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SUMMARY

Surfaceassisted iected assembly allowsltrasoft and replusivefunctional polymeric
ficolloidsd to assemble into the organizesupramolecularultrathin films on a
monomolecular level. This study aims athievinga fundamentalunderstandingof
molecularmorphologyand responsive behavior wfajor classes diranchedstarshaped
polymers (star amphiphilic block copolymgrand star polyelectrolyge and their
aggregation int@reciselyengineeredunctionalultrathin nandilms. Thus we focus on
elucidating the role of molecular architecture, chemical compositian and
intra/intermolecular interactionsn the assembly behaviaf highly-branched entities

under variablenvironmendl and confined interfaci@ionditions

The inherentmolecularcomplexity of branched architectusdacilitatesrich molecular
conformatiors and phasetatesrom thecombination ofresponsive dynamics diexible
polymer chaingamphiphilic, ionizable arms, multiple segmerasdfree chainend$ and
extened molecular designparameters(number of arms arm length, and segment
composition/segencg. Thesemarcranolecular building components can dféected by
externalconditiors (pH, salinity solventpolarity, concentrationsurfacepressure and
substrate natujeandtransformednto a variety ofcomplexnanostructurgssuch agwo-
dimensional circulamicelles, core/shell unimicelles, nanogel particfemcake & brush
micelles Janudike nanoparticlesand highlynanoporous fractal netwak The fine
balance betweemepulsive mulitarm interactionsand surface energetic effects in the
variousconfined surfaces andterfacesenables the abilityto fabricate and tailowell-
organizedultrathin nanofins The most gtical findings in this studyinclude (1)
densely packedcircular unimicelle monolayes from amphiphilic and amphoteric
multiblock stars controlled by arm number end blocks, andoH/pressureinduced
aggregation (2) monolayerpolymermetal nana@ompositesby in-situ nanoparticle
growth at confinedinterfaces (3) on-demandcontrol ofexponentially o linearly grown
heterogeneoustratified multilayers from self-diffusive pH-sensitivestar polyelectrolyte
nanogels (4) core/shell umimicelle basedhicrocapsuleswith a fractal nangoraus
multidomain shelimorphology and (5) preferentialbinding andordering ofJanuslike
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unimicelles on chemically heterogesous graphene oxidesurface for biphasic hybrid

assembly

Theadvancedrancled moleculardesigncoupled withstimuli responsive conformational
and compositionabehaviorpresentsan opportunityto controlthe lateral diffusion and
phase segregatioof branched compact supermolecutss the surfaceesulting inthe
generation of well-controllable monolayes with tunable ordering andcomplex
morphology as well as tdailor their stratified layered nanostructuresth switchable
morphological heterogeneityand multicompartmeral architectures These surface
driven star polymersupramolecular assends and interfacewill enable the designof

multifunctional nan@lms ashierarchicakesponsive polymer materials.
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CHAPTER 1
INTRODUCTION

1.1Background

An advanced desigrof polymeric ultrathin film (<100 nm) devices, which is a
prerequisite for soft functional bioterfaces, high sensitive and selective sensing
platforms, and fast and reliablsignal transduction in actuators, still requires a
fundamental and ndepth uwerstanding of surface related assembly behavior of
polymeric molecules ora single molecular level. The nanometer scale controlled
ordering and organization of condensed polymer films and csatiag be obtained
through a fibottomupd selfassembly appexh coupled with a sophisticated wet
fabrication technology and a surface nanoengineering with enhapagdlaccuracyand

specificity >3

Polymeic materialsas afi s o f t ami@antplexrflaicdd can offer a rich phase and
dynamic behavior and thus areonsidered promising buildingplocks in organized
molecular assembliefor a variety ofhierarchicalorderednanatructureswith a high

level of mobility.* Molecularorganization of soft polymeric units.¢., block copolymer,
polydectrolyte, liquid crystalline polymer) is tunable through structural rearrangement
triggeredby responseto smallenvironmerdl changeas a result ofhar reversible weak
intermolecular interacti®) such as van der Waals fosce hydrogen bonding,

hydrophobi¢ and electrostatic interactianat mild ambient conditio® The resulting



polymeric superstructures render a rich and complex morphology, a controlled ordering,

and a flexible phase behavior under external stimuli in solution, bulk, and sstdée®

However, polymer assembly behavior at surfaces has remained a challenge, especially in
ultrathin polymer films and on heterogeneous interfaces, exhibiting a highly confined
surface effect on chain configuration astyhamics as the film thicknesbemmeclose to

a single molecular level, that is, beyond a characteristic molecular dimension (i.e., the
film thickness lower than the radia$ gyration Ry)."* The confined polymer coils are
compressed in a directon normal to the surface. ekbtent of confinement reliesn the
degree binteraction of polymer moleculesith the surface, and thereby affette chain
structure and phase states of polymer molecules adsorbed ostofdees and interfaces

of ultrathin films. In particular, banched architectures with high monomer density and
interarm exclusive volume repulsioa are expected togreatly reduce chain
interpenetrationresulting in smaller entanglements than linear counteypspecially in

the confined geometry with decrease pervaded volum&. This lead to a decreased

large straindeformationof polymer thin films. Therefore, ontrdling the interplay
between mechacal integrity and ultrasoft dynamimteractiors in confined ultrathin

films would be critical for developing futuiglaptive/responsivepolymer systems.

1.1.1.Supramolecular Ultrat hin Film s of Highly Branched Molecules
The supramolecular organization pblymer materialshrough directed assemblyhas
been adoptedis an effectiveroute to control the structural properties and effective

interactionsof organic ultrathin filns.**>®"8° Self-assembled ultrathin polymer films



and coatinggansignificantlyalter surface andnterfacialproperties includingdsorption,
friction, lubrication, adhesion, and wetting properfi®sit is found that he aggregate
behavior, morphology, spatial ordey, and orientation of the micstructurein these
ultrathin films are closely related to th&ructural and chemical characteristafstheir
polymeric building blocks such as molecular shape, size, backbanehitecture,
composition andintermoleculafinterfacial interactiors.** Among them, in particulait

has beemrecently witnessed that molecular architecture is a key factor to determine the
molecularorganizatiorandcontrol over spatiabrderingin theseultrathin films ata nano

and microscalé?31415

Recent advancein synthetic technologyi.e., controlled living polymerizatiorgllow for
rational molecular desigs) such asmonomernature, compositignand block sequence
and also yield noble shape and chawmnfiguration like nonlinear highly-branched
polymers, such as dendrimgr polymer brushes,hyperbrached polymers and star
shapedoolymeis exhibiting intriguing structure and properties that differ from traditional
linear structuregFigure 1.1).*% *"*1° Branched polymersan beclassified by the
different types of joints (e.g., single core or multiple grafting backbone) at which one end
of the branched armare chemicallyattached ima radial, side, or treéke fashion,and
possess abundantperiphery terminal end groups. The molecular shape, size, and
propertes can be varied as a function tbe degree of brandhg and typelength of
branchedsegments Intriguingmolecular characteristicsuch as abundant functional end
groups, globular shapepreshell morphologyand highly dense chain structwan offer

a new platform for a supramolecular building componewf surface science and



engineeringfor assemblies oflynamically stableinimolecular micells, core/shell type

nanoparticles, and nanogels

Figure 11: Molecular architecture of highlgranched polymers: (a) graft, (b) brush, (c)
| | %
d e f

dendrimer, (d) hyperbranched, (e) arborscent, and (f) star architeGtures.

Additional structural variables of ndimear, branched polymegprovidea higher degree

of freedom in molecular design and as a result render higher complexity in chain
conformation, interactions, and molecular dynamics. Thus, branched pa\systéms

can play an attractive role as building units in organized supramolecular assemblies. On
the other hand, ighly-branched polymers caalso offer an active multfunctional
surfaceand interfacein a responsive/predictable manrféf-?22324252627 pye tothe

high degreeof free end groups and flexible side branches, more divens®rmational

transformationand interactiors by external stimuli (e.g. pH, temperature, and shear)



enable tunable micro and nasoale assemigls and orderingfor the degn of
multifunctional stimuliresponsive and adaptive thin fénand coating (Figure 1.2).%®
293031.32333435 Por instawe, starshapel macromoleculessuch as block copolymeand
polyelectrolytes bearing pH responsive groups are considered to be a promising candidate
for adaptive/responsive nanofilntiie to their unique chemical properti@8> Ther
compact and globular structgreausea distinct shift of K, compared taheir linear
counterpartsiue to the ionic confinement effet.Such pHresponsive behaviors can be

easily tuned by adjustinghe charge nature of the star polyelectrotgs, as well as

environmental conditionsuch as pH, salinity, and multivalent counterions.

Also, the dynamic and responsive properties are closely related to the integrity and
robustness of the finahicromanostructurd®®® Thin polymeric films thatshow faster
responsive behavior than bulk materials due to their favorable rearrangement, impose a
challeng in maintaining mechanical stability. hds, along with understandirgeir
assembly behavior, quantifying these mechanical properties is critically important for
validating the stability and integrity of the stimudisponsive nanostructere The
emerginginterestin smart polymer nanofilmshrough bottorrup approachessuch as
self/directed assembly of momadltilayers®® can be found in biomedical and sensing

applicationg'424344
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Figure 1.2: Stimuli-responsive nano and macro structures with various geometric forms
prepared via different molecular assemtelghniques®

However, the controlledassemblyof highly-branched moleculeat the interface and
surface still presents a considerable number iofportant issues due to limited
entanglements, multiple functionalities, and weak intermolecular interactions. The
confined branched molecular conformation in ultrathin films should produce stronger
repulsive exclusive volume interactions due to their increagedarm repulsions under
two-dimensional spatial constraint. This star polymer nature can provide a chatige for

design of ultrasensitiveenviormemtal responsive polymer assemblies, but also can



deterioratethier mechanical propertiesnd structural in@grity by preventing effective
adsorption and interdigitation onto the proper substmatearticular, in the selissembly
system from diluted solutions. Therefore,  mdamental understanding of molecular
deformation and interactionsf organized highlybranchedpolymeic ultrathin films is

essentiallyrequired forthe design ofunable andesponsivassemblies and surfaces

1.1.2. Star-Shaped Polymers: Molecular Architectureand Properties

The starshaped (or stdike or star) polymer is a form of édnched polymers with ideally
one commonjoin point on themicroscopiclevel, in contrast to dendrimers with a high
degree of branching (Figure 1.1). The star polynagescompriseé of multiple welt
defined flexible lineabranches, referred to as armsttage chemically tethered onto a
common central corevhile theotherperipheryends remain free terminal groups with no
steric constraints. The compact core is generally much smadierattm length for star
polymers Star architectures are regardedaapoint polymer brush with radial arms
attachedon substrats with extremelyhigh curvaturé>*®*’ Starpolymeralsoresemble
polymeric micelles dlso called polymeric stars) having corona arms and kinetically
frozen core based on a molecular aggregatfdmear amphiphilic block copolymers, or
spherical bruséscomposed of grafted polymer arms on a colbidarticle with a large
volumehard core. Thus s$ar polymes can be consideregh intermediate between linear
polymer systermand soft colloidal sphves. The star structure amghysicalproperties

can be varied as a function of arm number (n): linear polymer system for n = 1 or 2, and
solid colloid for n >> 1. Large number arm star polymers can behave like solid solloid

with a hard core repulsicf*9>°
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Figure 1.3: Representative alecular architecture of stahaped block copolymer¢a)
homoarm star polymer, (b) AB, type symmetd or asymmetric heteroarnstar
copolymer (c) (AB), type diblockhomaarmstarcopolymer (d) ABC type miktoarnmstar
terpolymer and(e) An(B-C), heteroarnstarterpolymer.

The structure of star polynsecan be tailored by charging arm number, composition,

ionic state, degree of polymerization of arms, and block sequential arrangements. The

star polymers carbe divided into neudral or charged stars.Charged polymes with

ionizable groups are calldgbolyelectrolytes, which can befurther divided into strong

and weak polyelectrolyseby ionization strength. The polyampholytes (amphoteric

polymers)possesdoth acidc and basic groups and exhibit an isoelectric point where the

net charge becomseero at isoelectric pH ithe case of weapolyelectrolyts>* The

ionizable arms of polyelectrolyte stars provideider range ofcontrol parameters, such

as pH, salinity, valence of salt, and electric potential compared to neutral starsarehich

8



controllabledepending on solvent polarit§>*>**> The star polymers can be further
classified into homoarm and heteroarm (or miktoarm) st&ynpers accordingto arm
composition and topological arrangements. The homoarm star polymers are identical in
arm composition and length. They have single component, or diblock or multi block
arms intheform of (AB),. In the case of heteroarm star pogns) different type of arms

are grafted onto the common single core and also can coamgsymmetric arms in length,

for example, as represented byBA, ABC, or A,(B-C), (Figure1.3).’

Starshaped amphiphilic block copolymearean interesting desigespeciallywith ionic
blocks containing amphiphilic polyelectrolgtas acandidatefor core/shell micelle like
structure with respect to different solvesnditions The microstructure and phase
segregatiorstate is dependent on the solubility of polymer segments in sslusad for
dispersion. A god solvent for all polymer blocksftenreferred to as finon-selective
solvento canrendera swollen coiled structure with coronacorona configuration, while

in certain solverd that have differentniscibility for specific block, callediselective
solvens 0 polymer chain of amphiphes take a form composed of collapsed core and
stretched corona or swollen shell, which is similar to conventional polymer
micelles®******> Thus the quality ofhe solvent can determine molecular conformation
and interactions of amphiphilic block copolymers and this solution property saffect
adsorption and assembly behavior on sudagpon depositioror spreathg. Recent
theoretical study has demonstrated the phabehavior of diblock arm star
polyelectrolyts and showed dramatic switch ofnolecularconformation and dimension

with respone to the solvent, pH, and salt concentrafton.



Star polymers can exhibiintriguing dynamic characteristics including polyrdie
relaxation awvell as colloidallike seltdiffusion becausef their hybrid polymeircolloid
character. For exampleLikos et al. proposed an effective pair potential between star
polymers showing ultrasoft effective interaction in concentrated solution by logarithmic
repulsion for short distance in contragtexponential decay in the potential for diluted
condition®® Multiarm stas can behavdike colloidal particls suggestinghe ability to

form orderedstructure at high concentratigrandfor large arm stathere is a gelation

transition inthestar polymer solutio(Figure 1.4)"*>°

BV(r)

ALK S ey Ry(perp)
REEERTOARL (o ]

0
0.0 0.5 Sub-Ry-thickness polymer film

Figure 1.4. (a) Ultrasoft effective pair potential of star polymersaaying centerto-

center distance “® and (b) polymer chain conformaton in the polymer thin film (confined
geometry) where thickness is less thha radiusof gyration R;) displaying a limited
interpentraton or entanglementgnlymer coil pais compared to bulk polymer méit.

At a certain pH, star polyelectrolytes have more stretched arms than neutral stars due to

either electrostatic osteric repulsions between arms or osmotic pressure induced from

confined counterions. The counterioonfinement lead$o a reduction of electrostatic
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energy by decreaserhargeon the star polymers. When tlbeunterion condensation
occurs on the arm, decreased repulsion leads toskstghedconformation. Star
polyelectrolytes have been theoretically demonstrated to be able to become déese in
overlap concentration region, and further traositnto the interdigitated state higher
concentration. In the overlap case, the chairof two polyelectrolyte stars retract as
modeledby fifused spherésandhavestronger interactiathan neutral starfor a lower

number of arm§349°05253

The effectiveinteractions otwo adsorbed star polymers at the surface hmeen studied

by simulation and analytical theo?y.When soft star polymers are strongly adsorbed on
a surface, this confinement makasdramatic change in chain conformations showing
morestretched arms and ldad to strongerrepulsiveinteractions compared thethree
dimensional stat¢Figure 1.4) These two dimensional star polymers are expected to
have higher ordering behvaior due strong entropic repulsion, antheir chain
conformations can be controlled depending on strength of adsorption onto the

substratg->49°758

1.1.3. Star-ShapedPolymers Assembliesat Interface

Starshapedpolymers have been synthesized in a variety of chemical architectures and
compositions and show a range of unique physical propéseesFigire 1.5).>° Among
recent studies, He et Rreported an assembly behaviorexftended unimers, based on
novel multiarm block copolymer of poly(ethylene oxidepoly(methacrylic acid) (PEO

b-PMMA) block copolymers. At high pH these block copolymers canasslémble into
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the unimers due to negatively charged carboxylate group$yarophilic PEO, whereas

the star polymer forms micelles at low pH. Such argsponsive star block copolymer
containing PEO blocks grafted to PMAA chains can stabilize the polymer complex for
potential use in drug delivery due to a high density ofresponsive functional groups.
These polyacidic star copolymers were observed to induce the aggregation necessary to

produce larger nanostructur®s.

Tl AR
DX X

Figure 1.5: a) (PEOJ-b-(PCL), star, (b) PSPEO threearm star, (c) PE®-PS threearm
star polymer, d) PB-PEO four arm star, (e) dendrirdéte PS core and PBA or PAA
corona.

O A

The various porous morphologies were observed to be formed by changing dendritic end

groups such abydrophobic acetonide, which subsequently deprotected to a hydroxyl
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functionalized star. Dongt al®

showed the honeycomdiructured microporous films
were selfassembled based on novel hyperbranched pety(#-3-oxetanemethanol)
starpolystyrene (HBP-starPS). These porous films exhibited isolated hexagonal pores
which are easily controlled by changing the solvent, molecular weight, and concentration

of the polymer. Luke et & demonstrated that highly ordered, porous honeycomb films

can be prepadfrom dendrorfunctionalized star polymers.

Hammond et al. have observed pisponsive changes in -allar polyelectrolyte
multilayer film, but not in films of linear polyelectrolytés. This difference was

attributed to the lower degree of ionic adisking, and hence greater freelume

16° 56

within all-star polyelectrolyte films. Tsitsilianist al>> and Sheikeet al.”> demonstrated

that increasing the grafting density of branched polymer greatly reduced its micellar
aggregation number as a result ofigated chain entanglement. Such polymers can exist
as unimolecular micelles with their conformation significantly changed as a function of

selective solvents and adsorbing surf&Ces.

Morphology of single crystals and thin films of stamnched polyders with poly(}
caprolactone) (PCL) arms were studied by Nuaeal®® The dendritic core of star
branched polymers, enables the study of pronounced effects, such as slow crystal
rearrangement, higher equilibrium melting point and higher fold surfacgyermused

by retarded crystal rearrangement of the star branched polymer, which is attributed to low

|.69

chain mobility of fixed arms. Stavrouwdit al"” explored the novel mukarm starshaped

terpolymers, (ABG). These star terpolymers composed of naojomydrophilic
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methoxy  hexa(ethylene glycol) methacrylate, ionizable hydrophilic- 2
(dimethylamino)ethyl methacrylate, and hydrophobic methyl methacrylate were found to
form unimolecular micelles. They can provide stable, mudihpartmental soft
nanopaticles, which can not be obtained from their linear counterparts. Stavrouli and
coworkeré® reported that a novel heteroarm star block terpolymer was synthesized using
an exte+wditmg mieit rh oetl al repoéd lol several ionic star bleck
copolymers capable of assembling in cylindrical shaped micelles under external

stimuli.”*"?

An amphiphilicA,(B-b-C), heteroarm star terpolymer constituted of PS and paly(#
pyridine)-block-poly(acrylic acid)(P2VR-b-PAA) as anampholyteshows pHdependent
phase behaviowhich causes the system to form a reversible hydrogel material based on
the solvent induced sol/gel transitisee Figurel.5).”® According to Hammonet al,™

these heteroarm star block terpolymers also offer the macromolecular template fo
hierarchical selorganization in polyelectrolytsurfactant complexes. Unique phase
behavior of these complexes in solution was observed as a function of pH due to the
ampholytic nature of P2\V\B-PAA segments. Several interesting morphological feature
have been observed for star block copolymers with novel architetifés’® Unlike

the usual AB block systems, no spherical domains were observed for low PCL content
(PS)-b-(PCL), stars but the crystallizable PCL chains aggregated to form denditic a

needlelike domain& Similarly, extreme crowding of linear polymeric arms at a single

junction point for P&-PEQy star polymer yielded dendritic morphology.
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In another study, the responsive:HF2VP, star polymers were grafted to the surface and
were demonstrated to adopt various molecular conformations when exposed to selective
solvents®™® |t was shown that thehain crowding increaséke stability of the spherical
domainsas the arm number increase®ther P2VPbased star macromolecules were
demonstrated to be ptésponsive with arm conformation directly visualiz&d.
Moreover, metallized stars have been created by additional exptzsureetal salt
solutions. Rich morphologies have been reported for ABC star copof§n8sme of

these unique morphologies include core/shell and helix/cylinder morphologies-fer PS
P2VRb-poly(tert-butyl methacrylate}> The influence of nanoparticlesegmetry and
microdomain dimensions has also been explored theoretically by BalaZ** and
studied by Thomas and -eworkers® A uniform dispersion of nanoparticles within
periodic block copolymer structures requires at least one of the charactensitsobns

of the nanoparticles to be on the order of the length scale of the copolymer microstructure

(spacing and dimension).

1.1.4. Langmuir -Bldogett Monolayers

Wet molecular fabrication methods have been widely employed for supramolecular
ultrathin film assemblies and immobilization oappropriate substrates. Bected
assembly approael including LangmuiBlodgett (LB) technique and laydy-layer

(LbL) assemblyare useful methodologi¢e enable directed molecular level organization
based on selissembly in the range afmonolayer tchierarchicaimultilayer films with

highly ordered anarganizedstructure by a repeated deposition procdss:. star block

copolymers with an amphiphdlinature, we study the surface behavior under variable
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surface areas hytilizing a welkknown LB approach widely explored for understanding
surface behavict.?® Watersoluble starblock copolymer and star polyelectrolyte
nanostructures with ionic arnaseassembled via the LbL approach which relies on fine

ionic interactions between anioriationic specied’®®
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Figure 16: (a) Pressurarea Lanquir isotherm for surfactant molecules wilkfferent
phase statels(b) LB films assembled from amphiphilic block polyelectrolyte surface
micelles® (c) molecular conformational transtion from tiianension (stdish) to quasi
two-dimension (jellyfish) surface micelles on water surféicand (d) proposed two
dimensional surface micelles at-aiater interace (A. hydrocarbon liquid, B. surfactant
lens (left) and monolayer (right), and C. 2D associated surface mitelle).

LB is a versatile and powerf method that allowshe studyof assembly behavior (i.e.,
phase transition) of amphiphilaoleculesas a function of pressure and temperature at
air-water and aksolid interfaces. Upon deposition of diluted amphiphilic molecules by
the aid of a volatile polar organicsolvent, the molecular phase state cartréesformed

from a gas stateexpandediquid, condensed liquid, solid and collapsed state by lateral

pressure orthe LB trough, asrepresentedby the twedimensionalisotherm profile
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(pressureareaLangmuir isotherm)Figure 1.6)**® The monolayer (so called, Langmuir
film) on the water surface #e air-waterinterface can transfer onto solid substsaby
vertical dipping (LangmuiBlodgett film) orhorizontalliftoff (Langmuir-Schaefer film)
at varying desirable deposition conditions, where mh@ecular density andspatial
ordering of spread molecules isntmlled by lateral compression witlnbarrier while
monitoringthe variation of surface pressure using a Wilhelmy plate. It is kninat the
surface pressure the difference inthe surface tension of pure water expotedir and
the water contact wit the spread polymer phaserhe molecular orientation, ordering,
and packing of the LB monolayer determinedoy the extent of lateratompressiorand

deposited moleculasharacteristic§’

For diverse amphiphiliblock copolymes, from linear tobranchstructure (e.g., brush,
star, hyperbranched polymers), the surface aggregation behaviomatit@iinterfaces

have been demonstratdigure 1_7)34,75, 90,94,164

It is known that the polymeric
amphiphilesassociatento avariety of micelles (i.e., sphere, rod, and lamella) depending
on molecular composdn and relative block length on the water surfageich iscalled

a surface micellgFigure 1.6and 1.7. Upon depositionof polymer amphiphiles, the
hydrophilic chains dissolve or spreat the air-water interface depending on varying

pressures, whileollapsed hydrophobic chains on top of hydrophilic domamginue

submergingnolecules into the water subphaseamghoringon water surface.
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Figure 1.7: The surface micelle structures and aggregation behavior in the LB films of
different (linearand branched) amphiphilic polymers: (a) schematic representation and
TEM images of the variable surface micelles (starfish, rod, planar) of linear
poly(styrené-4-vinylpyridinium decyl iodide}’ (b) Phase transitions (AFM images) of
cylindricalbrushes of poly@butyl acrylate) (PBAJ® (c) Nanofibric structures (AFM
images) ofamphiphilic dendritic hyperbranched polyeste(d) Circular shaped surface
aggregations (AFM images) apdoposed models of the domain structures of taree
polystyreneblock-poly(ethylene oxide) stars.(e) AFM images of the surface dendritic
structures of amphiphilic heteroarm poly(styeetiylene oxide) star copolyméfs.

The interesting molecular transition fraiipancakeé (or starfish) tofbbrusto (jellyfish) of

the surface micelles as indicated by a broaden breaditie pfateau on the 2D isotherms
was ofintensiveresearch interest for different molecular parameters, such as composition,
hydrophobiehydrophilic balanceand block ratio at varying surfaggessures In this
regime, it was experimentally aigeoreticallydemonstrated that tHermationof quast

two dimensional structusefrom two dimensionalurfacemicelles is an entropically
favorable process in molecat conformatior?>9%939495% Eqr nolymer brushes, for
example, poly(butyl acrylate) cylindrical brush@striguing molecular transitios were

investigated as a function of arm length and density, and sprezakifficientat certain
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surface pressuse The rodlike to globular conformational transition depend upon the
degree ofdesorptionof side branches at the interface and was more pronounced for a

high graftingdensity and long side arms.

Langmuir isotherms allow for the elucidation of locahformation of ionic blocks at the
air-water interface as a function of the surface area available. The formation of vertically
and laterally segregated nanostructures can be revealeddity iK-ray and neutron
reflectivity as was probed for branchednoparticles and monodendrafi&® Langmuir
isotherms and molecular araeecollected and analyzed as the functionhefnumber of

arms and block sequerscat different pHs. We expect that a decrease in the surface area
available for the molecules at the interface should result in reorganization of the
molecular conformation from partially submerged and spread P2VP blocks surrounding
aggregated PS blockCrowding of the chains attached to a single point should modify
surface behavior as compared to linear block copolymers and extend a condensed state of
the monolayer. Although phase diagrams for star block copolymers have been found to

be similar to thosef linear block copolymers, ahownby Milner,*®

phase boundaries
can be significantly shifted, promoting the formation of {i@ditional morphologiesta
unusualcompositions. These phenomena as well as the role of collapsed or expanded

ionic chainsareconsidered, taking into account various possible scenarios.

To this end, we consider amphiphilic star copolymers residing at thveater interface
which tend to adopt molecular conformasamith ionic chains in close contact with the

water subphaseand hydrophobic arms forming individual elevated domains. For a star
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polymer, ionic chains with modest water solubility can be spread on the water surface in
a randomly coiled conformation beneath/next to hydrophobic domains or can be
submerged into thevater subphase.The occurrence of one of the two scenarios is
controlled by chemical composition, the length of chains, the presence of specific
terminal groups, the surface pressure, and pH environmieoit.example hydrophilic
endfunctional groupsal w t he ar ms t o f sphasd onder evéndowt h e
surface pressure. Forced submerging of hydrophilic arms at high surface pressure could
result in complete transformation of the microdomain morphology. The suppressed
lateral aggregation ofyldrophobic domains in star macromolecules and the reduction of
their effective interfacial content due to their submerging should promote the formation
of a circular morphology, even at unfavorable compositiohmsaddition, the ionization

of the arms athe proper pH could result iadditional armsinking, which further

promotes the formation of different morphologies.

1.1.5. Multilayer Assembly

Layerby-Layer (LbL) assembly is a simple amnersatile method for multilayer
preparation from mutuallyinteractive species While LB assembly is limited to
amphiphilic molecules, the LbL depositions are applicable to more diverse building
components including polyelectolytes, nanopatrticles, biomolecules, carbon materials, and
micelles. LbL multilayers have Wedefined thicknesss andfifuzzyo yet periodic layer
structure through repeated alternating deposition of a pair of building elements by

dipping, spin coating, or sprayingthout anexpensiveapparatugFigure 18).*%*
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Figure 1.8: (a) LbL multilayedeposition process from polyanion and polycation using
repeated alternating dipping and washing st&pg) two different growth mode and
structue of multilayer films (linear (left) versus exponential (righsjratified (left)
versus mixed (right){° (c) preparationof hollow multilayermicrocapsues by exposure
colloidal sacrificialtemplate to polyelectrolytes of alternating chaffend (d) proposed

of a buildup mechansion ofofyelectolyte multilayer film based oiiin-and oub

diffusion®

COre remova

For example, the LbL films based on oppositely charged polyelectrolyte qaair be
buildup bysequentiablepositionof diluted polyelectrolyte soluti@on desired substrates

with rinsing $eps after adsorption until a required thickness is achieved. It is known that
the electrostatic LbL film growth can be made through charge overcompensation and

reversal Various interactiorstatesand components have been used for LbL assembly
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via electostatic interaction, hydrogen bonding, metal coordinating interaction, charge
transfer, click reaction, and step wised-gel reaction. LbL assembly can be extended
from flat solid substrateto curved norplanar or porousolid substrats, for example,

silica or polymeric microspheséor hollow multilayer microcapsule$?

The thicknesssof LbL films have been observed to grow in tdifferentmodesknown

as linear orexponentialbuildup (Figure 18). The exponentiallygrowing films show
much thicker filns at the sam@&umber ofdepositioncycles compared to linear growing
films. A possibleexplanationis that linear growtloccursbecausecomplexation only
occurs at the outer layer of the film whereas daponentiallygrowth, the adsorfin
occursthrough the whole film thickness by diffusion in and out of fiff%&:®* The
diffusion can be driven by electrochemical potential difference in and out of films and
sucha fast exponentiaincrease in mass proportionalto theaccumulatednass pior to

adsorption.

There is another criticabsuethat the exponentially growing filsiundergo a transition
into a linear growth mode during LbL assembly due to the limited diffusion in certain
regimeof the film, not through the whole film thicknelsg a givendepositionand rinsing
time. The linear growing filmexhibiteda more stratified layered internal structubeat

was selectively permeable in contrast to the intermixegbonentiallygrowing films
exhibiting highly hydrated and porous propesfi&'®% The LbL thin filmscan find a

variety of applicationincluding biomaterial coatirgy membrang biosensas, energy
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conversion devicg and ultrastrongfilms. Also, the controlled growthmodes and

interactiors will allow for the preparatiorof responsive and dynamic LbL films.

LbL films can also b@repared on noeplanar substrates with different shape porosity.

In particular, LbL microcapsusgrom sphericalscarifidal substrateoffer an interesting
materialplateform (Figure 18).1°" The variety of sacrificial templates, which require a
complete removal after deposition under mild dissolution conditions, include polystyrene
latex, melamine formaldehyde, SiQarbonate particée and biological cells. The shell
wall thickness is easily tailorable by varying deposition layer numbers and further
functionalized by incorporating magnetic/metal nanoparticlefiuorescentdyes, and
biomolecules. The shell permeability and porosityhef capsules can be tunable by pH,
ionic strength, solvent, and shell thickness etc. The capsules consistedutiflayer

shell wall andtheinnercore can be used ascatalysigeservoir, carrier, or mioreactor

for applications in bianotechnologyandmedicine®®!®

LbL multilayered structureare assembled from star polymers by utilizing anionic and
cationic star counterparts. We pay special attention to the lateral segregation in these
structures with a chance to form ordered supramolecular daoiorain networks for LbL

films assembled from large, multiarmsthar polyelectrolyte or star block copolymes

with electrolyte arms As known, LbL films usually demonstrate either uniform or
random heterogeneous morpholodi®s.lonic chaircontaining star block copolymers

with the ability to form ordered microdomain morphology are promising candiftate

23



forming ultrathin films. To inducdateral ordering in the cose of LbL assembly, we
consideed theassemby of laterally segregated LbL films by incorporating hetarmed
star block copolymers as unimolecular micelles asthbilized microdomain network by

metallization within ionic bloks (e.g., gold nanoparticles reduction within P2VP

blOCkS)E"lo’lll'llz'll3

To date, very few LbL films were reported for star polysweith weak ionic strength
such as poly(acrylic acid) PAA) and poly[2-(dimethylaminogthyl methacrylate]
(PDMAEMA). Multilayer thin films, using brush polymer as a building blpcive been
reported to have been fabricated from linear poly(vinylpyrrolidone) (PVPON) and a
spherical polymer brush of PAA with an inorganic precursor core for hair chains based
on hydrogen bonded Lbt* Qia et al presented PAA star polymer LbL assemblies with
pH-responsive behavior> Recently, Hammond andoworkers have demonstrated
starktar polyelectrolyte LbL multilayers from PDMAEMA and PAA st&tsHowever,

the resulting stastar LbL films showed neaniform morphologies and dewetting due to
weak ionic crosginking which might be overcome by the selectioraddrger number of

arms andncreasing their length.

LbL multilayers are considered a promising multifunctiomalterialconcept. However,
some challenges in theoretical and practical applications still need to be solved: The
viscoelastic properties related to mechanical strength and stability, dynamic exchange

process and growth mechansim, and predictable charge pbtehtiae interface in
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design of multiresponsive materials for use in ged#aling coatings or reversible
nanovalves. For the multilayer microcapsules, we need to address questions
involving the fine tuningof permeability for controlled encapstitan and release of
active functional payload&jocompatibleor biodegradable, and control over cstepe,
and enhancedpecificrecognition andadhesiorof capsule surfaces towards biomimetic
multicompartmentalized carriers or cages of DNA, &smdplates for polymerizationor

biomineralizatiorf**®

1.2.Motivation
The integration of multiple functionalities within organic and inorgaraoostructures
promotes the manufacturing of complex branched nanomaterials with unmatched
properties:'’ The unique properties seen in highly branched molecular systems, such as
star, dendrimers, and hyperbranched molecules, arise from their molecular characteristics
caused by chairowding and confinements, few entanglements, an available internal

cavity,and abundant terminal groups.

Star blockcopolymers, representing the popular form of branched architecture, are
composed of linear chains tethered to a single junction point with the grafting density
characterized by the number of arms. In contra&indrimers possess triiee
architecture, with sizes that are defined by their generation number. Finally,
hyperbranches are a class of @u# synthesized branched molecules that have less
defined molecular structure and a high polydispersity. Nowabgrties in polymeric

systems are associated with branched architectures where branching can have interesting
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effects on their bulk structures, surface behavior, and phase separation in multi

component systems.

Research activities in the field of brdwed polymers, centered around designing new
architectures, resulted in the appearance of a wide spectrum of novel highly branched
molecules including dendrimers, star block copolymers, branched brushes,
hyperbranched molecules, and different combinatidrisranched and linear fragments
(dendronized rods, discs, and stefi8). The critical role of chemical architecture has
been demonstrated by comparing dendritic or branched structures to linear péfymers.
Currently, the focus of the research has someslified from synthetic efforts towards a
deeper understanding of the physical properties and structures of these molecules
particularly at surfaces and interfaé@sAn understanding of the behavior of branched
polymers at engineered surfaces and interfaces is ultimately beneficial for optimum
designs in energy harvesting organic solar cells, organic light emitting diodes, and high
performance nanomposites?*'#21?3 For example ofsolar cell applications, a high
number of light absorbing or photoactive units at the periphery results in greate¢olight
energy conversion and an introduction of branching can be beneficial for light
emission:** For lightemitting materials, the presence of a branching point as a point
defect interrupting the backbone conjugation has been suggested as an efficient way to
diminish intra/intermolecular charge transfer in order to increase photoluminescent

efficiency?°
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Highly-branchedpolymer has recently emerged as a promig building block for
adaptivéresponsive functional coatings and filrtes create miniaturized polymer thin
film devices Integral and robust nanostructufesm branchedarchitectures, however,
require their controlled spatial ordering and precpgeysicalchemical modulation at the
surface and interface.This approachwill presenta promising strategy to fabricate
organized ultrathin polymer film and coating materiéds future applications in bio

interface sensingand actuatoplatforms
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CHAPTER 2
GOALS AND OBJECTIVES

2.1. Goak and Research Focuses
In this study, v focus the directed assemblyof starshaped polymers (star block
copolymers and stgpolyelectrolytes) angrimarily discuss their chaistructureand
phase transformation in nanoscale ultrathin films at various surfaces and interfaces, such
as airwater, airsolid, watefrpolymer, airpolymer, polymeipolymer, and polymer
graphene oxide terfaces. The aggregationbehavior morphologcal properties and
microstuctureof star polymetbasednono/multilayerultrathin films are exploredvith an
emphasison surface effects and moleculkeonfinementusing LB and LbL deposition
techniqus. A conprehensivesurface analysisvould enable us testablish astructure
propertyassembly relationshifor these complex architectureEheresponsive assembly
behavioris studied from the viewpoint o&dsorption,diffusion, andconformationof
highly-brancled molecular architectureas a function ofmorphology number of arms,
arm length, and nature of interactoon These effortsare expected to offer design
strategy for fabrication of stimuli-responsivefunctional ultrathin nanostructuresor
prospective applicationan biosensig, selfthealing coating drug delivery, tunable

catalyss, and imaging.

The ultimate goal of lhe work presented in this dissertatias to understandthe
fundamental principles of the directed assembly of novelsiape polymers with a

focus on complexarchitectureswith ionic blocks capable of dramatic conformational
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changes under external stimuliSpecifically, we study twadifferent classes of star
shaped polymers, includingtar amphiphilic block copolymer (sBCP) and star
polyelectrolyts (s-PE) at various surfacesand interfacesas presented in detailed in

Scheme?.1.

(a) s-BCP
PS,P2VP,  PS,(P2VP-b-PrBA), PS,(P2VP-b-PAA),

MPS MPZVP MPIBA MPAA @ PDVB

) . , . . « ) PN —\ /
n n n n \\ /)_\
v Tl 0/\0 O/\
Ty H30+CH3
CHz
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Scheme 2.1(a) Starshaped block copolymer-@CP): PSP2VR, amphiphilic heteroam
star copolymer, REP2VRb-PtBA), amphiphilic heteroam star terpolymer, ,FF2VRb-
PtBA), amphoteric heteroam star terpolymer (n denotes arm number) ({hatse
polyelectrolyte (SPE): cationic p(DMAEMA)x star polyelectrolyte and anionic p(Ak
star polyelectrolyte (n denotes degoég@olymerization; x denotes arm number).
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A set of star polymerstudied herdancludespH-sensitive amphiphilic heteroarm star
copolymers, star block terpolymers with hydrophobic ends, stadpolyampholytes
possessig zwitteric diblock arms, and pHhd salinity responsive weak polycationic and
polyanionicstarpolyelectrolytes. These star polymers tenforcedthrough molecular
phase segregationand intermolecular interactionsnto well-defined ultrasoft
nanoparticles, nanogels, quasi two dimendi@r&ular micelles, core/shell type single
molecular micelles pancake & brushmicelles or Janudike molecular particles in

assembledltrathin filmsas will be discussed later

The significanceand noveltyof this approach is elucidatingthe effect of surface and
interfaceenergetis and confinements on the molecular conformation and interaction of
these highlybranchedwell-defined supermolecules with arowding compact structure
The advanced brancand multicompositionamolecular designin conbination with
integraed adaptivéresponsivechain segmentsepresents a powerful approach to control
the lateral diffusion and phase segregation of nawattionalbranched building blocks

on the surface resulting in generating tunal@led orderedcompkex structural
nanalomains in monomolecular thin films, as well as to tailwgir stratified layered
nanostructures with capabilities for switchabieorphological heterogeneity and

multicompartmersl structures

As compared to traditional linegrolymers, however,he limited interdiffusionand
entanglement,compact structuremultiple free ends,and repulsive interactions of

stronger stretched armef nonlinear highly-branched molecular architecturs, in
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particular when confined at surfagagsea greatchalleng facing the construction of
flexible but stable twalimensional (2D) supramolecular assembly in geasiilibrated
thermodynang system. In this respect, the profounwhderstandingof chain
conformation interaction, and phase transfotioa in the ultrathin films (from
monomolecular tanultilayer assembly)s of great necessity order to realize structural

hierarchyand responsive property.

Stimuli-responsive

Highly Branched Star-shaped Polymers

(s-BCP and s-PE)

“Noble structural/functional building block™

Chain conformation, Surface aggregation, Environment sensitive
interaction, and phase morphology property, assembly and structure
transformation and interface structure property

Scheme 2.2: Conceptual diagraminvestigating the structugropertyassembly
relationshipof highly-branched stashapedolymers.

Therefore, weaddress gundamentalquestion ofhow thechemical compositionand

architecture of different highlybranched entities influence theassemblybehaviorand
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intra/intermolecular interactionsunder varable environmerdl and confined interfacial
conditions. Te self/directedassemblybehavior of stimulisensitive highibranched
moleculesat the interfacehas beerexploredwith a focuson thecontrolled interfacial
organization and tunable complexmorphology for the fabrication of hierarchical

functional nanofilmgScheme 2.2)

The key technicafocusesof thework presentedre

1. Morphology, microstructure, and microdomain organization of ionic andioroo
blocks grafted to a single centerstar block copolymers at awater and ausolid
interfaces as a function of the number of arms, chemical composition, environmental
conditions, and star architecture;

2. Surface behavior of star block copolymeavkich differ in architecturemolecular
weight, arm lengthpature of ionizationand number of armsn planar and templated
functionalized surfaces with tailored intermolecular interactions and topography
undervariableenvironmental conditions (pH variation and saitiated formation of
nanoparticles), which can tune the conformation of ionic blocks

3. Understanding interfacialggregatiorbehavior and intra/intermolecular interaction of
amphoteric arm containing starpolymer amphiphiles faan extendedoH region at
the ar-water and ahsolid interface;

4. Examination ofthe feasibility ofin-situ gold nanoparticlegrowth at the confined
liquid-solid interfaceusingionizable pyridine containing heteroarm star copolggne

as a template
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5. pH-tunable LbL growth behavior of st@olycationicpolyelectrolytes with variable
molecular weights and number of arms compared to thetcorresponding linear
counterparts as a function of deposition pH, number ofrsayend the metitb of
assembly

6. Fabrication of multilayer hollow microcapsules prepared from star polymer
core/corona unimicellesising a sacrificial templatevith a curved surfaceand
characterization ofthe porousshell structure and permeability using confocal
fluorescecemicroscopy and small angle neutron scattering

7. Study of adsorption, spreading, and assembly properties of star unimicelles, and
demonstrate confinement of branched arms on heterogeneous graphene oxide
surfaces compared to water surfacesngstigation of molecular transformation and

interactionson a Langmuir trough.

2.2. Overviewof Dissertation Contents
Chapter 1 presentsa critical review of the literature relevant to the field of
surpramolecular assembly of highly branched moleculesesmibnsive surface behavior
The chapter highlightthe significance of current issuéts be addressedndand raise

fundamental questiorthatneed further investigation.

The current chapterChapter 2) addresseghe ultimate goals and specific techual

objectives in this dissertation. It alswludesan overview and organization of the entire

dissertation.
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Chapter 3 describeskey experimental characterizationtechniquesemployedin this
dissertation in detail. Characterizatioomethods in thesstudies presented hengclude
ellipsometry,atomic force microscopyconfocal laser scanning microscopy, and small
angle neutron scatteringnd transmission electranicroscopy. Specific experimental
techniquesused and detailed experimental descripti@ame further includedfor the

particularchaptempresented

Chapter 4 presentsthe surfacebehavior and morphologiesof two series of pH
responsive amphiphilic heteroarm star block copolymers. In this respect, we studied
polystyrene/poly(2/inylpyridine)poly(tert-butylacrylate), PRP2VR-PBA),, heteroarm

star block terpolymers and their precursors/2YR,, star copolymersThese star block
polymers differin architecture (copolymersiterpolymer), block topology and arm length
(molecular weight of BBA segmentvariesfrom 8 900andup to 15250), and number of

arms (n=9, 22, and28) . -Aibotherms at different subphase pH (p#3.8 and 2.0)
exhibited strong pH dependenieading todifferent limiting molecular area and surface
micelle stability. Due to the pHnduced ionization othe P2VP block, the surface
morphology of star copolymers bearing the free P2VP arms was strongly dependent on
the pH of the subphase, while the star terpolymers containing the protonated hydrophilic
P2VP blak as midblocks maintained the saoeular morphology at low pH and high
pressures. The surface morphologies suggested that the high number of arms promoted
the formation of unimolecular micelles which are stable under diffefisication

conditions.
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Chapter 5 describeghe pHcontrolled surfacebehavior of amphiphilic heteroarm star
block terpolymers(n = number of arg, 9 and 2P, bearing amphoteric diblock arms with
varying polyvalentonic charges (i.e. negative, positive, and zwiteit) at the airwater

and airsolid interfaces. We investigatettie assembly of these pdénsitive star
terpolymes in Langmuir andLB monolayes under different pH conditionef the
subphase T h e-A i5sotherms acquired atariable pH conditionsrevealeda distind
aggregation behavior of surface micell@kich is dependent oihe ionization of the
polyelectrolyte blocks and the number of arms. The star block copolymer with a small
number of arms (n=9)as found toexhibit a strong pkiependenphase trarfsrmation

under compression. The pH responsive (zwitterionic) behavior results in changes in
surface morphologies from circular micelles to complex labyrinth structures. In contrast,
star polymerswith a larger number of arsi(22) and a crowded branched archiiee

show stable circular domain morphology without the internal reorganization under
variable conditions The observed variety of surface behaviors is attributed to the fine
balance of intramolecular interactions caused byhigaly branchedchain archiecture

composed obothacidicandbasic blocks.

In chapter 6, we report on the growth of gold nanoparticles in polystyrene/paly(d
pyridine) (PS/P2VP) steshaped block copolymer monolayers. These amphiphilic
PSP2VR, heteroarm star copolymers differ in molecular weight (149 000 and 529 000
Da) and number of arms (9 and 28 arm&B deposition was utilized to control the
spatial arrangement of P2VP arms and their ability to reduce gold nanoparticles. The

PSP2VR, momolayer acted as a template for the gold nanoparticle growth due to their
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high micellar stability at the liquidolid interface, uniform domain morphology, and
ability to adsorb Au ions from the water subphase. -ViB/spectra, AFM, and TEM
images confirmedhe formation of the individual gold nanoparticles with an average size
of 6 £ 1 nm in P2VRich outer phase. This facile strategy is critical for the formation of
ultrathin polymersgold nanocomposite layers at large surface areas with confined, one
sided positioning of gold nanoparticles in an outer P2VP phase at pe$jinen

interfaces.

The uniquelLbL assemblybehavior of pHsensitive stashaped polyelectrolytes with

both linear and exponential growth modes controlled by star architecture @madgss
conditionsis addressednichapter 7. We demonstrated the LbL growth behavidr

cationic poly[2(dimethylamino)ethyl methacrylate] and anionic poly(acrylic acid) stars

as a function of deposition pH (ranging from 5 to 7), number of layers (uplieyers),

and the method of assembly (dys spirassisted LbL). The spiassisted LbL assembly

makes it possible to render smoother and thinner LbL films with parameters controlled by

the shear rate and pH conditions. In contrast, foradgsted Lbh assembly, the pH

dependent exponential growth was observed for both linear and star polyelectrolytes. In

the case of linear/linear pair, the exponential buildup was accompanied with a notable
surface segregation which resulted in dramatic surfaceunorf or mi t ¥ j K@&wor m
heterogeneous morphology, and dramatic surface roughening. In contrast, star/linear and
star/star LbL films showed very uniform and smooth surface morphology (roughness
below 2.0 nm on the scal e 1@sseahinguplidl.0e m) w

em for 30 bilayers and rich optical I nt el
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partially screened charges and high mobility caused by compact branched architecture

appear to facilitate fast diffusion and exponential buildupbdf films.

Chapter 8 presensg the LbL assembly of amphiphilic heteroarm {sédnsitive stashaped
polystyrene/poly(yridine) (PSP2VR, block copolymers to fabricate porous and
multicompartmental microcapsules. Pyridomntaining star molecules forming a
hydrophobic core/hydrophilic corona unimolecular micelle in acidic solution (pH 3) were
alternately deposited with oppositely chargkdear sulfonated polystyrene (PSS),
yielding microcapsules with LbL shells containing hydrophobic domains. The surface
morphology and internal nanopore structure of the hollow microcapsules was
comparatively investigated for shells formed from star pelss with a different numbers

of arms (9 versus 22) and varied shell thickness (5, 8, and 11 bilayers). The successful
integration of star unimers into the LbL shells was demonstrated by probing their buildup,
surface segregation behavior, and porositiie larger arm star copolymer with stretched
conformation showed a higher increment in shell thickness due to the effective ionic
complexation whereas a compact, uniform grainy morphology was observed regardless
of the number of deposition cycles and aromibers. Small angle neutron scattering
(SANS) revealed that microcapsules with hydrophobic domains showed different fractal
properties depending upon the number of bilayers with a surface fractal morphology
observed for the thinnest shells and a masgairacorphology for the completed shells
formed with the larger number of bilayers. Moreover, SANS provides support for the
presence of relatively large pores (about 25 nm across) for the thinnest shells as

suggested from permeability experiments. Thengdron of robust microcapsules with
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nanoporous shells composed of a hydrophilic polyelectrolyte with a densely packed
hydrophobic nanoscale domain based on star amphiphiles represents an intriguing and
novel case of compartmentalized microcapsules witlakality to simultaneously store

different hydrophilic, charged, and hydrophobic components within shells.

In Chapter 9, we discussthe interfacial assembly ofamphiphilic heteroarmstar
copolymergPSP2VR, and PRP2VRb-PtBA), (n = 28 arms)) omraphene oxide flakes
assembledt the air/water interface.Probing spreading, adsorption, and orderirfigstar
polymersurfacemicelles onthe basal planend edgef in-plare amphiphilicmonolayer
graphene oxidevas investigated by sequential depositena Langmuir trough. This
interfacemediated assemplapproachresulted inpolymer micelle decorategraphene
oxide platelets with controlled bindingnd organized morphologgs revealed by high
resolutionAFM. We found thathe unique surface activity of solvategaphene oxide
sheets enables staolymer surfactants to subsequentigdsorbon the presuspended
graphene oxide sheetthereby producing bilayer hybrid nanofilm. The positively
charged heterocyclipyridine containng star polymers exhibited strong affinity onto the
basal plane and edge of graphene oxidading to a wellorganized discrete micelle
assembly with no large scadggregation The preferred binding behavior and extent of
coveragewas tuned by controling assembly parameters such as concentraimh
solvent polarity as well as dependent upon mualtms conformation. The surface
unimicelles on the basal plané graphene oxideemained incompressible under lateral
compression in contrast to ones oa tater surface due to limited arm transformation on

the attractive surfacef graphene oxide. The densely padkstable biphase tHkke
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morphologywas evident suggestirtge interfacially stable and mechanically stiff nature
of graphene oxide sheetsThis nonrcovalentassemblyat fluid interface represents a
facile route for the control and fabrication gfaphene oxidénclusive ultrathin hybrid

films for catalyst template and sensjpigtform

Chapter 10 finalizes the dissertation work witieneraldiscussion andonclusionsand

further addresses researntpactandfuture perspectives
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CHAPTER 3
EXPERIMENTAL DETAILS

This chapter providean overviewof experimental detailselated tosample preparation
procedure, characterizatiotechniques and instruments used throughout this work.
Specific experimentalechnique andprocedurs are presented in mordetailed inthe

following each chapter.

3.1. Synthesis and Fabrication
3.1.1. Synthesi®f Highly Branched Star-Shaped Polymes
ThePS,(P2VRPtBA), heteroarm star block terpolymers were synthesized by a-steii)
one potsequential anioniiving polymerization procedure following tiiei-onut met h o d 0
by Tsitsilianis group (University of Patras, Gree@&J?’ According to this routinethe
first generation of PS armseneformed in the first step by reactisuLi with styrene.
These Al i vingo i near PS <chains wer e use
polymerization of a given amount of divinylbenzene (DVB) actingaasosslinking
agent. A living PS stashaped polymer was thus formed bearing within its polyDVB
core,an equal number of active sites with its arms. In the third step, a second generation
of arms was growfrom the core upon the addition of 2VP. Part of the reactiediuim
was sammd out and the PP2VR, precursor was isolated and characterized. In the

remaining solutionthe sites located now at the ends of the second generation of P2VP

ot

arms ar e ' ivingo and was us®eBh) ldading ol ymer

PS(P2VRPtBA), heteroarm star block terpolymeAll samples have been characterized
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by a combination of gel permeation chromatograpty,NMR, and light scattering in
accordance witlthe approach published elsewhéfeThe PS,(P2VRb-PAA), heteroarm
star block terpolymers were synthesized according to a previous procedure reported

elsewherd®70128

Star-shaped p(DMAEMA) and p(AA) were synthesizetah ATRP in a cordirst
approach by Miiller group (Univeristy of Bayreuth, Gernmg).3" 2 130 Ag
multifunctional initiators either sacchareseyclodextrin, or silsesquioxanbased cores
functionalized with Zbromoisobutyryl groups were used. The detailed synthesis and
characterization of these initiator molecules is given in the above reésterFor the
linear polymers we used ethyli2omoisobutyrate (EBIB) as the initiator. The number of

arms was determined by cleaving off the arms from the *¢offeor this experimental

research, all star polymer samples were provided from collaboration works.

3.1.2. LB Film Fabrication

The LB studies are conducted using a KSV2000 4tnough, according to the standard
procedure adapted in oubl®** 40-120 L solutions (usually, chloroform (HPLC grade))

are prepared and dispersed evenly onto the surface of the water. Compression of the
monolayers is conducted at a speed of 5 mm/min. The limiting cross sectiond} erea
determined by the steepest rise in the surface pressure which evidenced the formation of a
condensed monolayé> Monolayers at the aiwater interface can be transferred onto a

substrate for further characterizations.
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A 0.50.10 mg/mlconcentratiorof solutioncomposed of a star polymer sample dissolved
in a nonselective solvent of chloroform/methanol mixture (90/10 % in vol/vol) (HPLC
grade) was prepared. The LB minitrough was next filled with Nanopure water. The pH
of the water subphase was adfad by using hydrochloric acid withoatouffer system.

The 60-120 pL polymer solution was dispersed in several droplets evenly onto the
surface of the water. It was then left for 30 minutes to allow for the evaporation of the
chloroform. Compressionfdhe monolayers was conducted at a speed of 5 mm/min.
The Langmuir monolayers were transferred from thewater interface byvertically
pulling out the substrate submerged in the water subphase at a rate of 2 mifiAain.
limiting cross sectional are® was determinetdy the steepest tangent rise in the surface

pressurewhich evidenced the formation of a condensed monofa§er.

3.1.2. LbL Film and Microcapsule Fabrication

LbL assemblywill be applied to fabricate multilayered films from wassiuble star

block copolymers with ioniblocks®® Spinassisted LbL films were prepared by using
sequential sphtasting at different rpm for 20 sec and rinsed twice between depositions
of polyelectrolyte solution under the same condition in accordance with usual procedure
in our lab**3*'3* Subsequently, LbL films were spun for 1 min to remove water under dry
nitrogen and further dried at room temperature for 48 hrs before experimental
measurements. The dgssisted LbL process was performed by alternate immersion of
the substrates in polyadtrolyte solutions for 10 min, followed by rinsing three times
with the same pH buffer solutionThe LbL hollow microcapsules were prepared using

~

silica microsphere core (4.0 N 0.2 em in
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template The silicacores were alternately immersed in 0.2 mg/ml polymer solution at
pH 3 via repeated deposition cycles. The assembly of each polymer layer was conducted
for 15 min with constant shaking. The microcapsules were precipitated by centrifugation
at 2,000 rpmdr 2 min to separate solid and supernatant, and then the collected capsules
were rinsed three times with 0.01 M TrisHCI buffer solution at the same pH. The
assembly/washing cycle was repeated until a desirable thickness of the capsule was
obtained. Theilca cores were removed using diluted 0.2 M hydrofluoric acid (HF) at

pH 3. To obtain hollow capsules the core dissolution process was repeated three times to

ensure that the silica core was completely removed.

3.2. Characterization Techniques

A wide range of characterization techniqueae employedor the comprehensiveurface
and structure analysts studythe relevant physical and chemical propertiéprepared

ultrathin films

3.2.1. Ellipsometry

Measurement of the film thicknesses and refractive indices were carried out with a
Woollam M2000U (J.A. Woollam Co, Inc., Lincoln, NE) multiangle spectroscopic
ellipsometer with a WVASE32 analysis software for three incident angles 65, 70, and 75°.
The(Qgol arized angl e) and @ (phase) val ues
Cauchy model to determine the optical constarasidk over wavelengths 245 to 1000

nm (Figure S1). These data were used to determine the thickness of the LbL films by

fitting the data to the Cauchy approximation using a multilayer structure model composed
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of silicon, silicon oxide, and the LbL film of interest. The thickness of silicon and silicon

oxide (n = 1.46, native thickness 2.0 nm) was predetermined prior to depodition o
polyelectrolyte LbL film from the well known reflective index. The LbL film thickness
data was fit to the Cauchy model ,wB/ade the
+ Cy “owith A;=1.45,B=001,andG 0. 0 as a f uncentlythick of &.
films, thickness (>300 nm thickness) was determined using fitted Cauchy constants
obtained from q and @ of measured fil ms.
was in range of 25. Thickness measurements were conducted on atheastdifferent

homogeneous surfaces for each sample showing standard deviation within £8% level.

3.2.2. Atomic Force Microscopy (AFM)

The morphology olltrathin filmswere probed under ambient conditions in air using a
Dimension 3000 atomic force micaape (AFM) (Veeco Inc.). For quantitative analysis

of surface topographA FM i mages wer e obtained in the
amplitude ratio within 0.9@.00 to avoid surface damage and deformaltiett® The

AFM cantilevers had spring constantsthe range of 480 N/m. Scanning rates were

between 12 . 0 Hz , depending on the scan area wh
em 1 '3 Eleamostatic force images were obtained with a Bruker Icon AFM using a
p-doped silicon cantilever with a sprirgpnstant of 3N/m and resonant frequency of
65KHz.** Adhesion maps, modulus and deformation maps were obtained using the
O0Quantitative Nanomechanical Measur ement so

using similar probes as used for EFM measurentéhts.
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3.2.3 Confocal Laser Scanning Microcoply (CLSM)

Confocal images of LbL hollow microcapsules were acquired by a LSM 510 VLS META
inverted confocal laser scanning microscope equipped with a 63 x 1.4 oil immersion
objective lens (Zeiss). Excitation/emission wavelengths of 488/515 nm were used. A
small vdume of a dispersion of hollow capsules were placed intoTeib chambers
(Electron Microscopy Sciences) and then analyzed after they settled. To investigate
capsule permeability to FIT-@extrans, hollow capsules were added to severalTlekb
chambers, wich were then halfiled and mixed with FITGdextran solutions. To
confirm the alternating assembly of polymer pairs on the silica core, the surface

potentials were monitored on Zetasizer N&®equipment (Malvern).

3.2.4. Transmission Electron Micrascopy (TEM)

TEM was performed on JEOL 100&Xelectron microscope and operated at 100 kV to
analyze characteristic of the gold nanoparticles. The samples for TEM have been
prepared by using LB technique on gold grids coated with a carbon support Tdeer.
particle size was calculated from TEM images using ImageJ 1.43u software (National

Institute of Health) by following regular image analysis procedure.

3.25. UV-Vis and RamanSpectroscopy

UV-vis spectroscopyneasurementsvere conducted on a Craic Q202 microscope
spectrophotometer attached to a Leica microscope (Lei&ODOM) with a 50x

objectiveor with a UV-2450 spectrophotometéBhimadzu) The Raman mapping was
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performed with a WITec (Alpha 300R) confocal Raman microscope using an Ar + ion
laser (& = 514.5 nm) as an exci tThespemtrumsour c

was obtained using a 600 grooves mMmrating with a spectral resolution of 5 ‘cht*°

3.26. Small Angle Nedron Scattering (SANS)

Smaltangle neutron scattering (SANS) and neutron reflectivity at Oak Ridge National
Lab (ORNL) were utilized to reveal inner organization of hybrid nanostructures. To
reveal information about the compact or swollen states of branched nanostructures
(expected diameter from 3 nm to 100 nm), aepied SANS in mixed, variable contrast
aqueougdeuterated solutions. The feasibility of SANS to study the complex
nanostructures is supported by earlier studies. For instance, SANS was applied for
characterizationof silver nanoparticle¥ and for gold nanoparticles formed inside
dendrimers:*#'** SANS allows the study of polymer chain conformation in aqueous
solutionse.g, the PEO or PAA or P2VP chains of star block copolym&rsSANS
provides aninsight into the plymer/polymer interactions in a range of physical states as

demonstrated by Melnichenlen al**®

All samples were measured in,@ to minimize the incoherent backscattering and
increase contrast for hydrogenated shéffs. For the 22 arm star polymer, the
microcapsules with different shell thickness (5, 8, and 11 bilayers) in hydrogenated water
were treated with deuterated watep@) that was adjusted to pH3 using 0.1 M HCI. To
minimize the mixing of HO, the DO exchang was repeated three times using the

centrifugation method. The final capsule concentration was sufficiently dilute to
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minimize capsuleapsule scattering effects. This reduces the complexity of data fitting

by eliminating the effects of a structure fast (i . e . S(g) a 1). Sam
1mm path | ength édbanjod style quartz cuvet
measurements were made at room temperature (22°) on the Ex@n8ethll Angle

Neutron Scattering (E@ANS) instrument of theSpallation Source at Oak Ridge

National Lab (ORNL):*

The timeof-flight instrument was operated in 30 Hz (frameskipping) mode using a
mi ni mum wavelengt h, >, of 2.5-6jlAandi0él di ng

13.4 A). A sample to detector disice of 4 m was used, resulting in @agge of

approximately 0.0035t0 0.45A where fiqgd i s the momentum t
g = (4" /9&)sin(d/2) and d is the scattering
1061500 i (di st aata eorrestion 2for /pptpn. chargeDnormalization,

wavelengthdependent flux and sample transmission, background, detector sensitivity and
instrument dark current (cosmic radiation and electronic noise) followed the standard
procedures implemented in MantidPI(http://www.mantidproject.org/). Azimuthally
averaged intensity profiles from the two neutron bands employed were merged using the
routine implemented in MantidPlot. To convert the data into absolute units (1/cm) an
absolute intensity calibration waenducted using a calibrated standard, which in this
case was Porasil B in a 1 mm pathlength quartz cuv&teNonlinear fitting of
experimental data was conducted using the SANSView

(http://danse.chem.utk.edu/sansview.html).
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CHAPTER 4
SURFACE BEHAVIOR OF P§,(P2VP-b-PtBA), HETEROARM

STARS

4.1.Introduction
Branched macromolecules have been widely used for studying ultrathin films because of
their unique and diverse chain architectures as compared to their corresponding linear
counterparts. Steshapedpolymers belong to the class of branched organic materials
which includes dendrimers, hyperbranched, and dendronic moléful@key have a
molecular structure composed of a number of peripheral arms chemically bonded to a
single core**!°% 151 Recently, star shaped block copolymersehgained a considerable
attentionin terms of micelle aggregation and microphase separation in bulk, solution, and
at the surface and interfacas a result oftheir welldefined macromolecular
architecturg>> %3 154155 £or example, heteroarm star copolymers, (also called miktoarm
polymers) consist oén equal number of two different pure arms,Bg).128126127156 157

1%8 The crowding of chains and multiple chain ends of these star copryaacount for

their unique micellization behavior with diverse physical and chemical prop&ttit®.

161, 162 163 164, 165

The surface morphology of star block copolymers is controlled by a variety of factors
such asthe number of arm degree of polymeriz@n, composition, and chain
architecturd®31°41%®> Accordingly, studies ottheir interfacial propertiesan offer more

information onthe structurepropertyassembly relationship of ultrathin film formation.
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In the endsuch an effort willead to theimpotential applications in advanced functional
systems such as ultrathin coatings, sensors, and drug safoerwhich responsive

propertiego external stimuli (e.g. pH, thermo, and shea€erequired®

Polystyrene/poly(inylpyridine) (PSP2VR,) heteroarm star copolymers synthesized via
the-ofitn methodd with pH sensshowed a&sodiabvei z ab |
propertiedn thesolution state ithe presence of toluenahich acts as a selective solvent.

They were consideredo be unimolecular micelles belowthe critical micelle
concentration (cmc) and formed supermicelles altbeemc adopting a spherical shape

with a core-shell structuré®”*?” Whencompared with corresponding linear counterparts,

these heteroarm star copolymers showed three orders of magnitude higher cmc and an
order of magnitude lower aggregation number. This was attributed to thermodynamically

less favorable conditions to form cellar associates as indicated &yositive Gibbs

energy at higher temperatures. The effect of the length of insoluble armgPRaVIES

heteroarm star polymers timeir aggregation behavior in toluene was also considered.

The aggregation behavior ohdse amphiphilic RE2VR, star polymers was also
examined in acidic aqueous solution where the P2VP arms are protonated, exhibiting
polyelectrolyte charactistics'?"*?® Single molecular conformations and dimensions of
coreshell structure of unimolecular and multimolecular micelles gPR8F stars were
studied in various solvents, at different,pdthd concentration conditions using atomic
force microscopy (AFM) with improved contrast through metallizatdf® Yu et al.

preparecanasymmetric amphiphilic RB2VP heteroam star copolymer via atom transfer
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radical polymerization (ATRP) and demonstrated the morphology change of
polymolecular micells of star polymer in a tetrahydrofuran and methanol mixed
solvens.’®” The results reveatl a change in morphology from irregular spherical and
short rodlike aggregates (10 % methanol) to rod like micelles (90 % methanol) by

increasing the methanol concextton, which is a poor solvefdar PS arms.

The systematic study of quasi two dimensional surface micelles based on linear

1.°Y Since then, the

amphiphilic diblock copolymers was reported by Eisenbetrg
surface aggregation behavior of macromolecules has offered an instgtiteformation
mechanism of ultrathin monolayeand theirstructural characteristiéé”***% Various
parameters such as aggregation number, geometric dimews$isarface micellg, and

their shape have been explored through presatga isotherms and by transmission
electron microscopy (TEM) and AFMf LangmuirBlodgett monolayers. Final
aggregation behavior depends dhe composition, degree of polymerization,
hydrophilic/hydrophobic &lance, arm length, concentration of spreading solution,
solvent polarity, and subphase pH and ionic strength. These surface nueglles
formed in solution, or are compression indyced can form spontaneously upon
spreading at the aater interfae.'®® More recently, there have been reports on surface
micelles, chain conformatienand morphologies of amphiphilic,B, binary heteroam

star copolymers having symmetric or asymmetric chain structure, (e.g. polystjaene
poly(ethylene oxide) (RPEQ,), polystyrenestarpoly(2-vinyl pyridine), polystyrene
starpoly(acrylic  acid) (PSPAA,), and poly(ethylene oxidetarp o |-y ( U

caprolactone)j®’® 169162 165
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Recently, novel starshaped A(B-C), multisegmental block terpolymers bearing PS,
P2VP, and PAA blocks were synttest d t hr ou g h -autmetieosh and wedee d fi i n
explored in agueaumedia. These star terpolymers consist of pure PS arnahaqaal

number of P2VFh-PAA diblock copolymer arms, RF2VR-b-PAA),, named heteroarm

star block terpolymers. Hammoetal.demonstratetheir hierarchical setorganization

of such a complex structures with small surfactdhtsThe ampholytic nature of this

novel star block terpolymeallowed for complexation to be carried out on either the
P2VP blocks (wit negativelycharged surfactants) or on the PAA blocks (with
positively-charged surfactants), depending on the pH at which the complexation reaction
was carried out. Addition of saétants to one block versus the other results in
dramatically different morphologies and when the P2VP blocks are complexed, close
packed spheres are observed. On the other hand, when the PAA blocks are complexed,

the molecules form corghell cylinders RS and P2VP composing the core and shell,

respectively) in a matrix of PAA (surfactant).

However, studies of the surface micelles of(BAC), star terpolymers are still rare.
Moreover, triblock ABC copolymers offer diverse morphologies with over 30 phases in
the solution and bulk state becaustthe introduction ofa third block. Such diverse
morphologies cannot be observed in binary ABatiklor ABA triblock system’®1"*

Therefore, it is intriguing whether thesg(B-C), star terpolymers can provide diverse

surface supramolecular nanostructures with various-stoe#corona structures sucs
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spherical, worrdike, vesicles, toroids, ancadus micelles, as observed with ABC linear

counterpartg/> 173 174 175 176 177

In this chapterwe explore the surface behavior and morphologies of a series-of pH
responsive amphiphilic star block terpolymers,(P8VR-PtBA),, and their precurssyr
heteroarm sir copolymers, RE2VR, with a high asymmetry in arm length. The focus

of this work is on the effect of pH on the morphology of these amphiphiliesktgred
multiblock polymers which differ in architecture (copolymers and terpolymers),
arm/block lengtiimolecular weight of P2VP segments), and number of arms (n = 9, 22,
and 28). To investigate the molecular aggregation and microphase separation of complex
amphiphiles at the aivater/airsolid interface, we focused anorphologicalstudies at
different sibphase pH (pH = 5.8 and 2.0). Our results demonstrateoagspH
dependencef the surface aggregation leading to different limiting molecular areas and

surface morphologies for stars with different chemical compositions.
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Figure4.1: a) Schematic of the mulstep synthetic procedure for the synthesig@B-
C), heteroarm star block terpolymer, * denotes active sitedldd¢cular structures of
heteroarm star polymers. G | representsP2SR, (AnBn) star copolymers and G I
represents RF2VR-PtBA), star block terpolymers.

4.2.Experimental Details
Materials. The PS,(P2VRPtBA), heteroarm star block terpolymers were synthesized by
a multistep, one potsequential anionitiving polymerization procedure following the

fi i-ont method (Figure 4.1(a))***'?’ All samples have been characterized &y
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combination of gel permeation chramgraphy,'H NMR, and light scattering in

accordance witthe approacipublished elsewhere and summarized in T4tlé*

Table4.1. Molecular Characteristics of Heteroarm Star Polymers.

Number of B c )
a
Chemical arms PPM,
Sample a ’
structures N Total MW Nps MW NPZVP Mw NPtBA
GI-B9 9 18 3,400 33 13,200 126 0.80 149,000
GI-B22 PSP2VP 22 44 3,500 34 14,300 136 0.80 386,000
Gl-B28 28 56 3,000 29 16,000 152 0.84 529,000
GII-T9 9 18 3,400 33 13,200 126 8,900 69 0.52 235,000
PS(P2VR ’ ’ ’ ’
Gll-T22 PBA) 22 44 3,500 34 14,300 136 15,250 119 0.44 717,000
Gll-T28 " 28 56 3,000 29 16,000 152 11,000 86 0.53 843,000

@weight fraction of P2VP.

Substrate preparation.Freshly cut silicon substrates with dimensions 1 cm x 2 cm and
[100] orientation (Semiconductor Processing) and a native sillmide layer having a

1.6 nm thickness were cleaned with piranha solutionl( concentrated sulfuric acid and
hydrogen peroxide mixture) in accordance with usual procédtirgubsequently, it was
abundantly rinsed with Nanopure water (1812 ¢ m) and adry nitegen wi t h

stream. Pretreated substrates serverhgdrophiic basefor film deposition.

Fabrication and characterization of monolayersThe LangmuiBlodgettstudies were
conducted using a KSV2000 minitrough at room temperature, according to the usual
procedure adapted in our I&8. A 0.5:0.10 mg/ml concentration of solution, composed

of a star polymersample dissolved in a nonselective solvent of chloroform/methanol
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mixture (90/10 % in vol/vol) (HPLC grade) was prepared. The LB minitrough was next
filled with Nanopure water. The pH dhe water subphase was adjusted by using
hydrochloric acid withouta buffer system. The 6020 pL polymer solution was
dispersed irseveral droplets evenly onto the surface of the water. It was then left for 30
minutes to allow for the evaporation of the chloroform. Compression of the monolayers
was conducted at a speed of 5 mm/min. The Langmuir monolayers were transferred from
the air-water interface by vertically pulling out the substrate submergetieinwater
subphase at a rate of 2 mm/min. The limiting cross sectionalPareas determined by

the steepest tangent rise in the surface pressinieh evidenced the formation of a

condensed monolay&?

Effective monolayer thicknesses were obtained with a&20@d0 U spectroscopic
ellipsometer with WVASE32 analysis softwareAFM images were obtained with a
Dimension3000 atomic forcemi cr oscope. AFM i mages wer e
tappng mode with an amplitude ratigithin 0.90-1.00 to avoid monolayer damatj&**°
Measurement othe contact angles were undertaken with a KSV CAM101 setup by

dropping Naopure water at three different locations for each sample.
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4.3.Results and Discussion
4.3.1.Chemical composition.
Two groups of star polymers with different compositions, chain architectures, block
topologies and the number of arms were usethisistudy. Group | includes heteroarm
star copolymers composed of PS and P2VP armgP@&,), where n denotes the
number of each arm (Figusel). The Group llrepresented as RB2VRPtBA),, are
star polymers composed of three kinds of blocks, whiear RBA blocks as another
hydrophobic component directly connected to the end of the P2VP arms. In both stars,
the arms are linked on the same polydivinylbenzene (PDVB) core (#dbénd Figure
4.1). Group | heteroarm star copolymers and Group Broarm star block terpolymers

will be abbreviated as G | and G Il respectively throughout this manuscript.

Figure 4.1(b) represents the general macromolecular architecture of the heteroarm star
polymers studied here.For the sakeof brevity the P§P2VR, are termed as star
copolymes and the PEP2VRPIBA), as star terpolymer The two groups have

different number of arms (n =9, 22, and 28 respectively)tlamtbtal arm number is 18,

44, and 56 per single star polymer, respety (Table4.1). G, .presents the weight
percent of P2VP blocks indicating the hydrophilicity of the star polymers in the condition

that pyridine groups in P2VP are ionizabl®verall the star copolymers, FFRVR,

(U povp=0.8), are more hydrophilithanthe star terpolymers, R&2VRBtBA), (U povp =

0.4-0.5).
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Based on the ionization constant of pyridine {p¥5.2) in solution, P2VP remains highly

protonated under acidic conditions at pH 2.0 (adjusted by hydrochloric acid) whereas it is
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Figure 4.2: Surfacearea isotherms of RB2VR, star copolymers (a and b) and
PS(P2VRPtBA), star block terpolymers (c and d) at different subphase pH (5.8 vs. 2.0).
GI-Bn denotes PP2VR, ( n is the number of arms; n = 9, 22, and 28) andTall
denotes P$P2VRPIBA), (n =9, 22, and 28).

only partially ionized at pH 5.8 (Nanopure water without pH adjustnt&htfowever,

the effective pKvalue ofthestar polymer is expected to be lower (less than 5.2)ttl&an
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linear counterpart due to ionic confinement phenomena, which leads to high osmotic
pressure whin thestar architectur&® Li et al.reported that 8A homopolymer and RS
b-PtBA linear block colymespreadat the aiwater interface whereas F®mopolymer

does not’™ PtBA chain ends in star terpolymer thus seem tsuréaceactive and form
surface aggregates. However, they are likely to be classified as hydrophobic based on

their hydrophilic/hydrophopobibalance.

4.3.2.Surface-pressure isotherms at airwater surface.

Figure4.2 shows the pressueer e a i s €A} dfi @ I stascopplymers and Gdtar
terpolymers as a function of the number of arms and at different subphase pH. The initial
molecula area A, defined aghe starting liftup point ofthe surface pressure from zero
pressure, depends on the number ofsgthreir molecular weight) at both pH conditions
(Table4.2 ) . -ATsotleerm’plots showlargerange of high compressibility #telow
pressure region until they start to dramaticallyrease This gradual bud up in pressure

is due to the higher occupancy required for a larger number of arms which are initially
stretched at the awater interfacebut sink to the water subphasgth modest lateral
compression.The reteroarm star polymers studied here have very large initial afea, A
in a gas state at which star polymers exist as unimerdittlighinteractionbetween them
resemblingtheir state in solution belowhe cmc. Crosssectional areas of initial gas
states depend on the number of arms @nedsubphase pH for both groups. tine
condensed state region, limiting molecular aregal8o shows similar change in terms of

number of arms for both G | and G Il graufable4.2). The limiting molecular areas of
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all star polymers were determined by extrapolating the tangential line at the steepest rise

to zero surface pressure in the range of surface pregsaéemN/m.

Table4.2: Monolayer Characteristics of Hetarm Star Polymers at Different Subphase
pH.

Effective thickness (nm)

Ao, (nnT) Ay, (nnf) P=09 P =100 P =200
(mN/m) (mN/m) (MmN/m)
pH pH pH pH pH pH pH pH pH pH
Sample 5.8 2.0 5.8 2.0 58 2.0 58 2.0 58 2.0
GI-B9 340 120 1400 900 00 0.2 1.0 23 3.6
GI-B22 750 260 1900 1800 0.6 1.4 3.0 4.1
GI-B28 820 300 2800 2500 08 05 21 3.7 3.5
GII-T9 750 580 1900 1800 0.4 11 11 2.0
GIl-T22 900 950 3400 2900 0.5 1.3 13 1.9
GII-T28 1100 1100 3900 3400 0.6 16 13 19 20

Table4.3: MophologicalCharacteristics of monolayers as a Function of Number of Arms

at Different Subphase pH. Deposited at Surface Pressure 10 mN/m.

Average domain Domain area
RMS Roughness
height(nm) coverag€%o)

Sample pH 5.8 pH 2.0 pH 5.8 pH 2.0 pH 5.8 pH 2.0
G1-B9 0.8 0.8 48.0 48.0 0.20 0.22
G1-B22 1.0 0.9 48.0 48.0 0.24 0.25
G1-B28 1.1 14 45.0 53.0 0.33 0.39
G2T9 25 1.7 51.0 49.3 0.60 0.30
G2T22 1.3 1.6 48.0 46.6 0.38 0.35
G2-128 1.3 14 50.0 49.0 0.42 0.38

The initial surface areas of compounds from G Il group are larger than those of G |
compounds (Tabld.2). This effect could be attributed tioe higher hydrophobic block

content in the star terpolymers. At acidic condiioA; shows a smaller decrease as
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compared to that at neutral pH (TaBl8). This difference can be caused by the fact that
the ionzed P2VP chain segments remain anchored to theaaér interface in atarfish
shape with few submerged P2VP segments under these conditions (see4Bigurd

more discussion below).

On the other hand, G | and G Il star polymers displayed digbidesensitive surface
pressure behavior. At acidic pH (2.0) condition, the values @@ A decrease for G |

but stay constant for G Il polymers. This distidependencen pH seems to be due to
the difference in chain topology for these differerdugrs. The relatively hydrophobic
PtBA end blocks of G Il compounds influence the chain conformation change at-the air
water interface unlike G | compounds with pH sensitive P2VP arms (Fglye In
particul ar, we f eAusotderms hamitic pH boaditisnhsasimiar to f
that for linear PSP2VP block copolymer and PSP2VP with incorporated alkyl

groups?>'83

The pHdependence of surface isotherms reveals that G | compounds havé notab
smaller A at neutral pH (pH = 5.8) than that at acidic (4D) condition if compared to

G Il star terpolymers (Tablé.3). At acidic pH, pyridine moieties (pk= 5.2) on P2VP

blocks are ionized with a positive charge. The G | group slaodvamaticreduction in

Ao without any transition shoulder on the isotherms wAgdor G Il compounds remas

the same undehe highly ionized condition (Figuré.2). This behavior can be explained

by the weltknown characteristic transition model, thatis, frins t ar f i sho t o

transition (see Figuré.3 and more discussion beloW}> At higher surface pressure, the
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Multi-arm single star polymer
(Corona-corona micelle)

in nonselective solvent

Protonated P2VP. Unimolecular surface micelle
pH 2.0 (Core-shell structure)

Figure 4.3: Schematics osuggested chain conformations of star copolymers (Gl) (left)
and star terpolymers (GllI) (right) at pH 5.8 and 2.0 at thevaier interface under lateral
compression (top) and unimolecular micelle atveater and aksolid interfaces (bottom).

submersn of pyridinium chains into the water subphase aeayron compression.

Indeed, it has recently been found that the highly ionized P2VP arms of lind2\FS
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diblocks might sink into the water subphase with increasing lateral compression
depending upothe degree of ionization of pyridine groups without quaterizaftoron

the other hand, the hydrophobized version of PVP, alkylated PVP, reatsmbed at

the water surface without undergoing the conformation change and the chain submersion

in the water subphag&’

However, the G Il star terpolymers do not show any noticeable decreagemith/AoH

change contrary tthe G | star copolymer precursors (Figwt2 ) -A isotherms of G I

compounds showweak transition shoulder imerange of 3 mN/m to 10 mN/m. At pH

2.0, the surface pressure undergoes a sharper transition in a solid state {Rigure
However,Ap of G Il compounds remaithe same at both pH conditions except for star
polymess with a lower number of arms (GI9) (Table4.2). This fact suggests thtte

P2VRPIBA arms of G Il star terpolymsrreside in theadsorbed state on the water

surface withouta phase transition fromthefisffarsho -t oslig et bygf or mat |
both neutral and acidic pH (Figu#e3). It is apparenthat the hydrophobictBA chain

ends, which are attached to P2VP arms, keep these diblocladsonsed onto the
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Figure4.4: Compressiorexpangn cycles of PF2VR, (a and b) and REP2VRPtBA),

(c and d) at different pH. The number of cycles is four.

interface and not completelylsmergednto the water subphase. At pH 5.8, pyridine is
parially protonated and remairsdsorbed at thair-water interface due to the strong
ionic repulsion, which causethe chain to be stretched along the interface. This
intermolecular repulsion leads tweak shoulder transition on the surface pressure
isotherms for GHT22 and GHT28 at pH 5.8. At H 2.0, the increased solubility die

fully protonated P2VP segmenallows the chains to easily submeigato the water

63



subphase (Figuré.3). As a result, star molecules can be more highly compressed at pH

2.0 than at pH 5.8.

Compressiorexpansion istherm cycles at different pH were conducted to measure the
monolayer stability and the reversibility of surface aggregation (Figdie Langmuir
monolayers were compressed up to 5.0 mN/m and subsequently expanded to 0.1 mN/m.
The resul showmostly eversible behavior ahe compressiorexpansion cycle for G |

and G Il compounds at varying pH conditsan this compression range. Both G | and G

Il compounds exhibit higher hysteresis at pH 5.8 than at pH 2.0. G Il compounda show

larger hysteresigspecially, at pH 5.8.

In addition, for both G | and G Il groups, the hysteresis at pH 5.8 increases with the
number of armswhile at pH 2.0 this trend does not depend ugf@anumber ofarms

within the same group. In the case of pH 5.8, higher laseimplies loose initial
packing at the aiwater interface, which can be ascribed to higher electrostatic repulsion
between surface aggregates. We suggest that partially ionized P2VP segments, which are
absorbed at the awater interfacebecome reorgnized, resulting irthe transformation

into a different chain conformation (Figu#3). This different conformation at pH 5.0

can be explained byhe varying charge distribution on the patty ionized P2VP
segments serving as a kinetic barfréf* The hydrophobic fBA end blocks anchored to

the surface act as additional elastic barrier, thereby preventing the close packing of the
molecules. BBA segments seem to sustain the ionized P2VP chains floating at-the air

water interface by hindering the submersion of P2VP blockiivgavater subphase.
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Figure4.5: a) Plot of limiting molecular area,oAof star polymers vs number of arms at

different subphase pH 5.8 and 2.0 P&R,at pH 5.8 (Yy) R2VB pH 2.
PtBA)pat pH 5.8 (z) and pH 2. 0 ofstr.polyngrsvsi mi t i
number of 2VP monomer units at different subphase pH 5.8 and 22V at pH 5.8

(Y) and p Hy(P2VRRBA)Y, @)t; pMHS 5. 8 ( z) and pH 2.0
molecular area as a function of number of arnmsfor PSP2VR, a t pH 5.8 (2
PSP2VR,at pH 2P2VBPBA),&PtS pH 5.8 (&) and pH 2.0
with star polyners PGPEQ, ( y') f rl6dmand PEREQ from ref.162c). For n=1,

the data for corresponding diblock copolymer of®25/P was taken from ret83

Limiting molecular aregA,, varies linearly with the number of arms and the number of
pyridine monomer units although this conclusion is made with a limited numlokataf

points (Figure4.5). Extrapolating the limiting molecular area to zero P2VP monomers
characterizes the micelle structure based on the contribution of each block to the surface

area at the aiwater interface. Previous reports on the limiting molecular area of surface
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micelles composed of linear block copolymers at neutral pH conditishowed a zero
intercept as the number of surfamechored fragments decreas&d®® However,a non

zero intercept indicates that the PS cores contribute to the surface area aivdderair
interface at low pH condition (15 rfmat pH 1.8):** G | group with free hydrophilic
P2VP arms showed a lower intercept than G Il group withtiydrophobic segments, PS
and RBA. Inthecase of G | compounds, PS arms and P2VP arms remaining at-the air
water interface account for the noaro intercept The elatively higher intercept for G Il
compounds is due to the contribution of additidoalg RBA end blocks to the limiting
molecular area. The hgher intercept of these compounds at pH 5.8 than at pH 2.0
indicates that PS and P2\@Pmsof star polymer micellecontribute tatheir surface area,
implying incompletéy/-segregatecthainlike stuctures at the awvater interface. The
slope of the plots represerttse area of each arm dhe 2VP monomer unit at the air
water interface. G | shows a change in area of 2VP monomer unit from 0% pir

5.8 to 0.06 nrhat pH 2.0 whereas the slope for G Il is similar at different pH conditions
(0.11 nnf at pH 5.8 and 0.17 rfmat pH 2.0). These results reflect that the chain

conformation of P2VP in G1 is more sensitive to pH than G II.

Figure4.5(c) shows a linear varieon of the number of arms with limiting molecular area
under loglog scale suggesting the power law dependence of the variablas we’in

the range oparameterstudied here. Therefore we capeculatehat this dependence
suggests that the surla@ggregation behavior of osta polymer at the interfaces
analogues to the aggregation number dependency on the degree of polymerization of the

different block copolymers in solution stafé. The analysis showatthe Uvalue br G
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| group is within0.850.90 but decreases to 0-8(6 for G Il group. These values can

be compared with data for FEO star block copolymer from our previous studies with
exponentiavalueU= 0.75 (Figure4.5c). LargerUvalue implies the higher contribution

of each arm to molecular area at theveater interface. From comparison with surface
behavior of linear counterpart, we suggest that star architectures hinder the rearrangement
of arms at the interface since theywéahe restriction of chain conformation due to
confined and highly crowd chain structure around core. On the other hand, a significant
drop of Ufor G Il group can be related to already high initial molecular area caused by

the contribution from additical hydrophobic ends.

4.3.3.Monolayers at solid substrates.

The effective thickness of Langmuir monolayers deposited at the surface pressure of 10
mN/m increases with the number of arms for both G | and G Il groups (F&)le At
varying surface presse, the effective monolayer thickness increases with increasing
compression for the same number of arms. G | heteroarm star copolymeis @hthib
dependent behavior of thicknesses (T&kl. At acidic pH(2.0)condition, the effective
thickness is thee times higher thahatat neutral pH. This result supports the suggestion
made above that pressure induces chain reorientatidheimertical direction which
contributes to the monolayer thickness (Figdi®. The drastic increase in thickness at
acidic conditions can be attributed to the swellinghaf P2VP chain segment at acidic
conditions due to intramolecular ionic repulsion, which leads to the expanded chain
conformation. Moreover, the lateral compression provides smaller surface area per

molecule, thus forcing the ionized P2VP chains to further stretch in a vertical direction.
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In contrast, the effective thickness tife LB monolayer for G Il star terpolymers

undergoes no pronaaged changes at different pH (Tabkg, 4.3).

Moreover, they

exhibited similar thicknesses with group G | star copolymers despite much longer arm

lengths. We suggest that hydrophobic blodBA? at chain ends plays a critical role in

the stabilizationof the lateral organization and the prevention of the@r fish

conformation even at acidic pH conditions (Figdr8). This behavior underlines the

critical role of the nature of the end groups in the overall conformation of the star

molecules at intéaces and their behavior at different pH conditions.

Number of arms, n

®  PS (P2VP-PtBA), pH2.0  SP = 10 mN/m
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Figure 4.6: Contact angles measurements of LangrBlddgett monolayers of star
1 star terpol ymer

polymers. (0)
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For LB monolayers formed with both groups of star polymedrs, dontact angle was

within 65-77° (Figure 4.6) indicating the modestly hydrophobic composition of the

topmost surface layer and confirming the preferential surface location of PS and PtBA
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blocks in accordance with modetliscussed above (Figu#e3). A higher contact angle

was

FigureA7.AFM t opographical i mR2VB, starqodolynsera (nNl= 1 & m
9 for a and b; n = 22 for c and d; n = 28 for e and f) at different subphase pH: a, c and e at

pH 5.8, and b, d and f at pH 2.0. The LB films were deposited at a surface pressure of 10
mN/m. G1B, denotes P$2VR, (humber of arms, n = 22, and 28). Z scale =5 nm.
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Gl -T9

Gll -T22

Gll -T28

Figure48. AFMt opogr aphi cal i ma g gPRVREPIBA) sstar bibck 1 & m)
terpolymers (n = 9 for a and b; n = 22 for ¢ and d; n = 28 for e and f) at different
subphase pH : a, ¢, and e at pH 5.8, and b, d, and f at pH 2.0. The LB films were
deposited at a surface pressure of 10 mN/m-TG8&enotes PHP2VRPIBA), (n=9, 22,

and 28). Z scale =5 nm.

observed for LB monolayers deposited at acidic conditions (Fi§6)e The increasing

contact angles at acidic pH suggest that the ionized P2VP blocks stretch out beneath the
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topmost PS phase resulting in the enhanegtical chain segregation of hydrophobic PS
and hydrophilic P2VP blocks. The presence of the additional PtBA blocks in the G Il
star terpolymers results aslightly higher contact angle (Figu#e6). The contact angle

of G | star polymers increasedtiwthe number of arms in contrast tbe G Il group

which can be related to different surface morphologies and microroughness as will be

discussed ithe next section (Tabld.3).

4.3.4.Surface morphology of monolayers

Figure4.7 shows the surface morphology of LB monolayers of G | star polymers formed
at different pH and & surface pressure of 10 mN/m. The surface morphology changes
from regular circular micelleat pH 5.8 to ribborshaped aggregates at pH 2.0. Bor
highernumber of arms (GB22), a distinct labyrinth pattern was observed insteaa of
long ribbon or rod structure as previously reported for star block copolyifér&n the
other hand, the circular micelles of @VP can be compressed up tghisurface
pressure and tend to foralabyrinth pattern caused hlge fusing of PS cores into short
rods?® This transformation providefurther evidence for the submersion of ionized
P2VP blocks (transition frorstar fish to jelly fish at the airwater interface (Figuré.3).

It is noteworthy that at pH 2.0 the labyrinth pattern becomes more prominenanvith
increasdan the number of arms. Ithe case of GB28, the surface aggregates are more
curved and branched as compared teBSland GiB22. However, at this pressure,
intemicellar distance remains similar for many star polymers regardless of pH

conditions.
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Gl-B28

Gl -T28 [

Gll -T22

Figure4.9: AFM topographical images (500 nm x 500 nm) ofB28 (PS$gP2VPRg star
copolymers for a and b), G28 (PS$s(P2VR-PtBA),g star block terpolymers for b and

c), andGlI-T22 (PSx(P2VRPtBA),, star block terpolymers for e and f. The LB films

were deposited at surface pressure 10 mN/m at different subphase pH 5.8:(a, ¢c and e) and

at pH 2.0( b, d and f). Z scale =5 nm.
In contrast, the G Il star terpolymers show mgngicant pHdependent transformations

of surface morphology (Figuré.8). The welldefined circular surface micelles with
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large diameters were maintained regardless of the variation of arm number with little
change in the surface texture. However,-T3l exhibited smoother surfaces at neutral
pH. The hydrophobictBA blocks appear to keep the ionized P2VP blocks floating even
at acidic pH thereby suppressitige transformation othe molecular state frm star fish

into jelly fish (Figure4.3).

In contrastto the G | group, whose micelle size increases with the number of fmms
different pH the size of micelkeof the G Il group decreases with increasing number of
arms as can be seen in higesolution AFM images ifrigure4.9. For instance, GB9
compound witha smaller number of areshowslarger andmoreirregular micelles with
anaverage diameter of 55 +rin. On the other hand, diameters of domains for TR
areslightly lower (45 £ 5 nm) anthere is areven further dcrease for GiT28 to 38 + 5
nm. Such shrinking can be caused by theaggregation of PS andBA hydrophobic

blocks in more crowded stars resultingaimore condensed state.

Next, to elucidate the pH effect on the surface morphology and its tramsions) the
LB monolayers were compared at different surface pressures, particularlyaad(®B0
mN/m at neutral pH as illustrated in Figu#e&0 and4.11. At thelow surface pressure
of 0.5 mN/m,amore loose packing of circular surface aggregaebserved for both G |
and G Il groups. For compounds with lowest number of arms, such-B9,®b clear
micellar structures are observed. Moreovecreasing theaumber of arms effectively
makes the micelle aggregates more defined and more sepakatgdrticular, theG II-

T28 compound showalarge uniform space between surface micelles.
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SP=20.0mN/m

Figure4100 AFM t opographical i m#®2ve stdiffetent suracé
pressures (0.5 and 20.0 mN/m) at pH 5.8.-BgHenotes P 2VR, (number of arms, n
=9, 22, and 28). Z scale =5 nm.

On the other hand, #te higher surface pressure of 20 mNfime G | group shows coarse
texture and collapsed monolageontrary tothe transformation from circular to lamellar

morphology at acidic pH (Figur&.7). However, G Il compounds maintain the circular

micellar structures at higher pressargineutral pHshowing highestability without
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SP=05 mN/m SP=20.0mN/m
: d v‘."-: ",’:-"‘. L

Gll -T22

Gll -T28

Figure 411 AFM i mages (1 & m ,P2VRPtBAmat different sua&e
pressures (sp = 0.5 and 20.0 mN/m) at pH 5.8 T@ltdenotes REP2VRPtBA), (n = 9,
22, and 28). Z scale =5 nm.

collapsingas displayed in Figuré.11d,e,f In particular, G HT28, with alarger number

of arms exhibitsa higher stability compared to compounds wattower number of arms

(GII-T9 and GHT 2 2) . This observation condi
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isotherm analysis and suggeshat the hydrophobic BFBA corona serves aa more
effective barrier under high lateral compression thahe hydrophilic corona of G |

compoundsthus preventing collapse and preventingcircular micellar morphology.

Figure4.12. AFM topographical mages (1 & mgPAVPRglstarcapdlymerfas P S
a function of surface pressure: a) 0.5 mN/m, b) 1.0, ¢) 5.0, d) 8.0, e) 10.0, and f) 30.0 at
pH 2.0. Z scale =5 nm.
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To consider the formation of the labyrinth morphology at acidiq8 condition, LB

films were examined at different surface pressures (0.5, 1.0, 5.0, 8.0, 10.0, and 30.0
mN/m) for selected compounds. We seledted) arm star copolymers from G | group
(GI-B9, n = 28) and from Group Il (GIT9, n = 28) (Figureg.12, 4.13). AFM imaging
demonstras that the labyrinth morphology has indeed originated from the transition
from the initial circular structures observed at very low surface pressure (Bidgded.

As the lateral compression increased{8.0 mN/m), the surface morpholodyegan a
gradwl transformation to with compressed and coalesced circular domains (Figure
4.12b,c). Attheintermediate stafjea mixtureof condensed circular and short ribb@n
observed (Figuret.12d). When compressed further up to .D00mN/m, the surface
morphology finally converts into fine, interwoven ribbon structures constituting
labyrinth morphology (Figuré.12e). This morphology remains stapbdthough with

much finer elemenisup to the highest pressure (3mN/m), close tothe monolayer
collapse. Ths, the G | compound could readily undergo the conformation
transformation from flattened armstdr fish) at the akwater surface into submerged
P2VP blocks(jelly fish) under high surface pressuteading to the easier collapse of

these monolayers (Rige4.3).

In contrast tahe PS$gP2VP,s compound discussed above, no significant changéseof
labyrinth morphology composed of branched ribbons were observed for the G Il star
terpolymers withan identical number of arms at the same pH conditionsu¢gig.13).
PSs(P2VRPIBA),s sustains the stable circular structyresonfirming that the

hydrophobic BBA end blocks prevent the aggregation/transformatipacting as natural
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barrierswhich canendure the compression forces such as suggested above @&&ure
Finally, the monolayer collapse resulted in disorganized local regions of coalesced

domains withat anysigns of labyrinth morphologyHigure4.13d).

R AN
8 ':'." TR
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P b ’-‘: hd ‘n).."‘.‘,‘-’_az
L P

Figure4.1 3 . AFM topographi cal PR2PFEA)dGsh & m
function of surface pressura) 1.0 mN/m, b) 10.0, c¢) 25.0, and d) 30.0 at pH 2.0. Z scale
=5nm.

Table4 .4: Aggregation Numbers of Surface Micelles.

b d
Amol Amicel

Sample  pH  SF (mN/m) (nm? / molecule) Nricer” () (nm?/ micelle) Nagg ()
GI-B28 5.8 0.1 1723 212 2976+ 0.5 1.7£ 0.5
5.8 10.0 520 74+ 4 845+ 0.3 1.6£0.3
GII-T28 5.8 10.0 897 48+ 5 1302+ 0.2 1.5+1.0
2.0 10.0 829 60x7 1042+ 0.4 1.3+£0.8

a. Surface pressure. b. Molecular area from swdaea isotherms. c. Number of micelle
estimated from AFM images (250 x 25079 nd. Micelle area. e. Aggregation number.
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To quantitatively characterize the domain morphology for the star polymerstivath
largestnumber of arm¢28) we derived thaggregation number gy) from AFM images
according to the known procedute The number of aggregates per selected surface area
(Amice) Was compared with the molecular af@a,) from thelimiting crosssection area,

Ao, to derive Ngg(Table4.4). Remarkably, it is found thahe star polymers with a
largernumber ofarms possssa very low aggregation numbearound 1.5at different
pressures and pH. This fact indicates that domain structures in these star block
copolymers are predominantiyni-molecular micelles. This conclusion is in agreement
with the models suggested ate (Figure 4.3). Apparently, tle overcrowding of the
outer shell of the star molecules wilarge number of long arms causegamolecular
aggregation and microphase separation and prevents the aggregation of multiple
molecules into a single micelleThe formation of stable unimolecular aggregates is in
contrast with regular, compositionakymilar linear block copolymeyrsvhich showa

large aggregation numb&’

In summarythe surfacdehaviorand morphologiesf two series of novel piesponsive
amphiphilic heteroarm star polymers, which differarchitecture, block topology, arm
lengths, and number of arptsave been presenteddueto the pHsensitive ionization of

P2VP block, the morphology of star copolymers bearing the free P2VP arms was strongly
dependent on the pH of the subphase, while the star terpolymer containing the protonated
hydrophilic P2VP block as midblocks and terminlydrophobic BBA blocks,

maintainechearly constanbrganization at low pH.
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CHPATER 5
INTERFACIAL BEHAVIOR OF pH RESPONSIVE AMPHOLYTIC

HETEROARM STAR BLOCK TERPOLYMERS

5.1. Introduction

Recently, stashaped polymers with different blocks confined a single core, named
heteroarm or miktoarm star copolymers, have attracted significant attention because of their
well defined macromolecular architectures and can be considered as model branched
systems with colloidal and polymeric propertiéic>3154166185186187 A 3 result of their
starshaped chain architecture, they can show peculiar micelle aggregation in bulk, solution,
and at interfaces. In fact, star copolymers show a critical micellar concentration which is a
few orders of magnitude higher thaf linear counter parts while the association number is

significantly lower than that observed for linear countergaft§>1631#s

Star copolymers bearing chemically different arms possess a variety of morphologies such
as spherical micelles, stripes, and ditkke micelles depending upon the copolymer
composition and solvent selectivity#’41891% For instance, the assembly of amphiphilic
heteroarm star polymers composed of hydrophobic and hydrophilic arms
polystyrene/poly(2/inylpyridine) (PSP2VR) in organic solventfike tolueneas well as in

acidic aqueous solutions, was demonstrated utilizing the responsive nature of the blocks
present in the star polym&P In another study, spherical to rike micelles were obtained

by simply changing the polarity of the solvent which is selective for one of the arms of

167

asymmetric P$2VR, heteroarm star cagbymer.™" Assembly and aggregation behavior of
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amphiphilic star polymers of different chain architectures such as, poly(ethylene
oxide)/polystyene (asymmetric PE®S, and symmetric PEPS, heteroarm stars) at air

water and solighir interfaces demonstrated a variety of surface morphol&Yies

Heteroarm star block terpolymers of the typgBAb-C),, which can be synthesized using

the inout synthetic route, have attracted much attention very recently due to theantra
intermolecular interactions that lead to interesting assentfif8 These star polymers can

be considered to be a hybrid between the knowBy), Aeteroarm star copolymer and a (BC)

star block copolymet® Tuning these blocks makes the system responsive to external
stimulus such as pH, temperature, and shear. Stgmpad composed of poly acid/base
blocks exhibit an isoelectric point over a certain pH range depending on the ionization of the
blocks. The polymer then precipitates in this region due to intra/inter molecular electrostatic
interaction; however, their dehssembly in other pH region leads to various interesting
morphologies®"1%° Recently, attention has been given to terpolymers constituted of
hydropholic polystyrene (PS) and the hydrophilic diblock copolymer poly(®/l-
pyridine)b-poly(acrylic acid) (P2VFh-PAA) since the individual blocks show strong pH
dependence over a wide range of pH values. Various nanostructures can be obtained by
tuning the mteraction between the hydrophilic groups (P2VP and PAA) within or between
the polymer chain§*'*® Polyampholytes that contain cationic and anionic moieties in the
same macromolecules have several potential applications in drug delivery andavater

formulations due to their pidensitive behavior-2%%’
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The LB method allows to fabricate ultrathin films with a firm control over the molecular
organization and composition. Assembly of the amphiphilic polymers at theatar
interface and in ultrathin films can be controlled by a varggtjactors such as molecular

are, chain architecture, composition, and interactions between the substrate and the star
polymer'*? Tailoring theg properties allows for the development of ultrathin films for
applications in advanced functional systems such as coatings, sensors, and dru§’¢&triers
Assembly of pH responsive RB2VRb-PtBA), star terpolymer and its heteroarm star
copolymer precursors RE2VR,, was studied in both the Langmuir and LB filii$ The

star polymer P$2VR, containing free P2VP segments, shows a strong pH dependency and
forms different morphologies such as unimolecular circular micelles and labyrinth structures
at different pH values and surface pressures. These surface micelles are formed around PS
cores vith P2VP arms radiating outward in a stsh like fashion. However, RE2VRb-

PtBA), with P2VP as the midblock maintained the same circular morphology regardless of
the pH and surface pressures. In another study, surface micelles formed in the LB
mondayer of star P$2VR, with different numbers of arms and composition were utilized

as a template to grow gold nanoparticles at the stidnterfaces and showed that the

particle size distribution can be varied by changing the number of arms of tpelgtaers

200

The terpolymers, constituted of weak polyelectrolytes, P2VP and PAA segments, in the
diblock, are expected to show strong pH responses over a wide pH range in contrast to
PS(P2VRb-PtBA), with hydrophobic BBA end block as previouslgemonstrated® The

amphoteric nature of the arms, which is a distinct and novel feature of these star polymers
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is expected to make availablesekrse supramolecular structures through a variable balance
of H-bonding and electrostatic interactions over a wide range of pH valtE3).(1Even
though there are some reports on pH dependant surface morphologies of LB films of star
polymers of differenh types, such as RB2VR, and P{P2VRb-PtBA), most of these
studies are limited to a small range of pH due to the presence of only one type of pH
responsive block or neresponsive block at the end of the arms. Even though the assembly

92193

of the star tgrolymers in solution has been studied extensi{(&Ry; their surface

behavior at the aiwater interface has not been studied rigorously.

In this chaptey we focus on the pidependent behavior of novel, ge¢nsitive
amphoteric PEP2VR-b-PAA), star terpolymers possessing different numbers of arms i.e.
n =9 (H9) and 22 (H22) at the auater interface at four subphase pH values: 1, 3.5, 6,
and 10. We addressed the question haeal architecture of star macromolecules with
different crowding conditions as well as their local conformation at different pHs affect
their behavior and morphology at interfaces. We observed that the pressuesidd) ( °
isotherms and the morphology die LB film are strongly dependent upon pH and
surface pressure conditions and are very different for star polymers with different number
of arms. The star block copolymer with a small number of arms (n=9) was found to
exhibit strong pHdependent phaseansformation from circular micelles to complex
labyrinth structures in contrast to the star polymer with a larger number of arms (n=22) in
which the crowded branched architecture prevents the internal reorganization under

variable external conditions.
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5.2 Experimental Details
Materials. The PS,(P2VPb-PAA), heteroarm star block terpolymers were synthesized
according to a previous procedure reporskwherd®’%128128 Al samples have been
characterized by a combination of gel permeation chromatography atid Ilgjht

scattering (SLS) and are summarized in T&lle

Table5.1: Molecular Characteristics of the ffB2VP-b-PAA), Star Block Terpolymers.

Number PS P2VP PAA
of arms

_ f
sample Upave | Muw, tor

n® Mw? | Nps | Mu® | Neave| My | Npaa

H9 9.2 3,400 33 |13,200| 126 | 4968 | 69 0.61 199 000

H22 21.7 | 3,500 34 |14,300| 136 | 8568 119 0.54 | 572000

2 average number of arms of each kind by Sy, SEC © calculated by subtracting the
M., of the PS, from that ofPS,P2VP, and dividing by the number of arms%zalculated,
by subtracting the Mof the PSP2VP, from that ofPS,(P2VP-b-PtBA),and dividing by
n, considering quantitative hydrolysis of tBA to AAP2VP weight fraction.” M, of

heteroarm star terpolymer (calculated).

Zetapotential measurements were carried out aC28y means of a NanoZetasizer,
Nano ZS Malvern amgratus. The excitation light source was a 4 m\WN\ddaser at 633

nm and the intensity of the scattered light was measured at 173°. Agoadims of

H9 and H22 at different pH values ranging from 1 to 12 at a concentration of 0.2 wt%

were prepared fahe electrophoresis measurements.
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Fabrication and characterization of monolayers.-A isotherms of the star terpolymers

at the airwater interface were recorded on a KSV2000 mini trough equipped with a
Wilhelmy plate for pressure sensing. NanopurdewgNanopure system, Barnstead,
resistiMVtycmd) 1®&%ag us % Alaperiménes wesewchret aus e
at a constant temperature of 25°C in a clean environment. The pH of the water subphase
was adjusted within the range of pH1Q@ by using hydrochloric acidnd sodium
hydroxide without a buffer system. Solutions of-0.% mg/ml of a star polymer was
dissolved in a noiselective solvent mixture of
dimethylsulfoxide/dimethylformamide/chloroform (DMSO/DMF/CHEIHPLC grade)

and spread 8200 pL of the polymesolution uniformly at the aiwater interface. The
Langmuir film was then allowed to equilibrate for 30 minutes at thevater interface.
Compression of the monolayers was conducted at a speed of 5 mm/min. The Langmuir
monolayers were then transfatrento a silicon wafer by a vertical dipping method at a
dipping rate of 2 mm/min and different surface pressures (1, 5, 10 and 20 mN/m) which

represent different phase states.
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5.3. Results and Discussion
5.3.1. Chemical structure and pH responsive property:
To understand and explore the effects of molecular architecture and subphase pH on the
assembly behavior of star terpolymer at thenaater interface and in LB films, we have
synthesized and studied twaffdrent star terpolymers with different numbers of arms
(H9 and H22) and focus on their comparative studies. Although the synthesis and

46,47
r

solution behavior have been reportedrlie the surface behavior of these star

polymers have not been studied.

Figure 5.1: The amphoteric heteromn PS,(P2VP-b-PAA), star terpolymer with the
variable ionization conditions at different pH values.

The amphoteric star terpolymers investigated in this study have a heteroarm structure
composed of the same numlzdérhydrophobic PS segments and P2¥PAA diblocks
anchored to polydivinyl (PDVB) core (FiguBel). The number of arms can be defined

by either the PS arms or P2\WFHPAA diblock arms. The ratio of the degree of

polymerization of PAA to P2VP is in thermge of 0.5 to 0.9 (see the detail characteristics
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in Table5.1). Nevertheless the different acid to base molar ratio does not change the

isoelectric point position.

40

204 2 "7:///'}/)/

0 //// High pH region

Low pH region

-20 4

Zeta potential (mV)

-40 4

-60

A

pH

Figure5.2: Zeta potentials at different pH of the H9 and H22 star terpolymers in aqueous
solutions. The dashed area denotes the regions where the polymers precipitate.

The P2VPRb-PAA di-block arm undergoes ionization to a different extent depending on
the pH of the subphase. As a result of the amphoteric nature of the arms, a variety of
supramolecular assemblies can be obtained by the star polymer atwia¢eaimterfaces

as well as in LB films depending upon the ionization conditions which depgrats

their Ka. As expected, P2VP had Kgvalue of 5 while PAA had a value of 5.5 (Figure

5.2).1%

It is known that P2VP blocks are expectedbe protonated at lower pH while the PAA

blocks remain unionized. Thus the polymer behaves like a cationic polyelectrolyte at
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lower pH values. As the pH increases, the PAA units start to undergo ionization
(deprotonation) that leads to the formatioraafwitterionic structure in the star polymer
3<pH<6. The polymers were found to be precipitate in the region 4.2<pH<7 due to
charge neutralization and the transformation of P2VP to hydrophobic. This pH range is
considered to bthe isoelectric regiolEP) of the star polymers. Further increase in pH
(pH>7) leads to a complete deprotonation of the PAA blocks causing them to behave like
a negatively charged polyelectrolyte (Figs). Thus a variety of intra and inter
molecular associations are possilat different pH conditions, in contrast to traditional

star block copolymers with one type of polyelectrolyte arms.

Indeed, as is well known, at the extreme pH conditions used in this study (pH= 1 and 10)
one of the blocks in the diblock arm is ionized and the charge on the polymer is
determined by the pH of the subphase. At low pH, the P2VP blocks are protonated
(ionized) and the PAA are marginally soluble in water while PS segments exist as
hydrophobic moieties. Thus intermolecular association is possible through hydrophobic
interactions between the polymers. In addition to this, due to the presence of carboxyl
growp, the polymers can associate through intermolecular hydrogen bonding. At higher
pH, most of the carboxyl groups are ionized and therefore hydrophobic interactions
through PS and P2VP segments predominate. However in the isoelectric region,
electrostatidnteractions between the oppositely charged polymer chains are expected to
occur and hence strong inter or intra molecular interactions arise depending on the

number of arms present in the star terpolymer.
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Figure5.3: Pressurarea isotherms of (a) H9 and (b) H22 star polymers obtained at
different subphase pH values.

T h eA isotherms obtained for thevd star polymers with different number of arms, H9
and H22, are shown in Figu®3. As evident from these isotherms, the two star

polymers form a monolayer at the -aater interface. For this deposition, the solvent
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mixture (DMSO/DMF/CHCY) with a lowconcentration (0.20.50 mg/ml) was chosen in
order to prevent the formation of multistar micelles in the solution. The aprotic polar
solvent dissociates the strong complexation of the P2VP and PAA block that occurred
during the hydrolysis process. A higy percentage of chloroform (60%) in the solution

mixture facilitates the fast spread of the polymers to thevater interface.

In order to investigate the assembly behavior at different pH conditions, four different
subphase pH conditions (1, 3.5,a@hd 10) were chosen (Figube3a). The choice of

these pH values were made based on the zeta potential measuremeiig\ades of

the pH responsive blocks present in the star terpolymers. We did not investigate the
assembly behavior for higher pH uak (> 10) because entire ionization of the PAA
moieties are attained at pH=19. TAhisotherms show gradual increases in the
surface pressure as the compression progresses. The pressure starts to increase at a
molecular areaof 170 obt ai ned by extrapol atifg the
isotherm). A steep pressure increase at lower molecular area suggests a close packed

assembly of the star polymers at higher compression.
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Figure5.4. Pressurarea isotherm cycles of star terpolymers at subphase pH =1 ((a) and
(b)) and pH =10 ((c) and (d)). The direction of compresaihexpansion of the

monolayer is also shown.

Star polymer H9 behaves differently under various pH conditions of the subphase,
suggesting that H9 adopts different conformations at the interface. Interestingly, at pH=1
the steep rise in pressure commerates lower molecular area compared to what occurs
for other pH conditions. This behavior may be caused by the high solubility of P2VP
chains in the aqueous phase and cannot be considered as surface active chaii®at pH=1

However, the presence of hydrafiic PS and PAA blocks assures the amphiphilic

91



balance and thus the star polymer forms a stable monolayer at -thateairinterface.
The area per molecule for H9 at pH=1 is approximately 50winich is considerably

lower than that observed for pH = 36,and 10 (102, 130, and 85 Hmespectively).

Further more, the stability of the 4dAangmui
i sotherm cycl es e x phAisothems eytles (3 cyclésShup to suefgre at e d
pressure of 40 mN/m for H9 and BiZor pH=1 and 10 are shown in Figusel. The

monolayer was compressed to the target pressure (40 mN/m) and then expanded the film
without hol di ng at t -A a@sotherenr cgckes shqwraetsghly r e .
reproducible compressiegxpansion cycle wit small hysteresis, indicative of a
reversible and stable Langmuir film at the interface. In particular it is found that isotherm
curves show a steep drop in surface pressure at the beginning of the expansion cycle and
the difference between compressiamd aexpansion curve appears to be decreased at
pH=1. However, a hysteresis was observed for H9 at subphase pH =10 G-4gjre

This phenomenon may be due to the strong affinity of completely ionized PAA segments
(hydrophilic) with the subphase and comsent delay in chain reorganization during the
expansion of the monol ayer. It sh&dul d be
isotherm of H22 reveals a minimum deviation between compression and expansion
curves, which suggests that the larger arm stgokgmers remain as an individual

surface micelle with higher colloidal stability which prevents high domain aggregation

under compression (Figuré&3). The small difference in the area of the isotherm cycles

for H22 compared to that shown in Figlr8 is likely due to the inherent experimental

variability associated with different solution preparation and the deposition.
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Figure 53 b s h o w-A isdtheren obtained for H22 for different subphase pH
conditions. Even though H22 shows pH responsive behavior, a dramatic change in its
interfacial behavior was not observed. As expected, H22 exhibits a larger area per
molecule compared to that of H9 hi§ difference can be attributed to the higher number
of arms present i n-Atsotterms & H32 sHow very fow surfadel | t h
pressure over large molecular area, as seen in Fig8ibe This indicates that there are
well separated polymerothains at the aiwater interface during the initial compression

of the monol ay e r-Aisothdrmhsewers foung t® beosimallgr than that
observed for H9 which indicates that the film is more compressible at the interface. This
difference maype due to the fact that the area exhibited by H22 (higher molecular weight)
indeed includes the trapped or dead area which is significantly higher than that exhibited

by H9 (lower molecular weight).

The area/molecule obtained for the two polymers &t mdint pH conditions are shown in
Figure55. As expected, H22 shows a much higher limiting area for all subphase pH
values, likely due to the larger number of arms resulting in more extended chain
conformations for star polymers with larger arms. Thesens restrict chain
reorganization within the polymer by steric hindrance or reduced internal space. The
higher content of PAA segments in the H22 facilitates a stronger interaction with the
water surface at higher pH values, causing a closed packing€bigb). Interestingly,

a minor transition is observed around 30 mN/m which is not as significant as that

observed for H9 at pH=10 as discussed in detail below.
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Figure 55: Variation of the limiting molecular area (at the highest surface pressure) with
subphase pH and number of arms.

To gain insight into the area occupied by star polymers with different chain
conformations, we estimated the dimensions of the star polynibr extended and
random chains for diblock (P2VI2PAA) arm using usual contour length calculations
assuming theta solvent conditicid The area per molecule was estimated to be about
6375 and 12000 nfrfor H9 and H22, respectively, if the diblock arm ptoa fully
extended conformation. However, these values are much higher than that obtained from
pressurearea isotherms (Figuf®5). The estimation was done by assuming that the star
polymers form a 2D assembly (circular) at theveater interface. @the other hand, the
area/molecule calculation, assuming random coil conformation, from the radius of
gyration yields values of 14 rfmand 23 nrfy for H9 and H22, respectivef?. We
assume that, at pH=1, the P2VP chains are submerged in the subphase and thus the

area/molecule observed is the area occupied by the collapsed PAA chains at the interface.
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These area/molecule values are well belowwshe o bt ai n-A&idothéermsowhicht h e
indicates that both star polymers are spread at th@ad@r interface but this spreading

does not reach the fully extended state.

(@

= PS

(b)

Figure 5.6: (a) Different conformations adopted by the terpolymer at various subphase
pH conditions and surface pressures (SP) at theagr interface. (b) Unimolecular
micelles which can be formed by H9 and H22 star polymers. IEP is isoelectric point.

The starpolymers tend to aggregate in the isoelectric region mainly because of the
reduced chargeelated repulsion that eventually decreases the colloidal stability. As a
result, the surface activity of the polymer is expected to be reduced in the isoelectric
range and the surface micelles likely remain confined at therader interface which

leads to a higher molecular area. Thus we suggest that in the isoelectric region, the star

polymers form pancake like structure with arms widely spread at the int¢Fapee
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5.6a). The changes in the surface area per molecule at different pH values is ascribed to
different molecular conformations adopted by the polymer at various subphase pH values

(Figure5.6a).

In contrast, at pH=10, the anionic PAA chains submengevater to minimize the
repulsive force between negatively charged PAA segments. It is expected that as the pH
increases, the polymer transforms from -tyslrophilic (P2VP, PAA hydrophilic
segments) to bikydrophobic (PS, P2VP) that alter the amphiphbalance of the
terpolymer. The highly ionized PAA arms are susceptible to external compression due to
their enhanced hydrophilicity which allows them to submerge into water as the
compression proceeds (Figuséa). The isotherm shows a small tramsitaround 15

mN/m suggesting a shift from a pancake form to a more vertical reorganization of the
chains at the aiwater interfacé® The isotherm shows a reduced surface area per
molecule under these conditions suggesting a transition from pancake torea m
compressed organization of the chains at thewater interface (Figuré.5). This
difference suggests that the PAA blocks submerge in water and that the P2VP and PS
chains collapse at the interface as the compression progresses. In order tthigerify
reorganization at the awater interface, we conducted AFM imaging of Langmuir

monolayers after transferring them to a hydrophilic substrate at different pH conditions.
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Figure5.7: AFM images ofmonolayer LB films of H9 [(a) and (c)] and H22 [(b) and (d)]
fabricated at a subphase pH of 1 and at surface pressures of 1 mN/m (a, b) and 20 mN/m
(c, d).

5.3.2. Surface morphology in the LB films:

LB monolayers were obtained by transferring the Lamigniilm onto hydrophilic
substrates at different pressures (1, 5, 10, and 20 mN/m) and subphase pH (1, 3.5, 6, and
10) and studied with AFM. Only LB films that showed appreciable transfer (90% or
above) under different conditions are considered in tesgmt study. Based on AFM
imaging of the LB films at different surface pressures and the good correlation between
pressurearea isotherm and morphology evolution, we suggest that the star polymer
retains its morphology in the LB films even though therad8ons at the interface may

be slightly different on hydrophilic silicon wafer in accordance with skethw and
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accepted paradigni*'®* Figure 5.7 shows the AFM images of the H9 monolayer
fabricated at different surface pressures with a subphase pH=1. The star polymer shows
formation of circular micelles at a very losurface pressure (1 mN/m). As the pressure
increases, the circular micelles seem to interact with each other to form closer packed

structures (Figure®l, $.7, and S$.8).

At a higher surface pressure (20 mN/m), most of the circular structures éfavened

and associated together to form the labyrinth patterns that were observed earlier for the
star block copolymer precursor (Figus&’c, $.1).1%° The formation of the labyrinth
pattern is ascribed to the aggregation of the hydrophobic PS core micelles. In addition,
the presence of unionized PAA segments in the terpolymer offer intermolecular
interactions through hydrogen bonding at lower wHich is also responsible for the
association of circular micelles at high surface pressures. The average film thickness was
found to increase from 1.5 to 3.2 nm as the surface pressure increased to 20 mN/m (Table
S5.1). This trend clearly suggests tlthé H9 star polymer undergoes a transition from
pancake morphology to brush morphology where most of the P2VP chains are submerged
in the subphase as the compression of the monolayer continues and thus allow for further
merging of hydrophobic blocks asggested by isotherbased models (Figuie6). The

lateral dimension of the circular micelles, estimated from AFM eses$ions, is close to

15 nm (after correction for tip dilation) for both star polymers in the expanded state
(pressure 1 mN/m) which dose to the estimated molecular diameter of H9 and smaller
than that for molecules with a larger number of arms. The comparison of the molecular

and micelle volumes leads to the conclusion that the H22 star polymer forms truly
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unimolecular surface midek whereas-& molecules are included in the surface micelles

formed by the H9 star polymer.

Moreover, in contrast to H9, a dramatic change in morphology with surface pressure was
not observed for H22 star polymer with larger number of arms (Flyidbe d). Similar

to H9, at low surface pressure the polymer forms a circular micellar structures. However,
increasing the number of arms and the aggregation number makes the micelles more
stable and well separated. The circular micellar structures bedos®ty packed as the
surface pressure increases. Even though some minor association of the circular structure
is observed at higher surface pressures, most of the circular micelles maintain their
original shape (Figur&.6b). We suggest that the interiecular association through
hydrophobic PS arm interactions is hindered as a result of the limited interpenetration and
suppressed entanglement associated with dense shells formed by multiple arms in the
H22 star polymer (Figur6.6). The morphology difieence at pH=1 is likely due to the
difference in PAA chain length in the two star terpolymerse Tircular to labyrinth
morphology transition was observed only for H9 and can be attributed to lower PAA
chain length, which seems to enable short PAA chaissibmerge in the subphase along

with highly protonated P2VP segments upon compression. However, this is not observed
for H22 due to higher segment density, longer PAA chain length, and-tioading they

may develop.
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Figure5.8: AFM images of monolayer LB films of H9 [(a) and (c)] and H22 [(b) and (d)]
fabricated at a subphase pH of 3.5 and at surface pressures of 1 mN/m (a, b) and 20
mN/m (c, d).

Figures5.8 and $.2 show AFM images of the LB filmsliaicated with a subphase pH of

3.5. As clearly seen from the AFM images, H9 forms circular micelles with a larger
amount of aggregation that are found to be close packed as the surface pressure increases
(Figure5.8c). As a result of the ampholytic cheter or zwitterionic structure (due to

partial ionization of the segments), an electrostatic interaction between the oppositely
charged blocks is expected which results in the association of the polymers even at very

low surface pressures. As suggested Hy eA isotherms, the H9 polymer adopts very

different molecular conformations in Langmuir films with a subphase pH of 3.5. As the
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subphase pH increases, the degree of ionization of the acid/base blocks of the polymer is
expected to vary, and hence,aiety of inter or intra molecular interactions are expected

to occur. At pH=3.5, the number of protonated pyridine groups must be lower than that
at pH=1 while the extent of ionization of the PAA segments increases as the pH increases,

which leads to staprecipitation in the pH range of 4.2 to 7 (isoelectric raryg}°

Figure5.9: AFM images of monolayer LB films of H9 [(a) and (c)] and H22 [(b) and (d)]
fabricated at a subphase pH of 10 and at surface pressures of 1 mN/m (a, b) and 20 mN/m

(c, d).

Well defined circular micelles with some aggregates are observed for H22 at lower
surface pressure as well (Figuse8). At higher surface pressure, modest association of

the unimolecular micelles is observed but without forming continuous morphologies
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(Figure 5.8b, d). For the higher number of arm star polymer, the original circular
structures are preserved at higher compression due to steric hindrances which restrict
chain reorganization The AFM images of the LB films fabricated at a subphase pH of 6
are shown in Figure 4 and $.5. Similar to pH=3.5, larger aggregates are formed

mainly because of the hydrophobic interacti@f the neutral polymer chains.
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Figure 5.10: The thickness of the LB films fabricated with H9 and H22 at different
surface pressures and a subphase pH of (a) 1, (b) 6 and (c) 10.
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At pH=10, all the PAA segments are expected to be ionized completely and the polymer
transforms from bihydrophilic to monehydrophilic. The AFM images for the
monolayer LB film fabricated at pH=10 are shown in Figtr@® and $.6. Circular
micellar stucture formation was observed for H9 at a low surface pressure (5i§aje

At lower surface pressure (ImN/m), the polymer is expected to form a multicompartment
hydrophobic (PS/P2VP) core with a negatively charged PAA cdfGh&. At a surface
pressure of 1 mN/m, H9 adopts a circufarcellar structure where the hydrophobic
chains collapse to form the core of the micelle while the corona of the micelles consists
of negatively charged PAA segments spread at the interface and are submerged partially
in the subphase. As the surface pues increases, the polymer forms brush like structure
as suggested by the tr-Aimsahertmi ©his brpsb stractureo b s er
formation is further confirmed by the increase in thickness of the dry, collapsed LB films
with surface pressureThe thickness of the film was found to increase from 1.8 to 4 nm
when the surface pressure increased from 1 to 20 mN/m (Fsglbe TableS5.1). To
validate this measured thickness, we estimated the thickness of the film using the
molecular weight othe polymer and the area/molecule that corresponds to the surface
pressure of 20 mN/m. The estimated thickness was found to be around 6 nm which
suggests a partial collapse of the polymer chains in the dry LB films. On the other hand,
as the surface pregre increases, surface micelles merge to form continuous labyrinth
morphology (Figuré.9 and $.6). A similar increase in monolayer thickness is observed
for the H22 star polymer indicating some submergence of arms but the initial circular
morphology renains intact even at the highest surface pressure attainedevier, the

film thickness of H9 is higher than that of H22 although the RPYARA arm length is
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lower. The star with higher segment density (H22) hinders the easy submerging of PAA
units in thesubphase even at pH 10. This can be attributed to the lower ionization ability
of H22 due to its lower negative zeta potential (see Fi§te as expected for dense

stars (high arm numbef¥?

In summarythe interfacial behavior of complex amphiphilic and amphoteriesttaped
terpolymers, namely RG2VRPAA), at the airwater interface as well as in LB films as

a function of subphase pH. The presence of two oppositely ionizable polyelectrolytes
blocks in the same diblock arms led to variety of inter/intra molecular interactions
triggered by changing the pH dhe subphase. The effect of pH on the assembly
behavior was more distinct for the polymer with smaller arm density because of easy
chain reorganization feasible in the polymer. In contrast, star copolymer with large
number of arms exhibit a similar moldar area at the awater interface and hence
retained their circular micellar structure in the LB films at different subphase pH and

surface pressures due to the restriction of chain reorganization in the polymer.

104



Appendix. Supplementary Information : additional information as noted in the text and

AFM images of large area@ans for all samples (Tablé3, Figure $.1-S5.9)

Table $.1: Thickness of the LB films fabricated at different pH and surface Pressures

(SP)
Thickness (nm)
System pH SP=5 SP=10 SP=20
SP=1 mN/m
mN/m mN/m mN/m
1 15 2.0 3.2 3.2
6 2 2.8 2.3 2.6
H9
3.5 1.7 1.9 2.0 2.2
10 1.8 2.1 2.2 4.0
1 2.2 1.8 2.2 2.7
3.5 1.3 1.5 2.1 2.4
H22
6 1.1 1.7 2.1 2.9
10 1.3 1.8 1.8 2.6
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Figure $.1: Pressurarea isotherm cycles of (a) H9 and (b) H22 at subphase pH of 10
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SP=5 mN/m

SP=10 mN/m

Figure $.2: AFM images of monolayer LB films of H9 [(a) and (c)] and H22 [(b) and
(d)] fabricated at subphase pH of 1 and different surface pressures.
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SP=5 mN/m

SP=10 mN/m

Figure $.3: AFM images of monolayer LB films of H9 [(a) and (c)] and H22 [(b) and
(d)] fabricated at subphase pH of 3.5 and different surface pressures.
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SP=1 mN/m

SP=5 mN/m

Figure $.4: AFM images of monolayer LB films of H9 [(a) and (c)] and H22 [(b) and
(d)] fabricated at subphase pH of 6 and different surface pressures.
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SP=10 mN/m

SP=20 mN/m

200 nm

Figure $.5: AFM images of monolayer LB films of H9 [(a) and (c)] and H22 [(b) and
(d)] fabricated at subphase pH of 6 and different surface pressures.
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