thus, the inhibition effi@y was calculated as follows:
inhibition efficiency (%) = (Sample QigyBackground Olgy) x 100. The Background

ODggo Was determined from Tube 1.
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5.3 Results and Discussion

5.3.1 Synthesis and Characterization of Fe;04/S IO, M agnetic Nanoparticles

Table 5.1 The Microemulsion Method for Preparatdifre;0,4/SiO, Magnetic

Nanoparticles
Group Microem | Surfactan| Solvent | Cosurfacta| Water | TEOS FeCk FeSQ NH,OH
ulsion t (Triton (ail) nt (uL) (uL) (0.15 M) (0.1 M) (29 Wt%)
X-100) cyclohexa (n-
ne hexanol)

ME1 5.3 mL 22.5mL 5.4 mL 620 10 500 pL 500 pY

A
ME2 5.3 mL 22.5mL 5.4 mL 810 10 810 pL
ME1 5.3 mL 22.5 mL 5.4 mL 620 100 500 pL 500 pY

B
ME2 5.3 mL 22.5 mL 5.4 mL 810 100 810 pL
ME1 5.3 mL 22.5 mL 5.4 mL 620 50 500 pL 500 py

C
ME2 5.3 mL 22.5 mL 5.4 mL 810 50 810 uL
ME1 5.3 mL 22.5mL 5.4 mL 620 10 1000 p 1000 plL

D
ME2 5.3 mL 22.5mL 5.4 mL 810 10 810 pL
ME1 5.3 mL 22.5mL 5.4 mL 1240 10 500 pL 500 pUYy

E
ME2 5.3 mL 22.5mL 5.4 mL 1620 10 810 pL

The FeO4/SiO, magnetic nanoparticles were synthesized by twdaust The first

strategy was a microemulsion method employing thxing of two

separate

microemulsions (ME1 and ME2) resulting in the fotima of nanoparticles. ME1 had

Triton X-100, cyclohexanen-hexanol, water, TEOS, FeChnd FeSQ@Q while ME2

contained Triton X-100, cyclohexanehexanol, water, TEOS and the base (QH). A

variety of FgO4/SiO, nanoparticles were prepared according to the fitsategy
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(microemulsion) using the recipes in the Table @fich were similar to reports in the

literature®

In Table 5.1, the group A was chosen as thedsird recipe to prepare sB82/SiO,
nanoparticles. The E®,/SiO, nanoparticle solution using recipe A was lightvanoand
transparent (Figure 5.1). The TEM image (Figure) SllRstrates that the RE©./SIiO;,
nanoparticles were well dispersed and shows that diameter of the individual
nanoparticles was approximately 11 nim.order to tailor the proportion of iron oxide
and silica, the recipes were systematically vaf@up B-D) with different amounts of
Fe(lll), Fe(ll) salts and TEOS, as listed in Tabld. The colors of the nanoparticles
corresponding to each recipe are shown in Figudard varied from dark brown to light
yellow. The lighter color of the magnetic nanopdes was observed in compositions
containing higher amounts of TEOS. The nanopadieiéth 10X TEOS usage have
higher weight loss (18.6%) compared to the pasielth 5X TEOS usage (17.3%
weight loss) at 940C in TGA analysis. Increasing the proportion of TE@ould be
helpful to enhance the Si@art of the nanoparticles. In this water-in-oilcn@emulsion
strategy, it has been reported that the amountatémis critical in determining the size of
water-in-oil microemulsion& which will further affect the size of magnetic
nanoparticles. Thus, to investigate the influent¢he amount of water on the size of
nanoparticles, an altered recipe (Group E in Tahl¢ was employed. The TEM image
(Figure 5.4)llustrates the F£,/SiO, nanoparticles were well dispersed and showed that
the diameter of the individual nanoparticles wasuad 12 nm, which is almost the same
as the nanoparticles prepared by the standarderé@poup A in Table 5.1). Thus, the

influence of the amount of water over the nanoplasize was not observed in the water

124



range listed in the Table 5.1. Even though welpéised nanoparticles were obtained
using the microemulsion method, the nanoparticles mbt have high saturation
magnetization (less than 5 emu/g) and strong magmesponses, similar to other
Fe;04/Si0, magnetic nanoparticlésThus, we were motivated to develop a new strategy
to prepare F©.,/SiO, magnetic nanoparticles with high magnetizationcedent

dispersity, and small size.

Figure 5.1 Photograph of f@/SiQ eti anbprticles prepared via the
microemulsion method.

Figure 5.2TEM of FgO4/SiO, nanoparticles prepared by microemulsion methot thie
standard recipe (Group A in Table 5.1)
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Figure 5.3 Photograph of ¥&,/SiO, nanoparticles prepared via microemulsion method:
a)10X TEOS of the standard recipe; b) 5X TEOS &f skandard recipe; c¢) Standard
Recipe; d) 2X iron of the standard recipe.

Figure 5.4TEM of FgO4/SiO, nanoparticles prepared by the recipe with 2X water
(Group E in Table 5.1)

The second strategy was based on the coptaaipi of Fé" and F&" salts in basic
aqueous solutions at low temperature to form nantiofes. Fe(lll) and Fe(ll) salts were
coprecipitated with NEDH at 90°C to form iron oxide nanoparticles followed by the
hydrolysis of TEOS on the E®, nanoparticle surface to form &&/SiO, magnetic

nanoparticles. The XRD pattern (Figure 5.5) condidrthe non-crystalline SiOshell
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ascribed to the broad peak at 10° — 30° and thie qyiinel structure of R®, due to the
strong diffraction peaks at 30.1°, 35.6°, 43.2°,98357.2, 62.8°, and 74.2° which were
indexed to (220), (311), (400), (422), (511), (4404 (533) planes. The IR analysis of
Fe;O. (Figure 5.6) confirmed the absorption peaks at 2984, 2854 cnt, and 1710 cm

! ascribed to the —CHand C=0 of F¢, surface physically absorbed oleic acid
respectively.The peak at 1409 cfnevealed chemically bound oleic acid on;Ge
ascribed to the stretch of COf@sulting from the coordination with iron of §&.%° The

IR spectra ofFe;04/SiO, demonstrated the existence of Safler surface hydrolysis of
TEOS on FgD, nanoparticles based on the appearance of strosgy@imn peaks at
1135 cni', 1056 cmt 947 cnit and 805 cril. The magnetic nanoparticle solution was
dark brown and the nanopatrticle powder (after waghnd drying) was capable of lifting
a medium size (1.5 cm diameter, 0.9 cm thicknesaymat off the ground, which
gualitatively demonstrated the high magnetic moma&nthe as-synthesized magnetic
nanoparticles (Figure 5.7). A vibrating sample neigmeter (VSM) was employed to
determine the magnetization strength of the magn&dnoparticles (Figure 5.8). The
VSM measurement demonstrated the superparamagypetivooth FgO,and FgO4/SiO,
nanoparticles with a high magnetic moment of 59riufg and 29.1 emu/g respectively.
The silica coated nanoparticles possess a lowenetiagmoment than the baresBg,
which is consistent with reports from other grotififie TGA showed that the weight
loss of FgO4/SiO, nanoparticles (after the addition of SiGh Fe;0,) was 35% at 906C,
which is significantly higher than the 24% of b&®0O, nanoparticles (Figure 5.9)he
TEM image (Figure 5.10) illustrates thes;Bg/SiO, nanoparticles were well dispersed.

The average diameter of the;Bg/SiO, nanoparticles was around 10 nm. Compared to
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the traditional thermal decomposition of Fe(lll)etdte in high boiling point solvent
(>200 °C) strategy? this method uses much more mild synthetic conutitiand still

provides high-magnetization superparamagnetic remiofes with a small size.
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Figure 5.5 XRD of Fg,/SiO, magnetic nanoparticles.
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Figure 5.61R of F&0.4/SiO, and FeO, magnetic nanoparticles.

128



Figure 5.7General procedure of fabricationFe;0,/SiO, magnetic nanoparticle
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Figure 5.8VSM of superparamagne FeO4nanoparticles (59.5 emu/g) and;04/SiO;,
nanoparticles (29.1 emu/q).
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Figure 5.9 TGA of Fg, FegO4SiO,, and PMAA grafted F©,/SiC, magnetic
nanoparticles.
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Figure 5.10 TEM of F£,/SiO, nanoparticles.
5.3.2 Synthesis and Characterization of PMAA Grafted Fe;04/SiO, Magnetic

Nanoparticles

y NH,
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Scheme 5.Bynthetic scheme for preparation of PMAA grafted@£5i0, nanoparticles
via direct polymerization of MAA.

The strategy for preparation of PMAA grafteg®,/SiO, magnetic nanopatrticles is

shown in Scheme 5.1. Amino coateds;®£SiO, nanoparticles were prepared by the
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reaction between as-synthesized ;@¢SiO, particles and 3-
aminopropyldimethylethoxysilane. The RAFT agent tedaFgO4/SiO, nanoparticles
were synthesized by allowing the amino coatesDEF/&I0, nanoparticles with accurately
determined densities to react with an excess ofatetl CPDB This method generated a
universal platform for surface initiated RAFT polgnzation of nanoparticles with
magnetic properties. The CPDB covalently bound he hanoparticle surface was
confirmed via UV-vis absorption at 305 nm (Figurd$. Finally, the surface-initiated
RAFT polymerization of MAA was conducted in DMF generate PMAA brushes

grafted onto magnetic nanoparticles.
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Figure 5.11 CPDB coated #&/SiO, nanoparticles.
Surface-initiated RAFT polymerization of MAA dutly on FgO,/SiO, nanoparticles
was conducted in DMF at 6& with a ratio between species of [MAA]:[CPDB]:[ANG
= 1000:1:0.1. The PMAA grafted kKe,/SiO, nanoparticles were methylated by
trimethylsilyldiazomethane followed by cleavage tbe methylated chains from the

nanoparticle surface with hydrofluoric acid solatim conduct accurate measurement of

the molecular weights via organic phase (THF) GR&acterization. The FTIR analysis
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of the methylated polymer grafted nanoparticlegifeé 5.12)confirmed the appearance
of the strong absorption peak at ~ 2951'doe to the generated methyl moiety.
Additionally, the absence of a broad peak at 35@%060 cni due to the hydroxyl group
in —COOH and the shift of the carbonyl stretch péaim 1700 crif to 1729 crit
confirmed the successful methylation of the polyieins. The TGA demonstrated that
the surface anchored PMAA accounted for 91% by kte{§igure 5.9) The PMAA
grafted FeO4/SiO, nanoparticle solution was brown and transparent in
dimethylformamide (DMF) (Figure 5.13). The magnetianoparticles had a strong
magnetic responsive property and could be easdispersed in DMF after sonication
maintaining the excellent dispersity in solutiom &b least 2 weeks. The grafted magnetic
nanoparticles also readily dispersed in water. TE® image (Figure 5.14) reveals the
PMAA grafted FgO,/SiO, hybrid nanoparticles were well dispersed, and shthat the
size of the individual nanoparticles was around590am, which is consistent with the

AFM image (Figure 5.15).
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Figure 5.12 IR spectra of PMAA graftedsBa/SiO, magnetic nanoparticles before and
after methylation.
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Figure 5.13PMAA grafted Si(;/FeO, nanoparticles in DMF: (A) Normal state; (
After magnetic separation; (C) Sonication Recoarg 14 days late

I

Al

Figure 5.15AFM of PMAA grafted Fi304/SiO, magnetic nanopatrticles. Size bar =
nm.
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5.3.3 Inhibition Activity and Recyclability of Magnetic PenG-Nanoparticle

Complexes

The PMAA grafted magnetic nanoparticles weseduto physically bind the beta-
lactam antibiotic penicillin-G (PenG) and testediagt bacteriaEscherichia coli{Gram-
negative) andStaphylococcus aureug§Gram-positive) were selected as the target
pathogens. The culture solution method was usexvatuate the inhibition activity and
recyclability of PMAA grafted magnetic particles amtibiotic conjugation for killing
bacteria. As a control group, the PMAA grafted raarticles exhibited no activity tB.
coli at the experimental conditions. The PenG-nanopartiomplex was added to the
tryptic soy broth baseé. coli culture solution with shaking at 3. After treatment
overnight, the bacterial growth of the suspensioaswdetermined by recording
absorbance at Qih, and was compared to the standard bacterial eustoiution without

PenG and nanopatrticles. Another control grouped ffenG was tested in the same way.

7

Nanoparticle
Collection

+ Antibiotic

Supernatant
Separation

Scheme 5.2 Scheme of recycling magnetic nanopestid deliver antibiotics for killing
bacteria.
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Figure 5.16 Inhibition activities of free-PenG (ligblue), and PenG complexed to
carboxylated polymers on magnetic nanoparticlesynas tested by bacterial culture
solution withE. coli.

The PMAA grafted magnetic nanoparticles candaglily recycled with a magnet. The
nanoparticles were attracted at the bottom of tibe tvia a magnet and the supernatant
was removed. The collected nanoparticles were whshkeeral times and used again to
bind PenG and tested again for their ability to kihcteria employing the above
mentioned method (Scheme 5.2). The inhibition &fficy of PenG-nanoparticle
complex remained at 82% using the recycled magmetioparticles, which is much

higher than the free PenG of around 53% (Figuré)5.1

Thus, PMAA grafted magnetic nanopatrticles @&ckd the bioactivity of PenG against
bacteria when the nanoparticles were physicallyndowith PenG. We hypothesize that
the increased antimicrobial activity is ascribed laxally high concentrations of

antibiotics bound to nanopatrticles, which overwhsekime resistance of bacterial strains.
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The small size PMAA grafted magnetic nanopartieleh precisely controllable surface
polymer brush lengths and PDIs provide an impondetform to restore the activities of
ineffective antibiotics via a new combination of teréals to overcome bacterial
resistance. The magnetic properties offer a siganifi stimulus technique to direct the
nanoparticles to complicated bacterial environmemstisch as biofilms, while free
antibiotic are not able to access cells in thekgtiextracellular polymeric substances

(EPS) of biofilms.

5.4 Summary

In conclusion, we demonstrated an effectivéhan for the preparation of ga4/SiO,
superparamagnetic nanoparticles with sizes as Isewia nm and a high saturation
magnetization using very mild synthetic conditio@2DB coated F©./SiO, magnetic
nanoparticles were prepared by treating amino fonatized FgO,/SiO, nanoparticles
with activated CPDB. The direct surface-initiateAFR polymerization of MAA was
conducted on very small size &R/SIO, superparamagnetic nanoparticles while
maintaining good dispersibility in solutions. Thenthesis of the PMAA grafted
Fe;04/SiO, superparamagnetic nanoparticle was confirmed HRFTGA, VSM, TEM
and AFM. The PMAA grafted R®.,SiO, magnetic nanoparticles enhanced the
bioactivity of PenG over bacternahen physically bound with PenG. The particles were
removed from water solutions using a magnet afgimacrobial testing without nano-
based pollution of the environment. The recycleddA\yrafted magnetic particles were
able to bind PenG and retained high activity ovactéria. The water soluble PMAA
grafted FeO4/ SiO, magnetic nanoparticles may also find application®RI, multiple

drug delivery and therapeutic fields.
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CHAPTER 6

SURFACE FUNCTIONALIZATION OF NANOPARTICLES FROM THESIMPLE TO THE

ADVANCED?

* Cash, B.; Wang, L.; Benicewicz, B. The Preparatind Characterization of Carboxylic Acid-Coated
Silica Nanoparticles]. Polym. Sci. Part A: Polym. CheB@12, 50, 2533-2540.
Reprinted here with permission of publisher.
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6.1 Introduction

The increasing prevalence, perseverance, dagdtability of bacterial resistance to
antibiotics is a vexing healthcare problem; onecwhiesults in high morbidity/mortality
and healthcare costs exceeding $20 billion annlially wide range of infectious strains
now exhibit antibiotic resistance. Common exampieslude MRSA (methicillin-
resistantStaphylococcus aurelyseudomonas aeruginodang- and wound-infections,
VRESs (vancomycin-resistaiinterococdj, bacterial pneumonia strains, and urinary tract-
infections (UTIs), as well as a host of infectigdhat occur in association with human
conditions such as AIDs, and intestinal/colon bhea&® The frequency of community-
acquired methicillin-resistanStaphylococcus aureuMRSA) increased more than
seven-fold from 1999 to 2006Patients who acquire such infections are at ise@aisk
for death and disease. Such patients can moredialle inpatient hospital costand

account for increased outpatient treatment ¢dated spending on long-term care.

Many widely-used antibioticg¢e.g, beta lactam antibiotics) share similarities in
molecular structure and modes of actibnSince genetic mechanisms underlying
antibiotic resistance can be readily exchanged gnbacterial cells, a growing number
of pathogenic strains now exhibit multiple antibotesistance (MARJ? Overuse of
antibiotics selects for the emergence and latesiggence of a resistant infection
following antibiotic treatment® a number that has been increasing over the past tw
decades. Consequently, many previously-used attbide.g penicillin) have been
rendered either less-effective or ineffective beeaof the preponderance of bacterial

strains having genetically-transferable antibigtisistancé? In order to overcome the
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growing patterns of resistance, a more effectivéization of antibiotics against

infections is required.

Nanoparticles (NP) and other nanotechnologebtaapproaches are now being
investigated as therapeutic delivery-vehicles fotibéotics and other antimicrobial
compounds to bacterial cells. While NPs have besd wxtensively for the delivery of
anti-cancer drugs and other types of moleculesikaryote cells>" they have not been
utilized to a great extent to bacterial céfisdowever, the size-dependent properties of
NPs coupled to their high specific surface areasamthce energies, potentially provide
NPs with increased delivery capabilities when comagao dissolved moleculéSNPs
additionally offer new design possibilities becatlssr chemistry can be engineered with
high-specificity to possess surfaces having differg/pes and densities of chemical
functional groups, charges and other propeffié$.This can permit pre-determined
guantities of antibiotic molecules to be carriedabgingle nanoparticle, and subsequently
delivered to an infectious bacterial cell. The fimes or surfaces of nanoparticles
similarly can be engineered with fluorophores toilfiate quantitative detection. These
properties, when used in combination, also offemaue and improved potential for

probing bacterial infections with increasing resioln.

In the present study, we conjugated the astttbipenicillin-G using specifically-
engineered nanoparticles, against bacterial patispgesome of which were highly-
resistant to the antibiotic. The activities of telaly non-effective antibiotics were
significantly enhanced by nanoparticle-conjugatamm avert certain forms of antibiotic
resistance, especially if nanoparticles can spdifi target bacteria. The antibiotic was

conjugated to engineered silica nanoparticles liptheir surfaces functionalized with
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monolayer carboxylic acids, and poly(methacrylida¢PMAA) prepared by the RAFT
polymerization technique. Both forms of antibiotidPs complexes demonstrated

enhanced inhibition of the bacteria.

Cyclodextrin is an effective molecule to captuhe signal molecules acylated
homoserine lactones (AHLs), which are releasedanydria in their quorum sensing (QS)
proces$® QS allows bacteria to communicate with each otret thus makes bacteria
much more resistant to antibiotics compared toviddial bacteria. Thus, we are
motivated to prepare cyclodextrin grafted nanopksi to bind AHLS, lower its
concentration to a certain degree and finally shawn the QS. Cyclodextrin grafted
nanoparticles could be very important in captusigmal molecules in biofilms, in which
bacteria are protected by extracellular polymeeicrstions (EPS). Free cyclodextrin will
be blocked by the sticky EPS barrier before acngsdvacterial cells whereas

nanoparticles can penetrate the biofilms EPS.

Bimodal polymer grafted nanopatrticles allowyprers to behave synergistically on a
nanoparticle. Polyethylene glycol (PEG) is used the biomedical area as a
biocompatible polymer. It also has been reportep@venting protein absorption and
minimizes cell attachmeff.PMAA has been applied to bind functional molectfies
various applications. Thus, we are motivated toettgy advanced bimodal PMAA and

PEG grafted silica nanoparticles.

Polymer grafted nanoparticles are importantemes and have found applications in
chemosensors, biomedical devices and coafitfjThe preparation of polymer grafted
nanoparticles is usually conducted in organic salvén both “grafting to” and “grafting

from” strategies. The organic solvent based surféwectionalization limits the
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application of such materials, especially in themetics, food and biomedical industries
because the residual volatile organic compoundsd8§)Q@re toxic to human health. Thus,
aqueous processes are desirable in the preparatitimese materials. We were thus
motivated to develop the surface functionalizatodrparticles with polymer in aqueous

environments.
6.2 Experimental
6.2.1 Materials

All chemicals were obtained from Fisher or égrand used as-received unless
otherwise specified. Trimethylsilyldiazomethaned(®1 in hexanes) was purchased from
TCI. 4-Cyanopentanoic acid dithiobenzoate (CPDB3 wiatained from Strem Chemical
Inc. CPDB immobilized silica nanoparticles were thgsized according to the
literature?” Alkyne-oligoglutamate was obtained from Dr. Rich&ross group at RPI. 3-
Aminopropyldimethylethoxysilane was obtained froral€st and used as-received. NBD
based fluorescent dye was prepared according tolittature?® Methacrylic acid
(99.5%, Acros) was purified by passing through ativated neutral alumina column.
AIBN was recrystallized from methanol before u$ke beta-lactam antibiotic penicillin-

G was obtained from Sigma-Aldrich Inc. and usedalbexperiments.
6.2.2 Instrumentation

'H NMR (Varian Mercury spectrometer 300/400) was crarted using CEDD or
CDCI; as the solvent. Molecular weights and PDI were rdateed using a gel
permeation chromatography (GPC) equipped with al3REC pump, a 2410 refractive
index detector, and three Styragel columns. Thenoos consisted of HR1, HR3 and
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HR4 in the effective molecular weight ranges of -B000, 500-30000, and 5000-500000,
respectively. The GPC used THF as eluent at 30ntCaaflow rate of 1.0 mL/min and
was calibrated with poly(methyl methacrylate) olystyrene standards obtained from
Polymer Laboratories. Samples were filtered throomtrofilters with a pore size of 0.2
um before injection. Infrared spectra were recordgtth a PerkinElmer Spectrum 100
spectrometer. UV-vis spectra were measured witlerkif-Elmer Lambda 4C UV-vis
spectrophotometer. TEM images were examined usingitachi 8000 transmission
electron microscope with an operating voltage d® R¥. Carbon-coated copper grids
were used to prepare samples by dropping samplegigmd on the grids followed by
drying in a fume hood before use. Tapping mode ARasurements were operated
using a Multimode Nanoscope Ill system (Digitaltinmments, Santa Barbara, CA). The
characterization was conducted using commercialaBtilevers with a spring constant
and resonance frequency of 20-80 N and 230-410 kHz respectively. The sample of
PMAA grafted nanoparticles was prepared via spi@dog on silicon wafers with a
speed of 3000 rpm. TGA measurement was conducteg asTA Instruments Q5000

with a heating rate of 10°C/min form 25°C to 95Qf@ler nitrogen flow.

6.2.3 Bacterial Strains

List of organisms use&taphylococcus aureuTCC 25423;Bacillus cereusATCC
11778;Escherichia coliATCC 25922;Pseudomonas aeruginogd CC 27853;Proteus
vulgaris ATCC 29905;Salmonella typhimuriumkTCC 133111;Enterobacter aerogenes
ATCC 13048;Alcaligenes faecaliATCC 8750; Staphylococcus aureu&TCC 29213
(community acquired-MRSA); Staphylococcus aureus&x\TCC BAA 1717 (hospital

associated-MRSA)Klebsiella pneumoniadTCC 27736. The Gram-negative bacterium
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strain Escherichia coliM8820 was obtained from the American Type Cult@odlection
(ATCC #25922). Thee. coli were grown in tryptic soy broth (TSB, 30 mg/L) 3t°C
with vigorous agitation. Growth of the cultures wassayed by measuring the optical
density (600 nm) using absorbance spectrophotoni®hynadzu, Inc). Several strains of
the Gram-positive bacteriui@taphylococcus aureusvere used for experiments. These
included strains that are either sensitive or taststo the antibiotic Penicillin-GS.
aureus(subsp.aureus ATCC No. BAA-1717§° andS. aureusATCC 25423. All Gram-
positive strains were grown at %7 in tryptic soy broth. The bioactivity tests agsin
these bacteria were conducted by Dr. Yung Pin GimehKristin Miller in Prof. Alan W.

Decho lab at the University of South Carolina.

6.2.4 Synthesis of Silica Nanoparticles

200 mL ethanol, 5 mL ammonium hydroxide (29oNtand 2.5 mL deionized water
were added into a round-bottom flask and the métuas stirred for 15 min. Tetraethyl
orthosilicate (TEOS) (5 mL) was then added quickhd the resulting solution was
stirred at rt with a speed of 125 rpm overnight.9@gwas added to the reaction solution
to absorb the water. After filtration of MgQOthe filtrate was concentrated and
precipitated into ethyl ether. The nanoparticlesenrecovered by centrifuge at 3000 rpm
for 5 min and redispersed in THF. The process wgeated two more times and the

silica nanoparticles were finally dispersed in TidFfurther use.

6.25 Method for Preparation of Lanthanide (Europium II1) Doped Silica

Nanoparticles

200 mL ethanol, 5 mL ammonium hydroxide (29oNtand 2.5 mL deionized water

were added into a round-bottom flask and the méxtwas stirred for 15 min. Tris
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(2,2,6,6-tetramethyl-3,5-heptanedionato) europiuii) ([Eu(TMHD)3] (51.72 mg,
7.37x10° mol) was added and the resulting solution wasestifor another 15 min. Then
the tetraethyl orthosilicate (TEOS) (5 mL) was atldapidly and the resulting solution
was stirred smoothly (125 rpm) at room temperatwernight. MgSQwas added to the
reaction solution to absorb the water. After fiiva of MgSQ, the filtrate was
concentrated and precipitated into ethyl ether. Theoparticles were recovered by
centrifuge at 3000 rpm for 5 min and redispersedHifr. The process was repeated two
more times and the europium (1) doped nanopasielere finally dispersed in THF for

further use.

6.2.6 Ruthenium (1) Doped Silica Nanoparticles

The synthesis of ruthenium (ll) doped sili@aparticles is similar to europium (111)
doped silica nanoparticles. 55.17 mg ruthenium derp of tris(2,2'"-
bipyridine)ruthenium(ll) dichloride hexahydrate, ®0nL ethanol, 5 mL ammonium
hydroxide (29 wt%), 2.5 mL deionized water and 5 MEOS were used in the

nanoparticle synthesis.

6.2.7 Preparation of Dye and Carboxylic Acid Functionalized Silica Nanoparticles

NBD-NHS (2.72 mg, 7.786 pumol), as a solution THF (344 pulL), was added
dropwise to amino-functionalized silica nanopaesc(2.6 g, 56.umol/g) dispersed in
THF (30 mL). The reaction was stirred at rt. Af8sh, succinic anhydride (7.0 mg, 0.7
mmol) was added as a 1 mM solution in DMF and tirdure was stirred overnight. The
reaction solution was then poured into 200 mL edtler. The particles were recovered
by centrifugation at 3000 rpm for 5 min. The pdescwere then redispersed in 30 mL of

ethanol and re-precipitated in ethyl ether (200 milbis procedure was repeated three
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more times until the supernatant remained colarl@sse NBD-NHS and carboxylic acid
anchored silica nanoparticles were finally dissdlireethanol (44.8 g/L). The NBD-NHS

accounted for 4.8% in the total functionalized acef groups.
6.2.8 Acidification of Penicillin G Potassium Salt

8 g Penicillin G potassium salt was dissolired00 mL DI water followed by cooling
to 0 °C. The pH was adjusted to 2 with 1 M3, and a large amount of white
precipitates were generated. The precipitates weracted using ethyl ether and further
washed three times using saturated sodium chl@adigion. After drying with sodium
sulfate, the concentrate was poured into a mix{a@50 mL) of isopropylamine and

acetone (1:1) followed by filtration and drying€id: 2.88 g, 36%).

6.2.9 Synthesis of Penicillin G Physically Attached Nanoparticles

To complex PenG to nanopatrticles, 0.5 ml of dyeled monolayer carboxylic acid
coated nanoparticles (12.8 mg/ml) and 1.5 mL Dlewatere mixed. Then, 5 mg
Penicillin was added and incubated at’@8with shaking (200 rpm/min) for 6 hours. The
nanoparticle-penicillin complex sample was colldcbyy Amicon centrifuge tubes. For
Dye-labeled poly(methacrylic acid) grafted nanophes (22 mg/ml), the same procedure

was performed.

6.2.10 Synthesis of Glutamate Grafted Silica Nanoparticles

A THF solution of PAHMA grafted silica nanofiates (554.2 mg, 4.078x10mol Ns
group) and alkyne-oligoglutamate (0.5 g, 4.078%Xfol) was treated with nitrogen
purging for 30 min. Then CuBr (5.85 mg, 4.078%1Mol) and PMDETA (7.067 mg,

4.078x10° mol) were added and the resulting solution wasresti under nitrogen
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protection at rt for more than 48 hours. The migtwas concentrated and dialyzed in
water to remove the copper catalyst. The glutangaédted silica nanoparticles were
collected, dried and dispersed in DMSO for furthee.
6.2.11 Preparation of Monolayer Dye-labeled B-CD Functionalized Silica
Nanoparticles

A DMF solution of -CD (70.56 mg, 62.16 pumol), N,N'-dicyclohexylcarbodde
(DCC, 10.3 mg, 49.73 umol) and 4-dimethylaminopyed(DMAP, 0.5063 mg, 4.144
pmol) were added to a 15 mL DMF solution of dyeelad carboxylic acid-
functionalized silica nanoparticles (graft densiy:24 groups/nf 0.7281g). The
reaction was stirred at room temperature overnighén the reaction solution was then
poured into 200 mL ethyl ether followed by centg@ition at 3000 rpm for 5 min. The
recovered particles were then redispersed in etharb subjected to dialysis process to
further remove impurities. The isolated dye-labepe@D coated silica nanoparticles
were finally dissolved in ethanol/water mixturesits for further use.

6.2.12 Preparation of Dye-labeled Poly(p-CD) Grafted Silica Nanoparticles

A DMF solution of B-CD (3.711 g, 3.27 mmol), N,N'-dicyclohexylcarbadide
(DCC, 0.54 g, 2.616 mmol) and 4-dimethylaminopyredi(DMAP, 26.6 mg, 0.218
mmol) were added to a 10 mL dry DMF solution of digleeled poly(methacrylic acid)
grafted silica nanoparticles (graft density: 0.3@ins/nn3, 252 mg). The reaction was
stirred at room temperature overnight. Then thetrea solution was then poured into
200 mL ethyl ether followed by centrifugation at0BOrpm for 5 min. The recovered

particles were then redispersed in 20 mL of ethamol subjected to dialysis process to
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further remove impurities.The isolated dye-labeled popyCD) graftec silica

nanoparticles were finally dissolvedwater for further use.
6.3 Results and Discussion
6.3.1 Preparation of Doped Silica Nanoparticles

Silica nanoparticles were synthesized via the Stofethod which is based on t
hydrolysis of TEOS under basic conditic®® A variety of silica nanoparticles wif
different sizes were prepared by using various artsoof TEOS, NILOH and water.
Figure 6.1 shows the TEM images 020 nm and 90-100nm (diameter)silica
nanoparticles anthdicates that the nanoparticles were n-distributedand disperse
well in solution.NaOH (around same pH value to 4OH solution) was also used

hydrolyze TEOS in the system and the resulting paricles dispersed well in solutic

Figure 6.1 TEM image ddilica nanoparticles prepared by Stober method diitflerent
sizes (a) 20 nm; (b) 9000 nm

Lanthanide probes, such as europium (lll) enhaheeability to quantify and dete
nanoparticles. Lanthanide metals exhibit -resolvedluminescence with emissio
specific to the molecular environme®® The nanoparticles were synthesized \

europium (II) in order to directly incorporate tieeiropium (lll) into the silica matri
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When excited at 365 nm, the emission of the madliBdica nanoparticles could be
measured at 538 nm (Figure 6.2). Despite the stiral size of the nanoparticles, their
luminescence was detectable using confocal scaras®y microscopy (CSLM; Figure
6.3). The Eu (lll)-doped silica nanoparticles weyathesized in a range of sizes (Table
6.1), with diameters between 25 nm to 170 nm. The diareef the Eu (lll)-doped silica
nanoparticles varied depending on the europiumméigeand molar ratios of Eu and Si.
Figure 6.4 shows the TEM images of Eu (lll)-dopdita nanoparticles and indicates
that the nanoparticles were mono-distributed asdatised well in tetrahydrofuran (THF).
The relative transparency of solutions containing @I)-doped silica nanoparticles
changed depending on the size of the nanopartiales,larger diameter nanoparticles
resulted in more “milky” solutions (Figure 6.5The photoluminescent nanoparticles
were allowed to react with 3-aminopropyldimethytetissilane to obtain amino group
functionalized Eu (lll)-doped silica nanoparticlésllowed by the reaction with succinic

anhydride to prepare carboxylic acid coated Eg-ftped silica nanoparticles.

40 4
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Figure 6.2Photoluminescence spectrum of Eu (lll)-doped sifiaaoparticles. Using the
excitation wavelength of 365 nm, the maximum erissvas 538 nm.
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Figure 6.3Confocal scanning laser micrographs showing-resolved fluorescence
Eu (ll)-doped silica nanoparticles: (A) -30 nm size; (B) 93:00 nm size. Note: tt
sizes of light spots are larger than the actudigdarsize due to inherent resoluti
limitations of light microscopy and partial agglomeratadrparticles prepared on gle
slides.

Table 6.1 Europium (llIdoped silica nanoparticlsize distribution

Eu (Ill) liganc Molar Ratio Eu:Si Nanoparticle
Entry (mol%) diameter (nr
1 Tris(2,2,6,6tetramethy-3,5- 0.33 25-30
heptanedionato) europit
2 Europium chloride 0.68 40-50
hexahydrat
3 Europium chloride 1.34 15C-170
hexahydrat
4 Europium acetate hydre 0.5 95-100

15
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Figure 6.4Transmission electron microscopy (TEM) micrographgu (Il1)-doped silica
nanoparticles with a variety of ligand:1) Tris(2,2,6,6-tetramethyl-3 Bbeptanedionatc
Europium Eu : Si = 0.33 mol%, 25-30 nm; (2 Europium chloride hexahydratEu : Si
= 0.68 mol%), 40-50 nm; JEuropium chloride hexahydratey : Si = 1.34 mol%),1¢-

170 nm; (4)Europium acetate hydra(Eu : Si = 0.5 mol%), 95-100 nm.

Figure 6.5 Eu (lll)doped silica nanoparticles with a variety of liganf) Tris(2,2,6,
tetramethyl-3,%eptanedionato) EuropiurEu : Si = 0.33 mol%), 230 nm; (2)
Europium chloride hexahydratEu : Si = 0.68 mol%), 40-50 nm; (Buropium acetat
hydrate Eu : Si = 0.5 mol%), ¢-100 nm; (4)Europium chloride hexahydratEu : Si =
1.34 mol%), 150-170 nm.
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Figure 6.6 (a), (b), (c)TEM micrographs oRu(ll)-doped silica nanoparticl, 40-50 nm,;
(d): photograph ofuthenium(ll’ doped silica nanopatrticles.

Tris(2,2'bipyridine)ruthenium(ll [Ru(bpy)]2’] were incorporaté into the silice
nanoparticles during the formation of particlefRu(bpy)]Cl, is red while the
ruthenium(ll) doped silica nanoparticl are orange, as shown in Figure 6.6 Figure
6.6 shows the TEM images (Ru (II)-doped silica nanoparticles aimttlicates that th
nanoparticles were mordistributec and dispersed well in ethanolfhe feed ratic
between ruthenium(litomplex and TEOS isu : Si = 0.33 mol%and the diameter ¢

the generated spherical nanoparticles -50 nm

6.3.2 Synthesis of Dye-L abeled M onolayer Carboxylic Acid Coated Silica
Nanoparticles (SNPs)

The carboxylic acid engineered sNPs were labeleth luorescent dyes fc
monitoring the presence and movement of the sNirg Wv/-vis andconfocal scannin
laser microscope @&LM). A carboxylic acid monolayewas coated onNPs with

fluorescent tags in two stej(Scheme 6.1). First, amirmpated nanoparticles (w a
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predetermined amount of amino groups) were alloteegact with a small amount (< 5
mol % relative to the amines) of 7-nitrobenzofuragdBD)-based dye molecules.
Secondly, an excess of succinic anhydride was attddte reaction solution to generate
fluorescent dye-labeled carboxylic acid-coated panticles. The amount of dye
molecules attached to the nanoparticle surface determined by absorbance of
functionalized nanoparticles (326 nm) and compdee@ standard UV-vis absorption
curve of free NBD-COOH (Figure 6.7)he dye-labeled silica nanoparticles with surface

functionalized carboxylic acids were yellow and tthanol solution was transparent

(Figure 6.8).
HoN Si/‘o/\ H,N iz NH, (1) <5 mol% NBD-NHS COOH
~ \ H :jﬁ 2 HOOC Dye
2 NH;
THF, reflux, overnight . (2) succinic anhydride HOOC COOH
HN g N HOOC® § "COOH
NH, THF, DMF éoon

0]
N O

NBD-NHS: O 0

HN—QNOZ
[
N_ N

o
Scheme 6.1 Synthesis of dye and carboxylic acidtfomalized nanoparticles.

A series of dye- and carboxylic acid-funcabred sNPs at low-, medium-, and high-
density were prepared, as shown in Table 6.2. Szsmipbeled ‘Entry 1’ and ‘Entry
5’'were used as control groups to test the toxioftfunctionalized sNPs to bacteria. Bare
sNP (Entry 1, Table 6.2) and 100% fluorescent dyéase functionalized sNP (Entry 5,
Table 6.2) demonstrated no detectable toxicity itbee E. coli or S. typhimurium
Dynamic-light-scattering (DLS) indicated the meaandeter of bare nanoparticles was
18.9 +0.4 nm. The mean diameter of carboxylic acdted-nanoparticles was 22.7 nm,

with an increase of 3.8 nm after surface modifarati
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Table 6.2 Dye-labeled monolayer carboxylic acidtedananoparticles

Entry Total surface| Total surface | Dye in the surfacs Carboxylic
density density- groups (mol%) | Groups/Nanopar
(groups/nm) equivalent ticle
(umol/g)

1 0 0 0 0

2 0.24 56.91 4.80 287

3 0.40 93.53 3.05 487

4 0.65 154.14 3.40 788

5 0.24 56.91 100 0

o |
e
S 1.0
e ]
2 084
Q <4
<
0.6
0.4+ =
2+——T T T T T T T 71 1
40 60 80 100 120 140 160 180 200 220 240

Concentration (umol/L)

Figure 6.7UV-vis standard absorption curve of NBD-COOH at 326.
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Figure 6.8 Photograph of dye-labeled carboxylid @oated nanoparticles in ethanol
after several washes.

6.3.3 Synthesis and Characterization of Poly(methacrylic acid) Grafted Silica

Nanoparticles

Poly(methacrylic acid) grafted sNPs were sgathed by preparation of potg(t-
butylmethacrylate) (BuMA) grafted nanoparticles followed by the depotien of the
tert-butyl groups on the surface-attached polymersy(Rot-butyl methacrylate) grafted
sNPs were prepared by RAFT polymerizationtest-butyl methacrylate mediated by 4-
cyanopentanoic acid dithiobenzoate (CPDB) coatedPssNn THF employing
azobisisobutyronitrile (AIBN) as the initiator aD 6C. In addition, an extra step of
treatment with excess AIBN is required to remowe tthiocarbonylthio moiety before the
deprotection process because the deprotection agaethylsilyl iodide (TMSI) would
coordinate to the thiocarbonylthio group, generftee thio groups and lead to
nanoparticle aggregation by oxidative couplifihe extremely large abundance of

carboxylic acid on the poly(methacrylic acid) exdamy from the nanoparticles provides
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the capability focomplexation olenormous numbers of antibiotic molecules to a si

nanoparticle.

Figure 6.%hows TEM images of poly(t-butyl methacrylate) and poly(meacrylic
acid) grafted sNPs, andveals a excellent dispersion of nanoparticles aeach step of
chemical modificationsThe diameter of individual poly(methacrylic a-coated sNPs

was approx. 30 nm, armbnsistent with AFMbased measurements (Fig6t8, ().

Figure 6.9 TEM and AFM image of polymer grafted sNPs: (a) [tert-butyl
methacrylate) grafted sNPs with RAFT group chainl eapped; (b) poltert-butyl
methacrylate) grafted sNPs without RAFT group cleaid capping; (c) poly(methacryl
acid) grafted sNPs. Scale bar for all the TEM insagg00 nm. (d) AFM image
poly(methacrylic acid) grafted sNI

6.3.4 Preparation of Antibiotic-Nanoparticle Complexes

Penicillin G (PenG) is laactericidalantibiotic, which Kills cells through the inhibitic
of cell wall synthesid® PenG was nc-selectively conjugated to monolayer carbox
acid or PMAA grafted sNPs via physical interactioBasically, lenG was added to tl

water solution of monolayer carboxylic acid or PMAdrafted nanoparticles ft
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incubation at 28°C with shaking for 3 hours. ThBenG/nanoparticle complex was

collected and separated from unbound PenG usingé&militra Centrifuge Filters.

PenG was also covalently attached onto sihemoparticles to investigate the
antimicrobial activity of the complex (Scheme 6.2)the covalently anchoring process,
the acidification step of PenG potassium salt igicat because there is no other
functional group in the structure which is suitafe further chemical modification. The
process was conducted using 1MSIAy to adjust the pH to 2. The treatment should be
conducted very carefully to avoid potential hydeidy of thep-lactam structure. The
covalently attachment of PenG acid was achievedheacoupling reaction with amino-
functionalized silica nanoparticles. In the pro¢cesdsosing the right reaction solvent is
critical. Typically, dichloromethane (DCM) is a gbaolvent for the coupling reaction
between organic molecules. However, amino-anchqadicles did not dissolve in
DCM. After a series of tests, a mixture solvenD&M and DMF (DCM/DMF=2:1) was
selected. As another strategy, PenG acid was &ativavith N-hydroxysuccinimide
(NHS) to obtain PenG-NHS. This can then be userkéot with amino-functionalized
particles, which is a highly efficient reaction. elfas-synthesized nanoparticles were
washed several times to remove the small moleaneisthen dispersed in ethanol or

DMSO.

H H
N S N S
HpSOy4 @
o) N - - O N PG
o o oH PG PG
oK . %
o o Toowour™ F’GQ"G
NH» “
H2N—/\—S<—O/\ HoN., S NH, PG 5 PG
O HoN NH,

THF, reflux HN® 8 mNHg _ PG: Penicillin G

Scheme 6.2 Synthesis of Penicillin G covalentlgaied nanoparticles.
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6.3.5 The Antimicrobial Activity of Antibiotic-Nanoparticle Complexes

Standardized agar diskffusion assays and broth dilution approach weseduto
measure the antimicrobial activitiesPenG and sNP-PenG complex@sir investigatior
studied ten bacterial pathogens (six CG-negative and four Grampesitive bacteria)
including methicillinfesistaniStaphylococcus aureU#MRSA) strains.In disk-diffusion
assays, treatment disks containing the nanopaimheplexes were tested on the sz
agar plates as the control (soluble Pedisks to ensure that the dosage and growth ¢
of the bacterial lawn was compara The inhibition activityof nanoparticl-complexed
antibioticwas verified by its presence in the inhibition zewé agar plate (Figure 6.10).
Bare sNPs did not result observable zones of inhibitioFree penicillin € a low dose
(2.5 pg) had an activity of i both assays, while the nanomplexed form of penicilli

with the same dose of Per®@hanced activitsignificantly (Figure 6.11).

Figure 6.10 Results of digiiffusion assays using (A) S. typhimurium and (BxAli.
Disks 1, 2, and 3 represent 2.5, 5.0, and 7.5 |Rpaf5 added in soluble for
respectively. Disks 1’, 2’, and 3’ have 2.5, 5.0d&.5 pug of PenG complexed
‘monomeric’ surfacezarboxylated silica nanoparticles (SNPs), respely.
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The results (Figure 6.11) showed that in digkusion assays using Gram-negative
bacteria (B, D and I), both PenG-conjugated to neyyer carboxylic acid antb PMAA
grafted nanoparticles, exhibited much greater itibilb zones (> 7 mm in B; > 7.5 mm in
D; > 8 mm in 1) while inhibition zones of free-Pen&re effectively 0 mm when the
PenG doses were low. Differences in observed ihbibizones between nanopatrticle-
complexed PenG and free-PenG decreased when Pes&S dere increased. The same
trends were also observed in tests using Gramipesiacteria and MRSA. The ability of
PenG, when conjugated to either monolayer carboxadid- or PMAA-nanoparticles, to
inhibit MRSA strains (Figure 6.11 F, G) illustratése increased effectiveness of

nanoparticle-conjugated antibiotics.
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Figure 6.11 Inhibition activity of free-PenG (whit€enG-complexed to the surface
monolayer on sNPs (black), and PenG-complexedrtmgglated polymers on sNPs
(hatched), as tested by disk-diffusion assays uBirggreus (A), P. aeruginosa (B), K.
pneumoniae (C), P. vulgaris (D), E. aerogenes§Elyphimurium (F), CA-MRSA (G),
HA-MRSA (H), E. coli (I), and S. aureus (J).
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The disk-diffusion assays illustrate the hhigntimicrobial activity of the
nanocomplexed antibiotics against both Gram-negaamd Gram-positive bacteria,
especially antibiotic-resistant MRSA. These resul&se surprising because PenG is not
typically effective against MRSA. The question eges from our results: Why do
nanoparticle-conjugated antibiotics have increaaatibacterial activity? In order to
answer this question, control groups of dye-labateoholayer carboxylic acid and
PMAA grafted sNPs were used to conduct the sameerarpnt as the sNP-PenG
complex. It was found that these particles did slebw any activities to the Gram-
negative and Gram-positive bacteria, including MRSAus, the real moiety which

demonstrated the antimicrobial activity in the céemps the conjugated PenG.

Beta-lactam antibioticssuch as PenG, work by interfering with the craskage of
peptidoglycan, a major component of the bactegdllwall.** Resistant bacterial strains
often possess beta-lactamases, enzymes that spigiflegrade the lactam structure and
render the antibiotic ineffective. In order to W¥erihe resistance mechanism, we tested
the effects of nanoparticle-PenG complex on bettafaases by incubation of free PenG
or nanoparticle-conjugated PenG (both on monolegdroxylic acids and PMAA coated
sNPs) andE. coli (ATCC 25922) followed by the nitrocefin disk assayitrocefin,
containing a beta-lactam ring, is a chromogenidha&sporin and usually used to rapidly
detect beta-lactamastUsually, nitrocefin solution is yellow with a U\Miss absorption
peak around 380 nm. Beta-lactamase is able to hypddrothe beta-lactam ring of
nitrocefin, resulting in a color change from yellgnegative) to red (positive), with a
corresponding UV-vis absorption peak around 480 Thhe incubation with monolayer

carboxylic acid coated sNPs remained a yellow c¢oldnich indicated no- or little
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hydrolysis; while the incubation with PMAA resulteéd a very light red color which
reveals more hydrolysis. However, compared to tbetrol group of free PenG on
nitrocefin disk (no sNPs) that resulted in a dael color, incubations with the PenG-
nanoparticle complexes generated much less betarases. This low concentration of
beta-lactamase leads us to hypothesize that tlnginf PenG on nanoparticle surfaces

resulted in less recognization by the cell andngelogeneration of beta-lactamases.

We hypothesize that another reason for the higimarbbial activities is the locally
high concentrations of surface-attached antibimtadecules on a nanoparticle. This may
overwhelm a targeted bacterial cell’s ability tgd®le the antibiotics using enzymes (i.e.
beta-lactamases). In contrast, a typical antibiotice solubilized will typically diffuse to
form a rather homogeneous dispersion of molecutgsasl over bacterial cells, but
results in a relatively low concentration of amiic molecules reaching a single
bacterium. Our studies suggest that when antilsicie concentrated on a nanoparticle
surface, they can supply a more locally-concentrdtese. The ability of PenG to prevent
bacteria from building a peptidoglycan layer weakene cell wall of the bacterium,

which ultimately results in cell lysis.

6.3.6 p-Cyclodextrin Grafted Silica Nanoparticles

Fluorescent and multifunctional silica nanoparscigere synthesized via a coupling
reaction between the hydroxyl groups @#€D and dye-labeled, carboxylic acid coated
silica nanoparticles using DCC. The carboxylic am@ted nanoparticles were prepared
based on a ring opening reaction between succihgdride and amino-functionalized
silica nanoparticles with a variety of surface gdansities ranging 0.24-0.65 groupsfnm

Thus, the graft density ¢f-CD functionalized nanoparticles can be tailoredvhyying
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the feed ratio between bare silica nanoparticles @mino-silane compound. The as-
synthesize3-CD functionalized nanoparticles were purified dialysis to completely
remove un-reacted frgCD molecules. ThéH NMR spectra confirmed the removal of
free 3-CD from theB-CD coated nanoparticles after dialysis (Figur&h.The TGA data
showed an increase in weight from the attached tagapop-CD which accounted for

2.78% by weight (Figure 6.13).

2-Hydroxypropyl$-CD was used to repla@eCD to investigate the effects of trapping
signal molecules secreted by bacterial cells. Egipip the same surface attachment

chemistry, 2-hydroxypropy#-CD was attached on silica nanoparticles.

Polymer grafted silica nanoparticles containpi@D side groups were prepared via
the condensation reaction between the grafted mety{acrylic acid) and the hydroxyl
groups orp-CD. The dye-labeled poly(methacrylic acid) grafsécca nanoparticles were
prepared by direct surface-initiated RAFT polymatian of methacrylic acid on dye-
labeled silica nanoparticles. Thus, the carboxgad loading can be controlled by
tailoring the surface grafted poly(methacrylic admushes length as well as the graft
densities. The TGA data showed that the surfacgnpen supported chains with multiple
B-CD is accounted for 61.7% by weight for partidese a PMAA brush density of 0.18
chains/nm and molecular weight of 54,900 mol/g (Figure 6.I%he p-CD side chain
based polymer grafted nanoparticles showed strhrayelscence under UV light even

after multiple-step surface chemical modificatifhgyure 6.15).
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Figure 6.12'H NMR spectra of the as-synthesif&€D coated silica nanoparticles. a)
before dialysis; b) after dialysis.
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Figure 6.13 TGA of (a) dye-labeled monolayer casttioxacid coated silica nanoparticles;
(b) dye-labeled monolay@rCD coated silica nanoparticles.
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Figure 6.14 TGA of (a) dye-labeled poly(methacrgaid) grafted silica nanoparticles
(graft density: 0.18 groups/rfiin (b) dye-labeled polgCD) grafted silica nanoparticles.

Figure 6.15 Photograph of dye-labeled ppI@D) grafted silica nanoparticles in DMSO.

6.3.4 Glutamate Grafted Silica Nanoparticles

The synthesis of glutamate grafted silica panticles was demonstrated according to

Scheme 6.3. The alkyne functionalized oligethyl-L-glutamate) has an average DP of
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7 and the molecular weight is 1,226 g/mol. Considethe potential steric hindrance
received from the surface attached PAHMA chainstlier oligomers, a relatively low
graft density (0.09 chains/rfinof PAHMA grafted silica nanoparticles with a polgr
molecular weight of 8,400 g/mol and PDI of 1.27 waed for the click reaction. Thus,
the oligomers can more easily diffuse into theeimarea of the polymer grafted particles.
The PAHMA grafted nanoparticles were prepared byfase-initiated RAFT
polymerization of AHMA on CPDB coated nanoparti¢hefich were synthesized by the
reaction between activated CPDB and amino-funclibeé silica nanoparticles. IR
spectroscopy was used to monitor the progress efclick reaction. The IR spectra
(Figure 6.16) showed that the reaction was not d¢etreg due to appearance of the azide
peak around 2100 chafter 24 hours. The azide peak was still obsenfegt 48 hours
even though it was very weak. The increase in thé peak (3285 ci) and the C=0
peak (1625 cm) were also noted, showing the attachment of oligaghate on the
nanoparticles. This phenomena is ascribed to thecseffect for the diffusion of the
oligomer to the inner area of surface attachedrmehg, which has also been reported in
the literature? The TGA (Figure 6.17) showed that the surfacechgd glutamate
accounted for around 33.8% based on the theore@allation on the weight percentage
of PAHMA in PAHMA grafted silica particles. The agnthesized glutamate attached

nanoparticles are being tested for antimicrobiélag.
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Figure 6.16R spectra of the click reaction progress betwdlkyna-oligoglutamate and
PAHMA grafted silica nanopatrticles.
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Figure 6.17TGA of glutamate attached nanoparticles.

6.3.5 Advanced Bimodal Polymer Grafted Silica Nanoparticles

The synthesis of bimodal PMAA and PEG graftexhoparticles was conducted
according to Scheme 6.Zhe first step is to make nanoparticles water delubhus, the
click reaction (azide-alkyne Huisgen cycloadditiavgs used to attach azide-PEG onto
alkyne partially functionalized silica nanopartslewhich were synthesized by the
reaction between 1-(2-thioxothiazolidin-3-yl)pent#d-1-one and amino-functionalized
nanoparticles with a suitable ratio. An excess-¢2-thioxothiazolidin-3-yl)pent-4-yn-1-
one will consume all the amino groups without legviree amino groups for subsequent
CPDB attachment. If the amount of 1-(2-thioxothiadin-3-yl)pent-4-yn-1-one is too
low, the resulting PEG grafted particles would hetwater soluble for the limited PEG
chains. 1-(2-thioxothiazolidin-3-yl)pent-4-yn-1-om&as synthesized by activation of 4-
pentynoic acid using DCC/DMAP coupling reactioneth NMR spectra confirmed the

successful formation of 1-(2-thioxothiazolidin-3yy&nt-4-yn-1-one (Figure 6.18).
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Scheme 6.4ynthetic method for bimodal PMAA and PEG graftdita nanoparticles
via RAFT polymerization in water.

Non-functionalized silica nanoparticles wem@ soluble in water (Figure 6.19, A),
while PEG grafted nanoparticles with two differenblecular weights (550 g/mol and
5,000 g/mol) were soluble in water (Figure 6.19r8 &). The TGA data showed that the
graft density of short chain PEG (Mn=550 g/mol) fggd particles was around 0.32

chains/nm while the grafted density of long chain PEG (M8 g/mol) grafted
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particles was around 0.18 chainsfn(figure 6.20). Usually, in the “grafting to” steajy,
the longer the polymer chains, the lower the giefisity because there is much stronger
steric hindrance between longer chains. Thus, tag densities of the two groups were

consistent with their polymer chain lengths.

Azide functionalized PEG (Mn=5,000 g/mol) wased to attach on particles via the
click reaction and the resulting water soluble iple$s were used to anchor RAFT agent
CPDB followed by surface-initiated RAFT polymerimat of MAA in water. The TGA
data showed that the surface-attached PEG accotimtegiound 14.7% in the PEG
grafted particles (Figure 6.21). The CPDB graft gignwas 16 pmol/g in the CPDB
coated PEG grafted nanopatrticles. The TGA confiriied new polymer was attached
on particles and the bimodal polymer (PEG and PMA&ally accounted for around

27.9% in the materials (Figure 6.21).
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Figure 6.18'H NMR of 1-(2-thioxothiazolidin-3-yl)pent-4-yn-1-en
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Figure 6.20TGA of (a) SiQ-COOH; (b) PEG (Mn=550 g/mol) functionalized $&; (c)
PEG (Mn=5000 g/mol) functionalized S..
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Figure 6.21TGA of (a) PEG (Mn=5000 g/mol) grafted Sifanoparticles; (b) Bimodal
PEG and PMAA grafted Sihanoparticles.

6.3.6 Poly(MAA-b-NIPAM) Grafted Silica Nanoparticles

There are many concerns of antibiotic leakbgtore arriving at the desired site
during drug delivery. In order to avoid this prablean advanced platform of poly(MAA-
b-NIPAM) grafted silica nanoparticles was designad aynthesized, which is shown in
Scheme 6.5. In this system, the inner block of PMi8Aised to physically bind with
antibiotics, and the outer block of PNIPAM is ustd cover the inner layer using
temperature control because PNIPAM is a thermahudtis polymer. When the
temperature is higher than the lower critical Solutemperature (LCST), the PNIPAM
transits from a swollen hydrated phase to a shmn#ehydrated phase. When the
temperature is lower than the LCST, the reversaelansition occurs. Thus, the inner
layer containing conjugated antibiotics are in astrained environment when the outer

layer of PNIPAM is in a shrunken dehydrated staie the antibiotics can be stimulated

173



to release by adjusting the pH value when the PNIRayer is in a swollen hydrated
state. The poly(MAAB-NIPAM) grafted nanoparticles were synthesized bguential
RAFT polymerization of MAA and NIPAM in DMF on CPDBcoated silica

nanoparticles.

CPDB
CPDB CPDB . ' )
CPDBVQTCPDB Methacrylic Acid /V NIPAM
~CPDB RAFT
CPDB CPOB f RAFT

T<LCST //
T>LCST

_—~— PMAA
RAFT end group

—wrs  PNIPAM

Scheme 6.5ynthetic method for poly(MAA>-NIPAM) grafted silica nanoparticles.

RAFT polymerization of NIPAM in free solutiomr on CPDB coated silica
nanoparticles was conducted before building theorsgtcblock on PMAA grafted
particles. As shown in Table 6.3, the free solutRAFT polymerization generated
PNIPAM with low PDI. A considerable long polymerush was obtained after 15 h
reaction. CPDB mediated nanoparticles were alsce a@ol mediate the RAFT

polymerization of NIPAM.
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Table 6.3 RAFT Polymerization of NIPAM

Entry Time (h) | Mn (g/mol) PDI DMF
(Volume, mL)
1° 21.5 32,368 1.04 2.5
2° 15.67 20,037 1.05 2
3 16 13,519 - 4

Note: The reaction temperature was 65 °C. (a): Behzation in free solution
(INIPAM]/[CPDBJ/[AIBN] = 500:1:0.1; CPDB: 0.018 mmy (b): Polymerization on
CPDB coated nanoparticles ([NIPAM]/[CPDB]/[AIBN] £000:1:0.1; CPDB-Si@ 135

mg, 0.4 chains/nfA);, (c) Theoretical Mn based on the conversion deiteed by 'H

NMR.

A variety of PMAA grafted particles were syaslized with different chain lengths. A
sample with attached polymer molecular weight of798 g/mol and PDI of 1.14 was
used to conduct the second round of RAFT polymtaarmaof NIPAM. 1,3,5-Trioxane
was used as the standard to monitor the conveiddlPAM by *H NMR (Figure
6.22).After 10 h, the conversion of NIPAM was 1661 The TGA (Figure 6.23) showed
that the surface attached poly(MAA-b-NIPAM) accadtfor 86.7 % in the
nanocomposite while the precursor PMAA accounted8@% in the nanocomposite,
which exactly matches with the theoretical caldalatof 'H NMR. In order to
completely fulfil the idea, a design of short chainlPMAA and long chain of PNIPAM
was used. The ideal ratio between the chain leoigffMAA and PNIPAM is expected to
be lower than 1:2 (DRiaa : DPenipam < 1:2), thus PNIPAM is long enough to cover the
surface of the particles. Therefore, PMAA graftedrtigles with lower polymer
molecular weight of 13,633 g/mol were prepared amlild be used in further

experiments.
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Figure 6.23'H NMR of (a) PMAA grafted silica nanoparticles; (ly(MAA-b-
NIPAM) grafted nanoparticles.

6.4 Summary

In conclusion, the surface of silica nanogtet was modified with a variety of

functionalities, from the simple to the advanced.séries of Europium (Ill) and
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Ruthenium (Il) doped silica nanoparticles with drént sizes were prepared. Dye-labeled
monolayer carboxylic acid coated silica nanopatichith a range of graft densities were
synthesized and the particles possessed stronge$icence. Antibiotic penicillin-G was
conjugated on nanoparticles physically and covblewith low to high amounts of
loading. Carboxylic acid grafted sNPs were engie@éemd examined to bind antibiotics
and to further kill bacterial cells. It was showrat when the commonly-used antibiotics,
such as penicillin-G, were linked to nanoparticldsir bacteriocidal efficiencies were
increased significantly, even to antibiotic-reataMRSA. Therefore, much lower
concentrations of the antibiotic were needed td tkiese bacteria under laboratory
conditions. In addition, penicillin-G conjugated tBMAA grafted nanoparticles
demonstrated higher antimicrobial activity comparted penicillin-G conjugated to
monolayer carboxylic acid coated particles. We higpsize that the increased
antimicrobial activity is affected by the locallygh concentrations of antibiotics bound
to nanoparticles, which overwhelms the resistaricbaaterial strainsp-Cyclodextrin
grafted nanoparticles have been prepared to captiylehomoserine lactone molecules
in the bacterial quorum sensing (QS) process. @lata coated nanoparticles were
prepared by the click reaction on PAHMA graftedtigées for antimicrobial applications.
Lastly, bimodal PEG and PMAA grafted nanoparticlesd poly(MAA-b-NIPAM)
grafted particles were designed and prepared w@d'dhafting to” and “grafting from”

techniques.
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CHAPTER 7

CONCLUSIONS ANDFUTURE WORK

Conclusions

A series of RAFT agents were synthesized tdiate the polymerization of styrene,
MA, MMA, VAc and isoprene. The polymerizations d¥iene, methyl acrylate, vinyl
acetate mediated by O-ethyl based MADIX agents \piilmary R groups: O-ethyl S-
prop-2-yn-1-yl  carbonodithioate and tertiary R @eu 6-azidohexyl 2-
((ethoxycarbonothioyl)thio)-2-methylpropanoate weraot well-controlled  which
probably was due to the low chain transfer constarftthese MADIX agents. Both
RAFT agents containing the tertiary amEWG R groups: S-(2-cyanopropan-2-yl) O-
ethyl carbonodithioate and the trithiocarbonate:  cydno-4-
(dodecylsulfanylthiocarbonyl)sulfanylpentanoic (C®Sdemonstrated excellent control
over the polymerization of styrene. The former gatexl polystyrene has a high PDI (~
2.0) while the later generated polymer has a low (RL1.1). These differences can result
in either sharp or fuzzy interfaces on nanopasdielgh similar chain lengths and chain
densities. The fuzzy interface could be helpfulitgprove the dispersion of these
nanoparticles in polymer matrices by overcomingltiss of interface entropy. (4-Cyano-
4-diethyldithiocarbamyl) pentanoic acid exhibitedxcellent control over the
polymerization of vinyl acetate. Polyisoprene gdffsilica particles were prepared via

surface-initiated RAFT polymerization of isopreneedrated by CDSS coated
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nanoparticles. They are expected to improve theedsson of particles in rubber
matrices, which is critical for mechanical reinfencent.

Two classes of water soluble polymers, nanpaly(vinylpyrrolidone) (PVP) and
poly(methacrylic acid) (PMAA), were grafted on naadicles via “grafting from”
strategies. A new dithiocarbamate, 4-cyanopentaacid N-pyrroledithiocarboxylate
(CPDC) was invented for mediating the RAFT polyrmation of N-vinylpyrrolidone.
CPDC can also mediate the polymerization of sty methyl acrylate in a controlled
manner. CPDC was coated on silica nanoparticlef¢$Nia surface silane coupling
chemistry. The surface-initiated RAFT polymerizatiof NVP was conducted on 15 nm
(diameter) silica nanoparticles resulting in wealgersed particles. PVP grafted silica
nanoparticles appear to be a new vehicle to effiyierestore antibiotic activity. Dye-
labeled poly(methacrylic acid) (PMAA) grafted sdicmanoparticles was prepared by two
methods. In the first method, *“one-pot” click reans between
poly(azidohexylmethacrylate) grafted silica nandipkes and alkyne functionalized
molecules (alkyne based coumarin 343 fluorescemt alyd 4-pentynoic acid) were
conducted to prepare dye-labeled poly(carboxylid)agrafted particles. In the second
method, dye-labeled CPDB coated silica nanopastialere prepared by treating amino
functionalized nanoparticles with activated dyes]ofved by activated CPDB. Then
surface-initiated RAFT polymerization tBuMA was conducted followed by sequential
removal of thiocarbonylthio end groups aedt-butyl groups. Another strategy of direct
surface-initiated RAFT polymerization of MAA on shhaize (15 nm) nanoparticles is
more straightforward. The synthesis of the dyeldb®MAA grafted silica nanoparticle

was confirmed by FTIR, TGA!H NMR analysis and TEM. The dye-labeled PMAA
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grafted silica nanoparticles provide a platfornbind bio-molecules and to monitor the
presence and movement of the nanoparticles fopplmations.

We demonstrated an effective method for theeparation of F./SiO,
superparamagnetic nanoparticles with sizes as Iswia nm and a high saturation
magnetization using very mild synthetic conditio@2DB coated F©./SiO, magnetic
nanoparticles were prepared by treating amino fanatized FgO./SiO, nanopatrticles
with activated CPDB. The direct surface-initiatedFR polymerization of MAA was
conducted on very small size &R/SIO, superparamagnetic nanoparticles while
maintaining good dispersibility in solutions. Th&RA grafted FgO./SiO, magnetic
nanoparticles enhanced the bioactivity of PenG baeteriavhen physically bound with
PenG. The particles were removed from water soistiusing a magnet after
antimicrobial testing without nano-based pollutioh the environment. The recycled
PMAA grafted magnetic particles were able to bieth® and retained high activity over
bacteria. The water soluble PMAA grafteds®¢ SiO, magnetic nanoparticles may also
find applications in magnetic resonance imaging (MRnultiple drug delivery and
therapeutic fields.

We developed a toolbox of surface functiorslan methods: from the simple to the
advanced. These enabling techniques were usedilth &wariety of architectures on
particles to tailor the properties for various apgions. A series of luminescent particles,
namely europium (Ill) and ruthenium (ll) doped alinanoparticles with different sizes
were prepared based on the Stober method. Dyeethbmlonolayer carboxylic acid
coated silica nanoparticles were prepared withngtiftuorescence and low-to-high graft

densities. Carboxylic acid grafted sNPs were ergggttand examined to bind antibiotics
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and to further kill bacterial cells. It was showrat when the commonly-used antibiotics,
such as penicillin-G, were linked to nanoparticldsir bacteriocidal efficiencies are
increased significantly, even to antibiotic-reataMRSA. Therefore, much lower
concentrations of the antibiotic were needed td tkiese bacteria under laboratory
conditions. We hypothesize that the increased acrtoinial activity is ascribed to locally
high concentrations of antibiotics bound to nanbgas, which overwhelms the
resistance of bacterial straing-Cyclodextrin grafted nanoparticles were prepared t
capture acyl-homoserine lactone molecules in tlitebial quorum sensing (QS) process.
Advanced bimodal PEG and PMAA grafted nanopartjckesd poly(MAADH-NIPAM)
grafted particles were designed and prepared w@d'dhafting to” and “grafting from”

techniques.

Future Work

Following the design and synthesis of RAFTragdor mediating the polymerizations
of styrene, methyl acrylate, methyl methacrylaiayhacetate and isoprene in solutions,
these polymer grafted particles should be thorougptepared and tested for
improvements of dispersion in polymer matrices,chihg very important for applications
in optoelectronics and mechanical reinforcemensefleon the current work, polystyrene
can be prepared on nanoparticles with controllaféecular weights but with a high PDI
of ~2.0, which is helpful to form fuzzy interfaces nanoparticles. The fuzzy interfaces
can overcome the loss of interface entropy, whichelpful to improve the dispersion of
nanoparticles. Poly(methyl acrylate) and poly(methynethacrylate) based

nanocomposites with high PDIs can also be prepkkedpolystyrene. Thus, it is now
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possible to prepare polymer grafted nanoparticléls entical grafte densities, polymer
type, and polymer molecular weight, but differenayly on the “sharpness” of the
interface. Polyisoprene grafted nanoparticles caldd be tested for their dispersion in
rubber matrices and compared to non-functionalizdtta. The surface attached
polyisoprene layer is expected to improve the dspa of particles via the interaction
with the matrices. The resulting rubber compositath well-dispersed silica are

expected to enhance the modulus and tensile strefgite materials.

We also propose a method to prepare blocklgomr grafted nanoparticles with very
different monomer activities. This is very difficuio achieve by traditional sequential
RAFT polymerization using the same RAFT agent bseaiti is hard to subsequently
mediate the polymerization of a monomer with tgtdifferent activity. This problem can
be addressed by using universal or switchable RA§dnts (usually dithiocarbamates)
which can be easily protonated by Lewis acids talile to mediate the polymerizations
of “more activated” monomers, such as styrene amgaies. Thus, a variety of surface
grafted block copolymer with greatly different momer activities can be prepared using

switchable RAFT agent coated nanoparticles.

In addition to the current work of grafting wateslusle polymers on nanoparticles,
more simple and environmentally friendly processesld be explored. For example,
some work in this thesis explored grafting of poéyson particles for solubility in water.
The surface-initiated polymerization in water caroid the toxicity issue of residual
volatile organic compounds (VOCs), especially fpplecations in the cosmetics, food
and biomedical industries. However, a remaininglehge in this water-based polymer

grafting technique is how to ensure that the inoigananoparticles are initially well-
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dispersed in water for subsequent processing. ¥pieal method is coating multiple
hydrophilic groups on the surfaces. Different quegticles require different amounts of
hydrophilic units to achieve an aqueous well-dispdrstate, thus a balance between the
graft density and the repeating units of these dylitic groups should be considered to
avoid over coverage of these groups resulting lac& of space for aqueous polymer
grafting. We propose a more effective method whéchtroducing charged moieties as
the hydrophilic groups. Usually, lower quantitidscbharged species are required to make

particles water soluble compared to hydroxyl, cadiyl, or ester groups.

More protocols could be designed and prepareddearced surface functionalization
to obtain bimodal polymer or block copolymer grdftaanoparticles. For example,
targeting or recognition ligands can be anchoredthenterminal sites of the surface
attached polymers, which is helpful to interacthwiells or proteins for biomedical
applications. Multimodal functionalization is alsequired to incorporate three (or more)
blocks or populations of polymers on a single nanbge to further enhance the
dispersion in polymer matrices and bring new fluordlities to the composite materials

while maintaining the necessary mechanical progerti
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