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SUMMARY

Significant progress has been made in the field of living/controlled
polymerizationsover the past decade$headvance ifdiving/controlled polymerizations
hasenaled thedesign andailoring of structually well-defined macromoleules with
complex architectuse Polymers with complex molecular architectures often exhibit
properties that are distinct from their linear counterpditiss dissertatiomims to exploit
the unique properties ahtionally designed complex polymstructuresto address the
challengesrelated to the preparation of goleric and hybrid nanostructsieas well as
to explore and fundamentally understah the morphologyor propertiesof new
maaomolecular architecture.

The studies presented in this dissertation addressed the challerngg®0r size
uniformity, limited accessible compositigns the formation of polymeric or hybrid
nanostructured materials based the selfassembled polymemicelle approach via
rational design of complex spherical star polymer architectures with -tadde
compositions and functionalities through living/controlled polymerizati@sswell as
investigated the morphology and saffsembly behavior of a newlyesignedcyclic
brush copolymegrafted with P3HT as the side chaii$pecifically, the uniqueness of

this study can be summarized through the followingel andcritical findings:

1. Uniform coreshell polymer nanoparticles can be formed by plwotssinking the
shell layer ofa monodisperse cowhell star blockcopolymer with azide moieties
attachedn the shellblock The dimensions of nanoparticles includithg core size and
the overall diameter are governed kHye molecular weights of constitueblocks (i.e.

inner and shell block) in the ceshell star diblock copolymer template.

Xvii



2. Uniform hollow polymer nanoparticles with retaineructural integritycan be
produced by etching the degradable inner core of the unimolecularcetsslinked
nanoparticles.

3. Organesilica hybrid nanostructures can lmeafted if the solgel chemistry of
trimethylsilyl groups attachedto the star polymer templates is employed as the
crosslinking mechanisnNanoparticles were yieldeghenthe trimethylsilyl group were
incorporated inthe inner block of star polymers, while nanocapsules with an interior
cavity were produced when trimethylsilyl moieties were integrated in the shell block.

4. The novel cyclic brush copolymer composed of PEG&bkackbone and P3Hasthe
side chains selassembled intan interestingand uniquemacrcering morphology in

selective solvent.

The novel and robust star macromolecular templating strategy developed in this
study will open the access to a wide range of structurally aradidnally well-defined
polymeric and hybrid nanostructured materials with tamoade compositions and
shaps. The findings presented in the work will provide fundamental insights or practical
strategies for rational design of polymers with complex maclerntar architectures via

living/controlled polymerizations.
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CHAPTER 1

INTRODUCTION

1.1 Background

1.1.1 Recent Progress in Living/Controlled Polymerization

Anionic polymerizationhas been discovered as a living polymerization process
about hdl a century agdy Szwarc Since its discoverypolymerswith well-defined
structure, chain end functionaftyand narrow molecular weight distributionvieebeen
realized. Anionic polymerization proceeds with either carbanion or oxanion as reactive
intermediate and molecular weighdf the macraoleculescan betunedby alteringthe
feeding ratio othe monomer andheinitiator concentratiof¥® Anionic polymeriation is
a truly living process since the chain doe
It continue to grow when additional monomer is added. The living characteristics of
anionic polymerization make it a sophisticated approach to tremhswel-defined
polymer possessingpmplexmacranolecular architecture.

Significant cevelopment and advancelining polymerization hge been made in
the last decade since the discovery of contrdiled radical polymerization, particularly,
Atomic TransferRadical PolymerizatiofATRP).” Except foranionic polymerization
molecular weight canalso be precisely engineered and controlled diyer living
polymerization including controlled radical polymerizati¢h living ring opening
polymeization of ester§!? living polycondensatiof® Ring Opening Metathesis
Polymerization (ROMP}* etc. Clearly, rarrow molecular weight distribution and well
definedstructure can be achieved with living/controlled polymerization techniques.

The last decade hagitnessedsignificant development in the field of controlled

free radical polymerization or reversibdeactivation radical polymerization (RDRP)



since the wcovery and understanding of ATRP. ATRP was first discovered by
Matyjaszewski et a° It was demonstrated to be a very successful controlled radical
polymerization that is compatible with a variety of monomers to produce well defined
polymers. After its discovery, enormous research has beenodenthe past decaden
understanding the mechanism of ATEP the useof ATRP to produce polymer with
complicated and sdpsticatedarchitecturgincluding starbottlebrush polymer¥2? and
industrialization of ATRP process by reducing the lgatato true catalytic amount
throughthe development ofnitiators for Continuos Activator Regeneration (ICARNd
Activator ReGenerated b§lectron Transfer (ARGET) ATRP>*2% processs More
recently, Hawkeret al have pioneered novel metalfree ATRPto overcome thenetal
catalyst contamination challengmcounteredn traditional ATRP systemsThe new
polymerizationprocesss catalyzed by organibased photoredox catalysts anddiated

via Ultraviolet (UV) light (Figure 1.1).?” This newly developed metfilee ATRP process
follows the first order polymerizatiorkinetics. Polydispersity, molecular weights, and
chain end functionaliéis of the resulting polym&rcan beelegantlycontrolled, which
resemblethe characteristics of traditional ATRMolecular weight increases linearly
with respect to monomer conversion, andPDI of product remains low.The
polymerization can be efficientlinitiated or pausedthroughfioni o f dfdaJV light. In
addition, chain end functionalityis well preserved, which allows chain extension in
sequential manner or combination with other living/controlled polymerizations to prepare
block copolymers Almost at he same timeanother metafree ATRP process with
perylene as an organihtocatalyst but mediated by visible light, was aldscovered
(Figure 1.2).28 It was demonstrated thanethyl methacrylate (MMA) and other
functionalized vinyl monomergan be polymerized through this process, and block
copolymer can also beroduced by reinitiationSignificantly, polymer propagation can

be controlled simply through pulsed visilight sequencesThese photanediated

metalfree ATRP systemsare free of metal contamination, easy to operate and purify, and



thus allow the fabication of various functionamaterials, which willinspire more
scientistsand drive the field of living/controlled polymerizations to a new eFar
example,almost immediately after the report of meft@le ATRP, a metdiree ring
opening metathesisofymerization(ROMP) process was alstiscoveredby Boydston

and coeworkers?®

Traditional ATRP: Metal Catalyst

CuBr, Ligand

R—Br + Monomer R-P,Br

PTH, Light

Metal-free ATRP: Organic Photocatalyst

Figure 1.1. Mechanism of metairee ATRP compared to traditional ATRP
Reprintel with permission from Ref. [27]. Copyright 2Q14merican Chemical Society.

Cr — Visible Light — PC"™

Oxidative
Quenching ®_<R
X
PC(M*NX-
Deactlvatlon Initiation

. Propagatlon @ a

1
pon(MMA)

MM % Q Aog& -

Figure 1.2. Proposed mechanisaf visible-light mediated metairee ATRP?®
Reprintel with permission from Ref. [28]. Copyright 2Q14merican Chemical Society.



In the meantime, other areas in living/controlled free radical polymerization have
also achieved significant developnt. Reversible additionfragmentation chain transfer
(RAFT)3*37 has been discovered as an even sophisticated proeeaase of théigh
compatibility with a variety ofunctionalities, monomersnd ease of purification due to
theabsence of catalystloreover nitroxide-mediated polymerizatiolNMP)338 has been
developed and extended to be applicable to mongmsach as methyl methacrylate
rather than only gtene and its derivatives by introducing new nitroxides mediating
agent.

Controlled radical polymerization is not a true living procasshainterminating
reactions including the chain transfeand terminationare still present in the systeth
However, these unfavorable termination reactions are minimized due to significant
decrease in free radical concentratioms compared to traditional free radical
polymerization by introducing dormant species in fast exchange with reactive radical
species The fast dynamic exchange between propagating free radicals and ‘eamibus
cappeddormant species enables the apparent simediagrowth of all polymer chafhs
and it is the art of controlled radical polymerizations. Hatidpped polymer chain
serves as dormant species in ATRP and in RAFT dithieceamgred dormant chain is in
fast dynamic extange with propagating radicals. In NMP alkoxyamines is the dormant
counterpart with free radicals.

In addition tocontrolled radical polymerization, significant advance has also been
madein other fields of living/controlled polymerizatiprsuch as livig ROMP and
polycondensation.The dvelopment of living/controlled polymerization provides

versatile tool to construct polymers with complex architesture

1.1.2 Polymers with Complex Architectures



As shownin Figure 1.3, avariety of complex polymer tapogies including star
shapéd,*° bottlebrushike and cyclic polyners as well as other sophisticated structures
synthesized by living/controlled polymerization techniquesave been widely
investigated*?>  Symmetrical/unsymmetrical starshapel homopolymers, block
copolymers and miktoarm star polymers have been designed and synthesized by a series
of living polymerization techniques via either cdémst method or arndirst
approactt>#4% |In the armfirst method, linear monofunctional macromolecules are
produced by living polymeraion and subsequently crelgsked either by a difunctional
comonomer during propagatiror by terminatingwith a multifunction& agent?>4® On
the other hand, ithe core-first approaclf® starlike polymers are synthesized with a
multifunctional initiator and the esulting polymer possesses wadifined structure with
number of arms being precisely controlled.

Bottlebrushlike polymersor cylindrical polymer brusfi®* composed of a main
polymer chain grafted with side chains along the backbone, and bottldieistomo
and cepolymers with dargevariety of chemical compositions have been prepared in the
past decade vidiving/controlled polymerization®®® There are commonly three
strategiesdocumented in the literature for preparibgttlebrushike copolymers.The
firstoneis6 6 g r a f t apprgacH>® ip whalda linear multifunctional initiator with
initiating sites along the babkne is utilized to initiate polymerization of a second
monomer to @sult in the graft copolymers. The second ong &g r a i t forithod.

In this method, an enflinctionalized polymer is grafted onto a linear functional
macromolecule which bears reacts@unterpart moieties along the chaimeTast one is

6 6 g r dhrougtonsgategy’’ A polymer chain or oligomer that hagolymerizable
functionality at chain ied is used as macromononfer homaopolymerization to form a
bottlebrush copolymer ocopolymerization witha second monomer to produgeaft

copolymers.



Cyclic polymers can be produced by intramolecular cyclization of either
homotelechelic or heterotelechepolymer§® or ROMP of cyclic monomerst The welk
defined linear preasgors are prepared byliving polymerizations Alternatively, cyclic
brush copolymers can be synthesized by grafting side chains on cyclic backbone with
functionalities Notably, limited work has been reported egclic polymersdue totheir
synthetic diffculty. Schappacheet al reported successful synthesislarige macrocyclic
polymers grafted with polystyrene or polyisoprenebranches via a combination of
sequential living cationic polymerization and anionic polymerization. Its morphology was
directly visualized under AFM and the mean average dianfetathe central backbone

was estimatetb be about 650 nm?®?
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Figure 1.3. A varietyof polymers with complex topologié$
Reprintel with permission from Ref. [4. Copyright 2012Elsevier.

Polymers with complex architectures often exhibit unique properties that are

distinctive from their linear counterpaf&®® For example, stgpolymers orinear brush



copolymers are regularly branched macromolecules and possess compact molecular
structurs with smaller radius of gyratidid.As a resulttheir hydrodynamic volume and
viscositiesare lower compared to th@ear counterparts that posseadgntical molecular
weights with them In addition, cycle brush copolymer decorated with certain side
chains, due to itsunique ringlike structure, is capable of sa&fsembling into
supramolecular cylindrical tubes in a selective solvent forbitaach®? Significantly,
properties of the polymers constructed through controlled radical polymerization (CRP)
can be finely adjusted byndependentlyselecting constituent blocks in macromolecules
with desired compositions to accomplish specific functions. As aulte polymeric
materials with a spectrum of properties can be designed based on living/controlled
polymerizationdor thefinal applications.

To date, avariety of polymer topologies have beerade possiblalue tothe
development of versatile polymer ghmtic tools. In the meantime, polymers with
complex architectures have already found applications as template to fabricate a variety
of organic and inorganic nanostructifeim nanotechnologyScheme 11). Wang et al.
have reportedhe preparation of polymesilica hybridnanowiresand nanotubethat are
stabilized by surface PEG ligarahd soluble in watewith bottlebrush copolymers as
templates. The linear brush copolymeavere graftedvith either diblock copolymer or
triblock copolymer as side chaimghich aresynthesizedhrough ATRP techniqué8®®
Kun et al. reported the fabrication of organic nanotul#l well-defined dimensions
and pore sizesby exploiting multicomponent cylindrical brush copolymers as
macromoleculamprecursos. The polymertemplateswere synthesizedvia combining
RAFT and ROP polymerizatiorf$/2 Especially, Pang et al. recently reported preparation
of a variety of nanoparticles with either hollow or esheell naostructures by employing
starshaped block copolymers prepared via ATRP as tempteteever,further efforts
are required to develop functional polymers witimplex yet intriguingstructures and

explore their unique properties. Polymers witkuch sophigicated structuresmay



facilitate the fundamental research in polymer science and engineering and render

advanced applications many technological areas

Polymer with complex

architecture as template
for nanostructure
materials

Schemel.l Polymers with complex topologies as templatéton organic or inorganic
nanomatesls.

1.1.3 Core-shell and Hollow Polymeric Nanopatrticles

1.1.31. Sel-assembled Polymeric Nanostructures

Block copolymers area class of copolymers where two or more chemically
distinct constituent blocks are linked through covalent béidsThe advance in
living/controlled polynerization has enabled the design and synthesis of block
copolymers with a variety of chemical compositioosntrolled molecular weights and
low polydispersityin the past decadé3’® As such, block copolymers with tailored
compositions and moleculaveights have been one of the crucial elements for crafting
supramolecular nanostructures via bottemapproacH! It is widely known thatblock
amphiphilicmacromolecule consisted of polymer blocks that have digtadfinities to a
selective solvent will phasseparate on microscopscale and selassemble into micellar

nanostructure®’® The selfassembly process takes place in a selective solvent when



concentration of the unimers is aleothe critical micelle concentration (CM@nd
temperature is higher than the critical micelle temoeratute (CRMMMe core of micelle

is composed of the solvopbia block, which isstabilized andghieldedfrom solvent bya
shell comprigg the solovphilicblock. Conventionally the micellar structures that can be
formed include spherical, cylindrical micellesnd doubldayeredvesicles which are
interchangeabl@epending on the surrounding experimental conditibir example,
remarkably,it was discoverethat a polymeric micotubule produced $si-assembly of

a airresponsivecopolymer can "breathe" G@o transform morpholgy from cylindrical
microtubuleform throughspherical vesiclshapeto final micelle structure asshown in
Figure 4.8! The struatre transformationcan bemodulated by stimulation levelf the

gas®?

Recently, other complex micellar architecture®re also meated, such as
nanotube$§>® helices®®® andbowl shapednicelle®*°! The resulting morphologieare
dictated by a number oparametersincluding volume ratio of constituent blocks
(hydrophobicity/hydrophilicity balanceemperatue, solvent nature, polygpersity of
copolymer, concentration of macromolecules thermodynamic interaction between
polymer blocks with solventetc/”®? Quantitatiely, the nanostructures formed can be
predicted and tailorebased on thdollowing dimensionless paragter which is called
ipacking “arametero
p = V/(anlc)

wherelc washydrophobic tail lengtha, wasoptimizedarea of theside functionalgroup,
andv wasvolume of hydrophobic chaitt.Whenp O1/3, spherical micelle morphology is

favored While cylindrical micelle is usually formed when 1¢8p O 1/2. In addition,

vesicle (polymersome) is resulted when @201 %
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Figure 1.4. Morphology exchangeof selfassembled supramolecular nanostructimes
tuningsurrounding condition&
Reprintal with permission from Ref. [81]. Copyright 2QMiley.
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Among thevarioussupermolecular structures foeah sphericalcoreshelP*°® or
coreshellcorond’ type micelles (Figure 15) have drawn considerableacademic
attentionbecause otheir prospectiveaspromisingnanocarriers for drugenedelivery or
other applications, and this topic has been subjected to numerous stAdiesiety of
polymershave been selected as the hydrophobic core sugbolgsaprolactonepPsS,
PMMA, PMA, and their derivativeswhile plenty of hydrophilic polymers have been
examinel as the shell materialscluding PVP,PEG, polyelectrolytes (e.g. PAA) etc.
Biocompatible and biodegradable polymers such as PCL, PLA, PLGA and PBLG are
amongthe most interesting materials to construct the hydrophobic inner core and have
been widely stdied because their interaction with hydrophobic drugs altbe drugs to
be preferentially encapsulated in the spherical mic&t&8.The enclosed bioactive
compunds are stabilized and protected agaststvenging by the reticuloendothelial
system (RES) enabling them prolonged circulation Rblé. When the drugs are
delivered to target siteis vivo, degradation of the core materials under specific body

environment would enable controlle@lease of he cargos fronthe micelles.On the
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other handcoreshell micellescomposedf the inert and biocompatiblREGas theshell
layer would be endowed with reduced systematiearancerate and prolonged

circulatingtime in vivo, which renders them stealth systems for dteljvery,10+104

Shell Shell

;;{ Qk

Core
Core

Figure 1.5. lllustration of (a) coreshell polymer micelles, (b) cohellcorona polyner
micelles.

Stimul-r esponsi ve polymers are a <cl ass
respond to external stimuli and change th#hysicalthemical properties (e.g. shape,
conductivity, and color)n response to slight change in the environm&Ht® They have
been used inenormous applications acrossdiverse fields such as eleatrics,
pharmaceutics, optics, cosmetics, and biomedicBnuli-responsive micelles are
constructed using the stimuksponsive polymers as constituent matetfi¥° They
have recently received considerable attendioe to their distinct response to the external
stimuli in the environment, which is manifestedthe deformation or changm shape
(i.e. spherical or cylindricaft® Especially,the reversibility of micelles bestowed by
constituent responsive block can realthe controlled release of the loaded cargos by
changing thdocal environmente.g. temperaturdhat the micelles are subjected Tdhe
external signalghat can induce chang# the responsive polymers or micellieslude
temperaturél®!! pH 1214 light, 11517 humidity, magneti¢8!® electric field?° etc. A

variety of thermeresponsive polymersuch as poly(dimethylaminoethyl methacrylate)

11
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(PDMAEMA), poly(N-(2-acryloyloxyethyl)  pyrrolidone) (PNMP),  poly(ethyl
methacrylate) REMA), poly (n-acryloyH-proline ester) R(ProoMe)), and poly(N-
isopropylacrylamide)NIPAM) have been employeas one of the constituent blocdks
build the reponsivemicelles, and PNIPAM is widely investigatedoolymer among
them that can resportd temperaturé?! The thermeinduced selassemblybehavia of
block copolymerswith PNIPAM as one fixed blockand various hydrophilic or
hydrophobicpolymers as another tunable consistertre examinedand reportedFor
instance PDMA-b-PNIPAM-b-PDMA (ABA) and PNIPAM-b-PDMA (AB) were
synthesized with variedhemalresponsive PNIPAM molecular weights and fixed
PDMA block length for systematic sedssembly study in the aqueous solufithSize
(Dn) of the copolymer PNIPAMso-b-PDMA100 aggregate$C = 1.00 g/L)was examined
at either 25 C (temperature belo LCST of PNIPAM) or45 C (temperatur above
LCST of PNIPAM) using DLS. Dn was approximately 10 nm at 25 C, which is
consisterly close to the size ainimess dissolvedon themolecularlevel, while Dn was
about 80 nm at 45 C, indicating the aggregationof copolymers above LCST of
PNIPAM and the formation of micelles(Figure 1.6). The selfassembly process
reversitbe. For pHresponsive micelle systems, series of pHesponsivepolymers
including polyacrylic acid (PAA), poly(4inylpyridine) (P4VP) poly(N,N-
diethylaminoethyl  methacrylate) @ (PDEAEMA), and  poly(2dimethylamine
ethylmethacrylate) (PDMAEMA) have been integrated into amphiphilic block
copolymers and their pktiggeredmicellization behaviors were investigatéd series of
PDMVBA -b-PVBTMAC were preparetith varied DMVBA block length DP =11 to
50) and fixed PVBTMAC molecular weight??> Their micellization behavios were
subsequentlynvestigated underarying solution pHPDMVBA is fully protonatedvhen
pH is below 5.5, andthe block copolymersare double hydrophilicHowever, the
PDMVBA became hydrophobic due the deprotonabn when pH increased to above 7.

As a resultselfassembly of amphiphiliblock copolymerswill occur. Interestingly, the
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micellization behaviorwas affected by molecular weight BDMVBA block At pH =
10.0as DPof PDMVBA block was elevatedrom 11 to 50 the aggregatiomumber of
micelles (i.e. Nagg) determinedby SLSincreagd from 3 to 12 In addition, copolymers
thatrespondto otherstimuli, such adight, chemicalstimulations'?® and electrical field

as well asdually responsive copolyméféin which constituent blocks are sensitive to
different stimuli were prepared and examined for micelle formation. Dually responsive

copol ymers can display fAschizophrenico typ

‘L/@/

Figure 1.6. Self-assembly and reversible dissociatiorPdfIPAM-b-PDMA 125
Reprintal with permission from Ref125]. Copyright 2006American Chemical Society

R

In addition tolinear block copolymers such as AB diblock copolynardABA
or ABC type triblock copolymer, seHissembly of polymers with complex
macronolecular architecturesincluding stafike block copolymers, molecular
bottlebrushesetc. and theirformation of micellesvere also studied. Copolymers with
complex structures give umccess to micelles with more sophisticated nanostrugtures

such asnulticompartmental micel&?%1?° (Figure 1.7).
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Figure 1.7. Multicompartmentalmicelles produced from polymers with complex
macromolecular architecturé®
Reprintel with permission from Ref. [126]. Copyright 2QJAmerican Chemical Society.

1.1.32. Coreshell Polymeric Nanoparticles

As mentiond above, sethissembly ofcopolymes which are comprised of one
solvophobic block and another solvophilic bloick selective solvesthas produced a
large variety of micelles with complex shaged will continuously enrich our library of
intriguing supramolecular nanostructuredpherical ncelles have been paid special
attention due to itgpromising application in drug delivery. However, the nanoscale
micelles are Kkinetically trapped in negquilibrium states andunstable. Teir
characteristics and shapes for a given system depend séysitivancentration, solvent
properties, temperature, pH, ettand are subjected to vary in responsehanges in
these experimental conditiohf®The selfassembly process is reversitaaddissociation
of nanoscale assemblies into individual linear polymer chains can occur when the
solution concentratiois diluted tobelow the critical micelle concentration (CMEY!32
or triggered by other factors (e.g. PB. Particularly, when the micelles were loaded
with drug/gene for delivergpplication concentration othe copolymers will bénighly
diluted underphysiological conditiondo below CMC after their administration to a

patient The dlution induced dissociatiowill occur, and the active compounds will be
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released im the micelles prematurely before they aeathe target® '3 In 1996,
Wooley and coworkers reportddr the first time the crosslinking o& coreshellmicelle
composed of theolvophobic PSinner domainand asolvaphilic PVP outer layerusing
shelkcrosslinking (SCL)approachjeading toa structurallystable coreshell polymeric
nanopartile (Figure 1.8).13" The stability ofmicelle was enhanced significantly upon
crosslinkingwith an essentialljocked structure.Following herwork, numeroustudies
were reported concerninghe synthesis of coreshell nanoparticleswith various
compositionsor functionalitiesvia crosslinking ofdifferent micelles.'*#14! For example,

a copolymer PAAqx-b-PMA240 with PAA as the solvophilic segment and PMA as the
solvophobic constituent was prepar@ad reportedThe macromoleculseltfasembled

in selective solvent to produceoreshell nanostructureonsisted ofPMA as the
hydrophobic core Subsequently, the coshell nanoparticle was produced by
crosslinking t he hy dr o-pethylehedioxy)biB(&hlamiseh e | |
Crosslinking density of the shefllas dictated and can be controlled by the stoichiometric
ratio between amine andarboxylic acid. Inaddition, stimukiresponsive micelles were
also crosdinked to form coreshell polymeric nanoparticles that can respond to external
stimuli.*4¥146  For instance temperaturgesporsive micelles with PNIPAM as inner
domain and PAAL as outéayerwere prepared by micellization &NIPAM-b-PDMA-
b-PAAL copolymer Responsive corshell polymer nanoparticles were subsequently
created through interpolyelectrolyte complex (IPEC) formatimetween theanionic
carboxylate moieties oRPAAL shell andthe equal amount of cationic PVBTAGCas
shown inFigure 1.9.1*7 It was found that the corshell nanoparticlesresponded to
temperature stimulus by changing their size, which decreslsgiatly upon cooling to

room temperature.
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outer layer prepared through S@pproact’
Reprintal with permission from Ref. [137]. Copyright 19%6merican Chemical Society.
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Figure 1.9. Temperatur@esponsiveoreshell polymeric nanoparticle¥’
Reprintal with permission from Ref. [147]. Copyright 2Q0%8merican Chemical Society.

In addition to sheltrosslinking (SCL) approactescibed above crosslinking
canalsobe carried out irthe core domainof selfassembled micelles to stabilize their
structures?®152 For instanceKataokaet al.constructedx polyion complex (PIC) micelle
from association ofationicPEGb-P(Lys) copolymerandanionicP(Asp)homopolymer,
driven by electrostatic interaction between the oppositely charged polymer|mpadr
domainof micelle isconsistedf P(Lys),P(Asp) as well agleliberatelyintroducedthiol
moieties Subsequetly, the core was crodmked via the oxidation of thiols into labile
disulfide bond to stabilize thmicelle (Figure 1.10).%% Furthermorethe disulfide linkage
can be cleavedh response t@a chemicalreducing agent, resulting the dissociation of

nanoparticles.
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Figure 1.10. Core crosdinked organic corehell nanoparticle®
Reprintal with permission from Ref. [93]. Copyright 199%merican Chemical Society.

Different crosslinking mdtanisms can be applied, and the crosslinking reactions
reported in the larger body of literature can dgr@upedinto two main categories:
chemical crosslinking1°91%3154 andphotocrosslinking'>>*>° For chemical crosslinking,
various chemical reactions were employed and investigated with respect to their
feasibility, efficiency, kinetic rateetc. A good example would be the reaction between
activated ester grougnd difunctional aminewhich allows the crosslinking to proceed
efficiently. A micelle with nacryloxysuccinimidg(NAS) functionalities located in the
shell domainvas prepared by therrinduced seHassembly of PE@-P(DMA-s-NAS)-
b-PNIPAM triblock copolymer, which issubsequentlgrosslinked in shell by ethylene
diamine!® The crosslinking was about 95% completed in @hich is very fastIn
addition, click chemistrya quick and reliable way to join small unigas also employed
to efficiently crosslink micelles fothe preparatn of stabilized naopartcles®* Photo
crosslinking was recently brought to the attention of scientists dtheeitotypical mild
reaction conditions, no need for additional crosslinking agent, ease of reaction and
purification, etc. The photochemistry that hdseen utilized forcrosslinking micelles
includesthyming+162 coumarint®9161163 diacrylated pluronig¢®41%° azidegroups etc.In

particular azido functionality possesses high latent reactivityl aasy activation by
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either heat or UV irradiatiotf®!%’ In the latter context, the crosslinking density can be
easily controlled by simply varying the intensity of UV irradiation or the irradiation time.
Crosslinking can indeed benefit the micelles by providing them with excellent
structural integrity, however, the stabilized structure will also render it diffiou the
encapsulated cargos to release from nanopartighen demandetf® In addition to
irreversible crosslinking thatvaswidely reported, reversible crofinsked systems were
also developed®93140168171 10 reyersible crosslinking, a cleavable functionality was
incorporated durindhe crosslinking of micellesSubsequently,hie crosslinkers can be
cleaved either chemically or triggered by light to break down the nanoparticle, leading to
their reversibledissociation into unimerg-or examplethe micelle formed from PE
b-P(DMAgs-s-NASz0)-b-PNIPAMg7 triblock copolymer above LCST of PNIPAM was
crosslinked by cystamine,a diamine that contains liabtisulfide functionality.'® The
resulting coreshell nanoparticles can be disintegrated into unimers by cleaving the
disulfide crosslinksthrough chemical reductiomsing tris(2carboxyethyl)phosphine
hydrochloride (TCEP) or dithiothreitol (DTT)Reversibly crosslinked micebe are
particularly attractivebecause derosslinking process can facilitatiee release of guest
molecules that are loaded in the miceldbgad otime. Zhaoet al. prepared a core cross
linked nanoparticles composed of poly(coumarin matflate) (PCMA) as inner
component withPEO ashydrophilic outer layerthrough photodimerization of coumarin
moieties in the coredomain (Figure 1.11), which was subsequently loaded with
hydrophobic Nile Red (NRY*® Their study shows thahe disruption of nanoparticles by
photode-crosslinkingallows the release rate of encapsulated cargos to incréase.
worth mentiming that reversible crosslinking can also be realizeckibhyer chemical

crosslinking or phot@rosslinking.
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Figure 1.11. Reversibly photecrosslinked sphericaimicelles3®
Reprintel with permission from Ref. [28]. Copyright 2Q0&merican Chemical Society.

Clearly, coreshell polymeric nanoptcles can be fabricated through crosslinking
eitherinner domain or the outer layef selfassembled corshell or coreshellcorona
type micellesOther than the crosslinked polymer micelle approach, other methods were
also developed to prepare cafeell polymer nanoparticlesuch asseed/twestage
emulsion polymerizationt’? surfaceinitiated polymerzation!’® successive solvent
displacement$!*and photeemulsion polymerizatior® etc

The coreshell polymeric nanoparties hawe wide potential applications
including drug delivery, solvation, biomedical applicationsg¢atalysis, coatingsphase
transfer reactions, chromatograpijlers for plastics,nanoreactorshostfor removing
hydrophobic contaminants from aqueous solutiats®’ For instance Mann et al
synthesized a corshell organic nanoparticle consisted ofypsoprene(Pl) as the inner
core by crosslinking the hydrophilipoly(acrylic acid) (PAA)shell via amidation
reactions The micelle was prepared by safsembly ofpoly(acrylic acidb-isoprene)

(PAA7g-b-Plg7) in aqueous solutiorCrosslinked PAAnanocapsukewere also created by
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ozonolysisof the Pl core.Subsequentlyboth the coreshell nanoparticles anBAA
nanocagesvere utilized as nanoreactors or templateproduce calcium phosphate
polymer hybrid nanostructuresvhich areshownin Figure 1.12.17% In this contextthe

crosslinked PAA shell served as nucleation siteafoorphous calcium phosphate

Figure 1.12. Application ofcoreshell polymer nanoparticles as nanoreactors to fabricate
calcium phosphatpolymer hybrid nanostructes!’®
Reprintel with permission from Re{28]. Copyright 2005American Chemical Society.

1.1.3.3 Hollow Polymeric Nanoparticles

If the shell of a coreshell micelle is crosslinked and the core blockassisted of
a degradable polymer, the inner core tteanbe subsequently etched followg the shell
crosslinking reaction tgyield a hollow polymericframework!®217%178 For example a
graft copolymer PONBDM-P(NBE-co-BNBE)-g-PBS was prepareoly combining two
living polymerization techniques, namely ROMP and ATRP, and selectively- self
assembled in toluene intocareshell micelle composed oblophobic PONBDM core
and P(NBEco-BNBE)-g-PBS shell. The micelle was subsequentitably locked by
crosslinkingthe butenyl functionalitief'om PBS brushe which arelocated in the shell.
Finally, core of the crosknked framework waslegradedoy hydrdytic etching of the

ester bonds using acid, yielding hollow polymenanoparticles(Figure 1.13).17°
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Structural integrity of thespherical hollow nanostructure was preserved after core
degradation due to the stablcrosdinked shell. The diape and size of hollow
nanoparticles are determined the dimension ofthe crosslinked coreshell precursor.
Morerecently, Lewiset al reported a corshellcorana type micelle with PMPC asner
core, PDMA asutershell, aad PEO asurface ligandrom selfassembly othe PEOb-
PDMA-b-PMPC copolymerin alcohol aqueousolution Subsequent crosslinking of the
PDMA shell led to a crosknked coreshellcorona type nanoparticle. Interestinghyith

a low crosslinking densitin the shellthe hydrophilic PMPC blocks can migrate through
the shell layer into the corona to join the PBck, forming a hollow polymeric

nanoparticlgpossessing mixed polymer surface ligattis
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Figure 1.13. Templating synthesisf@olymeric hollow nanoparticl&?®
Reprintel with permission from Ref. [179Copyright 2011 Wiley.

Notably, he hollow polymericnanoparticles may find applications in hydraulic

fluids, recording materials, drug/gene delivery and controlled retéase.
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1.1.4 Polymer/silica Hybrid Nanostructured Materials

Organic/inorganic hybrid amoparticles represent an important class of
multifunctional nanomaterials that exhibit fascinating optical, electronic, magnetic, and
biological properties in single nammbjects'®¥83 The chemical properties (e.g., solubility
and photecrosslinking) of such hybrid nanoparticles are mainly imparted by organic
constituent, while the physical properties are often dictated by the synergy of inorganic
nanoparticle amh organic componenrt*'8 Among various organic/inorganic hybrid
nanostructure developed, silica/polymer hybsdincluding polymefunctionalized silica
nanopaticles and organgilica structure, have garner much attention due largely to their
ease of preparation and a wide range of applications for polymer matrix
nanocomposite¥’1® bjomedical engineering*!°! and fluorescent thermometef®.
Moreover, they have also been utilized as model colloids for evaluating the steric
stabilization theory?3'% The commonly used approaches to produce silica/polymer
hybrid_nanoparticles include physil adsorptiort?>!% grafting from°*2%2 grafting
onto?% self-assemblyf®+2%" etc

In the figrafting fromd approach, initiators are immobilized onto the surface of
silica nanopsicles. Subsequentlyusing the functionalized particle as initiatsyrface
initiated (S1) polymerization was conductdaly controlled radical polymerization (e.g.
ATRP) or other polymerization techniquesgrow polymer chains frorthe nanopatrticle
suiface, leading to the formation of partideush.For example, Liuvet al reportedthe
preparation ofpolymer/silicahybrids with thermeresponsivePNIPAM ligands densely
grafted on the surfacef nanoparticlesvia grafting from strategy (Figure 1.14).1%7
Surfaceinitiated ATRP (SIATRP) was employed to polymerize PNIPAM from the
surface of initiatorsfunctionalized silica particlesusing CuCl/CuCG¥MesTREN as

catalytic systento fabricate the particle brusifhe polymerizéion kinetics was well
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controlled, as demonstrated by low polydispersitiegraftedPNIPAM brushesand the
linear evolution of PNIPAM molecular weight gyiwith monomer conversigmesulting

in PNIPAM surface graft with tunable thicknes®ue to the themalresponsiveness of
PNIPAM, thermal phase transition of the PNIPAM surfdgandswas further studied,
and an interesting and unigue #stage phase transition was found over a broad
temperature rangeFor t h egraftilg ont® method, surface of nanoptcles is
functionalized with reactivecompounds.Polymers containing functional groupsire
prepared and then grafted onto the particle surtcsugh certain coupling reaction,
such as clickchemistry. For instanceHamaide et al prepared azidosurface
functionalized silica nanoparticles by gml process in reverse W/@mulsion.
Polyethylene glycol (PEG) withthynyl functionality was synthesized, and subsequently
grafted ontacsilica particle surfaceby 1,3 dipolar cycloaddition(click reactior) between
azido and ethynyl groups, leadingrtwltifunctional hybrid nanoparticles coated with a
PEG layer?°® Whereasin the fiselfassemblg approachamphiphilic block copolymers
with one constituent segment containtnighethoxysilyl moieties form spherical micelles

in aqueous solutiorOrganasilica hybrid nanoparticles grafted with polymer ligand on
particlesurface were then produced by iatnécellar crosslinking through hydrolysis and

polycondensation of thieimethoxysilyl groups®°42°5297 as showrin Figure 1.15.
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Figure 1.14.0Or gani c/ i norganic hybrid nanostructur
strategy*®’
Reprintel with permission from Ref. [197]. Copyright 2Q0¥merican Chemical Society.
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Figure 1.15. Polymer/silica hybrid nanostruces synthesizedvia fi s @lsfs emb | y o
approactt®®
Reprintel with permission from Ref. [28]. Copyright 2005, Wiley

On the otherhand, organilica hybrid nanocapsules with a webntrolled
cavity are of particular interest as the hollow interior offers peculiar advantages, such as
the ability to load guest molecules for delivery or act as nanoscale reactor by
encapsulating reage compounds$®® However, theeffective methods toofm organe
silica hybrid nanocapsuleme comparatively few and limited in scofdde preparation
of hybrid nanocapsulgsimarily involves the use of seffssembled polymer micelles or
vesicles?®2l  For example, Schmidt et al prepared a polymeric vesicle from
amphiphilic PEGb-PTMSPMA diblock copolymemvheretrimethoxysilyl functionalities
werelocated in the hydrophobic PTMSPMA layer stabilized by PE®rarand outer
surface.Crosslinking or gelatiomf the trimethoxysilyl groupsthen proceeds within the
inner hydrophobic layer of the vesicles to form polymer/silica hybadickeswhich

possessan interior cavity (Figure 1.16).2%!
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Figure 1.16. Approach to Hollow Hybrid Polymer Particlés
Reprintal with permission from Ref. [211]. Copyright 2Q08merican Chemical Society.

It is worth noting that thdiselfassemblg approach provides access to organo
silica hybrid nanoarticles and nanocapsules, depending on the morphology ef self
assembled nanostructurd$?821l Amphiphilic block copolymers incorporated with
trimethoxysilyl groups can se#fssemble intceither coreshell micelle or vesiclein
selective solventby carefully tuning the solutiononditions. Ifa coreshell micdle is
formed, gelationcanoccur either in the corer shell of the micelle to obtain hybrid
nanoparticles orhybrid nanocapsulesrespectively, depending on the location of
trimethoxysilyl moieties?°"?! For example Fukudaet al. prepared a sghical coreshell
micelle with MOPS moieties distributed preferentially near theripheralsurfaceby
micellization of PMMA-b-PPEGMAbD-poly(PEGMAr-MOPS) copolymer in
DMF/acetone/water miwre Subsequently, hydrolysis and polycondensation of
trimethoxysilyl functionalities inPMOPS segmentsoccurred at theperipheral surface
within individual micelle, producing orgargilica hybrid nanocapsulé&igure 1.17).2%8
On the other handf a vesicleis yielded intervesicular crosslinking of trimethoxysilyl

groupswill lead to polymer/silica hybridesiclesor nanocapsules.

Silica Layer

.
Hydrophilic Polymer X
(PPEGMA) 7
" \ - ??)ft —
Reaction with

Hydrophobic Silanol-Carrying Silicate Solution
Polymer Polymer g2
(PMMA) (PMOPS) Formation of Micelle .
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Figure 1.17. Polymer/silicahybrid nanocapsule&ia intramicellar gelation withinthe
shell of a spherical micelf2®
Reprinte with permission from Ref. [208]. Copyright 2Q08iley.

1.1.5 Polymer basedDrug Delivery and Controlled Releag System

Drug delivery and controlled release technologies have made a pronounced
impact on the medical fie®t? Loading guest chemotherapeutic agents in nanocarriers
can result in improved drusplubility, stability, reduced clearance, and lotigculating
half-life 212213 In this context, a variety ohanoscale delivery vehicleBave been
developed forpotential use indrug delivery, including liposonse polymerdrug
conjugateg!* polymer micelle nanoparticlés2'® polymersomé!”2t° dendrimerg?022t
and unimolecular micelle€>?22 Among them, polymer micelle nanopartid&shave
received attention due to highly enhanced drug solubility and long circulatingiféalf
For examplethe long circulating PLGAPEG nanopatrticle has been approved by Food
and Drug Administration (FDA) for the clinical usdowever, two challenges assocthte
with the polymer micelle systems limit their clinical applications. Fipgilymer micelle
will dissociate into unimers under the high dilute psychological conditroms/o, which
will cause premature drug releaseérosslinking can be conducteth the micellesto
enhanceheir stability Secondit is challengng to produce polymer micekdn uniform
shape angredictablesize On the other hand,nimolecularpolymer micelles exhibit
improved stability compared to selésembled micelles. However, thane still unstable
above the critical aggregation concentration (CAC) and the aggregation is often
observed?>2?" It is worth noting that the instability euld trigger premature drug release
and potentially harm healthy tisst@@?2°> A well-controlled size is particularly important
for tumortargeted drug delivery as tle#fective size of nanocarriers falls in the range of

20-100 nm?228229
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In this context, it is highly desirable yet challenging to createcttrally welt
defined nanostructures with good stability, monodispersigpnd precise size

controllability & a new type of drug vehicle.

1.2 Motivation

1.2.1. Challenges in Fabrication of Polymeric and Organic/Inorganic Hybrid
Nanostructured Materials from Self-Assembled Polymer Micelles

Block copolymeravith complex architectures (e,dginear block copolymers, star
like block copolymers, molecular bottlebrushes, and cyclic brush copolymers etc.) that
are composedf polymer blocksexhibiting distinct affinities to aselectivesolventare
capable of selassemblinginto a wide variety of supramolecular nanostructures with
complex shapg such as sphericaticelles cylindrical micelles, doublayered vesicles,
nanotubes, and heliceBy carefully dsigrning the macromolecules and tuninthe
solution conditions spherical coreshell or coreshellcorona type micellexan be
formed. They are particularlyinteresing because oftheir promisingapplicationsin
delivery of active compoundsHowever, the ncelles kinetically trapped in nen
equilibrium states areunstable and sensitiveto conditions of the surrounding
environment® The nanoscale assembliean reversibly dissociate into unimeshen
the copolymer concentration is diluted to below th&éMC, which is particularly
undesirable when the micellesartilized for drug deliverpecauserte dilution induced
dissociatiorin vivowill causehepremature release bfoactive compounds.

To addresshe challenge of instability, crosslinking was conducted in either core

or shell domain of the sphericalresshell micelles to lock their structurg®3136 which
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led to structurally stable coshell polymeric nanoparticleifferent crosslinking
mechanisms including chemical crosslinkif@gg. activated ester group and difunctional
aming and photecrosslinking (e.g. coumarin, and azide groupsvere applid and
investigated with respect to their feasibility, efficiency, and kinetic atesslinking can

be reversible, depending on the mechanism employed, if a cleavable moiety is
incorporated duringthe crosslinking of micelles. Chemical or light triggereb:
crosslinking of nanoparticles by cleaving the crosslinkers will lead to their reversible
dissociation into unimers, facilitatingpe release of loaded cargdBlenty of coreshell

type polymeric nanoparticles consisted of differsotvophobiccore mataals (e.g.PS,
PMA, PMMA, PCL, and their derivativgsndvarioussolvophilicshell components (e.g.
PEG, PVP, PAA, and their derivatives ejcwere prepared andeported viathe
crosslinking of spherical micelleémong them biocompatible polymers sucas PCL,

PLA, PLGA and PBLG are interestingpndidatematerials to construct the inner core
because their interaction with hydrophobic drugsuld facilitate loading ofthe
compoundsn the nanoparticlesyhile the inert PEGhas attracted considerable irgstas

the shell material due to its beneficial stealth characteristics In addition gimuli-
responsive corshell nanoparticles that can responexternal stimuli by changing their
physical orchemical properties (e,gsize were also devebped by crasslinking the
micelles composed of stimulésponsive polymeras constituent materials.

In particular if the shell of a corshell micelle is crosinked and the core block
is consisted of a degradable polymer, the inner core can be subsequertlyf@ftolwing
the shell crosslinking reaction to prepare a hollow polymeric framewankhermore,
organic/inorganic hybriccoreshell andhollow nanoparticles camlso be preparedif
metal elements are integrated during crosslinking of micdflesexampe, amphiphilic
block copolymers incorporated with trimethoxysilyl groups canastemble into either
coreshell micelle or vesicle in selective solvents dsliberatelytuning the solution

conditions.Intermicellar gelation can occur either in the catemainor shelllayer of
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the micelleto obtainorganasilica hybrid nanoparticles or nanocapsules, respectively,
depending on the location of trimethoxysilyl moietig&!!

Cleaty, both coreshell and hollow nanostructured materials, which are consisted
of polymers as the exclusiwenstituent elemestorboth organicandinorganicmaterials
asthe hybrid components;an becreatedfrom selfassemblegholymermicelle systens,
depending primarily on the materiathat areselected and the crosslinking mechanism
which is being employed However, the access to polyrmeeor hybrid nanctructured
materialswhich are dimensionally and functionally walkfinedis limited due in part to
the relatively poor size control and comparatively high polydispersity of nanostructures
obtained via selissembly of linear block copolyme®$?3! More importantly, the
common need for amphiphilic characteristics of block copolymers in order to impart self
assembly restricts the scope of selection on their chemical compositions and
functionalities.Clearly, itis challenging to realize welailored polymeric and hybrid
nanostructurege.g, coreshell, hollow geometrigswith a wider range of accessible
compositionsthrough the polymer micelle approachn addition, the selassembly
process of polymers to forsupramolecular structuresnbe tediousAs a resulta new

synthetic strategthat can address tladovechallenges is in demand.

1.2.2. Interesting and Unique Properties of Polymers with Complex Architectures

Polymers with complex architectures agft exhibit unique propertiethat are
distinctive from their linear counterpartsor examplegyclic brushcopolymerdecorated
with certain side chainsdue to its uniquering-like structure, is capable of self
assemblingnto supramolecular cylindricalibes ina selective solvenfor the branchAs
macromolecular architecturgsofoundlyinfluencethe physicabr chemicalproperties of
polymess, synthesis ofpolymes with complextopologies has drawngrowing interest

overthe past decadesheir properteswere examined for understanding the fundamental
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structureproperty relationship, and potential applications in diverse fields such as
composite materials, nanotechnologymnd biomedical engineering.h& propertiesor
morphologiesof complex plymer arclitectures aréargdy documented in the literature
However the library still need to be enriched byexploring the behavior of new
macromolecular structures and compositions.

Conjugated polymers (e.g. polyékkylthiophenes) (P3AT)) has attracted
constderable interest as promising semiconductor materials for electronic applications in
LEDs, FETs and organic photovoltaics. Regioregular polgkylthiophene)r¢-P3HT)
is among the most important conjugated polymers owing to its ease of preparation, good
solution processability, and excellent hole mobilityis composed of a rigid conjugated
backbone which al Isotwasc kfionrg ,e fafsi cweelnlt a's pend
improving the solubility. Whilgesearch effort on P3HT mainly involves linear P3HT or
P3HT-based linear block copolymers, P3HTtlwother architectures have been recently
prepared and discovered to exhibit unigomperties. For example, a macrocyclic
regioregular P3HT was prepared by intramolecular imperfect aldol reaction.
Interestingly, the P3HT macrocycles saffsembled into d@ubular nanostructure via
ef fectiwteac ki n,gvhichnstdiéfereatdrom tbenfibril morphology formed
from linear P3HT chainin addition a P3HTlinear brush copolymewas synthesized by
ring opening metathesis polymerization (ROMP) of a wgajed macromonomer. The
molecular bottlebrush grafted with P3HT side chains exhibits strong aggregation property
attributed ¢to0 itnhtee reanchtainocne dof” P 3 HTHoweven bot t |
to the best of our knowledgeyclic brushcopolymes grafted with P3HT conjugated side
chains have ot yet been preparedThe P3HT cyclic brush architecture may display
interestingmorphology or unique propertiegihich is the subjectof our studyin this

dissertation
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CHAPTER 2

RESEARCH GOALS AND OBJECTIVES

2.1 Goabk

The goal of this dissertatiois to developnew approaclkesthat may practically
address the challenges in the preparation of polymeaisd hybrid nanostructured
materials from sel-assembled polymer micelle systewia rational design ofgtymers
with complex architecturege.g, starlike block copolymers) anthe utilization of their
unique properties, mal to explore andfundamentally understand thepropertiesand
morphologyof P3HT-basedcopolymer withnewly designed@omplextopology.

Thus,the dissertation can be divided into two pahtsthe first part we aim to
address the challengése., poor size uniformity andontrollability, and limited polymer
composition/functionalityjn preparing polymeric or hybrid nanostructured matsiy
developing new approaehk The key of thenewmethod is to replacehetraditionalself
assembled polymer micelkystens with a unimolecular micelle which can lbermed
from a stable sphericabtarlike polymer. In this case the selfassembly preess is
eliminated and polymer composition and functionality can belyrselected without any
amphiphligty constraint. In this strategy, e staflike block copolymersserve as
unimolecular templates, whicWill be designed and synthesizedh living/controlled
polymerization techniques so tle molecular weight can be controlled aritie
polydispersity of productemainslow. This is crucial forrealizing uniform shape and
tailoring dimensiorof the resulting nanostructuregor polymeric nanoparticleshpto
crosslinking will be employed as the crosslinking mechanism in this study duertitdits
reaction condition, ease of operation and purificatidndegradable polymer will be
selected as thmner blockof star block copolymebecause a shetirosslinked hollow

nanoparttle can be prepared by etching the cofer hybrid nanoparticlessolgel
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chemistry of trimethoxysilyl groups will be utilized to $lasize polymer/silica hybrid
nanostructureslrimethoxysilyl functionalities can bentegratedn either the inner block

to prepare a solid naparticle or the shell domairto form a hollow nanocapsulén the
second parta cyclicbrush copolymegrafted with P3HT as conjugated side chairilé

be synthesized. Morphologgand properties of this new P3HRsedmacromolecular
architecture will be explored The fundamental understanding between molecular

structure of polymer and its properties will be established.

2.2 Objectives

In this dissertation the two taskswill be accomplished through addressiting

following specifictechnical objectives

Part 1
For polymeric nanopatrticles:
U Design and synthesize structurally welldefined coreshell staflike block
copolymer composed of leydrophobicdegradable polymer as the inner core and
a hydrophobic photocrosslinkable polymer as the shathaterial through
living/controlled polymerizationtechniques,which can be employed as a
unimolecular template to prepgvelymeric nanoparticles
U Synthesizeand characterize coreshell polymeric nanoparticle with theore-
shell star block copolymer agphericaltemplate byphotcocrosslinking its shell
block under high dilution conditions
U Prepareand analyzea shellcrosslinked hollownanoparticle bysubsequently
etching the core of the ceshell polymeric nanoparticle
U Evaluate theunimolecular polymer nanopartisledeveloped in this study as

nanocarries for potential drug delivery application by loading dyes as model
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compounds in the nanopartisland studying thedye release behavior under

varied crosslinking dengit

For hybrid nanopatrticles:

U Design and synthesize a structurally wafined stadlike homa@olymer
containing  trimethoxysilyl functionalities  through living/controlled
polymerization techniques, which can be employed as a unimolecular template to
prepae polymer/silica hybrichanoparticles;

U Prepareand characterizenaorganasilica hybrid nanoparticlevith the stailike
hom@olymer assphericaltemplate viantramolecular crosslinking or gelatiar
the trimethoxysilyl moietiesnder high dilution contions;

U Design and synthesize a structurally wagffined coreshell starlike block
copolymerwith trimethoxysilyl groupsncorporatedn the shell domairthrough
living/controlled polymerization techniqueshich can be employed as a template
to producepolymer/silica hybrichanocapsules

U Craft and analyze raorganasilica hybrid nanocapsule with an inner cauity
using thecoreshell starlike block copolymeras nanoreactowia intramolecular

gelationin the shell layeunder high dilution conditions

Part 2
U Designthe synthetic route tpreparinga well-defined cyclic backbone bearing
azide functionalities through the etmend ring closure approach
U Prepareethynytterminated poly(shexylthiophene) (P3HTyith well-controlled
molecular weightand lowPDI via controlled polymerization technigque
U Synthesize and characterize the cyclic brush copolymer with P3HT asdthe

chains by graftingthynytterminated®3HT onto the cyclic backbone
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U Study and understand therphology propertyandself-assemblypehaviorof the

newP3HT-basednacromolecular architecture

The novelty of these studies are manifested in develo@irgjateof-art starlike
macromolecular templating strategy preparing polymeric and hybrid nanostructured
materials(e.g, coreshdl and hollow nanoparticlesyand creating anew P3HTFbased
macromolecwdr architecturg(i.e., cyclic brush copolymer)The significance of these
studiesis as follows. krst, the newstrategyis much simpler than the traditional self
assembled polymer kelle methodor preparing polymeric and hybrid nanostructuaes
no selfassemblyprocess is required. Secoradyide range of wellailored unimolecular
polymeic or hybrid nanostructured materialsvith different compositions and
functionalities can berafted based on this viable templating strateligpensingvith the
need for amphiphilic compositioas in polymer micelle system Finally, as the star
polymer templates are built up by living/controlled polymerization techniques, their
molecular weight @an be welicontrolled and molecular weight distributiome generally
narrow.When these characteristics ar@nsformednto the crossinked frameworksthe
resulting nanostructuresxhibit excellent uniformity andwell-tailored dimensionsby

tuning themolecular weigtg of constituent blocks istarlike polymer precursors.

2.3 Overview of Dissertation Content

Chapter 1 summarizes the recent progremsd current status the field of
living/controlled polymerizationspolymers with complex molecularchitectures, and
provides a comprehensiveeview on the preparation of polymeric and hybrid
nanostructured materials based on-asembled polymer micelleshe challengeand
problems inthe preparatiorof polymeric and hybrid nanostructured materigirough

traditional polymer micelle systems is critically discussed.
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Chapter 2 describesthe goals and technical objectives the studies in this
dissertation. In addition, it brigfreviewsthe contenbf thethesis with brief summaries
oneach chpter.

Chapter 3 includes the polymer syntheticand materials characterization
techniqueshat are employed in the studies presented in this dissertdeghanisms
and principles of a series of living/controlled polymerization techniques that are crucial
for the synthetic work in this dissertation are presented, including anionic
polymerizatiors, controlled radical polymerizations (CRFing opening polymerizations
(ROP), and living polycondensation. Anionic polymerizations include anionic
polymerizationof olefins and anionic ring opening polymerization. Controlled radical
polymerizations (CRP) include atom transfer radical polymerization (ATRP), reversible
additionfragmentation chattransfer polymerization (RAFT), and nitroxiteediated
radical polymezation (NMP). Ring opening polymerizations (ROP) include
coordinationinsertion ring opening polymerization and ring opening metathesis
polymerization (ROMP).

Chapter 4 reports on a novel andbbust strategyhat we have developer
crafting uniform unimolecular coreshell and hollow nanopatrticles by exploiting dsike
coreshell diblock copolymers comprising biodegradable inner blocks (i.e., core blocks)
and photecrosslinkable outer blocks (i.e., shell blocks containing photsslinkable
azido functionalities) as templateMonodisperse and structurally stable diteg diblock
copolymers composed of inner degradable core blocks and outergobsstinkable
shell blocks were synthesized via a combination of two living polymerizations, namely,
coordinationtinsertion ring opening polymerization (ROP) followed by reversible
additionfragmentation chautransfer polymerization (RAFT). Subsequently, uniform
unimolecular coreshell nanoparticles were successfully produced by ptratsslinking
the shdlblocks of stailike diblock copolymers. The core diameter and shell thickness of

nanoparticles are determined by molecular weights of inner core block and outer shell
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block, respectively, thereby rendering nanoparticles with tunable structural
charactestics. The crosslinking density of nanoparticles can be readily controlled by
varying the exposure time of stiéike diblock copolymer templates to UV illumination.

The selective degradation of inner core blocks yielded hollow polymer nanoparticles
which retained structural integrity. The dye encapsulation and release studies revealed
that unimolecular corshell nanoparticles may be exploited as a new class of
nanocarriers and promising drug narehicles.

Chapter 5 presentsa viable and versatilestratey that we have pioneerer
preparinguniform organesilica hybrid nanoparticles and nanocapsules. The key to our
strategy is the implementation of spherical$ite¥ homopolymer and diblock copolymer
with well-controlled molecular weights that form urohacular micelles in solution as
nanoreactors. Orgargilica hybrid nanoparticles were crafted by introducing
trimethoxysilyl functionalities to the arm of sthike homopolymer. Quite intriguingly,
organasilica hybrid nanocapsules with an interior caviyere created when the
trimethoxysilyl moieties were incorporated in the outer block of-lgtar diblock
copolymer. The diameter of hybrid nanoparticles and the shell thickness of hybrid
nanocapsules can be readily tailored during the living polymenraio starlike
homopolymer and diblock copolymer nanoreactors, respectively. These hybrid
nanoparticles and nanocapsules may find promising applications in polymer
nanocomposites, water purification, separation, catalysis, and drug delivery. We envision
that the nanoreactor strategy is general and robust. By rationally designing nonlinear yet
structurally regular polymers possessing metaitaining units, other exotic metand
metal oxidecontaining nanostructures can also be easily accessed for ay vairiet
applications.

Chapter 6 discusses novel cyclic brustike copolymer, poly(ethylene oxidg)
poly(3-hexyl thiophene) (PEQ-P3HT), composed of conjugated polymer P3HT as side

chainswhich isprepared by a combination of living anionic ring openionfymerization,
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guastliving Grignard metathesis (GRIM) method and click chemistry. A -defined
| i n e a-dihydebxyl pelymer with protected hydroxyl groups in each repeating unit
(linear PEEGE) was synthesized via anionic ring opening polymerization. Subsequent
cyclization of lirear PEEGE was conducted to yield cyclic polymer. Cyclic PEEGE was
hydrolyzed to recover hydroxyl functionalities along the cyclic backbone, which were
then converted into azide functionalitiega several transformation step#lkyne
functionalized P3HT wa synthesized by a qudsaiing Grignard metathesis (GRIM)
method. Subsequently, it was grafted onto cyclic backbone with azide groups via click
chemistry to obtain the final product. The intermediate and final products were
systematically characterizeddwsonfirmed by GPC!HNMR, FT-IR and MALDI-TOF.
Morphologyand sefassembly behaviaf the cyclic PEGg-P3HT was also investigated
by AFM.

Finally, Chapter 7 describesgeneral conclusionson the studies in this

dissetationand proposes thautlook andfuture researcHirections
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CHAPTER 3
POLYMER SYNTHETIC AND CHARACTERIZATION

TECHNIQUES

The following chapter is intended to provide a brief description ofrtbehanism
and principles for polymer synthetic techniquegsed throughout the studies inisth

dissertation.

3.1 Living/Controlled Polymerization

3.1.1.Anionic Polymerization

3.1.1.1.Anionic Polymerization of @fins

Anionic polymerization is a living chain growth polymerization discovered by

Szwarc about half a century ago with carbanion xan@mn as reactive intermediate.

Molecular weight can be tailored by varyir‘r]", and narrow molecular weight

o

distribution with PDI below 1.1 can be obtained in anionic polymerization. Anionic
polymerization is a truly living process since theadhn doesnodt ter mi n
purposely added termination agent, and it can continue to grow if additional monomer is
added?® The living characteristics of anionic polymerization make it a sophisticated

approach to construct polymers with wedfined stucture?3?

3.1.1.2.Anionic Ring Opening Polymerization

Similar to anionic polymerization of vinyl monomers, anioROP of ethylene

oxide and its derivatives proceeds with oxanion as the reactive interntééfatd-ast
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initiation and propagation ensure its living characteriatid low PDI can beachieved

[;']]D, and initiator bearing
o

Molecular weight can be tailordaly controlling feedingratio

hydroxyl group was deprotonated to initiate chain propagafibrConsequently,
macromolecules synthesized througig opening polymerization are always end capped
by hydroxyl functional groups after terminating the oxanion with acid, and telechelic
polymerscan be obtained with initiators bearingheit one or two hydroxyl groups.
Furthermoreterminalhydroxyl groups can be readily convertedséwious functionaligs

by postmodification.

3.1.2. Controlled Radical ®Blymerization (CRP)

3.1.2.1. Atom Transér Radical Polymerization (ATRP)

ATRP is atransition metal complexes mediated controlled radical polymerization
(CRP).ATRP equilibrium is controlled byhe persistent radical effect (PREf Alkyl
halideis employed as initiator in ATRP and homolytically cleaved by transition metal
complex ativator (Mt"/L) with activation constant ¢k) to generate freeadical
propagating species amdetal complexwith higher oxidation stat€X-Mt™*%L).2*” The
X-Mt™YL speciesserve as persistent radisabr deactivatorsin the system. Active
propagatingradicals are rapidly deactivated dsac) to reform dormant halideapped
polymer chain intermittently by deactivatoise(X-Mt™%/L) after addingfew monomers

and the equilibrium is established by PRE with equilibrium constant defined as

= Hact a5 shown inScheme 3.2%7 Deactivators are built up by termination of free

6 .
9 i'{I:I.E'I.'-l.l:f

radicals and the irreversible accumulation of deactivators shift ATRP equilibrium to
dormant species side. After the equilibrium is established, the concentratio
deactivator reghes nearly constant and propagating radicals concentration is

significantly diminished as compared to conventional radical polymerizatiéh.
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Termination and chain transfer reactimthus minimized becauseof the diminished

radical concentrationn the system Linear increase of molecular weigfMW) versus
conversionis then achieved, which is importacharacteristic of living polymerizatioh

Fast initiation, fast dynamic exchange between radical propagating species and dormant
speciesand diminished chain termitian reactions ensure essentially the simultaneous
growth of al|l pol ymer chains and gives ATHF
ATRP can besimply viewed as monomer insertion in alkyl halide initiator to obtain

polymers end capped with halide gpou

k
PX + ML =2 P.*+ X- th”n_

-“'deact
kU F-"n-F-"
Scheme3.1 Equilibrium in ATRP?’
Reprintal with permission from Ref. [237]. Copyright 2Q¥@merican Chemical Society.

Similar to conventional radical polymerization (RP) system, propagation rate in
ATRP process is proportional to propagation rate constant, monomer concentration and
free radical concentration in steady state. However, steady state propagating radical
concentation is established by activatialeactivation equilibrium, rather than initiation
termination equivalence as in conventional radical polymerizatsoshown irEquation
123" As canbe shownfrom Equation 1, rateof propagation is affected by monomer,
dormant species and activity of catalyst complex as well as reaction conditions such as
temperature and solvent. Propagating radical concentration in steady state can be usually
increased by enhancing activity of catalyst, and propagation rate will inclease

higher equilibrium constari,,. However, a relatively higher PDI will be resulted due to

more termination reactions associated with higher radical concentration.
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I R
Ry = kp[M][P,] = r‘c;J(ATRP[ [B,X][Cu /L][M] ]

[X—Cull/L]

Equation 1237

For a weltcontrolled ATRP proces$/W of the productincreaseslmostlinearly
with conversionand can be precisely comtled and engineered based Bquation 2

assuming apparent rate constant is kn&t®DI of the macromoleculesepends oithe

. . . . Ko .
ratio of propagation and deactivaticate constant;{s—'*—, monomerconversion, as well

deact

asconcentration of deactivator and dormant species, wdaohbe derivedjuantitatively
from Equation 3.2 The molecular weight distribution decreases as monomer is
converted into polymerst-ast deactivationachieved ehier by large deactivationate
constant orhigher deactivator concentratiors very important to maintain lowDI.
Alternatively, narrow molecular weight distribution can be obtained by reducing

concentration of dormant specigggldingtargeting higher mlecular weigh£®’

M,
R—x, ¢

1
fﬂ(l — C) = kﬁwt

—xlrculs
_ kpKargp[P _x][n L]
eFy [X—cu” /L]

MW =

Wherek

Equation 2237

1 kp[P,X] 2
Y =1+ + e o — -1
M, DE, kdeact X—Cu /L] \ P
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Equation 3238

To maintain narrow molecular weight distribution andiage weltcontrolled
ATRP system, alkyl halide initiator should be sufficiently reactive for specific selected
monomer to ensure fast initiation compared to propagakign ¥ k,). Activation rate
constantgkac) of various ATRP initiator systems WwitCUX/PMDETA as catalyst are

summarized irSscheme 2 for comparisort3’

Cl

(5 8 & b £ama X, e

CIAN (0.14) CIPN (046) O B (2.7)
BzCl (5.5x10%) PECI (0.010) EiClie (0.022) MBrig (26 EIBAB 2.7)

PEB (0.17

BzNCS (8.9x10°%) BzBr (0.10) r@1n
\ I / Koy 007 51
Extrapolated Values

= e
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] \ JJ\( r
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DEBrPA (0.040) o]
Br.
—0 o~
5 e e G S

MCIAG(1 Bx10%)y10p 0 015) MBrAc (0.030) Br
B2SCN (1.2¢10°%) BBP (0.12)  MBrP (0.33)

MIP (0.53)
EBPA (5.3x10%)

Scheme 2. Dependence of activation rate constanvamous initiator systen?s’
Reprintel with permission from Ref. [237]. Copyright 2QX@merican Chemical Society.

Equilibrium constant not only depends on alkyl halides, but also depends on
structure of monomers and catalyst wkth, being moreaffected.In addition, tock
copolymer synthesized by ATRP technique should folltwe order of monomer

reactivity, otherwisek,., <k, will be resulted and broad PDI will be obtained.

However, halogen exchange has been introduced in ATRP technigisereasd, as
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well as maintaining a high activation constant, thus achieve comp#rabbndk,. It is

worth mentioning thata@pper complex has been widely used as ATRP catddystor
CuBr complex withvarious ligandsising EtBriB as initiator are summarized 8cheme

3.3.237
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Scheme 3.3Dependence of activation rate constant on various lig&hds.
Reprintel with permission from Ref. [237]. Copyright 2QX@merican Chemical Society.

ATRP equilibrium constantcontros the prgagation rate and extent of
termination side reaction by controlling steady state radical concentration. Hothever,
dynamics of the exchange reaction between active radical species and dormant species is
controlled by deactivation reactipandk;.... should be as high as possible to maintain
concurrent growth of all polymer chains and a low PDI. Consequergfyogriate
catalyst should be chosen for eagecific monomerto obtain well controlledsystem.

For monomers with low reactivityatalystshould be selected to possess highrK to
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maintain reasonable polymerization rate and also preserve karne.. However, for
highly reactive monomers such as methyacrylates, a catalyst with low reactivity should
be selected to decrease the djesstate radical concentration, thus minimizing
termination and chain transfer side reactigkgernatively, ATRP process is usually not
compatible with some functional groups such as carboxyl or amine groups due to their
coordination with transition metacompeting with ligands, thus decreasing catalyst
reactivity. Consequently, thefenctionalgroups need to be protected to maintain a-well

controlled ATRP system and geotected after polymerizaticr®

3.1.2.2.Reversible AdditionFragmentation Chain Transf@éplymerizationRAFT)

RAFT polymerization isa system that iprobably the closest to conventional free
radical polymerizatiorsinceonly RAFT agent bearing high chain transfer constant was
added to conventional radical polynzation systento mediate thgolymerization Its
reaction kinetics follows traditional radical polymerization kineitesally. Chain transfer
from propagating radical to RATF mediating agent or dithioestpped dormant chain
is reversible, fast and gnlat the chain end compared to irreversible and random chain
transfer process in traditional radical polymerization systeme living characteristids
thus achieved by the fast dynamic exchabgéveen propagating radical species and
dithioestercapped drmantspecies™®

RAFT is a degeneratiieansfer(DT) processlt canbe generalized and described
by the additionfragmentation equilibrigScheme 3.312*° During the preequilibrium
propagating radica(P,) produced from conventional free radical initiat@act with
thiocarbonylthiogroup (RSC(ZFS, compoundl) to form theintermediate radicand its
subsequent fragmentation givenenew free radical (R)together withone polymeric
thiocarbonylthio group (PnSC(Z¥S, compound3), which is the dormant species

RAFT processRe-initiation of the fragmented new radical produces a new propagating
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radical Pm, whichis subsequently added tthiocarbonylthio group (PnSC(Z¥S,
compound3) to exchange with this dormant speciédter the chain equilibrium is
establshed, &st dynamic exchange between active propagating radicals and dormant
thiocarbonylthio compoundrealize rapid transfer of smadmount of radical active
centers along all polymer chains, and thus ensures essentially concurrent growth of all

polymer dains to produce materials withw polydispersity.

Initiation

Initiator I* P

Reversible chain transfer/propagation

P; +Sy_S-R _Ka Pn—S\.rS—H Ky Pn—S\fS +R*
4 K-ada Z Kop 4
M
kp
1 2 3

Reinitiation
M M M
Ro — H_M. —_— Pn;

ki
Chain equilibration/propagation

. K .
Pm+SYS—Pn addp F’m—S\I./S—Pn —addP P —S._S + P}

m
7 Kk addp 7 kadap \f
M M
k, Kk,

P
3 4 3

>

Termination

k,
Ps+ Pm —!+ Dead polymer

Scheme3.4. Mechanisnof RAFT Polymerizatior?®
Reprintal with permission from Ref. [239]. Copyright 2Q@8sevier

Termination reaction still occursin RAFT wi t h t he generati or
pol ymsintso not a t r u e Pofyherizatiomigeficsip notoatfeetsdsn
an idealRAFT processandsteady state radical concentration is established by initiation
termination equilibrium as in conventional RP. Propagation rate can be derived with

steadystate assumption ahownin Equation 4.3° However,flivingdcharacteristics can
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be achieved in RAFTthrough rapid dynamic exchange between activadical and
dormantthiocarbonylthiomoiety-cappedspecies, withMW increasiig almostlinearly
versusconversior’® Thus, similar to ATRP process, molecular weight can be designed
and engineered by controlling the feeding ratio betweemomerand RAFT agent
concentration as well as converswhich can be preletermined if apparémate constant

is known as derived irEquation 5.° It is noteworthy thaRAFT produce polymers with

smaller molecular weighhanconventional RP

R, = (k,/k")R"*M]

Equation 4%

_ Ml
~ [RAFT],

1 —
In(l — C) = kﬁwt

_ 172 - 1/2
Wherek,,,, = (k,/k, " )R,

MW

Equation 5%

To ensure an efficient RAFT process and a weitkrolled polymerization,

k

aa and resulting chain transfer constant
G kg k_add

transfer rate coefficienk,, = k

C.,.= J:{—f need to be sufficiently high to maintain a successful chain transfer process to

RAFT compound in prequilibrium and fast dynamic exchangettveen active and
dormant species in chain equilibrium is required with a kighs. Thus, RAFT agent
and polymeric RAFT agent generated should possess a sufficiently reactive C=S double
bond to provide highk,s; andk.qqp. Fragmatation rate ¥g) of the intermediate

radicals formed (2 and 4) should be sufficiently high and intermediate 2 should fragment
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in favor of product to give a high transfer const@nt Alternatively, the expelled radical
R should efficently reinitiate chain propagation rather than reversibly added back to
intermediate 2#! Consequently, appropriate RAFT agent should be carefully selected for
a chosen monomer to impart a controlled RAFT process and the property of RAFT agent
can be tabred by its R and Z groups.

Z group tailorschain transfer constant of selected RAFT agentchgnging
addition rate ¥.44 andk,a4p) of radicals toC=S group?*! On the other hand, R group

tunestransfer constant by controlling fragmentation rate and partition of intermediate 2

between product and starting matertglﬁ), which isdictated by leavingbility of R

versus propagating radica? R with better leaving group ability imparts higher

kg ) . o _ _ - -
kpok_ada’ and leaving ability of R is in turn determined by radical stability, sterit an
+5—g

polar effect$*? Furthermore, generated R should be able to effectiveliitiate
propagation rather than adding back to polymeric RAFT agent.

The general guideline for selecting appropriate RAFT agent for various
polymerizdion systems is shown iRigure 3.12%° For highly active monomerssuch as
methyl methacrylate, due to its high propagation rate constant and high radical stability,

more effective Z group with high addition rate and R with better leaving ability should be
selected to ensure a sufficientigh transfer constantf,. = %) for maintaining a well
controlled RAFT system. On the other hand, faslactivenonomerdike vinyl acetate,
less effective Z group with higher fragmentation rate should be selected to avoid

retardation and a broadeange of R group can be used. However, it is better to choose R

group thatos -initete. t oo stable to re
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Figure 3.1 General guideline for selecting appropriate RAFT agéht
Reprinte with permission from Ref. [239]. Copyright 2Q@seviet

RAFT has been recognized as one of the most efficient techniques among
controlled radical polymerizations due to its high compatibility with a variety of

monomersfunctionalities and reaction mediums such as water.

3.1.2.3.Nitroxide-Mediated Polymeriation (NMP)

Similar to ATRP,NMP is also a reversibldeactivation radical polymerization
that follows PRE operating principle. Nitroxides such as TEMPO serve as the persistent
radical in NMP and reversibly deactivate propagating radical to form dormant
alkoxyamine species. The mectism of NMPis shown inSchane 3.58 It is the fast
dynamic exchange between alkoxyamine and propagating radicals that achieved control

and living characteristics in NMP process.

Ka
—CHa CH*CHz'(‘:H*OfN p
R R ° R R -

K
A

e o
—cugtl:H—CH,cl:H + T0O—N

Scheme3.5. Mechanism of NMP.
Reprintal with permission from Ref. [8]. Copyright 20(Hlsevier
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3.1.3. Ring Opening Blymerization (ROP)

3.1.3.1. Coordinatioinsertion Ring OpeningdPymerization

In ROPo f-capfolactonestannou@i ) 2-ethylhexanoatéSn(Oct}) is commonly

employedas the catalystiue to its versdity and high efficiency. Thgolymerization
mechanism has been widely studatt the most accepted one is coordinaiisertion
processin which compounds containing hydroxyl grougpg assumed tde coordinated

by catalyst to givetin(ii ) alkoxide as actual initiator'® Polyester chain growth then

proceeds from the metal alkoxide active specie via monomer insertion as shown in

Scheme3.6.1° Stereoregular polyesters witbw PDI can be produceiiom this process

In addition,MW can betunedvia controllingmonomer to alcohdeedingratio, j.e 2

m,’
and the resulting polymer possesses hydroxyl functional end groups which could be

involved in a variety of further chemical transformasion

o, 0 At OH
A s + ROH —> Oct—S$n—OR  +
0 0 Ay [s)

1 3

B OH
B Oct—Sn—OR  + ROH  =—> RO—Sa—OR +
B K o

3

G
C Oct—S$n—OR  + H,0 =~——> RO—Sn—OH + ROH
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4

RO o __OR
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E ®r \”/\/\/\O—Sn—OR . ROH = R Y\/\/\OH + RO—Sn—OR

[e] E. (o) 6

Scheme 3.6 Mechanisnof Sn(Oct) CatalyzedRing OpeningPolymerizationt?
Reprintal with permission from Ref10]. Copyright 20@, American Chemical Society
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3.1.3.2. Ring Opening Btathesifolymerization(ROMP)

ROMP is a chain growth polymerization of cyclic olefin monomers based on
olefin metathesis with metal center as propagating species. Different fporal tglefin
addition reaction, unsaturation associated with the cyclic olefin monomers is conserved
after ROMP. Importantly, ROMP reactions are usually reversible, and equilibrium
between polymerization and-g@lymerization exists. Consequently, ROMRyenerally
favored with temperature as low as possible (below ceiling temperature) and the highest
possible monomer concentration. Living ROMP can be achieved by development and
manipulation of a variety of metal catalyst, with ruthenium based catalyst thesrmost
efficient and popular oneMW increasedalmost linearly versu€ and low PDI was
obtained in living ROMP. The catalyst is capable of fast and complete initiation in living
ROMP and the propagating metal center can be efficiently quenched hyomahc
terminating agent to produce end functionalized polymers. Thus, living ROMP provides
another efficient tool for the preparation of wedfined polymers with complex

architectures?

3.1.4. Living Polycondensation

Polycondensation has been recgnialized as a living polymerization process
and living polycondensation proceeds with chain growth mech&fifsFour possible
mechanisms are generally invetyin realizing living polycondensation.

Regioregular P3HT is widely synthesized by a clissig Grignard metathesis
(GRIM) method and its mechanism is showrSitheme 3.7442%° GRIM is essentially a
living polycondensation technique achieved by activation of polymer chain end via

transferring catalyst to its end.
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3.2 Characterization Techniques

The polymerswith complex architectures, polymeric and hybnianostructures
synthesized in this study have been characterized and analyzed using a series ¢6 materia
characterization techniqueSpecifically, NMR, GPC, FFIR, and U\ Vis were used to
analyze the topology, molecular weight, polydispersity, and functionalities afdhe
linear polymers, while AFM, TEM, and DLS were mainly employed to probe the

structure morphology, and dimension of the polymeric andrldybanoparticles.

3.21. Nuclear Magnetic Resonance (NMR)

NMR is used to analyze the chemical composition, astimate thereal

molecular weight of themacromolecules with complex architectures insigdstar
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polymers and cyclic polymerby end group analysisThe *H NMR spectra of the
productswere acquiredising a Bruker 400MHz spectrometer with the solvent resonances
as the internal standard. CRGNas used as thdeuteratedsolvent in most of the
measurerants, while for polar polymers that cannot be dissolve@DCls, DMSO-ds

was utilized for thecharacterizations in this studyhe resonance from thglymer end
group must be resolved in NMR spectra for estimating the molecular weight of the
prodict. In order to integratthe peakand obtain data with higher accuracy in this study,
the sensitivity of NMR can be enhanced by increasing the sample concentration, scanning
time, orusing thespectroscopy with higher magnetic strength. For high MW palyme
with complicated macromolecular topologies, their real molecular weights are Haed to
obtaired by other analytical techniques such as GPC or MALDI. As a result, NMR
provides an important tool in this work to estimate the real molecular weigtirahd

the structure of the macromolecules.

3.22. Gel Permeation Chromatography (GPC)

Molecular weightsand PDIlof the polymerswere obtained bysPC Shimadzu)
equipped with a L&0AD HPLC pump and a refractive index detector (RITA,
120V). THF was ugsk as the mobile phader the measuremertt the flow rate of 1.0
mL/min at 35°C. One Phenogel 5u Linear column and one Phenogel 5u 10E4A mixed
bed column were calibrated with 10 polystyrene standard samples with molecular
weights ranging from 1.2x%£@o 500 g/mol.The molecular weights acquired by GPC for
polymers withcomplex compostions ononlinear structures areot real, which are
relative compared to linear polystyrene standards. Thus, MWs acquired from GPC
meausrementand th& values estimated blMMR end group analysis were combined
with the calculated theoretical molecular weights based on monomer conversion to

analyze the imitation efficiency and topologies of the macromolesytesgistically
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3.23. Fourier Transform Infrared Spectroscopy FT-IR)

Important functional groups on the macromolecules such as azide groups or
trithioester moieties were probed via-F analysisFT-IR spectraof the productsvere
collected on the Shimadzu IRAffinityl spectrometer equipped with a Miracle Single

Reflection Horizontal ATR Accessory (Pike Technologies).

324 UViI Vis SpectrMgphotometer (UV

UV-Vis was mainly employed in this study to confirm the grafting of
trithiocarbonate RAFT ageminto star polymers and loading of guest molecules in the
coreshdl nanoparticlesUV-visible spectraf absorption from thiocarbonylthio group or
polymeric NPs encapsulated wity dye molecue=e recorded using Shimadzu UV

2600 U\-VIS spectrophotometer.

3.2.5 Atomic Force Microscope (AFM)

The morphologies of corshell/hollow polymeric nanoparticlesas well as the
selfassembled nanostructures from cyclic brush copolymere examined byAFM.
The nanostructures of the nanoparticles or supramolecular assemblies were directly
visualized using AFM (Bruker Dimensiondc) which isoperated in the tapping mode at
0.5Hz scanningate The samples for AFM measurements were prepared bycepting
the dilute nanoparticlesolution onto Si substrate at 3000 rpm for 1 min (Headway
PWM32 spin coater)While for the cyclic brus copolymer, the samples were prepared
by spinrcoating the toluene solution of the macromolecule onto Si substrad®@tr2Zm

for 1 min

3.2.6 Transmission Electron Microscopy (TEM)
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Coreshellhollow polymeric nanoparticles and the polymer/silica hybrid
nanostructuresvere studiedby TEM. The images were acquired by JEOL TEM 100CX,
which was operated at 100kTEM samples were prepared byopicoating a dilute
nanoparticlesolution onto the 400 mesh carbooated copper TEM gridDue to the low
electrondensity of polymeric nanoparticles and low contrast of the resuits,tp TEM
imaging,the organicsamples were stained with Ru@apor for variougperiods oftimes
to enhance the contrasthe coreshell structure of the polymeric nanoparticles and
interior cavity of the hybrid nanocapsule prepared in this study wdetantiatedy

direct TEM imaging. Thus TEM is an important analytical imaging tool for this work.

3.2.7. Dynamic Light Scattering (DLS)

Size of the star polymers and dimension of theaparticles were analyzed by
DLS characterizaiton. DL$neasurements were performed using laser light scattering

spectrometer (Malvern Zetasizer Nano ZS) at 25°C.

3.28. Photoluminescence Spectroscopy (PL)

PL was utilized for the purpose of investigatihg controlled release behavior of
encapsulated guest molecules from the -sbwal nanoparticlesThe photoluminescence
spectra were taken usiggShimadzu RF5301 spectrofluorometer (equipped with a 150
W xenon lamp light source and a R928 photomultipliechich coversa wavelength

range of 226000 nm with a resolution of 1.5 nm.
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CHAPTER 4
DESIGN AND SYNTHESIS OF SPHERICAL STAR BL OCK
COPOLYMER AS TEMPLAT E TO DEVELOP UNIMOLE CULAR

CORE-SHELL AND HOLLOW POL YMER NANOPARTICLES

4.1 Introduction

Amphiphilic linear block copolymers possess the propensity teassiémble into
a large variety of complex nanoscale assembliesluding spherical micelle€®
cylindrical or wormlike micelle$?’ and vesicle$?® when dispersed in selective
solvents?®® These nanoscale micellese, however, often kinetically trapped in non
equilibrium states. As a result, their characteristics and shapes for a given system depend
sensitively on concentration, solvent properties, temperature, pH2 atal,are subjected
to vary in response to changes in these experimental conditfoRer example,
dissociation of nanoscale assemblies into individual linear polymer chains can occur
when the solutionconcentration decreases below the critical micelle concentration
(CMC). Thus, crosslinking of either the core or shell of-asembled nanostructures is
carried out to improve their stability by essentially locking in the structdrés®
However, the access tocoreshell polymer nanoparticlethat ae dimensionally and
functionally welldefined isstill limited due in part to the relatively poor size control and
comparatively high polydispersity of nanostructures obtained visassémbly of linear
block copolymers®923 |t is noteworthy that thecommon need for amphiphilic
characteristics of block copolymers in order to impartasffiembly restricts theape of
selection on their chemical compositions and functionalities. Clearly, it is challenging to
realize well-tailored coreshell or hollow polymer nanoparticldsom seltassembled

micelles.
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In stark contrast to micelles comprising linear amphiplipititymer chains that are
dynamically stable as noted above, 4dite polymers can readily form static
unimolecular micelles in solution, that is, structurally stable spherical macromolecules.
Starlike polymers are a class of branched macromolecules ichwmultiple linear
chains or arms are covalently connected tmwtifunctional core. A variety of star
shaped homopolymers and cateell block copolymers as well as miktoarm star
polymers have been synthesized by living polymerization techniques \ea #ighcore
first or armfirst approactt?#*4¢ Recent advances in living/controlled polymerization
renders the prepation of stailike coreshell block copolymers with a precisely
controllable topology. Intriguingly, they may be utilized asimolecular micellar
templatesfor creating coreshell and hollowpolymer nanparticles with controlled
dimensions and compositie. This has yet to be explored.

Drug delivery and controlled release technologies have made a pronounced
impact on the medical fiet? Loading guest chemotherapeutic agents in nanocarriers
can result in improved drug stability, reduced clearance, and long circulation time. In this
context, a variety of nanocarriers have been deeeldor drug delivery applications,
including liposome, polymetdrug conjugate$'* polymer micelle nanoparticlé$>?¢ and
unimolecular micelle$??2®> Among them, polymer micelle nanopartids have
received attemdn due to highly enhanced drug solubility and long circulating-lifelf
Unimolecular micelles exhibit improved stability compared to-asfembled polymer
micelles. However, they are still unstable above the critical aggregation concentration
(CAC) andthe aggregatioiis often observe®>??’ It is worth noting that the instability
would trigger premature drug release and potentially harm healthy #$steA well-
controlled size is particularly important for tumtargeted drug delivery as the effective
size of nanocarriers falls in the range of I nm??322° |n this context, it is highly
desirable yet challenging to create structurally wlefined nanostructures with good

stability, monodispersityand precise size controllability as a new type of drug vehicle.
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Herein, we report a robust strategy for crafting monodispansaolecularcore
shell and hollow nanoparticlelsy exploiting statdike coreshell diblock copolymers
comprising biodegradabl@ner blocks (i.e., core blocks) and phatosslinkable outer
blocks (i.e., shell blocks containing phatmsslinkable azido functionalitiesis
templates. Stalike photocrosslinkable corshell diblock copolymers were synthesized
by a combination ofwo consecutive living polymerization techniquesid adopted a
spherical conformatianPhotacrosslinking of azido moieties in the shell blocks was
chosen to yield uniform unimolecular ceskell nanoparticleas the phot@rosslinking
proceeds under simple and mild UV irradiation and the crosslinking density can be
facilely tuned by varying UV intensity and irradiation tift&!®’ By selectively removing
the core blocks, hollow polymer nanoparticles can be formed, suggesting the in vitro
degradability of inner blocks he versatility of unimolecular cershell nanparticles as
intriguing and effective nanocarriers for potentiale uas drug nanwehicles was
elaborated by loading dyes (e.g., rhodamine B) as model compounds in nanoparticles.
Dye-loaded nanoparticles with controlled size and low polydisiyensere obtained as a
result of spherical shape and monodisperse characteristics-bketaoreshell diblock
copolymer templatedviore importantly, the release behavior of dyes within nanocarriers
was tracked by fluorescence spectroscopy. It is istigige tonote that the dimension of
nanoparticlesthat is, the diameter of the core and the thickness of the shell, can be
readily controlled by simply tuning the molecular weights of the core block and the
photocrosslinkable shell blockrespectively. Thse rationally designed pheto
crosslinkable corshell staflike diblock copolymers hold promise for the construction of

unimolecular polymer nanoparticles as nanocarriers and delivery vehicles.

4.2 Experimental Details
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Materials. Stannous octoate (Sn(Qgt 95%), oxalyl chloride 2(99%), 2
(dodecylthiocarbonothioylthie2-methylpropionic acid TC; 98%, HPLC grade),
Rhodamine B (RhB; 95 %) , sodium ameree (09
purchased from SigmaAl dr i ¢ h, and uspgdl ;aakeGD; BSmrea V(e .
Al drich) was dried at 8O0AC undedaapraatdeuced p
( 8L, SigmaAldrich, 97%) and 4hloromethyl styrene (Sigmaldrich, 90%) were

distilled over CaH under reduced pressure prior to use. Ruthenium (VIII) oxide (Strem
Chemicals Inc., 0.5%) was used as received. Anhydrous dichloromethane (DCM) and
N,N-dimethylformamide (DMF) were obtained from a commercial solvent purification
system (MBSPS, MBraun Inc.). Osmapentalyne was obtained from Xiamen University,

China?>° All other reagents were purified by common purification procedures.

Synthesis of statike PCL. 21-arm staflike polycaprolactone (PCL) was synthesiz&sl
controlled ring opening polymeriat i o®@L od s-0has mabltifunctional initiator

and Sn(Ocp as catalyst. To impart efficient initiation and homogeneous polymerization,
DMF was used as s@ AMlealymerizationssveré petformed under b
stringent anhydrous condiis to avoid initiation from water. Three samples with
different molecular weights were synthesized by varying the Sn(@atcentration or
temperature Table SI). It is clear that larger catalyst concentration and higher
temperature resulted in faster lyoerization rate and nearly complete monomer
conversion Table S1). As demonstrated elsewheéré?>? ring openingpolymerization
catalyzed by Sn(Octproceeds with in situ metal alkoxide generated as the active center,
and it is the fast dynamic exchange between dormant and reactive species that maintains
living polymerization characteristics. Thus, the polymeraatiate increased as a result

of increased concentration of reactive center in an equilibrium with doir@ahispecies

at the [Sn]/[OH] ratio below 0.5. On the other hand, the increase in temperature led to

faster reaction rate due to higher rate constant.
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A typical polymerization procedure is described as follows: A flaimed ampule
was connected to a Schlehke where the exhaustingfilling processes were repeated
for t hr eGD (97.bnmye was dribd at 80°C under reduced pressure overnight,
which was subsequently dissolved in anhydrous DMF and transferred into a reaction
ampule together with Sn(Oetf 36 . 5 mg) -Ch mdnonter ($OmlIJunder argon
atmosphere. The ampule was then immersed into an oil bath at 130°C. The
polymerization was allowedo proceed for a desirable amount of time. After being
cooled to room temperature, the crude polymer was diluted with chloroform and
precipitated in cold methanol for three times, yielding the purified product. The pure

homopolymer was finally dried in eaum oven. Yield: 10 g (97.1%).

Synthesis of T@&ndfunctionalized starlike PCL (i.e., PCLTC). A round bottom flask

was connected to a Schlehite where exhaustingefilling processes were repeated for
three times. Trithiocarbonate RAFT agent (TC;2@)Lwas dissolved in anhydrous
CH2Cl> (5mL) and then transferred to a flask under argon atmosphere, followed by the
addition of oxalyl chloride (0.43mL). The reaction mixture was stirred at room
temperature for 3h until the gas evolution stopped. The sxmEmgents were then
removed via rotary evaporation. The residue wasdigsolved in anhydrous CBI>

(5ml). Subsequently, stdike PCL solution (1g in 15mL CiCl>) was added. After
stirring at room temperature for 19h, the content was precipitated dnnoethanol for
three times. The product was finally dried at 50°C in a vacuum oven. Yield = 0.92 g

(90%).*H NMR: Conversion > 95%.

Synthesis of corehell starlike PCL-b-(P(SCl)) via RAFT. Coreshell stailike
polycaprolactondlock-poly(4-chloromethyl styrene) (denoted PCGh-P(SCI)) was
effectively prepared by reversible additidragmentation polymerization (RAFT) of 4

chloromethyl styrene in toluene in the presence ofl#&tarPCL-TC as the mediating
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chain transfer agent via thermal initiation.drtypical process, an ampoule charged with
starlike PCL-TC (0.15g), 4chloromethyl styrene monomer (1.67ml) and toluene
(4.28ml) was degassed by three freezacuatehaw cycles in liquid N and then
sealed. The polymerization was conducted at 120%ithout adding
azobisisobutyronitrile AIBN) initiator. After proceeding to a desirable time, the reaction
was quenched by immersion in liquich.NThe reaction mixture was then diluted with
CH2Cl> and precipitated in cold methanol to obtain crude productrefoove linear
homopolymer produced during the RAFT process, the selective precipitation of crude
product in a tetrahydrofuran (THF)/methanol mixture was performed three times to yield
pure copolymers. The final product was dried to a constant weight wadaum at

50°C.

Synthesis of crosslinkable copolymer template dtke PCL-b-P(SN3). The chlorine
groups on P(£I) shell blocks in PCib-P(SCI) were substituted byazido
functionalities to produce stdike PCL-b-P(SN3) template. Specifically, stdike PCL-
b-P(SCI) (50mg) and sodium azide (55 mg) were mixed in DMF (4mL). The reaction
mixture was stirred at room temperature for 24 h, and then precipitated in cold methanol.
The crude product was-missolved in CHCIz, and then washed with distillecater three
times. The obtained organic layer was dried by anhydrous Mg&@ precipitated in

cold methanol again afteoncentration The final pure product was collected and then

dried in vacuum oven at 40°C.

Preparation of unimolecular core-shell polymer nanoparticles via intramolecular

crosslinking. Coreshell polymericnanoparticlesvere formed by crosslinking pendant
azidogroups on the shell blocks of the sli&e copolymer template via UV irradiation. It
is worth noting that the dilute conditiomas invoked to ensure only intramolecular

crosslinking. In a typical procedure, stike PCL-b-P(SN3) template (2mg) was
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di ssolved in chloroform (4ml) and filtered
then exposed to UV irradiation at room temperature under stirring. The crosslinking was
stopped at various exposure times to afford different @sgsécrosslinking density. The

mixture was then concentrated under vacuum and precipitated in methanol to yield final

product.

Formation of hollow nanoparticlesby degrading core block€Coreshell nanoparticles
(7mg) were dissolved in 22 ml dioxane lwihe addition oftl ml 10M HCI solution.The
reaction mixture was placed in a constant temperature oil bath at 90°C and refluxed for 3
days. The solution was then concentrated and precipitated in methanol to yield final

product.

Encapsulation of dye.Due to intrinsic spherical shape of sfédée PCL-b-P(SN3)

diblock copolymer and the stable characteristics of crosslinkeesbetnanoparticlesa

simple yet versatile encapsulation technique using dye as a model compound was
developed. Briefly, staike diblock copolymer templates (1mg) were mixed with dyes

(RhB (14mg) or osmapentalyne (10mg)) in CEl@mL). The solution was filtered using
0.45gm PTFE filter. The mixture was then
exposure times under stirring at room temperature to formadygednanoparticlesThe

organic solvent was removed under reduced presdio remove dyes that were not
encapsulated withimanoparticles nanoparticleswere washed with methanol for a
desirable amount of time and separated via centrifugation at 5000rpm for 5min. Final

products (i.e.nanocarrierswere found to exhibit the s& color as dyes.

Dye release studyFor the dye release studies, RlmBded nanoparticleswere re
dispersed irsolvent (chloroform or THF). Subsequently, fluorescence emission spectra of

solution weredirectly measured at predetermined times. The amouiiRhB released
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from nanoparticlesnto solution was tracked by monitoring the fluorescence intensity at

the emission wavelength of 572 nm (excited at 559 nm).

Characterizations.Molecular weights of polymers were obtained by gel permeation
chromatograpy (GPC; Shimadzu) equipped with a 20AD HPLC pump and a
refractive index detector (RHROA, 120V). THF was used as the mobile phas¢he

flow rate of 1.0 mL/min at 35°C. One Phenogel 5u Linear column and one Phenogel 5u
10E4A mixed bed column were datated with 10 polystyrene standard samples with
molecular weights ranging from 1.2¥¥1@ 500 g/mol. All *H nuclear magnetic
resonancéNMR) spectra were obtained using a Bruker 400MHz spectrometer with the
solvent resonances as the internal standardClCWas used as the solvent in all
measurementd.he norphologies of corshell and hollownanoparticlesvere examined

by atomic force microscope (AFM; Bruker Dimension Icon; operated in the tapping
mode at 0.5Hz scanning rate). The samples for AFM measmts were prepared by
spincoating the dilute nanocapsule solution onto Si substrate at 3000 rpm for 1 min
(Headway PWMS32 spin coater). Cesbell and hollow nanoparticlesvere also imaged

by transmission electron microscopy (TEM) (JEOL TEM 100CX; opdratel00Kkv).

TEM samples were prepared by dropating a dilute nanocapsule solution onto the 400
mesh carbowoated copper TEM grid. Prior to TEM imaging, samples were
subsequently stained with Ru@apor for various times. Dynamic light scattering (DLS)
measurements were performed using laser light scattering spectrometer (Malvern
Zetasizer Nano ZS) at 25°C. FTIR spectra were collected on the Shimadzu IRAffinityl
spectrometer equipped with a Miracle Single Reflection Horizontal ATR Accessory (Pike
Technobgies). U\tvisible spectra were recorded using Shimadzu-2600 UWVIS
spectrophotometer. The photoluminescence spectra were taken using Shim#&®al RF

spectrofluorometer (equipped with a 150 W xenon lamp light source and a R928
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photomultiplier),coverirg a wavelength range of 2800 nm with a resolution of 1.5

nm.

4.3 Results and Discussion

4. 3.1. Synthesis of omlgmerssi shel | Star Dibloc

The synthetic route toinimolecularpolymer nanoparticlesbased on corshell
starlike block copolymers is @picted inScheme 4.4 The corefirst approach was
employed to yield high initiatiorefficiency and a weltefined architecture of the
resulting statike block copolymersBecause othe hydrolytic and in vivo degradability
of po | ycgpkdlactone) (PCL)starlike PCL with terminal hydroxyl functionalities was
synthesized as the biodegradable core. SpecificallylikgaPCL with narrow molecular
weight distribution (i.e., polydispersity index, PDI < 1.1) was synthesized via
coordinationinsertion ring @ eni ng pol y mer i-capdactane by Udh® P ) o f
Sn(Octyas cat a-tyst od eQD}with 21 hyfrbxyl groups on its surface as
initiator due to its biocompatibility Scheme 4.4). Three samples with different
molecular weights were synthesd and summarized ifable 4.1. The methylene proton
signal at 3.64 ppm itH-NMR spectrum indicated that stlike PCL was terminated by
hydroxyl end groupsHigure 4.1a). The molecular weights were calculated based on the
integration ratio of Fito H (1%1" (Figure 4.1a), assuming that each hydroxylogip on
b-CD participated in the initiation. The consistency betwikmand Mnnvr SUggested
t hat t he initiation e f f-caproleetoney wak anearly po |l yr
guantitative, leading to the formation of st&ke PCL with 21 arms. In additiorGPC

traces displayed moamodal distribution in all sample&igure 4.2a).
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Table 4.1. Summary of stalike PCL with different molecular weights synthesized under
various reaction conditions

T(C) [CLV[OH]  [SnJ/[OH] M n,th? Mnnvr?  Mnepc®  PDIY  Conversiorf N

(kg/mol)  (kg/mol)  (kg/mol)

Samplel 110 50 0.02 30 43 31 1.04 25% 18

Sample2 110 50 0.2 85 82 44 1.06 71% 34

Sample3 130 50 0.05 120 130 93 1.07 97% 53
[cL]

+ Conversion * 114.14 = 21. °Calculated from NMR

%Calculated based av,, ., = o

according taM, ,..e = (j—ﬁ'+ 1) =21 =114.17, where A and A represent the integral
f

area of the methylene protons in repeating unit of $ite PCL and at thehain end of
starlike PCL in conjunction with the hydroxyl end groups, respectivellf Molecular
weight and polydispersity obtained from GPC!Determined by thermal gravimetry

analysis/The number of repeating unit and obtained from the NMR endbganalysis.

b,d
c
(4]
(“) M a c e | )

(b) P

ppm

Figure 4.1 H-NMR spectra of staike homopolymer (a) staflike PCL, (b) polymeric
RAFT agent stalike trithiocarbonateendfunctionalized PCL (i.e., PGIC).
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Figure 4.2 GPC traces of(a) starlike PCL with different molecular wghts as
summarized irmable SJ, (b) starlike PCL-b-P(SCI) with different molecular weights as
summarized inTable 1, (c) starlike PCL-b-P(SCI) before and after purification (i.e.,
samplec as an example).

RAFT was selected to graft the second blooky@-chloromethyl styrene) (P(S
Cl)) due to its high versatility and compatibility with-(dhloromethyl)styrene
monomer3®3! First, trithiocarbonate (TCywas grafted onto stdike PCL (i.e., sample 3
in Table 4.1) by coupling with its end hydroxyl groups to formd@nnectetf polymeric
RAFT agent (i.e., PGITC). The success in grafting was confirmed by NM®y(re
4.1b) and U\AVis spectroscopy measurements (a characteristic absorption peak of TC is
at 308 nm,Figure 4.3). Subsequent chain extension from dileg PCL-TC by RAFT
polymerization of 4(chloromethyl)styrene was performed to yield dilke PCL-b-P(S
Cl) diblock copolymer with P(€l) as shell. In the synthesis of star polymers by RAFT
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using the Rgroup approacht high radical flux ad long reaction time would easily result

in excess stastar coupling termination for slowly propagating monomers such as styrene
and its derivative$' Thus, thermal initiation was utilized in the chain extension step to
avoid undesable stairstar coupling. Any additional initiator would lead to murtodal
molecular weight distribution due to high radical flux, and thus excess termination
reactions in the system. We note that linear polymers including linear {R&d¢f® agent

and teminated chains may be inevitably generated during polymerization, as evidenced
by the tail present in low molecular weight region in GPC traBegute 4.2b)*' and

were removed prior to further reaction in order to obtain purelig@aPCl-b-P(SCI)
diblock copolymersKigure 4.2c). We note that samplesa(i.e., stalike PCL-b-P(S

Cl); Table 4.2) were prepared by grafting R@E) from sample 3 (i.e., stdike PCL;
Table 4.1), and only sample ¢ was subsequently used to producesicelleand hollow
polymer nanoparticlesdescried in the following two consecutive sections. The pendant
chlorideson the shell block were then substituted by azido groupstitoduce phote
crosslinkable moieties (i.e.,sNgroups)and vyield photecrosslinkable starlike PCL-b-
P(SNs3) diblock copolymerTable 4.2). Complete shift of CH- adjacent td N3 upfield

to new position at 4.27 ppm itH-NMR spectra was indicative of a nearly complete
conversion of benzyl chloride&igure 4.4). *H-NMR spectra Figures4.1 and 4.4) and

GPC tracesKigure 4.2) of intermediate and final products after each transformation step
suggested the successful synthesis of-dedined coreshell staflike diblock copolymer

with low polydispersity as summarizedTable 4.2. Themolecula weights of polymers
derived from*H-NMR are different from those obtained by GPC due to their different
hydrodynamic volumes in comparison to linear PS standatus. moleculaweight of

each block in stalike diblock copolymers can be readilgontrolled by living
polymerization techniques (i.e., ROP and RAFT), which is of key importance in yielding
uniform sizes of both core and shell blocks for producing monodisperse polymeric

nanoparticles
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Table 4.2. Structural parameters of polymer prearssand the preparetdhnoparticles

MnnvrR?  Mnepd®  Mngheon®  Core  Shell Core size,  Overall size, PDIf

(kg/mol)  (kg/mol)  (kg/mol) N¢ N¢ Dcor®(nm)  Doveral (nm)

Star PCL-b-(P(SCl)) (Samplea) 180 110 170 53 15 - - 1.10
(Sample b) 190 120 220 53 19 - - 1.12

(Sample c) 240 150 280 53 32 - - 1.14

Star PCL-b-(P(SN3)  (Template) - - - 53 32 35 64 1.14
Nanoparticles - - - - - 25 58 0.11

aMolecular weights calculated from NMR analysasbd on miecular weights of precursors (i.e., PCL

TC). PMolecular weights determined by GPC using PS as the calibration stafileedretical molecular
weights calculated based on the monomer to initiator feeding ratio and convésiorber of repeating

units oliained byNMR analysisfSizes obtaiad from DLS for statike diblock copolymer template (i.e.,

the intensity hydrodynamic diametBr, of starlike PCL forDcore, and the intensity hydrodynamic diameter

Dn of star PCLb-P(SN3) for Doveran (Sample 3 in @ble S1)) and from TEM image analysis for
nanoparticles’Polydispersity obtained from GPC for polymers (i.e., samplesaad template) and DLS

for nanopatrticles, respectively. Note: all nanoparticles were produced using template derived from sample

C.

It is also noteworthy that the graftifigpm strategy employed in the present study
enabled the crafting of diblock copolymers with wtellored stailike architectures and

high grafting density of arms.
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Figure 4.3 UV-vis spetra for staflike PCL (black curve)and trithiocarbonateend
functionalized stalike PCL (i.e., PCETC,; red curve)
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Figure 4.4 H-NMR spectra of corshell staflike diblock copolymers (a) stafike
PCL-b-P(SCI), and (b) statike PCL-b-P(SN3).
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4.3.2.Uniform Unimolecular Cor el s hel | Nanoparticles

Photocrosslinkablestarlike PCL-b-(P(SNs3)) diblock copolymers composed of
azido groups incorporated into PS shell blocks were then exploited as spherically shaped
unimolecular templates to form uniform ceseell polymer nanamticles by UV
exposureln sharp contrast to the relatively tedious chemical crosslinking widely used for
producing polymer nanostructuré€>® azdo photochemistry allows for photo
crosslinking to occur under mild conditions and requires no additional crosslinking
agents. Azido functionality possesses high latent reactivity and easy activation by either
heat or UV irradiatiot®®!®’ In the latter context, the crosslinking density can be easily

controlled by simply varying the intensity of UV irradiation oe firadiation time.

q.
S b d ' !
0
(o] 21
€ a
bid
C
n,o
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(ll)_l..u A~ lUV light
() 1l
(d) L L N

(e) LA L J
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Figure 4.5 NMR spectraof starlike PCL-b-P(SN3) upon the exposure to UV irradiation
for different times for crosslinking to yield unimolecular cgreell nanoparticleqa) as
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prepared sample, (b) crosslinked for 10 min, (c) sinoked for 20 min, (d) crosslinked
for 40 min, and (e) crosslinked for 70 min.

The crosslinking reaction was performed by exposinglg@rPCL-b-P(SNs)
diblock copolymer in chlorofornsolution to UV irradiation. A dilute solution was used
to avoid umlesirable intermolecular crosslinking reaction. Successful crosslinking
reaction and the formation of polymenmnoparticleswere confirmed by'H-NMR,
FTIR, AFM and TEM. NMR spectroscopy was utilized to directly monitor the photo
crosslinking process. Thatensity corresponding to P{$s) segment at 4.27 ppm, 6.49
ppm and 7.02 ppm labelled as g, o and n, respectively-lMR gradually decreased
upon increasing UV exposure time, and completely disappeared at 7Gigune(4.5).

This implied the formaton of nanoparticleswith a crosslinked shell (i.e., coshell
nangarticles)3 The signals from PCL blocks were also observed in NMR spectra,
suggesting the preservation of PCL as inner corramoparticlesafter UV exposure.
Uniform coreshell nanoparticlesstarted to form after crosslinking for 20 min as
evidenced by AFM measuremenidure 4.6). Prolonged UV exposure would increase

the degree of crosslinking and thus the shell rigidity. Complete disappeafaheepeak

at 2098 crit corresponding to azido group in FTIR measuremEigjufe 4.7) suggested

that the crosslinking of azido groups reached completion at 70min, which was consistent

with NMR analysis [Figure 4.5). The crosslinketianoparticlesvere this obtained.
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Figure 4.6. AFM heightimage of partially crosslinked corehell ranoparticls after
exposing to UV irradiation for 20 miffhecloseup is shown as an inset.

(¢) Hollow Nanocapsules

(b) Core-shell Nanocapsules

(a) Star-like PCL-5-P(S-N)

f v ] v ] v I v ] M ] Y I M L}
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'l)

Figure 4.7. FTIR spectra ofstarlike diblock copolymer template and polymer
nangarticles. (a) starlike PCL-b-P(SN3) template, (b) corshell nanoparticles, and (c)
hollow nanopatrticles.
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Figure 4.8 shows fully crosslinkechanoparticleqi.e., crosslinked for 70 min)
readily visualized by AFM, exhibiting their highly uniform ttures upon deposition on
Si substrate. A closep of nanoparticleslearly showed their spherical shag®l smooth
surface(Figure 4.8). The corresponding 3D profile also signified that the deposited
nanoparticleson Si substrate were very uniform antl egual height Kigure 4.8).
Clearly, the spherical shape and monodisperse characteristics-lifesRCL-b-P(SN3)
templates were retained after their transformation imtmmolecular coreshell
nanoparticles The average heighticoreshe, arv @and dameter Deoreshell, arm Of fully
crosslinkednanopatrticleswere 54.1 + 2.3 nm and 95 + 5.6 nm, respectivdlye
discrepancy betweémoreshel Arm and Deoreshell aArmisS due to the AFM tip convolution of
nanoparticles, leading to overestimate in ldtsize (i.e.,Dcoreshell AFM > Ncoreshell AFM).
We note that tar-like block copolymer template prior to crosslinking would tend to
spread out when adsorbed on the substrate because of the chain flexibility. Thus the
average height was less than 10 ammd the template size was not uniforfaigUre 4.9).
In contrast, aigid shell was formed after crosslinking which prevented the collapse of
nanoparticlesAs a result, the height increased significantly upon crosslinking (i.e., 54.1

+ 2.3 nm) as compared that of uncrosslinked template (< 10 nrffj2>*
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Figure 4.8 Coreshell nanoparticleobtained from arsslinking ofstarlike PCL-b-P(S

N3) templatein Table 1 (a) AFM height image of uniform fully crosslinked
nanoparticlesafter exposure to UV irradiation for 70min, (c) Representative 3D height
image of fully crosslinkednanoparticles (b) and (d) AFM hight images of fully
crosslinked and partially crosslinked (after a-r@ih UV exposure)nangarticles,
respectively, and (e) Crosgctional profiles of fully crosslinked and partially crosslinked
nanoparticlesobtained from the corresponding AFM heightames in (b) and (d),
respectively (i.e., straight lines acrasmoparticlesn (b) and (d)).
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Figure 4.9. AFM height images o$tar-like PCL-b-P(SN3) diblock copolymer template.
(a) Top view and(b) the corresponding 3D profile.

TEM imaging furthe substantiated that the craftpdlymer nanoparticlesvere
spherical and monodispersEiqure 4.10. By selectively staining the crosslinked PS
shell, coreshell structure ohanoparticlessan be clearly revealed by TEM. Ru@as
employed in the study due its differential staining capability on PS over PCL. It is
crucial to carefully control the staining time to be able to visualize the-stmlé
structure. The light staining enabled outer PS domaimawbparticledo be selectively
and lightly staied (i.e., appeared dark), so the shelhahoparticlescan be observed
under TEM, while the inner PCL blocks appeared transpaFemires 4.10a & 4.1d).
Increasing staining time resulted in intermediate staining. This allowed hollow
nanoparticleso bedistinctively visualized due to an improved contrast of heavily stained
PS shell Figure 4.10b & 4.1@®). Clearly, hollow interiors originating from the unstained
PCL corecan be seen in almost every nanocapskigutes 4.10a & 4.1(). The
interface betwee PCL core and PS shell was rather distifegire 4.1 & 4.1(e).
Further increase in staining time led to the staining of PCL core as well. Consequently,
entire nanoparticlecomposed of stained PCL core and PS shell were obsdfigaad
4.1 & 4.1(). The average core diamet&cfre, Ter) and overall sizeQoveran, TEN) Were
25.1 + 7.9 nm and 58.4 + 15.1 nm, respectively, based on the TEM image analysis at
intermediate stainingH{gure 4.11a). The comparatively large standard deviation can be
attributed to noruniform staining effect at this staining stage. The image analysis on
heavily stainechanoparticlesevealed a monodispersed size distribution \Bigherai, TEm
of 50.2 £ 7.1 nmKigure 4.11c). It is worth noting that the core diameter wasselto the
hydrodynamic diametebDn of starlike PCL homopolymer, while the overall size was
consistent withDy of starlike PCL-b-P(SNz) template obtained by DLST@ble 4.2),

signifying that the core size and the shell thicknessasfoparticlesvere dicated by
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molecular weights of inner PCL block and outer PS block, respectively. Intriguingly, the
diameter determined by TEM correlated well with the heightasfoparticlesneasured

by AFM, suggesting that the fully crosslinkadnoparticlediad a rigid skll to maintain

the spherical shape without flattening upon the deposition on substrate. The narrow size
distribution observed by TEM was also corroborated by AFM measurement. Moreover,
the DLS measurement on polymenanoparticlesn chloroform affordedhe intensity
averageDy of 180.4+1.8 nm and a very low polydispersity of 0.Figgre 4.12).
Compared tdoveral, TEMdetermined by TEM, the larda, was due possibly to significant
swelling of nanoparticlesn solution and their surface propeffy.On the basis of DLS,

AFM and TEM measurements, stde PCL-b-P(SN3) templates prior to crosslinking

exhibited a narrow size distribution.

Figure 4.10 TEM images of corshell poymeric nanoparticles(a & d) light staining
where PS shell afianopatrticlesvas selectively and lightly stained, (b & e) intermediate
staining where PS shell was preferentially and heavily stained, and (c & f) heavy staining
where both PCL core and PS8lof nanoparticlesvere stained.
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Figure 4.11 (a) TEM image ofintermediately stained coshell nanoparticles, and (b)
the core and overall size distributions of nanoparticles for TEM image in (a). (c) TEM
image of heavily stained coshell nanopaitles, and (d) size distribution of
nanoparticles for TEM image in (c).
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Figure 4.12 Dynamic light scattering (DLS) characterizations on eshell
nanoparticles.

For comparison, partially crosslinkednoparticlegi.e., crosslinked for 20 min,
Figure S6) was also examined by AFM, showing an average height of 38.6 = 2.9 nm and
an average diameter of 90.7 + 9.5 nfig(@re 4.8). Crosssectional analysis of
nanoparticlegFigure 4.8¢) revealed a clear decrease in height (approximately 29%) of
partialy crosslinkednanoparticledi.e., 38.6 £ 2.9 nmFigure 4.8d) compared to fully
crosslinkednanopatrticlegi.e., 54.1 + 2.3 nmFigure 4.80), which can be attributed to
the fact thahanoparticlesvith lower crosslinking density are relatively more flegi due
to a less rigid shell. As a result, flattening on the substrate would occur for partially
crosslinkednanoparticlesand thus a decreased height was obseR?éhe diameter of
partially crosslinkednanoparticleqi.e., 90.7 = 9.5 nmFigure 4.8d) was comparable
with fully crosslinked one (i.e., 95 5.6 nm,Figure 4.80) due to the combination of the
flattening effect noted above and the lower extent of AFM tip convolution from the

reduced heighto®2°8 It is worth noting that higher degree of crosslinking led to lower
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dispersabilityand reduced stability afanoparticlesFully-crosslinkechanoparticlesvere

found to exhibit a good sheteérm stability, but started to aggregate after leeron
storage driverby the minimization of their surface energy as showrkrigure 4.13
Interestingly, partially crosslinkedanoparticlehiave a good longerm stability and can

be easily redispersed in common organic solvents after dryiNenoparticlesvith lower
crossinking density (i.e., partially crosslinked) allowed the penetration of solvent
molecules and the swelling of shell, thereby resulting in a good dispersability.
Conversely, a higher degree of crosslinking led to a more rigid structure yet decreased

dispersbility of the resulting corshellnanoparticles

 200nm

Figure 4.13 TEM image of nanocapsuke after a long-term storage (heavily stained
sampl@, showing ggregatios of nanocapsules.

4.3.3.Monodisperse Hollow Polymer Nanoparticles
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In order to demonstta in vitro degradability of inner PCL blocks and the
stability of crosslinkednanoparticles coreshell nanoparticleswere hydrolytically
degraded under acidic condition, yielding hollpalymer nanoparticlesThe success in
degradation and formation ofolow nanoparticleswas confirmed by a suite of
characterization techniqueSomplete disappearance of characteristic carbonyl stretching
peak at 1732 crhfrom PCL blockin FTIR spectra was indicative of the successful
degradation of PCL corérigure 4.7). A small new peak appeared at 1716’after the
degradation can be attributed to carbonyl stretching vibration from pendant carboxylic
acid groups of the last hydrolyzed PCL unit which remained attached to the inner surface
of PS shell® AFM imaging further supported hollow structures of etchadoparticles
(Figure 4.14). The average heightiGiow, arv) and diameter Bhoiow, arv) Of hollow
nanoparticlesleposited on Si substrate were approximately 23.3 £ 2.5 nm and 66.7 + 2.4
nm, respectivelyKigure 4.14a). The height ohanoparticleslecreased about 57% after
etching of the PCL cora={gure 4.14) from 54.1 + 2.3 nmHcoreshell, arm Figure 4.14c)
to 23.3 £ 2.5 nmhhoiow, Arm Figure 4.14a), suggesting the collapse and flattening of
hollow nanoparticleson substrate as illustrated Figure 4.14e due to the absence of
PCL inside to provide the suppdor degraded hollow structure and the soft nature of
polymer shell. Notably, in comparison to cesfeellnanoparticlesthe diameter of hollow
nanoparticlesneasured by AFM was closer to the size evaluated by TEM, which can be
ascribed to the lower extemf tip convolution effect as the height afanoparticles
decreased, and thus a higher accuracy in diameter determined by*2MTEM
observation showed therimation of remarkably uniform hollowanoparticlegFigure
4.14d). The average size obtained from TEM analyBis/dai, tem= 53.6 * 2.6 nm) was
in substantial agreement with the diameter of -&brell nanoparticlesprior to core
etching (Doveran, Tem = 50.2 £ 7.1 nm inFigure 4.11c), implying that the structural
integrity of nanopatrticlesvas well retained aftetegradation. No hollow structure can be

observed throughout the whole stage of staining; this is not surprising and consistent with
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AFM charaterization, suggesting that hollomanoparticlesollapsed on the substrate in
dry-state Figure 4.14e). Taken together, the abovementioned results substantiated the
formation of hollowpolymer nanoparticleand the maintenance of structural integrity of
nanoparticlesupon removal of the PCL, which are indicative of the good stability of

polymerichanoparticles

T T T T T T
0 50 100 150 0 50 100 150 nm
Lateral Distance (nm)

Collapsed Hollow
Nanocapsules

Degradation of PCL

]

Figure 4.14 Morphologies of hollowpolymer nanoparticles(a) and (c) AFM height
images of hollownanoparticleand coreshell nanoparticlegi.e., prior to degradation of
PCL core; fully crosslinked), respectively. (b) Creestional profiles of hollow and
coreshell nanoparticleobtained from the corresponding AFM height images in (a) and
(c), respectivelyi.e., straight lines acrosgnopaticlesin (a) and (c))(d) TEM image of
hollow nangarticles after staining. (e) Schematic illustration of the transition from-core
shell nanocapsule (left) to collapsed hollovanoparticles(right) on substrate after
degradation of PCL blocks.

4.3.4.Encapsulation and Controlled Release of Fluorescent Probes

The architecture ohanoparticleplays an important role in encapsulation of a

variety of species, and can thus be employed for controlled release of drugs. In this

81



context,coreshell nanopartickswere exploited as effective nanocarriers by performing
encapsulation and release study with dye as a model guest compound. Due to intrinsically
spherical architecture of sthke PCL-b-P(SN3) templates and the ease of {ihduced
crosslinking, we deveped a simple and viable route to encapsulating dyes in
nanoparticles Starlike diblock copolymer templates and dyes were first dissolved in
solvent. The resulting solution was then exposed to UV irradiation to-ghmislink the
azidocontaining PS shkelThe extensive purification was subsequently carried out to
remove excess dyes outsidenoparticles thereby vyielding dydoaded coreshell
nanoparticlegdenoted nanocarrier§cheme 4.b). Compared to the commonly used
nanoprecipitation method@® the implemented encapsulation methodology iscimu
simpler. It afforded guestncapsulated nanocarriers with watintrolled size and narrow
size distribution due to monodispersity of ditke PCL-b-P(SN3) diblock copolymer
template. Two kinds of dyes were selected in the study to demonstrate thidityeos

the encapsulation technique. A dye containing Os atom (osmapeft3Iyigure 4.15

was chosen because its inherent rmetaitaining molecular structure provided dye

loaded nanocarriers the ability for direct TEM imagfffy.

o

COES

Figure 4.15 Structure of Osatom containing dyeosmapentalyné

After encapsulation and purification, digaded nanocarriers displayed a
characteristic absorption maximum at 424 nm from osmapent&alsignifying its
successful encapsulatiofrigure 4.16a). More importantly, nanocapsule encapsulated

with osmapentalyne was directly obged by TEM Figure 4.1@). The diameter of
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nanocarriers was in accordance with thahafoparticlesreflecting the presence of dyes

in both PCL core and PS shell mhnoparticlesOn the other hand, when a fluorescent
dye is trapped withinnanoparticles the fluorescence seffuenching due top-p
interaction would occur due to high local concentration of fluorophore iR%ideter

being released to the surrounding medium, free dyes would manifest a stronger
fluorescenceupon dilution (i.e., no or much reduced sglfenching) By tracking the
increase of fluoresmce, the release behavior of guest molecules from nanocarriers can
thus be scrutinizetf® To this end,Rhodamine B (RhB) was selected as the second
fluorescent dye for this study. Stdte PCL-b-P(SN3) template was crosslinked f@o

min (i.e., partially crosslinked) together with RhB, and the purification was conducted to
remove excess RhB. The charasttc absorption peak of RhB at 559 nm from RhB
loaded nanocarriers was clearly eviddfig(re 4.16a), and the emission peak at 572 nm

in fluorescence spectra (excitation at 559 rfigure 4.16) further confirmed the
successful encapsulation. A gradurdtrease in fluorescence intensity was seen when
nanocarriers were dissolved in chloroform (CkJ@Figure 4.16c), which was due to the
release of RhB triggered by the swelling rifnoparticlesn chloroform solution. The
release kinetics can be obtaineg honitoring the fluorescence increase. As shown in
Figure 4.16&, an initial release of RhB was fast and then reached a plateau within 2 h
(black squares). The initial burst release was caused by an initiatihigion of RhB
outsidenanoparticlegi.e., a large concentration gradient of RhB from inside to outside
nanocapsule). The release rate was then slowed down due to the decrease in the
concentration gradient of RhB across the PS shatlaobparticlesQuite interestingly,
when nanocarriers were dadved in THF, the RhB release did not obviously occur in
light of relatively poor solubility of RhB in THF (blue triangldsgure 4.16d), and thus

a smaller driving force for dye molecule release. addition, the effect of shell
crosslinking density orrelease rate was investigated by preparing fully crosslinked

nanoparticledoaded with RhB. No obvious dye release in CHG®@as found over the
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same time period using partially crosslinkeainoparticleqred circles,Figure 4.16d),
suggesting a substantiaklower release rate. This is due likely to smaller pore sizes in
the PS shell because of higher crosslinking dedsity.is worth noting that we provided

a proofof-principle demonstration thatore-shell nanoparticlescan act as effective

nanocarriers.
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Figure 4.16. Encapsulation and release of dyes. (a)-W¥ spectra ofcoreshell
nanoparticlesoaded with two different dyes (i.e., RhB with an absorption maximum of
559 nm (red dash curveh@ osmapentalyngith an absorption maximum of 424 nm
(black curve)). (b) TEM image ohanoparticlesloaded with osmapentalyngc)
Fluorescence spectra of partially crosslinkednoparticlesloaded with RhB in
chloroform, and (d) florescence intensity la¢ £mission of 572 nm as a function of time,
showing different release rates of RhB framnoparticlesof different crosslinking
density in THF and CHGI(i.e., partially crosslinkechanoparticlesn CHCL (black
squares), fully crosslinkedanoparticlesn CHCk (red circles), and partially crosslinked
nanoparticlesn THF (blue triangles)). The curves are used for guidance.
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The new nanocarriers offer several important and advantageous features,
including precise size control via tailoring molecular vissgof constituent blocks in
starlike diblock copolymers, uniformity, and good stability. Looking ahead, the shell
block can be easily replaced with biocompatible crosslinkable polymers to develop new
prospective drug nanovehicles. Moreover, PCL blocksatd insidenanoparticles
facilitate the loading of drug via hydrophobic interactié#?®* and can be readily

degraded in vivo with drug release. This willthe subject of future studies.

4.4 Summary

We developed a robustrategyto craft tailorable corshell and hollow polymer
nanoparticles with weltlefined architecture, and exploited them asnaw type of
nanocarrier via the dye encapsulation and relsagly. The key to our preparativeute
was the use of photorosslinkable corshell stafike diblock copolymers as templates.
Starlike coreshell diblock copolymers were first synthesized by a combination of ring
opening polymerization and reversibleadditionfragmentation chain transfer
polymerization, followed by introducinghotocrosslinking azide moieties on the shell
blocks. Interestinglyypon UV irradiatiorthese unimolecular micellegere subsequently
transformed into uniform sphericahnopaticles composed of biodegradable inner core
blocks and a stable crosslinked shell. The degree of crosslinking can be tailored by
varying UV exposure time. The sizemdnoparticless governed by molecular weights of
constituent blocks in the coshell sarlike diblock copolymer template, and the
uniformity of nanoparticlesvas translated from narrow molecular weight distribution of
starlike diblock copolymer template. Through the selective removal of the biodegradable

inner core, nanoparticleswith hollow interiors were produced whichetained the
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structural integrity and stability of g®wepared corshell nanoparticles The
encapsulation and release of dyes by capitalizing on unimolecularsioelie
nanoparticlesvere also explored as a means to dennatesthe intriguing and effective
nanocarrier functionality. We envision that a wide range of-tadtbred unimolecular
polymer nanoparticleswith different compositions and functionalities can be crafted
based on this viable templating strategy, dispenwith the need for amphiphilicity as in
micelles seHassembled using amphiphilic linear block copolymers. More importantly,
drug release may be viably controlled by simply tailoring the crosslinking density of the
nanocapsule shell. In addition to spbal starlike diblock copolymers, this strategyan

in principle, be further expanded to utilize more complex polymer compositions and
architectures (e.g., bottlebruke block copolymer) to create a diversity of truly tailored
nanostructurege.g., plymer nanorods). As sucthe development of this new class of
polymer nanoparticlesvith good uniformity and stability, adjustable size, and surface
chemistry maypresent a platform in which taddress the size and stability issues widely

encountered icurrent drug nanocarriers.
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CHAPTER 5
ORGANO-SILICA HYBRID NANOPA RTICLES AND
NANOCAPSULES FROM STAR POLYMERS WITH DIF FERENT

ARCHITECTURES AS UNI MOLECULAR NANOREACTO RS

5.1 Introduction

Organic/inorganic hybrid nanoparticles represent an important class of
multifunctional nanomaterialthat exhibit fascinating optical, electronic, magnesiod
biological properties in single nammbjecs.'8+183 The chemical propeies (e.g., solubility
and photecrosslinking) of such hybrid nanoparticles are mainlynparted by organic
constituent while the physical properties amdten dictated bythe synergy ofnorganic
nangarticle andorganic componerif*18 Among various oanic/inorganic hybrid
nanoparticles developedsilica/polymer hybrid nanoparticles, including polymer
functionalized silica nanoparticles amaganasilica hybrid nanoparticles have garner
much attention due largely to their ease of preparation and a wide range of applications
for polymer matrix nanocomposit&%:'®® biomedical engineerinf®°! and fluorescent
thermoneters!®2 Moreover, they have also been utilized as model colloids for evaluating
the steric stabilization theofy3'% The commonly used approaches to produce
silica/polymer hybrichanoparticlesriclude physical adsorptidi>1% grafting from1°%202
grafting ont¢g?®® self-assemhy,2°42%7 etc.

On the other handgrganesilica hybrid nanocapsules with \&ell-controlled
cavity areof particularinterestasthe hollow interior offers peculiaradvantagessuch as
the ability to load guest molecules for delivergr act asnancscale reactor by
encapsulatingeactive compoursf®® However, the effective methods to fornergane
silica hybrid nanocapsuleme comparatively few and limited in scofdde preparation

of hybrid nanocapsuleprimarily involves theuse ofselfassembled polymer micelles or
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vesicles?®®2!1 |t is worth noing that the seHassembl approachprovides access to
organasilica hybrid nanoparticleand nanocapsulesiepending on the morphology of
selfassembled nanostructur@42°8?1! However,there areseveral challengeassociated
with this approachFirst, it is difficult to precisely controlht size and shape of self
assembled nanostructures theydepend sensitivey on solvent propeyt solution
concentration, temperatyretc?°4?1! Secong the amphiphiliity requirement of linear
block copolymes in orderto enableseltassemblygreatly limits the compositioa and
functionalities of polymers that can be selectédFinally, the self-assembly processf
polymers to formmicelles or vesiclemaybe tedious.

Herein we report ona versatileand effective strategy tocraft uniform organo-
silica hybrid nanostrctures by judiciously capitalizing on stdike polymers as
nanoreactors, followed by intramolecular gelation. -Bk& polymers are spherical
macromolecules with multiple arms covalently linked to a multifunctional
core?2130265266 They readily form thermodynamicdy stable unimolecular micellein
solution with the sizegoverned by the molecular weight of polym&t’ Speifically,
organasilica hybridnanoparticles and nanocapsuesre createdoy employing statike
Si-containinghomopolymer and stdike diblock copolymemwith Si-containingmoities
incorporated in the outer blo@s nanoreactsrrespectively. It is n@worthy that as star
like homopolymer and diblock copolymer were synthesized by atom transfer radical
polymerization (ATRP),a living polymerization technique, each arm starlike
polymers possessed welkéfined chain length, therebyemplating the form#on of
uniform, preciselysizecontrollableorganasilica hybrid nanoparticles and nanocapsules
respectively.In stark contrast t@olymer micells yielded from seHassembly of linear
block copolymer micelles as noted aboves use obtarlike polymes dispensewith the
need forthe selfassembly process and the requirement of amphiphilic component as in
linear block copolymex As such,it rendersthe wide selection of polymer composition

and functionality for yieldingfunctional size tunable spheical nanostructuresThese
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hybrid nanoparticles and nanocapsutesy havea broad range ddpplicationsin water
purification, controlled delivery systemdithium ion batteries, and dghtweight fillers

in polymer composites.

5.2 Experimental Details

Materials

3-(trimethoxysilylypropyl methacrylate (TMSPMA monomer, 98%N, N, Nk , NK
pentamethyldiethylene triamine (PMDETA, 99%), ammonium hydroxide solution (28%),
b-c y c | o d e-D),r2Bromoiéobutyryl bromide (98%) and anhydrous benzene
(99.8%) vere purchased from Sigrgedrich and used as received. CuBr (98%, Sigma
Aldrich) was stirred in acetic acid overnight, filtrated, then washed with ethanol and
diethyl ether successively, and finally dried in vacuum. Styrene (St., S\pniah, U

99%) waswashed with 10%NaOH aqueous solution and water successively, then dried
over anhydrous MgSQOand CaH sequentially, and finally distilled under reduced
pressure. Petroleum ether was distilled over £aiibr to use. Anhydrous toluene and
dichloromethaneCM) were obtained from a commercial solvent purification system
(MB-SPS, MBraun Inc.). All other reagents were purified by common purification

procedures.

Synthesis of heptakis[2,3;8i-O-(2-bromo-2-methylpropionyl}b-cyclodextrin) (i.e., 21
Br-b-CD)

21 Br-b-CD is prepared according the previousepors inliterature'? b-CD (6.82 g, 6
mmol, dried in vacuum oven at 80 °C overnight) was dissolved indaohy Xmethyl2-
pyrrolidione (NMP, 60 mL). Subsequently;B2omoisobutyryl bromide (58.0 mL, 252
mmol ) was a@Ddseldtiontdmpwisenat O °G under stirririche reaction was

allowed to proceed for 24h at ambient temperature. After that, theiosolwas
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concentrated byhe reduced pressure distillation and then diluted with dichloromethane.

The product solution was washed with saturated Nat#efDeous solution and DI water
sequentially for three times. The organic layer was concentrated andryiséadlized in

cold nhexane to obtain pure product. The chemical compositions of 2By were
confirmed by'H-NMR in CDCk: Ud=1.8 ( br o3p 8554, (49H, 2ugat , CH
protons); FTIR: 2931 cr( @n), 1737 cm' ( &o), 1158 cm' ( Soc), 1039 ad 1105

cmit( ¢ 0 u p-daendd.0)3

Synthesis of statike PTMSPMA homopolymer by ATRRBsing21-B r -CD asinitiator

Atom transfer radical polymerizatioMTRP) of 3-(trimethoxysilyl}propyl methacrylate
(TMSPMA) monomer was performed using-Blr -CD pcssessing 21 initiation sites as
the initiator to yield starlike PTMSPMA homopolymer. In a typical process, an ampule
was quickly charged with 2B r -CDb (0.02g), CuBr (0.0142g), PMDETA (0.01719),
TMSPMA (11.7ml), anhydrous toluene (15ml) and then degasbgd three
freezel evacuat el tohThevampuule wds ansnersea in dnioigbath at 50N
°C. After proceeding to a desirable time (&h for samplel, and 2h for sample?), the
polymerization was quenched by dipping the ampule in liquidTNe cude product was
diluted with anhydrous dichloromethane, passed through a neutral alumina cahann
then precipitated in anhydrous petroleum ether for three times to obtain pure product. The

polymers were dried under reduced pressure.

Crafting organo-silica hybrid nanopatrticles via intramolecular gelation

Organesilica hybrid nanoparticles wererafted by hydrolysis and subsequent
condensation of trimethoxysilyinoieties on starlike PTMSPMA with ammonia as
catalyst. The reaction was conducted undeh hdgution to facilitate intramolecular
gelation. Typically, stalike PTMSPMA (samplel andsample2, 5mg) was dissolved in

1,4-dioxane (10ml) The solution was filtered using a 0-d5m PTFE f il ter .
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ammonium hydroxide (0.1ml) was then added to thetswsl dropwise under vigorous
magnetic stirring. The reaction proceeded at ambient temperatureldgs S'he product

was purified by dialysis against dioxane.

Synthesis of statike polystyrene

21-arm staflike PS was synthesized by ATRP of styrenéengs21-B r -CD as the

initiator. The reaction mixture (styreneBr (in 21-B r -CD ) : CuBr : PMDETA = 400 :

1:1:1 (molar ratio) in toluene (1 g St in 1 mL solvent)) in an ampule was degassed by
three freezel evacuat, andthé ismwersedyircdn eisbath at 801 i q u i
°C. The polymerization was allowed to proceed to the desirable time, and then quenched

by dipping into liquid N. The mixture was diluted with chloroform and passed through a
neutral alumina column to remove copper catalpdter concentration, the polymers

were recovered by precipitating in methanol and filtration for three times. The product

was finally dried to constant weight in a vacuum oven.

Synthesis of statike PSb-PTMSPMA diblock copolymers via sequential ATRP

Star-like PSb-PTMSPMA composed of inner PS blocks and outer PTMSPMA blocks
was prepared by sequential ATRP of TMSPMA with $itex PS aghe macroinitiatoras

noted aboveln a typical ATRP procedure, an ampule was quickly charged witral

star PS (0.d), CuBr (0.0044), PMDETA (0.0053g), TMSPMA (3.6mland anhydrous
benzene (4ml). The reaction mixture was de
in liquid N2 and then placed in an oil bath at 70 °C. After the polymerization proceeded
to a desirable conversion, the ampule was dipped in ligeid duench the reaction. The
solution was diluted with anhydrous dichloromethane and passed through a column of
neutral alumina to remove the catalyst. The mixture was then concentrated and
precipitated in anhydrous petroleum ether for three times to recayegyutle polymer.

Final product was dried under reduced pressure.
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Creatingorgano-silica hybrid nanocapsules by intramolecular crosslinking

Organasilica hybrid nanocapsules weceeatedby gelation ofouter PTMSPMA blocks

in starlike PSb-PTMSPMA diblock copolymer under dilute condition. The reaction
mixture (staflike PSb-PTMSPMA (samplea andsampled, 5 mg) in 10 ml 1,4lioxane
mixed with 28% ammonium hydroxide (0.5 ml)) was allowed to proceed at ambient
temperature for Says under constant stirring?ure product was finally obtained by

dialysis against dioxane.

Characterizatiors

All IH NMR spectra were obtained with a Bruker 400MHz spectrometer with solvent
resonances as the internal standard. G@k used athe solvenin all measurements
The nolecular weights of polymers weabtained using a Shimadzu GPC equippth

a LG20AD HPLC pump and a refractive index detector (RIDA, 120V).
Tetrahydrofuran (THF) was used as the mobile ptasd5 °C at 1.0 mL/min. One
Phenogel 5u Linear (2) columend one Phenogel 5u 10E4A mixed bed column were
calibrated with 10 polystyrene standard samples from 12%d0500 g/mol. The
morphologiesof organasilica hybrid nanoparticles and nanocapsulese examinedby
transmission electron microscopy (TEM) (JEOEM 100CX; operated at 100kv). TEM
samples were prepared by drogating a dilutenybrid nanoparticles (or nanocapsules)
solution onto a 400 mesh carbooated copper TEM gridDynamic light scattering
(DLS) data was acquired using laser light scattespgctrometer (Malvern Zetasizer

Nano ZS) at 25°C

5.3 Results and Discussion
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5.3.1.Synthesis ofStar Homopolymer, Poly [3-(trimethoxysilyl) -propyl

methacrylate] (PTMSPMA)

It
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Scheme5.1 Syntheticrouteto starlike PTMSPMA homopolymer(upper right panel)
and sar-like PSb-PTMSPMAdiblock copolymer(lower right panel)

Star-like homopolymer poly[3trimethoxysilyl}propyl methacrylate]
(PTMSPMA) and diblock copolymerpolystyreneblock-poly[3-(trimethoxysilyl}propyl
methacrylate] (P®-PTMSPMA) containig trimethoxysilyl units were first rationally
designed and synthesize®&cheme 5.1). For the synthesis of stiike PTMSPMA
homopolymer (upper right panel inScheme 5.1), Heptakis[2,3,6&ri-O-(2-bromao2-
methylpropionyl}b-cyclodextrin) (denoted 21 Hi-CD) wasfirstpr epar ed by r e ac
cy ¢ | o d e-€£D)withr-brgmisobutyric bromidé It has een demonstrated that all
bromines on 21 Brb-CD are capable of initiating ATRRo form 2Xarm statike
polymers?%#® Starlike PTMSPMA was synthesized by ATRP of(tBimethoxysilyl)

propyl methacrylate (TMSPMAJsing 21 Brb-CD asan initiator (seeExperimenal
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Sectionin Supporting Information Due to the high reactivity of TMSPM®&? the
reaction wasonducted at dilute condition aadow conversiorwasmaintaired in order
to minimize the coupling termination between stike PTMSPMA radicals The
successful polymerization was confirmed ¥y NMR analysisn which all characteristic
peakscan beassigned to the corresponding protomstiee polymer backbond=igure
5.1). The @l permeation chromatography (GPC) traces exddbihonomodal peaks
(Figure 5.2), indicatingthe formation of structurally wellefined productswith low
polydispersiy. Two samples with different molecular weighisre prepared byarying
the ATRP time. Their structural parametemseresummarized immable 5.1 The stafike
PTMSPMA can formsphericaunimolecular micelle in solutigff>2°” and heir intensity
average hydrodynamic diamet&n obtained bydynamic light scatteringOLS; Figure
5.3 was 10.7 £ 0.8nm and38.8 + 5.7nm for samplel and sampl, respectiely (Table
1). It is interesting to notehat about 4 times increase nmonomer conversio(il3% in
sample 2 compared to 3% in samplerd3uled in agpproximately4 times increase in
molecular weight of stdike polymers due to the livingharacteristiof ATRP (Table
5.1).2%8 Clearly, the size of stafike PTMSPMA can betailoredduringthe ATRP process,
which is essential for control over tdemension of hybrid nanoparticles produdsahis

approach.

Table 5.1 Structural parameters ofstarlike PTMSPMA homopolymer andthe
corresponding organsilica hybrid nanoparticlegNPs).

Star-like PTMSPMA Organo-silica
hybrid NPs
Mn12(kg/mol) [ Mngpd (kg/mol) [ PDIP | CH DrC (nm) D¢ (nm)
Samplel 78 26 1.04 3% 11+1 13+£2
Sample2 340 110 1.10 | 13% 39+ 6 38x4

aTheoretical molecular weights calculated basedhonomerconversionObtained from
GPCmeasuremenising PSas the calibration standartintensityaverage hydrodynamic

diametey Dn of polymers obtained bgynamic light scatteringDLS). YDetermined by
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gravimetric method®Averagediameter of nanoparticles estimated froine TEM size

analysis.

Figure 5.1 H-NMR spectrum of staike PTMSPMA homopolymeiin CDCk (i.e.,
sample2in Table5.1).
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Figure 5.2 GPC traces of stdike PTMSPMA with different molecular weights as
summarized in TablB.1.

14 4
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Figure 5.3 Dynamic light scattering (DLS) charactettivds onstarlike PTMSPMA
homopolymers

5.3.2. Preparation of Organesilica Hybrid N anoparticles

Subsequently, intramolecular crosslinking (i.e. gelation) oflitarPTMSPMA
led to the formation of uniform orgassilica hybrid nanoparticlesScheme Z2a).
Trimethoxysilyl moities (Si(OCHg)s) in starlike PTMSPMA were hydrolyzedinto
trinydroxylsilyl (Si(OH)). The hydrolyzedtar-like polymerwasthentransformed into a
crosslinked silsesquioxane network via polycondensatis®® The reaction was
catalyzedby small amount of ammonia and performedler highy dilute condition to
avoid intermolecular crosslinkingsee Experimental Sectign The amplel (i.e., staf
like PTMSPMA) with lower molecular weight was first used aanoreactoitself to
produce smalleorganasilica hybrid nanoparticles. The nanopartioleere formed after

reaction atambient temperaturéor 5 daysas evidenced by the TEM measurement
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(Figure 5.4a). The low contast of nanoparticles was due possibly to its very small size
The average size of nanoparticles &+ 2 nm (Figure 5.58), which is close to the
hydrodynamic diameter afriginal starlike PTMSPMA (10.7 + 0.8 nm;samplel in

Table 5.1). This suggestedhait hybrid nanoparticles were created from individual star
like polymers, and such spherically shaped polymers served as unimolecular

nanoreactors.

('c]) PTMSPMA

T Intramolecular
i~ Gelation
) —>
Star-like PTMSPMA Organo-Silica Hybrid
Nanoparticle
(b) PTMSPMA S
T Intramolecular
LN\ (X Gelation (2
— | S5
((\d
Star-like Organo-Silica Hybrid
PS-6-PTMSPMA Nanocapsule
Q = p-CD PTMSPMA = n
0
o
PS= n g
Sii
0,' \)(J
\ Y

Scheme 5.2 Starlike polymer nanoreactor trategy for organcsilica hybrid
nanoparticles and nanocapsuléa) Synthesis obrganasilica hybrid nanoparticlesby
capitalizing on &r-like PTMSPMAhomopolymercontainingtrimethoxysilyl moietiesas
unimolecular nanoreactor. (b) Preparation arganacsilica hybrid nanocapsulesby
exploiting garlike PSb-PTMSPMA diblock comlymer as wnimolecularnanoreactoin
which trimethoxysilyl moietiesareincorporated in theuterPTMSPMADblocks
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In order to demonstrate the exquisite control over the size of hybrid nanoparticles
using the stalike polymer nanoreactorparoach, stalike PTMSPMA with larger
molecular weight (i.e., samp approximately 4 times larger than sampjewas
synthesized and utilized as nanoreactor. The hybrid nanoparticles with largangize
higher contrastwere clearly observedFigure 54b). The average diameteof
nanoparticlesvas 38 + 4nm based orthe TEM imageanalysis(Figure 5.%), which is
also consistentvith the hydrodynamic diameter airiginal starlike PTMSPMA (38.8 +
5.7nm; sample2 in Table 5.1), andwas almost 4 times lger than that of nanoparticles
produced from samplé. Obviously, the increase in the nanoparticle size can be
attributed to the increase in molecular weighstairlike PTMSPMA Consequentlythe
size of nanoparticles can beasily tuned by varying the nolecular weightof starlike

polymer during ATRP oTMSPMA.
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Figure 5.4 TEM characterizations of orgassilica hybrid nanoparticles and
nanocapsules. (a) Hybrid nanopatrticles crafted from safnfile., stalike PTMSPMA)
with smaller molecular weighthe average diameter of nanopartidaye= 13 = 2 nm.

(b) Hybrid nanoparticlexcreatedfrom sample2 (i.e., staflike PTMSPMA) with larger
molecular weight; the average diameter of nanopartigdes= 38 + 4 nm. (c) Hybrid
nanocapsulegproduced from sanplea (i.e. stadike PSbh-PTMSPMA) with larger
molecular weight of the outd?TMSPMA block; the average diameter of nanocapsule,
Dave = 71 £ 5nm. (d) Hybrid nanocapsuleyielded from sampled, with smaller
molecular weight of the outd?TMSPMA block; the average diameter of nanocapsule,
Dave: 28 £ 5nm.
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Figure 5.5 Size distributions of hybrid nanoparticles and nanocapsules obtained from the
TEM image analysis. The average diameters of nanoparticles or nanocapsules are
summarized in Table5.1 and Tade 5.3 respectively. (a) Orgarsilica hybrid
nanoparticles crafted from samgle(i.e. stalike PTMSPMA with smaller molecular
weight). (b) Organssilica hybrid nanoparticles crafted from samplgi.e. stailike
PTMSPMA with larger molecular weightjc) Organesilica hybrid nanocapsules created
from samplea (i.e. stalike PSb-PTMSPMA with larger molecular weight of outer
PTMSPMA block). (d) Organsilica hybrid nanocapsules created from saraplee.
starlike PSb-PTMSPMA with smaller molecuftaveight of outer PTMSPMA block).

5.3.3. Synthesis of Corshell Sar PS-b-PTMSPMA Block Copolymers

Quite intriguingly, the stalike nanoreactor strategy is versatile in crafting
uniform nanostructures. In addition to orgasilica hybrid nanoparticleshe application
of judiciously designedtarlike PSb-PTMSPMA diblock copolymercomposed of inner
PS block and outePTMSPMA block as nanoreactor rendered the creation of organo

silica hybrid nanocapsules after subsequent intramolecular crosslinlkengyélation) of
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outer PTMSPMA blocks Scheme 5.B). In starlike PSb-PTMSPMA diblock
copolymer, PS was chosen as the inner block due to its ease of polymerization and
chemical inertia for the subsequent gelation proc&gcifically, starlike PS was
synthesized by ATRP of styrenesing 21-Br -CD as theinitiator. Successful
polymerization wasverified by 'H NMR measuremen{Figure 5.6). Notably, he
resonance a#.4 - 4.6 ppm (g) carbe ascribed to the methine protons near terminal
bromines at the chain eR@l. The GPC measurements shewthe narrow molecular
weight distribution of produdFigure 5.7). The small shoulderobservedat low eluton
time was originated fronthe coupling terminationbetween stalike PS radicalswvhich
dominatel the termination process in radical polymerization of PS andificult to
avoid?’?> Two starlike PS samples withdifferent molecular weights were prepared
(Table 5.2). The numberaverage molecular weights estimated from NMR end group
analysis which wasbased on the integratigatio of H to H? (119 assuming thagach
bromine on 21B r -CD initiated the polymerizationagree well with the theoretical
molecular weights calculated based tbe monomer conversion. Thisnplied that the
initiation efficiencyof bromoisobutyrylwas nearly quantitative, yielding 2drm staslike

PS. The mlecular weights obtained from GPC measurements ddvifitan the
theoretical values, whictiue tothe smallerhydrodynamic volume stdike PS compared

to linear PS standards.

Table 5.2 Structural parameters of stlike PS synthesized under varied reaction
conditions

Star-like Mn.cpc? M n,th° M n,NMRC Np<f PDI|2 cd
PS (kg/mol) (kg/mol) (kg/mol) per arm

Samplel 52 96 94 43 1.04 11%

Sample2 69 120 130 59 1.09 14%
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3Obtained from GPQneasurementising PS as the calibration standaftiheoretical
molecular weights calculated based tite monomerconversion. “Numberaverage

molecular weightsMn nvr @andthe numberof repeating unitsN estimated fronthe NMR

analysis. “Determined by gravimetric method.

a, b

Figure 5.6. 'H-NMR spectrum of1-arm staslike PSin CDCk (i.e., samplel in Table
5.2.
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Figure 5.7. GPC traces oR1-arm staflike PS with different molecular weights as
summarized in Tablg.2

Star-like PSb-PTMSPMA diblock copolymes were then synthesizedia the
chain extension from 2&rm stailike PS bythe ATRP of TMSPMA (lower right panel in
Scheme5.1). The poton resonancesom outerPTMSPMA blocks emergedn *H NMR
spectrum of theesulting sar-like PSb-PTMSPMA (Figure 5.8), signifying the success
in the growth of outePTMSPMA blocks. The nolecular weights of si-like diblock
copolymers can be estimated fraghe *H NMR analysis based on thetegrationratio
between PTMSPMA and PS blxKI¥I") as summarized ifmable 5.3. The GPC
characterization alscorroborated theuccessfuthain extension with the elutiqgpeak of
starlike PS shifted tathe higher molecular weight region after reactidfiglire 5.9).
Five samples with various molecular weghtf outer PTMSPMA blocks were
synthesizedby changingthe reaction conditionélable 5.3). As the nolecular weight®f
inner PSandouterPTMSPMA blocks were independently controllgtie polydispersiy
of starlike diblock copolymers remainetbw. These starlike diblock copolymes also
formed unimolecular micells in solution withthe sizes determinedby DLS (Figure

5.10).
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Table 53. Structural parameters of stiike PSb-PTMSPMA diblock copolymers and
the correspondingrganasilica hybrid nanocapsulgiNCs).

Star-like PS-b-PTMSPMA Organo-silica
hybrid NCs
Inner PS [ Manvi | Mncpd | PDIP Np NpTmspMA Dré(nm) D9 (nm)
block (kg/mol) | (kg/mol) perarm| perarm

Samplea | (Samplel) 530 350 1.27 43 84 8318 715
Sampleb | (Sample2) 140 73 1.10 59 3
Samplec | (Sample2) 160 78 1.12 59 6
Sampled | (Sample2) 210 96 1.14 59 15 30+1 28+5
Samplee | (Sample2) 550 270 1.36 59 80

®Numberaverage molecular weight8nnvr and the number of repeating ung N
estimated fronthe NMR analysis.’Obtained from GPGneasurementising PS as the
calibration standardlntensityaverage hydrodynamic diametén of pdymers obtained

by DLS.%Averagediameter of nanocapsules estimated ftheiTEM size analysis.

l[~= JU AW

8 7 6 S 4 3 2 1 0
Ppm

Figure 5.8 H-NMR spectrum ofstarlike PSb-PTMSPMA diblock copolymerin
CDCls (i.e., samplee in Table 5.3
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Figure 5.9 GPC traces oftarlike PSb-PTMSPMA diblock copolymersvith varied
molecular weight®f outer PTMSPMA block (Table 5.®repared by the chain extension
from 2l-arm stafike PS macroiniator (i.e. sampk2 in Table 5.2 via the ATRP of
TMSPMA.

12
Sample-d
104 Sample-a
8 -
€ J
E ]
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Figure 5.10 DLS measuremest on starlike PSb-PTMSPMA diblock copolymers
(samples in Tablg.3).
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5.3.4.Creation of Organc-silica Hybrid Nanocapsules

Similar to the crafting obrganasilica hybrid nanoparticleshy employingstar
like PSb-PTMSPMA as unimoleculananoreactqr organesilica hybrid nanocapsules
with an interior cavitywerecreated viahe selectiventramolecular gelation of theuter
PTMSPMA blocls. Likewise, he reaction was catalyzed laynmoniaand performed
under high dilutionThe simplea (i.e. stalike PSb-PTMSPMA) with alargemolecular
weight of outerPTMSPMA blockwas first stuced. The TEMcharacterization revealed
the formation ofnanoparticleswith an average size dofl = 5nm (Figure 5.4c and
Figure 5.5¢), which isclose to the hydrodynamic diameter adrdike diblock copolymer
nanoreactof83.2 £+ 17.5 nmsamplea in Table 5.3), suggeshg the nanoparticlevas
templated byndividual starlike PSb-PTMSPMA We note that athe outer FMSPMA
block had muchhigher molecular weighthan that of inner PS &tk (84 repeat units of
TMSPMA compared to 43 repeat units of styrertBg interior cavityoccupied by PS
chainscamot be visualizedby TEM. To this end,starlike PSb-PTMSPMA with a
relatively low molecular weighof PTMSPMA and higher molecular weighaf PS
(sampled) was then selected to prepare the hybrahctructure.Clearly, ahollow
interior was seenin hybrid nanocapsules-igure 5.4d) as a result ofthe formation of a
thinnerouter FMSPMA block with a muchdecreased molecular weighite(, decreased
approximately 5.6 times in compaison to samplea), substantiating that hybrid
nanocapsules with a cavity possessing PS arms were successfully produced by
crosslinking theouter FMSPMA blocksof starlike diblock copolymerOn the basis of
the TEM imageanalysis,the average overatliameterof nanocapsukewas 28 + 5nm
(Figure 5.%), which is in good agreemenwith the size of the starlike diblock
copolymer nanoreactor (sampid) and smaller tharthe size of nanoapsulesobtained
from samplea (Table 5.3). The decreased size was due to the reduction in the overall
molecular weight of the copolymer nanoreactor. Althougmay bedifficult to obtain

accurate shell thicknes# nanocapsules becausetbé nonuniform shell observedh
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TEM (Figure 5.4d), an important piece of information can be gained from this study: the
overall sizeand the shell thickness nanocapsulearedictated bythe chain lengthsf
starlike diblock copolymer anauter FMSPMA block, respectively, andan bereadily
regultedduring the ATRP ostarlike PSb-PTMSPMA

5.4 Summary

In summary we developed a versatile preparative route to uniforganaesilica
hybrid nanoparticlesand nanocapsules by capitalizing on 4iteg polymers as
nanoreactors. The sthke PTMSPMA homopolymer and RB-PTPMSPMA diblock
copolymer containingtrimethoxysilyl functionalities in PTPMSPMA blocks were
synthesized by ATRPThe hydrolysis and subsequent condensatibtrimethoxysilyl
moieties introduced a crosslinkesilsesquioxane networkn starlike PTMSPMA
homopolymer andh the outePTMSPMA blocksof starlike PSb-PTMSPMA to yield
hybrid nanoparticlesand nanocapsules, respectively. The dimensionshyisrid
nanoparticles and nanocapsudesdictated by thehain lengths (i.e., moletar weights)
of starlike PTMSPMA and PSh-PTMSPMA nanoreactors, respectively, which can be
precisely engineered by living polymerizations (i.e., ATRPTMSPMA for starlike
PTMSPMA and sequential ATRPsf styrene andTMSPMA for starlike PShb-
PTMSPMA).

It is worth noting that other polymer composition can also be employed as the
inner block in statike diblock copolymer (e.g., polycaprolactone (PCL), a biocompatible
and biodegradable polymer), and thus the inner block in nanocapsule can be facilely
tuned (e.g., the degradation of PCL would result in purely hollow nanocapSuée).
envision thatsilica nanoparticleand nanocapsulesan be obtained after pyrolysasd
further reduced to silicon nanoparticlasd nanocapsules fanse as anode materials in

lithium ion batteries anas controlledrelease vehicles biomedical applicationsThis



will be the subject of our future work. Moreovéne nanoreactor strategy is general and
robust and mayprovide enormous opportunities for the development of nadsewith
new structures and functionalitidsor example, ¥ rationally designing and synthesizing
nonlinear yet structurally regular polymers including $iteg polymers that possess
metalcontaining moieties in the constituent blocks of nonlinear palgna¢her exotic
metal and metal oxideontaining nanostructures can be readily accefsed large

variety of applications.
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CHAPTER 6
DESIGN AND SYNTHESIS OF CYCLIC BRUSH COPOLYMER
FOR MORPHOLOGICAL AN D ASSEMBLY STUDY AT

NANAOSCALE

6.1 Introduction

Conjugated polymers (e.gpoly(3-alkylthiophenes) (P3AT) has attracted
considerable interest as promising semiconductor materials for electronic applications in
light-emitting diodes (LEDSs), fieleffect transistors, thin film transistors, and organic
photovoltaics.Regioregular poly(3exylthiophene)r¢-P3HT)is among the most heavily
studied conjugatedpolymers owing to its ease of preparatiogpod solution
processability, andxcellent hole mobility P3HT is composed of aigid conjugated
backbonevhicha | | ows f or <tfdd lkcii regprnidanérexylsidel chaifsa s
improving the solubility. While research effoston P3HT mainly involvéinear or block
copolymers, othecomplex macromoleculam@rchitecture have been recentiyrepared
and disovered to exhibit unique propertieBor examplea macrocyclic regioregular
P3HT wasprepared by intramolecular imperfect aldol reactilmerestingly the P3HT
macrocycles selassembled into a tubular nanostructure gid f e c-t stacking -
interaction. Moreover a P3HT molecular bottlebrush waalso synthesized byring
opening metathesis polymerization (ROMP) of a conjugated macromondrher
molecular bottlebrush grafted with P3HT side chains exhibits strong aggregation property
attributed tothe enta n c e’dinteraction of P3HTs in bottlebrush architecturé\s
macromolecular architectureprofoundly influence the physical properties and
morphology of polymer materials synthesis of complex P3HBasedstructures and
investigation of theirproperties hs receivedgrowing interestand become a recent

research focus ithe field.



Brush copolymersonsisted of polymer side chaimghich aredensely grafted
along a polymeric backbone represendsé important class of cordhaped
macromolecular architectur@he stericrepulsionoriginating fromthe high densityof
grafted side chains foes the macromolecule to adopin extended cylindrical
conformation As a result, the brush copolymers exhibit weike nanostructures during
molecular imagingThe extendednolecular architecture and reduced chain entanglement
render brush copolymerswith distinct chemical and physical properties compared to
traditional coiled polymers, whichmake them excellent research subject for
understandingteuctureproperty relationsip and othertechnologicalapplications Most
of the brusitopolymersthat weresynthesizednd studiedver the past decle feature a
linear backbone or star shapdéowever, the report on cyclic brush copolymarsich
features a toroidal nanostructuremains rare, due partly tothe challenging in
synthesizinghigh molecular weight cyclic backbone anchi&ving high grafting density
of side chains.

Since the inspiring work on synthesis of high molecular weight cyclic brush
copolymes and their assemblyto huge supramolecular tubesported byDeffieux and
co-workers cyclic brush polymers hawgarnered muchttention withthe emphasison
simplifying the experimental conditionseducing linear brush polymer impuritjesnd
incorporating functionaligs Synthetic approaches to construct ttyclic backbone
include endto-end ring closure method, rirghain equilibrium, and ringxpansion
polymerization technigquee Among them,ring-expansion polymerization (RER)Iows
the synthesis of cyclic polymersithout high dilution requirement and the polymer
product to possess high structural pur®n the other hand, the grafting of polymeric
side chains can generally be realized by three strategies: grafting onto, grafting from, and
grafting throughlt is worth mentioning that click chemistry has been widely utilized to
graft side chains onto a polymeric backbone bearing clickable functionalities for the

preparation of graft polymers, due to its excellent selectivity, high efficiencyhigd

11C



yields. The cydic brushcopolymers reported to date mairdgntain insulated polymer
side chainsHowever, to the best of our knowledghose composedof conjugated
polymer side chains which may display interesting morpholmgy unique properties
havenot yetbeen prpared.

Herein, we reportfor the first time, thesynthesis ofcyclic brush copolymer
densely graftedvith conjugated side chains via a judicious combinatioarebnic ring
opening polymerization (ROP) and click chemistrg shown irScheme 6.1The cyclic
brushpolymer, cyclic polyethylene glycatg-poly(3-hexylthiophene)c-PEGg-P3HT),
is composed of hydrophilic PEG as the cyclic backbone and conjugated P3ideas
chains The product has wellefined architecture and controlled molecular weiglie
cyclic backbonavhich bears hydroxyl groups in each repeating wais synthesized by
ring closureof at e | e ¢ h-diHydraxyl liaearypolymer precursoprepared through
anionic ROP under high dilution conditioAzide functionalities weréenintroduced to
the cyclic backbonevia several transformati@h steps for click reaction. Ethyny}
terminated P3HTwas synthesized by a qudising Grignard Metathesis method
(GRIM), and subsequently grafted onto thactionalcyclic backbone vighe facileclick
chemistryto obtain thefinal cyclic brush polymers grafted with conjugateide chains
(Scheme 6.1 Interestingly, his new P3HT-based molecular architectureshowed
distinctive property andmorphology The conjugatedcyclic brush polymers self
assembléd into a macrocyclic nanostructuirea selective solvent fdP3HT branchesas

revealed by AFM imaging
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Scheme 6.1Synthetic scheme of cyclic brush copolymeREGg-P3HT, composed of
PEG as the cyclic backbone and conjugated P3HIdaghains.

6.2 Experimental Details

Materials

Anhydrous iMethyl-2-pyrrolidone (NMP; 99.5%), 2Bromoisobutyryl bromide (98%),
ethyl vinyl ether (98%)p-toluene sulfonic acid (TsOH; >98%), sodiustared under
mineral oift 099 %) , s odg u @9 @&futgireagnesiian Khloride (2.0 M
solution in diethyl ether), [1;Bis(diphenylphosphino)propane]dichloronickd),
ethynylmagnesium bromide (0.5 M solution in tetrahydrofura®, N, Nk , NK
pentamethyldiethylengriamine (PMDETA, 99%) and 2,5dibromo3-hexylthiophene
(97%) were purchased from Sigafddrich and used as receive@lycidol (96%) was
purchased from Sigmaldrich, dried over Cakl and then distilled under reduced
pressure prior to usé@riethylene gycol and 1,tdiphenylethylene (99%) purchased from
SigmaAldrich were also distilled over calcium hydride under reduced pressure before

use.Dry THF was prepared bgefluxing THF (99%) over sodium wire and distilling
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from the sodium naphthalenide solutioRotassium hydroxide (KOH; 96%) aru

toluenesulfonyl chloride (TsCl; 98%) purchased from Sigkidrich were dried in
vacuum oven before useCuBr (98%, SigmdaAldrich) was stirred in acetic acid
overnight, filtrated, then washed with ethanol and diethyeresuccessively, and finally

dried in vacuum.

Synthesis of 2,3poxypropyl-1-ethoxyethyl ether (EEGE) monomer

Ethyl vinyl ether was used to protect the hydroxyl group of glycidol according to a
literature described procedw®. In a typical procedure, 50 g (0.675 mol) glycidol and
200 mL ethyl vinyl ether solution were lbded in a 250 ml rountottom flask with a
magnetic stirrer, to which 1.25 g TsOH was then added. The reaction was allowed to
proceed at room temperature (RT) for 3Jtne resulting mixture was then purified by
washing with 100 ml saturated aqueous solubbriNaHCQG for 3 times.The organic

layer obtained wagried with MgSQ. After filtration of MgSQs, the excessethyl vinyl

ether wasremoved byrotary evaporation The fractionat 51 £ C /80 Pa from the
remaining solution was collected under reduced pregdigtidlation. The final product

EEGE monomer isa colorless liquidbp: 15271 154 C, Yield: 84%).F TI R ( f i I m,

1350, 1254 cm.

Synthesis of linear poly(2,3epoxypropyl-1-ethoxyethyl ether) (-PEEGE) via anionic
ring opening polymerization

The catalyst for polymerization, diphenylmethyl sodium (DPYINas preparedas
follows: 7.7 mL (0.06 mol)l,1-diphenylethyleneand 100 mL dry THF were loaded in a
150 ml roundbottom flask, to whichL.38 g (0.06 mol)sodiumwith fresh surface was
then added underitrogen atmospheréifter reaction at room temperatuia 4 h, 11.1 g

(0.066 mol) diphenylmethane wsaadded to the system viyringe and theolutionwas
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refluxed at 88 C for 1d The concentration of DPMNaasdetermined to b8.57 Mby

titration with 0.1 M HCI

The typicalpolymerizationprocedure was as followan ampulevas vacuumed for 2 h
under ® C to remove trace amount of watandthen graduallycooled toOf C. The
ampule was charged with the initiator solutionethyleneglycol (2.19 mmol) together
with DPMNa (2.0 mL, 1.14nmol) in a THF/DMSO mixed solvelft/4 v/v, 50 mL} and
EEGE monomer(11.1 g, 75.8 mmol)successivelyunder stirring The system was
allowed to react at @ C for 2d, after whichhe polymerization was quenchdxy a few
drops ofacidified methanolThe solvents were removed by reduced pressure distillation.
The crude producwas diluted with dichloromethaneand thendried over anhydrous
MgSQu. After filtration of MgSQ, concentration, angrecipitation incold heptane a

yellow viscousproductwasfinally obtained.

Preparation of cyclic PEEGE ¢-PEEGE) by ring closure of -PEEGE under high
dilution condition

Typically, KOH (1.0 g)which was finely groundvas disperseth THF/heptane mixed
solvent (7/3v/v, 100 mL)in a roundbottom flask. The system was kept undigorous
stirring andnitrogenatmospherat 40£ C. The poorsolventheptane was added in order
to facilitate the ring closureprocess over intermolecular condensatignreducingthe
endto-end chaindistance.Liner PEEGE IFPEEGE 7.0 g) andTsCl (161 mg)solution
dissolved in 100nL THF was prepareth a separ& flask andthen added to the KOH
dispersionsystem usin@ syringe pumpuropwiseover 2d. The mixture was allowed to

react for another 3d under reflux (BOC). After filtration and concentration, theyclized

product wabtainedafter precipitation ircold heptane

114



Deprotection of hydroxyl groups by hydrolysis to obtaincyclic polyglycidol (c-PEO-
OH)

In a typical procedure, cyclic PEEGE-REEGE, 0.6g) was dissolved in 15 ml THuH
of the solution was adjusted to around 1 by addipdrochloric acid The system was

refluxed at 80£ C for 2h. After reaction is complete, hydrolyzed produmyclic

polyglycidol (c-PEO-OH) wasobtained by removing the solvent under reduced pressure.

Bromination of the hydroxyl groups on c-PEO-OH to obtain c-PEO-Br

Bromine @r) was incorporated into the cyclic polymer as substrate forilattexduction

of azide functionalitiedoy reactingc-PEOG-OH with 2-bromoisobutyryl bromideln a
typical example, 1 gc-PEOOH was dissolved in 30 mL anhydrous-Methyl-2-
pyrrolidone (NMP) solvent under dry nitrogen atmosphere, to which 10 mL 2

bromoisobutyryl bromide was added atEOC dropwise for 30 min under vigorous

stirring. The reaction mixture was then allowed to proceed at room temperature for 1d.
After that, the solution was conceatied by reduced pressure distillation to remove NMP
solvent and excessbromoisobutyryl bromideThe crude product was then washed with
saturated aqueous solution of NaHC&hd water sequentially for 3 times, dried over

MgSQs, and precipitated in cold-hexane to obtain a final brown product.

Preparation of c-PEO-N3 by substituting the Br on c-PEO-Br with azide
functionalities

Typically, c-PEO-Br (0.55g) and NB3 (0.73g) were dissolved in 20 ml DMF in a flask.

The mixture was i&cted at room temperatui@ 24h After the reaction is complete, the
mixturewas filtered through a column of neutral alumina with dichloromethane as eluent.
The solution was then concentrated under reduced pressure to remove the solvents, and

finally precipitated in colah-hexane for three times to obtain the prodoad?EO-Ns.
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Synthesis of ethynyterminated poly(3-hexylthiophene) (P3HT) by Grignard
Metathesis method (GRIM)

Ethynykterminated P3HT was prepared accordinghe literature?’* 2,5-dibromo-3-
hexylthiophenemonomer(0.815 g, 2.5 mmip dissolved in5 ml THF was added to an
ampulewith a syringeunder Ar atmosphere, to whickert-Butylmagnesium chloride
(1.25 mL, 2.5 mmolwassubsequentlhadded using syringe. The solutiowas stirrecat
roomtemperaturdor 2 h to produce the activeonomer After the mixture was diluted
with 25 ml THF, Ni(dppp)Cbk (22.5 mg, 0.041 mmol) wahen addedto initiation the
polymerization After reactingat room temperaturtor 10 minto produceintermediate
P3HT, the living polymerwas thenquenchedvith ethynylmagnesium bromide (2l
mmol). The functionalization process to8K min. After precipitation inmethanol and
filtration, the crude product wabken washed sequentialyith methanol, hexanes, and
chloroform by Soxhlet extraction.The final pue ethynytterminated P3HT (i.e.,

P3HTI [) was recoverelly evaporation ofhloroform.

Grafting of ethynyl-terminated P3HT onto c-PEO-N3s backbone viaclick reaction
Briefly, c-PEON3, P3HTT I, CuBr-N:sam3dH TPIGLBERMODETA =1
:1:10 : 10)were dissolved in 10 mbtuene, andhe solution was loaded in an ampule.
The mixturewas degassed for three fregmempthaw cycles by liquid nitrogen. The
click reactionthen proceeded at 8& C for 1d. After that, he mixture was passed
through aneutralalumina columrwith chloroform as kientto remove the copper salt.
The solution was then concentratptkcipitated in methangandfinally dried in vacuum
ovento yield the product cyclic poly(ethylene glycal)poly(3-hexylthiophene)c-PEG
g-P3HT)

Characterizations
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All *H NMR spectrawere obtained with a Bruker 400MHz spectrometer with solvent
resonances as the internal stand&ithethyl sulfoxided6 (DMSO-d6) was used as the
solvent for NMR measuement ofclic polyglycidol (c-PEOOH), andCDCl; was used

as the solvenfior other poymermeasurements. The moleculeeights of polymers were
obtained using a Shimadzu GPC equippétti a LG-20AD HPLC pump and a refractive
index detector (RIELOA, 120V). Tetrahydrofuran (THF) was used as the mobile phase
35 °C at 1.0 mL/min. One Pherglgu Linear (2) column and one Phenogel 5u 10E4A
mixed bed column were calibrated with 10 polystyrene standard samples from®1®x10
500 g/mol. FTIR spectra were collected on the Shimadzu IRAffinigfdectrometer
equipped with a Miracle Single Refleatio Horizontal ATR Accessory (Pike
Technologies) Matrix Assisted Laser Desorption lonization ThokFlight (MALDI -
TOF) mas spectravere recordedwith an Autoflex Ill mass spectrometeBruker
Daltonics) using U-cyano4-hydroxy cinnamic acid (CHCA) as the matrix.The
morphology of cyclicpoly(ethylene glycobg-poly(3-hexylthiophene)c-PEGg-P3HT)
was studiedy atomic force microscope (AFM; Bruker Dimension Icon; operated in the
tapping mode at 0.5Hz scanningte). Thethin film deposis for AFM measurements
were prepared bgpincoating the dilutetoluene solution(1 mg/ml) of cyclic brush

polymeronto siliconsubstrate at@0 rpm for 1 min (Headway PWM32 spin coater).

6.3 Results and Discussion

6.3.1.Synthesis ofCyclic BackboneBearing Azide Functionalities

In anionic ring opening polymerization, hydroxyl groups on monomer should be
protected to avoid tlreexchange reaction with reactive oxanion intermediate to produce

hyperbranched structure. Thus, hyxdyl functionalities on glycidol were protected by



ethyl vinyl ether toyield a new monomer ,3-epoxypropyl-ethoxyethyl ether (EEGE)
for subsequent polymerizatig8cheme 6.1

The siccessful protection was verified B NMR as shown inFigure 6.1:
(CDCls, G, ppm) -@CH(GHs)-0O-Jn3.353.90 (M, -O-CH.CHz anO-CHy-
CoH40), 3.15 (m, methane CH of the epoxy ring), 22691 (m, methylene CHof the
epoxy ring), 1.33[dOCH(CH)-O-], 1.19 (t;0-CH-CHy).

Figure 6.1 NMR of EEGE monomer

Ring openingpolymerization of EEGE was then conducted with triethylene
glycol as initiatorand DPMNaas thecatalystto prepardinear a ,-dshydroxyl PEEGE
(Scheme 6.1 Only 20-40% hydroxyl groups on triethylene glycol were activated by
DPMNa to avoidthe aggregationof the propagating alkoxidesin addition, a mied
solventof THF and DMSO (v/v: 1/4was used aa co-solventfor the polymerizationlt

is crucial to add DMSO since the alkoxide propagating centers would aggregate and
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precipitatein pure THF.All hydroxyl functionalities on triethylene glycol efficiently
initiated the polymerization of EEGE under such conditidie concurrent chain growth
from each hydroxyl groupvas achieved due tdhe rapid dynamic exchange between
dormant hydroxygroups andthe propagating alkoxides active specid$e product with
narrow molecular weight distribution was obtained and summarizéchible 6.1 In
addition, he molecular weight was controlled hige feeding ratio ofmonomer to

initiator.

Table 6.1. Summary of paramets of linear PEEGE and cyclic PEEGE

NEeeGE M n,th? M pP M n,cpc? PDIP
I-PEEGE 34 5000 6676 5700 1.23
c-PEEGE 34 5000 5251 4300 1.16
4Calculated from feeding ratio between monomer and initlgs = % = 146,

bObtained from GPC measurement.

Figure 6.2 is a typical'*H NMR spectrum of linear PEEGE. The quadruplets at
U = 4 -4.730are assigned to the methine protong IPEEGE, t he doubl et s
1.29 (H) and the tripl etyg adassigred to 2nkthyl pitors 9f, 1. 1
PEEGE,the chemicak hi f t -8.80 ate as3ignbd3to protons of main chaig Hd)
and protons of lateral chains {HHr). Moreover,GPC(Figure 6.3 indicated thatnumber
average molecular weight of linear PEEGelative to linear PStandard was 5654

g/mol.
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Figure 6.2 NMR of -PEEGE

Ri ng c | o-slibydrexyl BEEGEwaschieved vidtKOH-catalyzedeaction
betweenchain endhydroxyl functionalitieswith tosyl chloride(TsCl), forming a ether
linkage (Scheme 6.1 Cyclization was conducted at high dilutig@* < 10° mol/L] to
facilitate the endto-end intramolecular coupling over intermolecular chain extension.
Furthermore, a small fraction of poor solverteptane was added in addition to THF to
decrease entb-end distance of polymer chain, thus promotimgramolecular
cyclization.

Crude product obtained afteyclization was a mixture of cyclic polymer and
chainextendedoroduct as illustrated iGPC chromatogranFgure 6.3). GPCcurve of
the linear precursoiF{gure 6.3) corsistingof a single narrovpeak. After cyclizationthe
elution peakof linear PEEGEshifted to longer elution timezgion The peakmolecular
weightchanged fron6676 for linear PEEGEMp) to 5251 for cyclic PEEGEMy.) due

to the decrease ihydrodynamic voluméor cyclic polymer(Mpd/Mp = 0.78), indicating
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successful cyclization othe linear precursor. Moreover, a shoulder locatedhaher

molecular weightegion was assigned to small fraction of chain extended polymer.

Linear PEEGE
Cyclic PEEGE

] L] ) 1
14 15 16 17 18 19 20 21 22 23

Elution time (min)

Figure 6.3. GPCtracesof I-PEEGE ana-PEEGE

To oltain direct evidence for successful cyclizatiomatrix-assised laser
desorption/ionizatiortime-of-flight (MALDI -TOF) was employed and the spectra of
linear PEEGE precursor and cyclized produ#&EEGE is shown ifrigure 6.4 Thel46
amuspacing betweetwo majorpeaks of eithel-PEEGE orc-PEEGEcan beascribed to
the molamassof each EEGE unit. Moreover, moleculaeight of the product decreased
approximatelyl8 amu uportyclization, which is consistent wittihe loss of one water

moleculewith the famation ofether linkage.
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Figure 6.4 MALDI -TOF of I-PEEGE ana-PEEGE

Hydrolysis of both |-PEEGE andc-PEEGE was performed by mixinthe
polymers with 0.1N HCI in THFThe solution was refluxed for 3Rlydrolyzed products
were characterized b\4 NMR andMALDI -TOF. *H NMR of hydrolyzed productt
polyglycidol (-PEOOH) and c-polyglycidol -PEOOH) was shown inFigure 6.5.

Disappearance of protofrtom acetalgroup confirmeduccessful hydrolysis.
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Figure 6.5. 'H NMR of I-polyglycidol andc-polyglycidol.

In addition MALDI -TOF of |-polyglycidol was shown irFigure 6.6. The $acing
betweentwo major peakwas 74, correspondintp themolar mass of each repeating unit
of glycidol. Thus,MALDI -TOF provided the direct evidence for successful hyisl of
I-PEEGE. Howeverc-polyglycidol was also characterized BYALDI-TOF, but no
signal can be obtainedrhis maybe due to the different structure ofpolyglycidol
compared td-polyglycidol. Theproduct can be utilized as a universal cyclic tempiate
produce a variety of cyclic brush copolymers by grafting onto different functionalities

such as RAFT agent.
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Figure 6.6. MALDI -TOF of |-polyglycidol.

2-bromoisobutyryl bromide was subsequently utilized to modify hydroxyl groups
on c-PEOOH by estdfication, and a cyclic macroinitiator for ATRR/as obtained
(Scheme 6.1 Complete transformation of all the hydroxyl functionalitie<-¢fEOQ-OH
was confirmed byH-NMR.

The resulting product can serve as a universal cyclic macroinitiator to synthesize
variety of cyclic block copolymers by ATRP polymerization. However, bromine in this
study was used as substrate to introduce azide functionalities for subsequent click
reaction with alkyne terminated P3H{Scheme 6.1 Successful and quantitative
substitition was confirmed bjH-NMR and FTIR.

Figure 6.7 (1) displays typicafH NMR spectra ot-PEO-Br after esterification.
Thenew r es o n=alm98 gpm assigned to protons ahethyl groupsfrom 2
bromoisobutyryl bromide indicateshe successful esterificationThe esterification

efficiencycan be calculated accordingtte following equation:
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A2

Ey «100%

whereEr is the conversion &tiency of hydroxyl groups oe-PEOOH; andAq and A
represent the integral area of methyl protons adjacent to broktfipar(d integral area of
methyleneprotons linked to the ester groud|, respectivelyThe estimated Evalue is
nearly 100%, suggéng that almost all théaydroxyl functionalitiesvereconverted to the
bromoisobutyryl unitsMoreover, as shown iRigure 6.7 (11 ), completedisappearancef
the peakat 1.93ppm and appearance of a new signal with the sestagive intensity at
1.47 ppmthat wereattributed to methyprotonsafter substitution by N3 confirmed the
guantitative transformation of bromine atoms to azide groups.

FT-IR measurement was performed to identify the presence of azide
functionalities inc-PEO-N3 after substitutionAs evidencedn Figure 6.8, the strong
absorbance peakt 2117 cmt was attributed toNs group In addition GPC traceof c-
PEONzindicated thata functional cyclic backbone witlow polydispersityPDI = 1.22)
was obtainedand numbernverage moleculaweight of the productvas 6132 g/mol

(Figure 6.10.

ppm

Figure 6.7. NMR of c-PEO-Br andc-PEONs.
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Figure 6.8 FT-IR of c-PEONG.

6.3.2.Synthesis ofConjugated Side hains Capped with Ethynyl Group

Ethynyl groupfunctionalizedpoly(3-hexylthiophenelP 3 H T)was prepared by
a quasiliving Grignard metathesis (GRIM) method with ethynylmagnesium bromide as
terminationagent(Scheme 6.1 GRIM method is a living polycondensation technique as
described irChapter 3Productwas analyzed b{H-NMR and GPC

Figure 6.9 shows a representativéH-NMR of ethynytterminated P3HT:
( CD CI(ppm)) 6108 (s, 1H), 33 (s,1H), 2.8 (t, J =3 Hz, 2H), 1.7 (m, 2H).44 (m,
2H), 1.36 (m, 4H) and 0.9¢t, 3H). The number average molecular weight and PDI of
alkyneterminatedP3HT were 11000 g/mol (based B NMR), 1150Q/mol (based on
GPC) andL.15GPC), respectively.
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Figure 6.9. NMR of ethynytterminated P3HT

6.3.3.Preparation of Cyclic Brush Copolymer Grafted with Conjugated Side Chains

The ethynydterminiated P3HWwas subsequently grafted onto the cyclic backbone

via click reaction between the termindl@8 yne group on P3HTTI and
groups on the-PEONs (Scheme 6.1 The reaction was performed in toluene8ét C

with CuBr/PMDETA as the catalytic systerPC trace ofc-PEON3 shifted to the

higher molecular weight region after reaction WRRB HT T [ i thre ducoessfuli n g
grafting of P3HTT I onto the cyclic backbo
glycol)-g-poly(3-hexylthiophene)c-PEGg-P3HT) brushcopolymer(Figure 6.10. The

number average molecular weight and PDIcePEGg-P3HT obtainedwere 220.1

kg/mol and 1.18, respectively, and single peak was observed in GPC measurement.
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Figure 6.10 GPC trace®f c-PEON3 andc-PEGg-P3HT.

In *H NMR spectrum(Figure 6.11) of c-PEGg-P3HT, characteristic peaks of
thiophene atl = 6.98pmand hexyl group ai = 0.921 2.80 ppmfrom P3HT are clearly
eviddent while proton resonansefrom PEGwerenot observed. This is duymssiblyto
much lower content of PEG backbone compared to P3HT side chains ¢Pthé-g-
P3HT macromolecule. In adin, protons on PEG are buried inside the P3HT side
chains, and possibly shielded by the side chains during NMR measurement. Holeever,
characteristipeak of ethynyend group oP3HTI [at 353 ppmdisappeared in the

c-PEGg-P3HT brush copolymemdicatingthe successful click reaction.
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Figure 6.11 NMR of c-PEGg-P3HT.

6.3.4Morphological and SelfAssembly Study at Nanoscale

To explore the property and selissembly behavior of the new P3iHased
cyclic brush architecture, the morpholoditiuin film of c-PEGg-P3HT depositenthe
silicon substratavas examined by atomic force microscopy (AFM). Interestinghg
thin deposit ofc-PEGg-P3HT revealeda macroring-like morphology with theouter
diameter of the ringgaround 169 nm (Figure 6.12). Crosssection analysisHgure
6.12b) indicatedthat the width and the height of ring were approximately 32 nm and 2
nm, respectivelyThe distinctivemacrocyclicmorphology possiblyriginatedfrom the
interaction betweerthemically distinctconstiuent blockswith a selective solvenin
conjunction with the unique macromolecular architectu(ee., cyclic brush as the
building blocks) The selfassembly ofc-PEGg-P3HT into macrocyclic nanostructure
may be rationalized as folloves illustratedn Figure 6.13 Toluene is a selective solvent
for P3HT block, while a poor solvent for PEG block oPEGg-P3HT. When the

Aamphiphilico cyclic brush cP&®adliosbackbonewa s



may preferentially organize and pack into annmi ringwhich wassurrounded byhe

solvophilic P3HTside chains to minimize theinfavorable interfacial contact between
solvophobic PEG blocls and toluene. Thus, a A f r raagroring formed in the

solution. During the spin coating of the solution orhé substratethe macrering
collapsed®?®® along with the crystallization of P3HTGrafts viathei nt er ¢ hai n
stacking, |l eading to the ul-tingonatheesubdtrate. mat i o
The width of macraing determined by AFM (about 32 nm) is consisterth the
hydrodynamic diameter of individual cyclic brush polymes € 38.5nm, obtained from

DLS in chloroform) It is worth mentioning thathe height(about 2 nm)was much
smallerthan thelateral widthof the ring, which was due possiblyto the collapse and

flattening of the macromolecule on the substf&teé?
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Figure 6.12 AFM imagesof thin film of c-PEGg-P3HT spincoatedfrom toluene
solution on silicon substrate(a), (b), and (c) Height images stiog macrerings self
assembledrom c-PEGg-P3HT with different scan arem (d) Representative 3D height
image ofmacroring.

In Toluene
\ W Y c-PEO-g-P3HT
\‘ -'—-/ -’-ﬂ‘—/l Y 4 -
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Figure 6.13 lllustration of possible selassemblymechanism ofc-PEGg-P3HT in
toluene

6.4 Summary

In summarya novel cyclic brush copolymer;PEGg-P3HT, comprigg a cyclic
PEG backbone and P3HT conjugated side chawas rationally designed and
successfully synthesized via a combination of GRIM, anionic ROP, and click reaction.
The functional cyclic backbone was prepared via-trehd ring closure approach, while
the P3HTbranchesver e att ac hed dirgtegyl §he mtermedmatgyclico nt o 0
PEG backbone, conjugatsdie chains and the final cyclic brush copolymer-RPEGg-
P3HT) possessed wetlefinedmoleculartopologies and low polydispersities, owing to
the benign characteristics of living/controlled polymerizations employed in each
synthetic steps.The complex macromolecular architectui@gether with ingenious
combination of chemically distinct constitudsiockswhich showdifferentaffinities to a

selective solent affords the resultingconjugatedcyclic brush polymetunique property
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andinteresting macreing morphology.Remarkablythe c-PEGg-P3HT selfassembled
into a macrocyclic nanostructure in toluene, a selective solvent for P3HT biduos.
synthetic appach n the study presents a genestihtegy to create large diversityof
conjugatedbranche-based cyclic brush polymers with different compositionse.
varying either thebackboneor the brush composition and variousfunctionalities for
fundamenrdl study on the structureproperty relationshipas well as forpotential

applications irsolar cellsOFETs LEDs etc.
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CHAPTER 7

GENERAL CONCLUSIONS AND BROADER IMPACT

7.1 General Conclusions

Significant progress has been made in the field of livingfotied
polymerizations in the past decades, including ATRP, RAFT, NMiAg ROP etc.The
living/controlled polymerization techniquieas enabled the preparation of structily
well-defined polymers withcontrolled molecular weights, aménderedthe deign of
macromolecules with complex architectures such aslikearpolymers, brustike
copolymers, and cyclic polymerBolymers with complex molecular architectures often
exhibit properties that are distinct from their linear counterp&uds.examplestarlike
polymersarea class obranched macromolecules with multiple linear chains stably and
covalently connected to a multifunctional comhich display intrinsically spherical
shapeln this dissertationwe exploitedthe unique properties of ndimear polymers that
simple linear polymers do not pessto practically addresghe challengeselated tahe
preparation of polymeric and hybrid nanostructured materiaig] explored the
properties and morphology of new macromolecular architectuiies., cyclic brush
copolymers grafted with conjugated side chains)

In the first part ofthis dissertation, we addressed theactical challengs in
preparationof polymeric andhybrid nanostructured materiat®nventionallybased on
selfassembledinear blockcopolymer micelleapproachby rationaly design and utilie
polymers with complex stdike architecture. By incorporating crosslinking
functionalities into the selfassembled polymer micelles, ceasieell polymeric
nanoparticles can bgynthesizedvia crasslinking in either core or shallomain of the
micelle. Hollow polymer nanoparticles can hether craftedif inner core of a shell

crosslinked micelle ismadeof a degradable polymer. Moreovérmetal elements (e.g.
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Si) are integrated durintpe crosslinkingof micelles hybrid nanostructured materials can
be produced Clearly, crosslinked micelle system is a versatile method for preparing
organic and hybrid nanostructureand has been widely studied in the literature
However, there are severahdlenges associated witthis traditionalpolymer micelle
approach. Fst, the size of nanostructures formed from this methodifscult to control
due to the relatively poor sizmntrol ofselfassembled micelleSecondthe crosslinked
frameworls areusually noruniform as a result ahe compaatively high polydispersity

of micelles Finally, chemical compositions or functionalities of components in
nanostructures that can be accessee limited due tothe common amphiphilic
requirement ofcopolymercompositionin order to impartthe selfassembly In stark
contrast, in ourstudy, we developed a novel and robust -kar macromolecular
templating strategyn which the seHassembled polymer micelles were replaced with
intrinsically spherical stalike polymerscontainingcrosslinking moietiesThe staflike
polymers spontaneously foedunimolecular micelles in solution with multiple branches
covalently and stably connected to a mfutictional coreand subsequent crosslinking
led to the formation fostable polymeric or hybrid nanostructuréss a result, self
assembly processs often encountered in linear block copolynseno longerrequired
andthis new approach ismnuchsimpler.The key advantags that mlymer composition
and functionality carbe fredy selected without the need for amphiphilic composition as
in the polymer micellesystem.n addition, he staflike macromolecules which served as
unimolecular templatesin this approach wereationally designed angbreparedby
living/controlled mlymerization techniquesThis allows for good control overtheir
molecular weightand low polydispersity of thepolymes. Consequently,uniform
nanostructuresvere producedand their dimensions weneell-tailored by tuning the
molecular weights of constient blocks in stalike polymertemplatesin particular,two
different systems were stiedl to demonstratéhe viability and impactf this new

approach including 1) polymeric nanostructures, and 2) polymer/silica hybrid
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nanostructuresThe detaikd sunmaies on the work concerning important technical
developments and findings in this study are presented below.
For polymeric nanostructurea, robust strategfor craftng tailorable coreshell
and hollow polymer nanoparticles with welkfined architectte was developed.In
addition they wereexploited as a new type of nanocarrier via the dye encapsulation and
release studyThe key to our preparative route was the use of pbasslinkable core
shell staflike diblock copolymers as templates. Stke coreshell diblock copolymers
were first synthesized by a combination of ring opening polymerization and reversible
additionfragmentation chain transfer polymerization, followed by introducing photo
crosslinking azide moieties on the shell blocks. Irstgmgly, upon UV irradiation these
unimolecular micelles were subsequently transformed into uniform spherical
nanoparticles composed of biodegradable inner core blocks and a stablénkeaks
shell. The degree of crosslinking can be tailored by varyidgeklposure time. The size
of nanopatrticles is governed by molecular weights of constituent blocks in thehedire
starlike diblock copolymer template, and the uniformity of nanoparticles was translated
from narrow molecular weight distribution of si#e diblock copolymer template.
Through the selective removal of the biodegradable inner core, nanoparticles with hollow
interiors were producedwhich retained the structural integrity and stability of as
prepared corshell nanoparticles. The encapsudatiand release of dyes by capitalizing
on unimolecular corghell nanoparticles were also explored as a means to demonstrate
the intriguing and effective nanocarrier functionalfjore importantly, drug release may
be viably controlled by simply tailorintipe crosslinking density of the nanocapsule shell.
For hybrid nanostructures versatile preparative route to uniform orgaiica
hybrid nanoparticles and nanocapsuless pioneeredby usby capitalizing on stalike
polymers as nanoreactorsThe stalike PTMSPMA homopolymer and P$
PTPMSPMA diblock copolymer containing trimethoxysilyl functionalities in

PTPMSPMA blocks were synthesized by ATRP. The hydrolysis and subsequent
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condensation of trimethoxysilyl moieties introduced a crosslinked silsesmametwork

in starlike PTMSPMA homopolymer and in the outer PTMSPMA blocks oflgtarPS
b-PTMSPMA to yield hybrid nanoparticles and nanocapsules, respectivdig
dimensions of hybrid nanoparticles and nanocapsules are dictated by the chain lengths
(i.e., molecular weights) of stiike PTMSPMA and P$%-PTMSPMA nanoreactors,
respectively, which can be precisely engineered by living polymerizations (i.e., &TRP
TMSPMA for starlike PTMSPMA, and sequential ATR#® styrene and TMSPMA for
starlike PSb-PTMSPMA).

In the second part othis dissertation,we investigated and understood the
morphology and property of a new cyclic brush copolymgeafted with P3HT as
conjugated side chainsvhich is rationally designed angreparedin this study As
macromdecular architectures profoundaffectthe properties of the polymerproducs,
macromolecule with complexstructure including star shape, graft polymer, molecular
bottlebrush and cyclicpolymer have been widely preparexver the past decadesnd
thar properties weresystematicallystudied in order tounderstand the fundamental
structureproperty relationshipand tofacilitate their applications.Regioregularpoly(3-
hexylthiophene) r(-P3HT) has attracted considerabdtention as one ofthe most
important conjugated polymers owing to its ease of preparation, good solution
processability, and excellent hole mobili@ther tharinearor block copolymers, P3HT
based copolymensith complexarchitecturesuch as macrocyclistructure or molecular
bottlebrush were recently preparedas well and studied in the context oftheir
morphologiesand properties. HoweverP3HT-based copolymers withcyclic brush
architecturénavenot yetbeenreported

To this end, m our study, we rationally designed the syntletoute to anovel
cyclic brushcopolymer c-PEGg-P3HT, composed otyclic PEG as the backbone and
P3HT as theidechainsvia a combination of living/controlled polymerizatiowgh click

chemistry The morphology ofthis new P3HTFbasedmacromolecular rghitecturewas
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then carefullyexamined The functional cyclic backbone was prepared via-terghd
ring closure approach, while the P3HT branches were attachétellygr af t i ng on-
strategy. The intermediate cyclic PEG backbone, conjugstitichains,and the final
cyclic brush copolymercPEGg-P3HT) possessed walkefined molecular topologies
and low polydispersiy, owing to the benign characteristics of living/controlled
polymerizations employed in each synthetic s significant findingrom this study

is that c-PEGQ-P3HT selfassembled into an intriguing macrocyclic nanostructure in
toluene,which is a selective solvent for P3HBlocks. Suchremarkable selassembly
behavior andhe resulting macreing morphology can banderstood as a resuf the
complkex macromolecular architectuiegethemwith the distinctchemical compositions of

thecyclic backbone anthe P3HTsidechains

7.2 Outlook

The findings presented in thdissertation mayrovide fundamental insigist or
practical stradgies for rational design of polymers with complex macromolecular
architectures via living/controlled polymerizations.

The coreshell or hollow polymeric nanoparticlésvea wide range ofpotential
applications including hydraulic fluids, recording maiksls, solvation, drug/gene
delivery, biomedical applications, catalysis, coatings, phase transfer reactions,
chromatography, fillers for plastics, nanoreactors, and host for removing hydrophobic
contaminants from aqueous solutionsWhile the silica/polyme hybrid
nanoparticles/nanocapsules can be used fooaad spectrunof applications suclas
polymer matrix nanocomposité¥:’®® biomedical engineering®'%! fluorescent

thermometers?? controlled releass and model colloig for evaluating the steric



stabilization theory®3!°* Crosslinking the selissembled polymeric nanostructures via
different mechanism provide a versaslgproactfor preparing the polymeriandhybrid
nanostructued materials which has beetthe subjectof manystudies However, certain
disadvantages ohanomaterials prepared through this approach, including size non
uniformity and limited access tthe constituent compositionsmay restrict their
propertiesand peformancefor the practical applications. In this dissertatiahrough
rational design of spherical stdike polymers with different architectures (i.e.
homopolymerand block copolymer) and various compositions, we developedbust

and versatilaunimdecular strategy for creatingariousdimensionally and functionally
well-definednanostructured materiald/e envisionthat alarge set otuniform polymeric

and polymer/silica hybrishanoparticlesincluding coreshellandhollow structureswith

a diversty of compositions and functionalities can be crafted based on this viable
templating strategy, dispensingtlvthe need for amphiphilicityas in selfassembled
micelles. For example, reversibly crosslinked unimolecular nanoparticles with well
defined stuctural characteristics can be created if cleavable functionalities are integrated
into the crosslinked framewarResponsive unimolecular nanoparticles can be developed
if responsive polymer is employed as constituent block to construct the nanopdrticles.
addition, other polymer composition cdme employed as thieaner coreof the organe
silica nanocapsulesuch as PAA. Aftetthe coordinationof PAA with metal ions, an
inorganic corecan form inside the nanocapsule, yieldingn anorganic coreshell
nanogrticle Another important advantage of the new approach is diménsiors of
different components ithe nanostructures can balored by tuning the corresponding
constituent blocks in the stike polymer templatesAs a resultthe properties of the
polymeric and hybrid nanostructures prepared through this new approach can be
improved and their accessible scope of compositicers be expanded, which will

ultimatelyfacilitate and benefit theiwide range ofapplications.
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Future directions in this amethat we have pioneered can digided into two
categories: 1) fundamental study; and 2) practical applications of the newly developed
unimolecular nanomaterialés a next stepthe polymer chemists or materials scientists
need to address the fundamemfaéstions regarding the feasibiliydthe versatility of
this new approach, such dse size limitation of nanostructures that it can createe
morphology of other materials compositioribe efficiency of other initiation systems
and polymerization échniquesthe development of other possible structures (e.g.-core
shellcorona,nanoods and nandubes),andthe integration ofresponsive functionalities
into materials On the other hand, from the practical viewpostigntists across a broad
discipline of fields such as biotechnologsan specifically engineer the unimolecular
nanostructures (e,gdimension, compositioand structur@ according to their neefbr
the targeted applications via macromolecular engineering of the-létar polymer
template.

Especially,the unimolecular polymeric nanoparticles developed in this study can
be further engineered to create a promising drug delivery device, which may
pronouncely impactthe field of druggenedelivery and controlled releas8hell cross
linked polymer micells have receivednuchattentionasdrug vehicles for prolonging the
in vivodrug circulation and controlling the release tirtéowever,it can be problematic
to createuniform selfassembld micelles with predictable dimension, compositiangd
morphology It is worth noting thaia well-controlled size is particularly important for
tumortargeted drug delivery as the effective size of nanocarriers falls in the range of 20
100 nm?2822%|n this contextthe development otrosslinked polymer nanoparticlesth
well-defined structureand precise size controllability reeeded In this study,we have
demosntrateda proofof-principle that coreshell nanoparticlescan act as effective
nanocarrierdy the dye loading and release studyhe new nanocarriers offer several
important and advantageous features, including precise sizeolcama tailoring

molecular weights of constituent blocks in dike diblock copolymers, uniformity, and
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good stability. Looking ahead, the shalomain can be facilely replaced with
biocompatible crosfinkable polymers to develop new prospective drughigles.
Moreover,the surface of nanoparticles can be engineered with PEG lig@anchpart
stealth characteristicsAs such, the development of this new class of polymer
nanoparticles with good uniformity and stability, adjustable size, and surface tlemis
may present a platforrwith which the size and stability issues elig encountered in
current drughanocarrier€an beaddressd.

Furthermore the macromolecular templating strategy is general and robust, and
may provide enormous opportunities for thdevelopment of materials with new
structures and functionalitieln addition to spherical stdike diblock copolymers, this
approachcan, in principle, befurther expanded tautilize other structurally regular
complex polymer compositions and architeetu(e.g., bottlebruslike block copolymer)
to create a diversity of truly tailored nanostructures (eledjmensional polymer
nanorods and nanotubes Moreover, particularly for the polymer/silica hybrid
nanostructures, silica nanoparticles and nanatep£an be obtained after pyrolysis and
further reduced to silicon nanoparticles and nanocapsules for potential applications as
anode materials in lithium ion batteries andcastrolledrelease vehicles biomedical
applications.

On the other handye designed a robust synthetic route to P3b#iBedcyclic
brush architectureThe synthetic approach in the studiford a unique platform for
creatng a series of cyclic brush polymers grafted with conjugated branches with different
compositions (i.e.varied backbone and brush compositions) and various functionalities
for fundamental studjo explore theistructureproperty relationshi@and theirpotential
applications in diverse fielgdssuch as solar cellSDFETs and semiconductordn
addition, it wasdiscoveredthat this newclass of cyclic brush copolymer compnig a
solvophobic backbone and conjugated side chaxisbited avery interesting self

assembly behavior and maeaiag morphology Thesefindings may inspire polymer
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chemists and materialsientiststo design and explore otheonjugated polymebased
macromolecular architecturemnd compositionswhich may display othemtriguing

morphologiesand properties.
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