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SUMMARY  

Surface-assisted directed assembly allows ultrasoft and replusive functional polymeric 

ñcolloidsò to assemble into the organized supramolecular ultrathin films on a 

monomolecular level.  This study aims at achieving a fundamental understanding of 

molecular morphology and responsive behavior of major classes of branched star-shaped 

polymers (star amphiphilic block copolymers and star polyelectrolytes) and their 

aggregation into precisely engineered functional ultrathin nanofilms.  Thus, we focus on 

elucidating the role of molecular architecture, chemical composition, and 

intra/intermolecular interactions on the assembly behavior of highly-branched entities 

under variable environmental and confined interfacial conditions. 

  

The inherent molecular complexity of branched architectures facilitates rich molecular 

conformations and phase states from the combination of responsive dynamics of flexible 

polymer chains (amphiphilic, ionizable arms, multiple segments, and free chain ends) and 

extened molecular design parameters (number of arms, arm length, and segment 

composition/sequence).  These marcromolecular building components can be affected by 

external conditions (pH, salinity, solvent polarity, concentration, surface pressure, and 

substrate nature) and transformed into a variety of complex nanostructures, such as two-

dimensional circular micelles, core/shell unimicelles, nanogel particles, pancake & brush 

micelles, Janus-like nanoparticles, and highly nanoporous fractal networks.  The fine 

balance between repulsive mulitarm interactions and surface energetic effects in the 

various confined surfaces and interfaces enables the ability to fabricate and tailor well-

organized ultrathin nanofilms.  The most critical findings in this study include: (1) 

densely packed circular unimicelle monolayers from amphiphilic and amphoteric 

multiblock stars controlled by arm number, end blocks, and pH/pressure induced 

aggregation,  (2) monolayer polymer-metal nanocomposites by in-situ nanoparticle 

growth at confined interfaces,  (3) on-demand control of exponentially or linearly grown 

heterogeneous stratified multilayers from self-diffusive pH-sensitive star polyelectrolyte 

nanogels, (4) core/shell umimicelle based microcapsules with a fractal nanoporous 

multidomain shell morphology, and  (5) preferential binding and ordering of Janus-like 
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unimicelles on chemically heterogeneous graphene oxide surfaces for biphasic hybrid 

assembly.   

 

The advanced branched molecular design coupled with stimuli responsive conformational 

and compositional behavior presents an opportunity to control the lateral diffusion and 

phase segregation of branched compact supermolecules on the surface resulting in the 

generation of well-controllable monolayers with tunable ordering and complex 

morphology, as well as to tailor their stratified layered nanostructures with switchable 

morphological heterogeneity and multicompartmental architectures.  These surface-

driven star polymer supramolecular assemblies and interfaces will enable the design of 

multifunctional nanofilms as hierarchical responsive polymer materials. 
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CHAPTER 1 

INTRODUCTION  

 

1.1 Background 

An advanced design of polymeric ultrathin film (<100 nm) devices, which is a 

prerequisite for soft functional bio-interfaces, high sensitive and selective sensing 

platforms, and fast and reliable signal transduction in actuators, still requires a 

fundamental and in-depth understanding of surface related assembly behavior of 

polymeric molecules on a single molecular level.  The nanometer scale controlled 

ordering and organization of condensed polymer films and coatings can be obtained 

through a ñbottom-upò self-assembly approach coupled with a sophisticated wet 

fabrication technology and a surface nanoengineering with enhanced spatial accuracy and 

specificity.
1,2,3

 

 

Polymeric materials as a ñsoft matterò or ñcomplex fluidò can offer a rich phase and 

dynamic behavior and thus are considered promising building blocks in organized 

molecular assemblies for a variety of hierarchical ordered nanostructures with a high 

level of mobility.
4
  Molecular organization of soft polymeric units (e.g., block copolymer, 

polyelectrolyte, liquid crystalline polymer) is tunable through structural rearrangement 

triggered by responses to small environmental changes as a result of their reversible weak 

intermolecular interactions, such as van der Waals forces, hydrogen bonding, 

hydrophobic, and electrostatic interactions at mild ambient conditions.  The resulting 
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polymeric superstructures render a rich and complex morphology, a controlled ordering, 

and a flexible phase behavior under external stimuli in solution, bulk, and surface states.   

 

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 and dynamics, as the film thickness become close to 

a single molecular level, that is, beyond a characteristic molecular dimension (i.e., the 

film thickness lower than the radius of gyration, Rg).
1,2

  The confined polymer coils are 

compressed in a directon normal to the surface.  The extent of confinement relies on the 

degree of interaction of polymer molecules with the surface, and thereby affects the chain 

structure and phase states of polymer molecules adsorbed onto the surfaces and interfaces 

of ultrathin films.  In particular, branched architectures with high monomer density and 

interarm exclusive volume repulsions are expected to greatly reduce chain 

interpenetration, resulting in smaller entanglements than linear counterparts, especially in 

the confined geometry with a decreased pervaded volume.
3
  This leads to a decreased 

large strain deformation of polymer thin films.  Therefore, controlling the interplay 

between mechanical integrity and ultrasoft dynamic interactions in confined ultrathin 

films would be critical for developing future adaptive/responsive polymer systems. 

 

1.1.1. Supramolecular Ultrat hin Films of Highly Branched Molecules 

The supramolecular organization of polymer materials through directed assembly has 

been adopted as an effective route to control the structural properties and effective 

interactions of organic ultrathin films.
1,2,5, 6,7,8,9

  Self-assembled ultrathin polymer films 
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and coatings can significantly alter surface and interfacial properties including adsorption, 

friction, lubrication, adhesion, and wetting properties.
10

  It is found that the aggregate 

behavior, morphology, spatial ordering, and orientation of the microstructure in these 

ultrathin films are closely related to the structural and chemical characteristics of their 

polymeric building blocks, such as molecular shape, size, backbone architecture, 

composition, and intermolecular/interfacial interactions.
11

  Among them, in particular, it 

has been recently witnessed that molecular architecture is a key factor to determine the 

molecular organization and control over spatial ordering in these ultrathin films at a nano 

and microscale.
12,13,14,15

 

 

Recent advances in synthetic technology (i.e., controlled living polymerization) allow for 

rational molecular designs, such as monomer nature, composition, and block sequence 

and also yield noble shape and chain configuration like non-linear highly-branched 

polymers, such as dendrimers, polymer brushes, hyperbranched polymers, and star-

shaped polymers exhibiting intriguing structure and properties that differ from traditional 

linear structures (Figure 1.1).
16, 17,18,19

  Branched polymers can be classified by the 

different types of joints (e.g., single core or multiple grafting backbone) at which one end 

of the branched arms are chemically attached in a radial, side, or tree-like fashion, and 

possess abundant periphery terminal end groups.  The molecular shape, size, and 

properties can be varied as a function of the degree of branching and type/length of 

branched segments.  Intriguing molecular characteristics, such as abundant functional end 

groups, globular shape, core-shell morphology and highly dense chain structure can offer 

a new platform for a supramolecular building component of surface science and 
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engineering for assemblies of dynamically stable unimolecular micelles, core/shell type 

nanoparticles, and nanogels. 

 

Figure 1.1: Molecular architecture of highly-branched polymers: (a) graft, (b) brush, (c) 

dendrimer, (d) hyperbranched, (e) arborscent, and (f) star architectures.
16

 

 

Additional structural variables of non-linear, branched polymers provide a higher degree 

of freedom in molecular design and as a result render higher complexity in chain 

conformation, interactions, and molecular dynamics.  Thus, branched polymeric systems 

can play an attractive role as building units in organized supramolecular assemblies.  On 

the other hand, highly-branched polymers can also offer an active multi-functional 

surface and interface in a responsive/predictable manner.
 20,21,22,23,24,25,26,27

  Due to the 

high degree of free end groups and flexible side branches, more diverse conformational 

transformation and interactions by external stimuli (e.g. pH, temperature, and shear) 
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enable tunable micro and nanoscale assemblies and ordering for the design of 

multifunctional stimuli-responsive and adaptive thin films and coatings (Figure 1.2).
28, 

29,30,31,32,33,34,35
  For instance, star-shaped macromolecules, such as block copolymers and 

polyelectrolytes bearing pH responsive groups are considered to be a promising candidate 

for adaptive/responsive nanofilms due to their unique chemical properties.
36,45

  Their 

compact and globular structures cause a distinct shift of pKa compared to their linear 

counterparts due to the ionic confinement effect.
37

  Such pH-responsive behaviors can be 

easily tuned by adjusting the charge nature of the star polyelectrolytes, as well as 

environmental conditions, such as pH, salinity, and multivalent counterions.   

 

Also, the dynamic and responsive properties are closely related to the integrity and 

robustness of the final micro/nanostructure.
38,39  

Thin polymeric films that show faster 

responsive behavior than bulk materials due to their favorable rearrangement, impose a 

challenge in maintaining mechanical stability.  Thus, along with understanding their 

assembly behavior, quantifying these mechanical properties is critically important for 

validating the stability and integrity of the stimuli-responsive nanostructures.  The 

emerging interest in smart polymer nanofilms through bottom-up approaches, such as 

self/directed assembly of mono/multilayers
40

 can be found in biomedical and sensing 

applications.
41,42,43,44
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Figure 1.2: Stimuli-responsive nano and macro structures with various geometric forms 

prepared via different molecular assembly techniques.
28

 

 

However, the controlled assembly of highly-branched molecules at the interface and 

surface still presents a considerable number of important 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 increased interarm repulsions under 

two-dimensional spatial constraint.  This star polymer nature can provide a change for the 

design of ultrasensitive enviormemtal responsive polymer assemblies, but also can 
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deteriorate thier mechanical properties and structural integrity by preventing effective 

adsorption and interdigitation onto the proper substrate, in particular, in the self-assembly 

system from diluted solutions.  Therefore, a fundamental understanding of molecular 

deformation and interactions of organized highly-branched polymeric ultrathin films is 

essentially required for the design of tunable and responsive assemblies and surfaces. 

 

1.1.2. Star-Shaped Polymers: Molecular Architecture and Properties 

The star-shaped (or star-like or star) polymer is a form of branched polymers with ideally 

one common join point on the microscopic level, in contrast to dendrimers with a high 

degree of branching (Figure 1.1).  The star polymers are comprised of multiple well-

defined flexible linear branches, referred to as arms that are chemically tethered onto a 

common central core while the other periphery ends remain free terminal groups with no 

steric constraints.  The compact core is generally much smaller than arm length for star 

polymers.  Star architectures are regarded as a point polymer brush with radial arms 

attached on substrates with extremely high curvature.
45,46,47

  Star polymer also resemble 

polymeric micelles (also called polymeric stars) having corona arms and kinetically 

frozen core based on a molecular aggregation of linear amphiphilic block copolymers, or 

spherical brushes composed of grafted polymer arms on a colloidal particle with a large 

volume hard core.  Thus star polymers can be considered an intermediate between linear 

polymer systems and soft colloidal spheres.  The star structure and physical properties 

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 colloids 

with a hard core repulsion.
48,49,50
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Figure 1.3: Representative molecular architecture of star-shaped block copolymers: (a) 

homoarm star polymer, (b) AnBn type symmetric or asymmetric heteroarm star 

copolymer, (c) (AB)n type diblock homoarm star copolymer, (d) ABC type miktoarm star 

terpolymer, and (e) An(B-C)n heteroarm star terpolymer. 

 

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

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

star polymers can be divided into neutral or charged stars.  Charged polymers with 

ionizable groups are called ñpolyelectrolytesò, which can be further divided into strong 

and weak polyelectrolytes by ionization strength.  The polyampholytes (amphoteric 

polymers) possess both acidic and basic groups and exhibit an isoelectric point where the 

net charge becomes zero at isoelectric pH in the case of weak polyelectrolytes.
51

  The 

ionizable arms of polyelectrolyte stars provide a wider range of control parameters, such 

as pH, salinity, valence of salt, and electric potential compared to neutral stars, which are 
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controllable depending on solvent polarity.
52,53,54,55

  The star polymers can be further 

classified into homoarm and heteroarm (or miktoarm) star polymers according to 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 in the form of (AB)n.  In the case of heteroarm star polymers, different type of arms 

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

for example, as represented by AnBn , ABC, or An(B-C)n (Figure 1.3).
47

 

 

Star-shaped amphiphilic block copolymers are an interesting design, especially with ionic 

blocks containing amphiphilic polyelectrolytes as a candidate for core/shell micelle like 

structure with respect to different solvent conditions.  The microstructure and phase 

segregation state is dependent on the solubility of polymer segments in solvents used for 

dispersion.  A good solvent for all polymer blocks, often referred to as a ñnon-selective 

solvent,ò can render a swollen coiled structure with a corona-corona configuration, while 

in certain solvents that have different miscibility for specific block, called ñselective 

solvents,ò polymer chain of amphiphiles take a form composed of collapsed core and 

stretched corona or swollen shell, which is similar to conventional polymer 

micelles.
52,53,54,55

  Thus the quality of the solvent can determine molecular conformation 

and interactions of amphiphilic block copolymers and this solution property affects 

adsorption and assembly behavior on surfaces upon deposition or spreading.  Recent 

theoretical study has demonstrated the phase behavior of diblock arm star 

polyelectrolytes and showed a dramatic switch of molecular conformation and dimension 

with response to the solvent, pH, and salt concentration.
55
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Star polymers can exhibit intriguing dynamic characteristics including polymer-like 

relaxation as well as colloidal-like self-diffusion because of their hybrid polymer-colloid 

character.  For example, Likos et al. proposed an effective pair potential between star 

polymers showing ultrasoft effective interaction in concentrated solution by logarithmic 

repulsion for short distance in contrast to exponential decay in the potential for diluted 

condition.
48

  Multiarm stars can behave like colloidal particles suggesting the ability to 

form ordered structures at high concentration, and for large arm star there is a gelation 

transition in the star polymer solution (Figure 1.4).
49,50 

 

 

Figure 1.4. (a) Ultrasoft effective pair potential of star polymers at varying center-to-

center distance r 
48

 and (b) polymer chain conformaton in the polymer thin film (confined 

geometry) where thickness is less than the radius of gyration (Rg) displaying a limited 

interpentraton or entanglement in polymer coil pairs compared to bulk polymer melt.
3
  

 

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

either electrostatic or steric repulsions between arms or osmotic pressure induced from 

confined counterions.  The counterion confinement leads to a reduction of electrostatic 



 

11 

 

energy by decreased charge on the star polymers.  When the counterion condensation 

occurs on the arm, decreased repulsion leads to less stretched conformation.  Star 

polyelectrolytes have been theoretically demonstrated to be able to become dense in the 

overlap concentration region, and further transition into the interdigitated state at higher 

concentration.  In the overlap case, the chains of two polyelectrolyte stars retract as 

modeled by ñfused spheresò and have stronger interactions than neutral stars for a lower 

number of arms.
48,49,50,52,53

 

 

The effective interactions of two adsorbed star polymers at the surface have been studied 

by simulation and analytical theory.
56

  When soft star polymers are strongly adsorbed on 

a surface, this confinement makes a dramatic change in chain conformations showing 

more stretched arms and leading to stronger repulsive interactions compared to the three 

dimensional state (Figure 1.4).  These two dimensional star polymers are expected to 

have higher ordering behvaior due to strong entropic repulsion, and their chain 

conformations can be controlled depending on the strength of adsorption onto the 

substrate.
1,2,49,57,58

 

 

1.1.3. Star-Shaped Polymers Assemblies at Interface 

Star-shaped polymers have been synthesized in a variety of chemical architectures and 

compositions and show a range of unique physical properties (see Figure 1.5).
59

  Among 

recent studies, He et al.
60

 reported an assembly behavior of extended unimers, based on 

novel multiarm block copolymer of poly(ethylene oxide)-b-poly(methacrylic acid) (PEO-

b-PMMA) block copolymers.  At high pH these block copolymers can self-assemble into 
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the unimers due to negatively charged carboxylate groups and hydrophilic PEO, whereas 

the star polymer forms micelles at low pH.  Such a pH-responsive 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 of pH-responsive functional groups.  

These polyacidic star copolymers were observed to induce the aggregation necessary to 

produce larger nanostructures.
61

   

 

Figure 1.5: a) (PEO)9-b-(PCL)m star, (b) PS-PEO three-arm star, (c) PEO-b-PS three-arm 

star polymer, d) PB-b-PEO four arm star, (e) dendrimer-like PS core and PBA or PAA 

corona. 

 

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

groups such as hydrophobic acetonide, which subsequently deprotected to a hydroxyl-
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functionalized star.  Dong et al.
62

  showed the honeycomb-structured microporous films 

were self-assembled based on novel hyperbranched poly(3-ethyl-3-oxetanemethanol)-

star-polystyrene (HBPO-star-PS).  These porous films exhibited isolated hexagonal pores 

which are easily controlled by changing the solvent, molecular weight, and concentration 

of the polymer.  Luke et al.
63

 demonstrated that highly ordered, porous honeycomb films 

can be prepared from dendron-functionalized star polymers.   

 

Hammond et al. have observed pH-responsive changes in all-star polyelectrolyte 

multilayer film, but not in films of linear polyelectrolytes.
64

  This difference was 

attributed to the lower degree of ionic cross-linking, and hence greater free-volume 

within all-star polyelectrolyte films.  Tsitsilianis et al.
65

 and Sheiko et al.
66

 demonstrated 

that increasing the grafting density of branched polymer greatly reduced its micellar 

aggregation number as a result of mitigated chain entanglement.  Such polymers can exist 

as unimolecular micelles with their conformation significantly changed as a function of 

selective solvents and adsorbing surfaces.
67

   

 

Morphology of single crystals and thin films of star-branched polyesters with poly(Ů-

caprolactone) (PCL) arms were studied by Nunez et al.
68

  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 surface energy, caused 

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

chain mobility of fixed arms.  Stavrouli et al.
69

 explored the novel multi-arm star-shaped 

terpolymers, (ABC)n.  These star terpolymers composed of nonionic, hydrophilic 
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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, multi-compartmental soft 

nanoparticles, which can not be obtained from their linear counterparts.  Stavrouli and 

coworkers
70

 reported that a novel heteroarm star block terpolymer was synthesized using 

an extending ñin-outò method.  Muller et al. reported on several ionic star block-

copolymers capable of assembling in cylindrical shaped micelles under external 

stimuli.
71,72 

 

An amphiphilic An(B-b-C)n heteroarm star terpolymer constituted of PS and poly(2-vinyl 

pyridine)-block-poly(acrylic acid) (P2VP-b-PAA) as an ampholyte shows pH-dependent 

phase behavior which causes the system to form a reversible hydrogel material based on 

the solvent induced sol/gel transition (see Figure 1.5).
73

  According to Hammond et al.,
74

 

these heteroarm star block terpolymers also offer the macromolecular template for 

hierarchical self-organization in polyelectrolyte-surfactant complexes.  Unique phase 

behavior of these complexes in solution was observed as a function of pH due to the 

ampholytic nature of P2VP-b-PAA segments.  Several interesting morphological features 

have been observed for star block copolymers with novel architectures.
75,76,77,78

  Unlike 

the usual AB block systems, no spherical domains were observed for low PCL content 

(PS)9-b-(PCL)m stars but the crystallizable PCL chains aggregated to form dendritic and 

needlelike domains.
79

  Similarly, extreme crowding of linear polymeric arms at a single 

junction point for PS20-PEO20 star polymer yielded dendritic morphology.   
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In another study, the responsive PS7-P2VP7 star polymers were grafted to the surface and 

were demonstrated to adopt various molecular conformations when exposed to selective 

solvents.
65,80 

 It was shown that the chain crowding increases the stability of the spherical 

domains as the arm number increases.  Other P2VP-based star macromolecules were 

demonstrated to be pH-responsive with arm conformation directly visualized.
81

  

Moreover, metallized stars have been created by additional exposure to metal salt 

solutions.  Rich morphologies have been reported for ABC star copolymer.
82

  Some of 

these unique morphologies include core/shell and helix/cylinder morphologies for PS-b-

P2VP-b-poly(tert-butyl methacrylate).
83

  The influence of nanoparticles geometry and 

microdomain dimensions has also been explored theoretically by Balaz et al.
84

  and 

studied by Thomas and co-workers.
85

  A uniform dispersion of nanoparticles within 

periodic block copolymer structures requires at least one of the characteristic dimensions 

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 on appropriate substrates.  Directed 

assembly approaches including Langmuir-Blodgett (LB) technique and layer-by-layer 

(LbL) assembly are useful methodologies to enable directed molecular level organization 

based on self-assembly in the range of a monolayer to hierarchical multilayer films with 

highly ordered and organized structure by a repeated deposition process.  For star block-

copolymers with an amphiphilic nature, we study the surface behavior under variable 
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surface areas by utilizing a well-known LB approach widely explored for understanding 

surface behavior.
4, 86

  Water-soluble star block copolymer and star polyelectrolyte 

nanostructures with ionic arms are assembled via the LbL approach which relies on fine 

ionic interactions between anionic-cationic species.
87,88

 

 

 

Figure 1.6: (a) Pressure-area Langmuir isotherm for surfactant molecules with different 

phase states,
4
 (b) LB films assembled from amphiphilic block polyelectrolyte surface 

micelles,
92

 (c) molecular conformational transtion from two-dimension (starfish) to quasi 

two-dimension (jellyfish) surface micelles on water surface,
93

 and (d) proposed two-

dimensional surface micelles at air-water interface (A. hydrocarbon liquid, B. surfactant 

lens (left) and monolayer (right), and C. 2D associated surface micelle).
96

 

 

LB is a versatile and powerful method that allows the study of assembly behavior (i.e., 

phase transition) of amphiphile molecules as a function of pressure and temperature at 

air-water and air-solid interfaces.  Upon deposition of diluted amphiphilic molecules by 

the aid of a volatile polar organic solvent, the molecular phase state can be transformed 

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

pressure on the LB trough, as represented by the two-dimensional isotherm profile 
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(pressure-area Langmuir isotherm) (Figure 1.6).
4,46

  The monolayer (so called, Langmuir 

film) on the water surface at the air-water interface can transfer onto solid substrates by 

vertical dipping (Langmuir-Blodgett film) or horizontal liftoff (Langmuir-Schaefer film) 

at varying desirable deposition conditions, where the molecular density and spatial 

ordering of spread molecules is controlled by lateral compression with a barrier while 

monitoring the variation of surface pressure using a Wilhelmy plate.  It is known that the 

surface pressure is the difference in the surface tension of pure water exposed to air and 

the water contact with the spread polymer phase.  The molecular orientation, ordering, 

and packing of the LB monolayer is determined by the extent of lateral compression and 

deposited molecular characteristics.
89

 

 

For diverse amphiphilic block copolymers, from linear to branch structure (e.g., brush, 

star, hyperbranched polymers), the surface aggregation behavior at air-water interfaces 

have been demonstrated (Figure 1.7).
34,75, 90 ,94,164

  It is known that the polymeric 

amphiphiles associate into a variety of micelles (i.e., sphere, rod, and lamella) depending 

on molecular composition and relative block length on the water surface, which is called 

a surface micelle (Figure 1.6 and 1.7).  Upon deposition of polymer amphiphiles, the 

hydrophilic chains dissolve or spread at the air-water interface depending on varying 

pressures, while collapsed hydrophobic chains on top of hydrophilic domains continue 

submerging molecules into the water subphase by anchoring on water surface.   
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Figure 1.7: The surface micelle structures and aggregation behavior in the LB films of 

different (linear and branched) amphiphilic polymers: (a) schematic representation and 

TEM images of the variable surface micelles (starfish, rod, planar) of linear 

poly(styreneb-4-vinylpyridinium decyl iodide).
94

 (b) Phase transitions (AFM images) of 

cylindricalbrushes of poly(n-butyl acrylate) (PBA).
90

  (c) Nanofibric structures (AFM 

images) of amphiphilic dendritic hyperbranched polyester.
34

  (d) Circular shaped surface 

aggregations (AFM images) and proposed models of the domain structures of three-arm 

polystyrene-block-poly(ethylene oxide) stars.
75

  (e) AFM images of the surface dendritic 

structures of amphiphilic heteroarm poly(styene-ethylene oxide) star copolymers.
164

 

 

The interesting molecular transition from ñpancakeò (or starfish) to ñbrushò (jellyfish) of 

the surface micelles as indicated by a broaden breadth of the plateau on the 2D isotherms 

was of intensive research interest for different molecular parameters, such as composition, 

hydrophobic-hydrophilic balance, and block ratio at varying surface pressures.  In this 

regime, it was experimentally and theoretically demonstrated that the formation of quasi-

two dimensional structures from two dimensional surface micelles is an entropically 

favorable process in molecular conformation.
91,92,93,94,95,96

  For polymer brushes, for 

example, poly(butyl acrylate) cylindrical brushes, intriguing molecular transitions were 

investigated as a function of arm length and density, and spreading coefficient at certain 
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surface pressures.  The rod-like to globular conformational transition depend upon the 

degree of desorption of side branches at the interface and was more pronounced for a 

high grafting density and long side arms.
97

 

 

Langmuir isotherms allow for the elucidation of local conformation 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 revealed by in-situ X-ray and neutron 

reflectivity as was probed for branched nanoparticles and monodendrons.
98,99

  Langmuir 

isotherms and molecular area are collected and analyzed as the function of the number of 

arms and block sequences at 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 blocks.  Crowding 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 those of linear block copolymers, as shown by Milner,
100

 phase boundaries 

can be significantly shifted, promoting the formation of non-traditional morphologies at 

unusual compositions.  These phenomena as well as the role of collapsed or expanded 

ionic chains are considered, taking into account various possible scenarios.   

 

To this end, we consider amphiphilic star copolymers residing at the air-water interface 

which tend to adopt molecular conformations with ionic chains in close contact with the 

water sub-phase and 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 the water 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 environment.  For example, hydrophilic 

end-functional groups allow the arms to ñsinkò into the water sub-phase, under even low 

surface pressure.  Forced submerging of hydrophilic arms at high surface pressure could 

result in complete transformation of the microdomain morphology.  The suppressed 

lateral aggregation of hydrophobic 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 compositions.  In addition, the ionization 

of the arms at the proper pH could result in additional arm sinking, which further 

promotes the formation of different morphologies.   

 

1.1.5. Multilayer  Assembly 

Layer-by-Layer (LbL) assembly is a simple and versatile method for multilayer 

preparation from mutually interactive species.  While LB assembly is limited to 

amphiphilic molecules, the LbL depositions are applicable to more diverse building 

components including polyelectolytes, nanoparticles, biomolecules, carbon materials, and 

micelles.  LbL multilayers have well -defined thicknesses and ñfuzzyò yet periodic layer 

structure through repeated alternating deposition of a pair of building elements by 

dipping, spin coating, or spraying without an expensive apparatus (Figure 1.8).
101
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Figure 1.8: (a) LbL multilayer deposition process from polyanion and polycation using 

repeated alternating dipping and washing steps,
101

 (b) two different growth mode and 

structure of multilayer films (linear (left) versus exponential (right); stratified (left) 

versus mixed (right)),
40

 (c) preparation of hollow multilayer microcapsues by exposure 

colloidal sacrificial template to polyelectrolytes of alternating charge,
109

 and (d) proposed 

of a buildup mechansion of polyelectolyte multilayer film based on ñin-and outò 

diffusion.
105

 

 

For example, the LbL films based on oppositely charged polyelectrolyte pairs can be 

buildup by sequential deposition of diluted polyelectrolyte solutions on desired substrates 

with rinsing steps 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 interaction states and components have been used for LbL assembly 
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via electrostatic interaction, hydrogen bonding, metal coordinating interaction, charge 

transfer, click reaction, and step wised sol-gel reaction.  LbL assembly can be extended 

from flat solid substrates to curved non-planar or porous solid substrates, for example, 

silica or polymeric microspheres for hollow multilayer microcapsules.
102

 

 

The thicknesses of LbL films have been observed to grow in two different modes, known 

as linear or exponential buildup (Figure 1.8).  The exponentially growing films show 

much thicker films at the same number of deposition cycles compared to linear growing 

films.  A possible explanation is that linear growth occurs because complexation only 

occurs at the outer layer of the film whereas for exponentially growth, the adsorption 

occurs through the whole film thickness by diffusion in and out of films.
103,104

  The 

diffusion can be driven by electrochemical potential difference in and out of films and 

such a fast exponential increase in mass is proportional to the accumulated mass prior to 

adsorption.   

 

There is another critical issue that the exponentially growing films undergo a transition 

into a linear growth mode during LbL assembly due to the limited diffusion in certain 

regime of the film, not through the whole film thickness by a given deposition and rinsing 

time.  The linear growing film exhibited a more stratified layered internal structure that 

was selectively permeable in contrast to the intermixed exponentially growing films 

exhibiting highly hydrated and porous properties.
40,105,106

  The LbL thin films can find a 

variety of application including biomaterial coatings, membranes, biosensors, energy 
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conversion devices, and ultrastrong films.  Also, the controlled growth modes and 

interactions will allow for the preparation of responsive and dynamic LbL films. 

 

LbL films can also be prepared on non-planar substrates with different shapes or porosity.  

In particular, LbL microcapsules from spherical scarificial substrates offer an interesting 

material plateform (Figure 1.8).
107

  The variety of sacrificial templates, which require a 

complete removal after deposition under mild dissolution conditions, include polystyrene 

latex, melamine formaldehyde, SiO2, carbonate particles, and biological cells.  The shell 

wall thickness is easily tailorable by varying deposition layer numbers and further 

functionalized by incorporating magnetic/metal nanoparticles, fluorescent dyes, and 

biomolecules.  The shell permeability and porosity of the capsules can be tunable by pH, 

ionic strength, solvent, and shell thickness etc.  The capsules consisted of a multilayer 

shell wall and the inner core can be used as a catalysis reservoir, carrier, or microreactor 

for applications in bioanotechnology, and medicine.
108,109

 

 

LbL multilayered structures are 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 microdomain networks for LbL 

films assembled from large, multiarmed star polyelectrolytes or star block copolymers 

with electrolyte arms.  As known, LbL films usually demonstrate either uniform or 

random heterogeneous morphologies.
102

  Ionic chain-containing star block copolymers 

with the ability to form ordered microdomain morphology are promising candidates for 
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forming ultrathin films.  To induce lateral ordering in the course of LbL assembly, we 

considered the assembly of laterally segregated LbL films by incorporating hetero-armed 

star block copolymers as unimolecular micelles and a stabilized microdomain network by 

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

blocks).
110,111,112,113

   

 

To date, very few LbL films were reported for star polymers with weak ionic strength 

such as poly(acrylic acid) (PAA) and poly[2-(dimethylamino)ethyl methacrylate] 

(PDMAEMA).  Multilayer thin films, using brush polymer as a building block, have 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 LbL.
114

  Qia et al. presented PAA star polymer LbL assemblies with 

pH-responsive behavior.
115

  Recently, Hammond and coworkers have demonstrated 

star/star polyelectrolyte LbL multilayers from PDMAEMA and PAA stars.
64

  However, 

the resulting star/star LbL films showed non-uniform morphologies and dewetting due to 

weak ionic cross-linking which might be overcome by the selection of a larger number of 

arms and increasing their length. 

 

LbL multilayers are considered a promising multifunctional material concept.  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 potential of the interface in 
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design of multiresponsive materials for use in self-healing coatings or reversible 

nanovalves.  For the multilayer microcapsules, we need to address critical questions 

involving the fine tuning of permeability for controlled encapsulation and release of 

active functional payloads, biocompatible or biodegradable, and control over core-shape, 

and enhanced specific recognition and adhesion of capsule surfaces towards biomimetic 

multicompartmentalized carriers or cages of DNA, and templates for polymerization or 

biomineralization.
44,116

   

 

1.2. Motivation  

The integration of multiple functionalities within organic and inorganic nanostructures 

promotes the manufacturing of complex branched nanomaterials with unmatched 

properties.
117

  The unique properties seen in highly branched molecular systems, such as 

star, dendrimers, and hyperbranched molecules, arise from their molecular characteristics 

caused by chain-crowding and confinements, few entanglements, an available internal-

cavity, and abundant terminal groups.
118

   

 

Star block-copolymers, 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 contrast, dendrimers possess tree-like 

architecture, with sizes that are defined by their generation number.  Finally, 

hyperbranches are a class of one-pot synthesized branched molecules that have less-

defined molecular structure and a high polydispersity.  Novel properties 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 branched 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 combinations of branched and linear fragments 

(dendronized rods, discs, and stems).
119 

  The critical role of chemical architecture has 

been demonstrated by comparing dendritic or branched structures to linear polymers.
120

  

Currently, the focus of the research has somewhat shifted from synthetic efforts towards a 

deeper understanding of the physical properties and structures of these molecules 

particularly at surfaces and interfaces.
45

  An 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 nanocomposites.
121,122,123

  For example of solar cell applications, a high 

number of light absorbing or photoactive units at the periphery results in greater light-to-

energy conversion and an introduction of branching can be beneficial for light 

emission.
124

  For light-emitting 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.
125
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Highly-branched polymer has recently emerged as a promising building block for 

adaptive/responsive functional coatings and films to create miniaturized polymer thin 

film devices.  Integral and robust nanostructures from branched architectures, however, 

require their controlled spatial ordering and precise physical/chemical modulation at the 

surface and interface.  This approach will present a promising strategy to fabricate 

organized ultrathin polymer film and coating materials for future applications in bio-

interface, sensing and actuator platforms.   
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CHAPTER 2 

GOALS AND OBJECTIVES  

 

2.1. Goals and Research Focuses 

In this study, we focus the directed assembly of star-shaped polymers (star block 

copolymers and star polyelectrolytes) and primarily discuss their chain structure and 

phase transformation in nanoscale ultrathin films at various surfaces and interfaces, such 

as air-water, air-solid, water-polymer, air-polymer, polymer-polymer, and polymer-

graphene oxide interfaces.  The aggregation behavior, morphological properties, and 

microstucture of star polymer-based mono/multilayer ultrathin films are explored with an 

emphasis on surface effects and molecular confinement using LB and LbL deposition 

techniques.  A comprehensive surface analysis would enable us to establish a structure-

property-assembly relationship for these complex architectures.  The responsive assembly 

behavior is studied from the viewpoint of adsorption, diffusion, and conformation of 

highly-branched molecular architectures as a function of morphology, number of arms, 

arm length, and nature of interactions.  These efforts are expected to offer a design 

strategy for fabrication of stimuli-responsive functional ultrathin nanostructures for 

prospective applications in biosensing, self-healing coatings, drug delivery, tunable 

catalysts, and imaging. 

 

The ultimate goal of the work presented in this dissertation is to understand the 

fundamental principles of the directed assembly of novel star-shaped polymers with a 

focus on complex architectures with ionic blocks capable of dramatic conformational 
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changes under external stimuli.  Specifically, we study two different classes of star-

shaped polymers, including star amphiphilic block copolymers (s-BCP) and star 

polyelectrolytes (s-PE) at various surfaces and interfaces as presented in detailed in 

Scheme 2.1.   

 

 

Scheme 2.1: (a) Star-shaped block copolymer (s-BCP): PSnP2VPn amphiphilic heteroam 

star copolymer, PSn(P2VP-b-PtBA)n amphiphilic heteroam star terpolymer, PSn(P2VP-b-

PtBA)n amphoteric heteroam star terpolymer (n denotes arm number)  (b) star-shape 

polyelectrolyte (s-PE): cationic p(DMAEMAn)x star polyelectrolyte and anionic p(AAn)x 

star polyelectrolyte (n denotes degree of polymerization; x denotes arm number).  
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A set of star polymers studied here includes pH-sensitive amphiphilic heteroarm star 

copolymers, star block terpolymers with hydrophobic ends, and star polyampholytes 

possessing zwitteric diblock arms, and pH and salinity responsive weak polycationic and 

polyanionic star polyelectrolytes.  These star polymers can be forced through molecular 

phase segregation and intermolecular interactions into well-defined ultrasoft 

nanoparticles, nanogels, quasi two dimensional circular micelles, core/shell type single 

molecular micelles, pancake & brush micelles or Janus-like molecular particles in 

assembled ultrathin films as will be discussed later. 

 

The significance and novelty of this approach is in elucidating the effects of surface and 

interface energetics and confinements on the molecular conformation and interaction of 

these highly-branched well-defined supermolecules with a crowding compact structure.  

The advanced branch and multicompositional molecular design, in combination with 

integrated adaptive/responsive chain segments, represents a powerful approach to control 

the lateral diffusion and phase segregation of novel functional branched building blocks 

on the surface resulting in generating tunable and ordered complex structural 

nanodomains in monomolecular thin films, as well as to tailor their stratified layered 

nanostructures with capabilities for switchable morphological heterogeneity and 

multicompartmental structures.   

 

As compared to traditional linear polymers, however, the limited interdiffusion and 

entanglement, compact structure, multiple free ends, and repulsive interactions of 

stronger stretched arms of non-linear highly-branched molecular architectures, in 
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particular when confined at surface, pose a great challenge facing the construction of 

flexible but stable two-dimensional (2D) supramolecular assembly in quasi-equilibrated 

thermodynamic system.  In this respect, the profound understanding of chain 

conformation, interaction, and phase transformation in the ultrathin films (from 

monomolecular to multilayer assembly) is of great necessity in order to realize structural 

hierarchy and responsive property.   

 

Scheme 2.2: Conceptual diagram investigating the structure-property-assembly 

relationship of highly-branched star-shaped polymers. 

 

Therefore, we address a fundamental question of how the chemical composition and 

architecture of different highly-branched entities influence their assembly behavior and 



 

32 

 

intra/intermolecular interactions under variable environmental and confined interfacial 

conditions.  The self-/directed-assembly behavior of stimuli-sensitive highly-branched 

molecules at the interface has been explored with a focus on the controlled interfacial 

organization and tunable complex morphology for the fabrication of hierarchical 

functional nanofilms (Scheme 2.2). 

 

The key technical focuses of the work presented are: 

1. Morphology, microstructure, and microdomain organization of ionic and non-ionic 

blocks grafted to a single center in star block copolymers at air-water and air-solid 

interfaces as a function of the number of arms, chemical composition, environmental 

conditions, and star architecture;  

2. Surface behavior of star block copolymers which differ in architecture, molecular 

weight, arm length, nature of ionization, and number of arms on planar and templated 

functionalized surfaces with tailored intermolecular interactions and topography 

under variable environmental conditions (pH variation and salt-initiated formation of 

nanoparticles), which can tune the conformation of ionic blocks; 

3. Understanding interfacial aggregation behavior and intra/intermolecular interaction of 

amphoteric arm containing star terpolymer amphiphiles for an extended pH region at 

the air-water and air-solid interface;  

4. Examination of the feasibility of in-situ gold nanoparticle growth at the confined 

liquid-solid interface using ionizable pyridine containing heteroarm star copolymers 

as a template; 
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5. pH-tunable LbL growth behavior of star polycationic polyelectrolytes with variable 

molecular weights and number of arms as compared to their corresponding linear 

counterparts as a function of deposition pH, number of layers, and the method of 

assembly; 

6. Fabrication of multilayer hollow microcapsules prepared from star polymer 

core/corona unimicelles using a sacrificial template with a curved surface and 

characterization of the porous shell structure and permeability using confocal 

fluorescence microscopy 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 surfaces by investigation of molecular transformation and 

interactions on a Langmuir trough. 

 

2.2. Overview of Dissertation Contents 

Chapter 1 presents a critical review of the literature relevant to the field of 

surpramolecular assembly of highly branched molecules and responsive surface behavior.  

The chapter highlights the significance of current issues to be addressed and and raises 

fundamental questions that need further investigation.   

 

The current chapter (Chapter 2) addresses the ultimate goals and specific technical 

objectives in this dissertation.  It also includes an overview and organization of the entire 

dissertation. 
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Chapter 3 describes key experimental characterization techniques employed in this 

dissertation in detail.  Characterization methods in these studies presented here include 

ellipsometry, atomic force microscopy, confocal laser scanning microscopy, and small 

angle neutron scattering, and transmission electron microscopy.  Specific experimental 

techniques used and detailed experimental description are further included for the 

particular chapter presented. 

 

Chapter 4 presents the surface behavior and morphologies of two series of pH-

responsive amphiphilic heteroarm star block copolymers.  In this respect, we studied 

polystyrene/poly(2-vinylpyridine)/poly(tert-butylacrylate), PSn(P2VP-PtBA)n, heteroarm 

star block terpolymers and their precursors, PSnP2VPn, star copolymers.  These star block 

polymers differ in architecture (copolymer vs terpolymer), block topology and arm length 

(molecular weight of PtBA segments varies from 8 900 and up to 15 250), and number of 

arms (n = 9, 22, and 28).  The ˊ-A isotherms at different subphase pH (pH = 5.8 and 2.0) 

exhibited strong pH dependence leading to different limiting molecular area and surface 

micelle stability.  Due to the pH-induced ionization of the 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 block as midblocks maintained the same circular 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 different fabrication 

conditions. 
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Chapter 5 describes the pH-controlled surface behavior of amphiphilic heteroarm star 

block terpolymers, (n = number of arms, 9 and 22), bearing amphoteric diblock arms with 

varying polyvalent ionic charges (i.e. negative, positive, and zwitterionic) at the air-water 

and air-solid interfaces.  We investigated the assembly of these pH-sensitive star 

terpolymers in Langmuir and LB monolayers under different pH conditions of the 

subphase.  The ˊ-A isotherms acquired at variable pH conditions revealed a distinct 

aggregation behavior of surface micelles which is dependent on the ionization of the 

polyelectrolyte blocks and the number of arms.  The star block copolymer with a small 

number of arms (n=9) was found to exhibit a strong pH-dependent phase transformation 

under compression.  The pH responsive (zwitterionic) behavior results in changes in 

surface morphologies from circular micelles to complex labyrinth structures.  In contrast, 

star polymers with a larger number of arms (22) and a crowded branched architecture 

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 by the highly branched chain architecture 

composed of both acidic and basic blocks.   

 

In chapter 6, we report on the growth of gold nanoparticles in polystyrene/poly(2-vinyl 

pyridine) (PS/P2VP) star-shaped block copolymer monolayers.  These amphiphilic 

PSnP2VPn heteroarm star copolymers differ in molecular weight (149 000 and 529 000 

Da) and number of arms (9 and 28 arms).  LB deposition was utilized to control the 

spatial arrangement of P2VP arms and their ability to reduce gold nanoparticles.  The 

PSnP2VPn monolayer acted as a template for the gold nanoparticle growth due to their 
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high micellar stability at the liquid-solid interface, uniform domain morphology, and 

ability to adsorb Au ions from the water subphase.  UV-vis spectra, AFM, and TEM 

images confirmed the formation of the individual gold nanoparticles with an average size 

of 6 ± 1 nm in P2VP-rich outer phase.  This facile strategy is critical for the formation of 

ultrathin polymers-gold nanocomposite layers at large surface areas with confined, one-

sided positioning of gold nanoparticles in an outer P2VP phase at polymer-silicon 

interfaces.  

 

The unique LbL assembly behavior of pH-sensitive star-shaped polyelectrolytes with 

both linear and exponential growth modes controlled by star architecture and assembly 

conditions is addressed in chapter 7.  We demonstrated the LbL growth behavior of 

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 (up to 30 bilayers), 

and the method of assembly (dip- vs spin-assisted LbL).  The spin-assisted LbL assembly 

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

the shear rate and pH conditions.  In contrast, for dip-assisted LbL 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 surface non-uniformity, ñworm-likeò 

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 scale 10 ɛm x 10 ɛm) with much larger thickness reaching up to 1.0 

ɛm for 30 bilayers and rich optical interference effects.  Star polyelectrolytes with 
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partially screened charges and high mobility caused by compact branched architecture 

appear to facilitate fast diffusion and exponential buildup of LbL films.   

 

Chapter 8 presents the LbL assembly of amphiphilic heteroarm pH-sensitive star-shaped 

polystyrene/poly(2-pyridine) (PSnP2VPn) block copolymers to fabricate porous and 

multicompartmental microcapsules.  Pyridine-containing star molecules forming a 

hydrophobic core/hydrophilic corona unimolecular micelle in acidic solution (pH 3) were 

alternately deposited with oppositely charged linear 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 polymers 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 porosity.  The 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 arm numbers.  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 mass fractal morphology 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.  The formation 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 with an ability to simultaneously store 

different hydrophilic, charged, and hydrophobic components within shells.   

 

In Chapter 9, we discuss the interfacial assembly of amphiphilic heteroarm star 

copolymers (PSnP2VPn and PSn(P2VP-b-PtBA)n (n = 28 arms)) on graphene oxide flakes 

assembled at the air/water interface.  Probing spreading, adsorption, and ordering of star 

polymer surface micelles on the basal plane and edge of in-plane amphiphilic monolayer 

graphene oxide was investigated by sequential deposition on a Langmuir trough.  This 

interface-mediated assembly approach resulted in polymer micelle decorated graphene 

oxide platelets with controlled binding and organized morphology as revealed by high 

resolution AFM.  We found that the unique surface activity of solvated graphene oxide 

sheets enables star polymer surfactants to subsequently adsorb on the pre-suspended 

graphene oxide sheets, thereby producing a bilayer hybrid nanofilm.  The positively 

charged heterocyclic pyridine containing star polymers exhibited strong affinity onto the 

basal plane and edge of graphene oxide, leading to a well-organized discrete micelle 

assembly with no large scale aggregation.  The preferred binding behavior and extent of 

coverage was tuned by controlling assembly parameters such as concentration and 

solvent polarity, as well as dependent upon multi-arms conformation.  The surface 

unimicelles on the basal plane of graphene oxide remained incompressible under lateral 

compression in contrast to ones on the water surface due to limited arm transformation on 

the attractive surface of graphene oxide.  The densely packed, stable biphase tile-like 
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morphology was evident suggesting the interfacially stable and mechanically stiff nature 

of graphene oxide sheets.  This non-covalent assembly at fluid interface represents a 

facile route for the control and fabrication of graphene oxide-inclusive ultrathin hybrid 

films for catalyst template and sensing platform. 

 

Chapter 10 finalizes the dissertation work with general discussion and conclusions, and 

further addresses research impact and future perspectives. 
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CHAPTER 3 

EXPERIMENTAL DETAILS  

 

This chapter provides an overview of experimental details related to sample preparation 

procedure, characterization techniques, and instruments used throughout this work.  

Specific experimental techniques and procedures are presented in more detailed in the 

following each chapter.   

 

3.1. Synthesis and Fabrication 

3.1.1. Synthesis of Highly Branched Star-Shaped Polymers  

The PSn(P2VP-PtBA)n heteroarm star block terpolymers were synthesized by a multi-step, 

one pot, sequential anionic living polymerization procedure following the ñin-out methodò 

by Tsitsilianis group (University of Patras, Greece)
 126,127

  According to this routine, the 

first generation of PS arms were formed in the first step by reacting sBuLi with styrene.  

These ñlivingò linear PS chains were used in a subsequent step to initiate the 

polymerization of a given amount of divinylbenzene (DVB) acting as a crosslinking 

agent.  A living PS star-shaped 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 grown from the core upon the addition of 2VP.  Part of the reaction medium 

was sampled out and the PSnP2VPn precursor was isolated and characterized.  In the 

remaining solution, the sites located now at the ends of the second generation of P2VP 

arms are ñlivingò and was used to polymerize the third monomer (t-BA) leading to 

PSn(P2VP-PtBA)n  heteroarm star block terpolymer.  All samples have been characterized 
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by a combination of gel permeation chromatography, 
1
H NMR, and light scattering in 

accordance with the approach published elsewhere.
74

  The PSn(P2VP-b-PAA)n heteroarm 

star block terpolymers were synthesized according to a previous procedure reported 

elsewhere 
46,70,128

 

 

Star-shaped p(DMAEMA) and p(AA) were synthesized via ATRP in a core-first 

approach by Müller group (Univeristy of Bayreuth, Germany).
37, 129 , 130

  As 

multifunctional initiators either saccharose-, cyclodextrin-, or silsesquioxane-based cores 

functionalized with 2-bromoisobutyryl groups were used.  The detailed synthesis and 

characterization of these initiator molecules is given in the above references.  For the 

linear polymers we used ethyl 2-bromoisobutyrate (EBIB) as the initiator.  The number of 

arms was determined by cleaving off the arms from the core.
37

  For 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 mini-trough, according to the standard 

procedure adapted in our lab.
131

  40-120 µL 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 sectional area A0 is 

determined by the steepest rise in the surface pressure which evidenced the formation of a 

condensed monolayer.
132

  Monolayers at the air-water interface can be transferred onto a 

substrate for further characterizations.   
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A 0.5-0.10 mg/ml concentration of solution composed 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 adjusted by using hydrochloric acid without a buffer system.  

The 60-120 µL 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.  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 submerged in the water subphase at a rate of 2 mm/min.  The 

limiting cross sectional area A0 was determined by the steepest tangent rise in the surface 

pressure, which evidenced the formation of a condensed monolayer.
132

 

 

3.1.2. LbL Film and Microcapsule Fabrication 

LbL assembly will be applied to fabricate multilayered films from water-soluble star 

block copolymers with ionic-blocks.
39

  Spin-assisted LbL films were prepared by using 

sequential spin-casting 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.
133,134

  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 dip-assisted LbL process was performed by alternate immersion of 

the substrates in polyelectrolyte solutions for 10 min, followed by rinsing three times 

with the same pH buffer solution.  The LbL hollow microcapsules were prepared using 

silica microsphere core (4.0 Ñ 0.2 ɛm in diameter, Polyscience, Inc.) as a sacrificial 
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template.  The silica cores 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 rpm for 2 min to separate solid and supernatant, and then the collected capsules 

were rinsed three times with 0.01 M TrisHCl buffer solution at the same pH.  The 

assembly/washing cycle was repeated until a desirable thickness of the capsule was 

obtained.  The silica 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 techniques are employed for the comprehensive surface 

and structure analysis to study the relevant physical and chemical properties of prepared 

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 Ɋ (polarized angle) and ȹ (phase) values were measured and used to construct a 

Cauchy model to determine the optical constants n and k 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 deposition of 

polyelectrolyte LbL film from the well known reflective index.  The LbL film thickness 

data was fit to the Cauchy model where the reflective index is given as n(ɚ) = An + Bn/ɚ
2
 

+ Cn/ɚ
4
 with An= 1.45, Bn= 0.01, and Cn= 0.0 as a function of ɚ.  For sufficiently thick 

films, thickness (>300 nm thickness) was determined using fitted Cauchy constants 

obtained from Ɋ and ȹ of measured films.  The mean squared error (MSE) for data fitting 

was in range of 5-25.  Thickness measurements were conducted on at least three different 

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

 

3.2.2. Atomic Force Microscopy (AFM)  

The morphology of ultrathin films were probed under ambient conditions in air using a 

Dimension 3000 atomic force microscope (AFM) (Veeco Inc.).  For quantitative analysis 

of surface topography, AFM images were obtained in the ñlightò tapping mode with an 

amplitude ratio within 0.90-1.00 to avoid surface damage and deformation.
135,136

  The 

AFM cantilevers had spring constants in the range of 40-60 N/m.  Scanning rates were 

between 1.0-2.0 Hz, depending on the scan area which ranged from 10 ɛm x 10 ɛm to 1 

ɛm Ĭ 1 ɛm.
137

  Electrostatic force images were obtained with a Bruker Icon AFM using a 

p-doped silicon cantilever with a spring constant of 3N/m and resonant frequency of 

65KHz.
138

 Adhesion maps, modulus and deformation maps were obtained using the 

óQuantitative Nanomechanical Measurementsô (QNM) mode on the Bruker Icon AFM 

using similar probes as used for EFM measurements.
139
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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 × 1.4 oil immersion 

objective lens (Zeiss).  Excitation/emission wavelengths of 488/515 nm were used.  A 

small volume of a dispersion of hollow capsules were placed into Lab-Tek chambers 

(Electron Microscopy Sciences) and then analyzed after they settled.  To investigate 

capsule permeability to FITC-dextrans, hollow capsules were added to several Lab-Tek 

chambers, which were then half-filled and mixed with FITC-dextran solutions.  To 

confirm the alternating assembly of polymer pairs on the silica core, the surface 

potentials were monitored on Zetasizer Nano-ZS equipment (Malvern).   

 

3.2.4. Transmission Electron Microscopy (TEM)  

TEM was performed on JEOL 100CX-2 electron 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 layer.  The 

particle size was calculated from TEM images using ImageJ 1.43u software (National 

Institute of Health) by following regular image analysis procedure.  

 

3.2.5. UV-Vis and Raman Spectroscopy  

UV-vis spectroscopy measurements were conducted on a Craic QDI 202 microscope 

spectrophotometer attached to a Leica microscope (Leica DM4000M) with a 50x 

objective or with a UV-2450 spectrophotometer (Shimadzu).  The Raman mapping was 
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performed with a WITec (Alpha 300R) confocal Raman microscope using an Ar + ion 

laser (ɚ = 514.5 nm) as an excitation source according to usual procedure.  The spectrum 

was obtained using a 600 grooves mm
ī 1

 grating with a spectral resolution of 5 cm
ī 1

.
140

 

 

3.2.6. Small Angle Neutron Scattering (SANS) 

Small-angle 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), we applied SANS in mixed, variable contrast 

aqueous-deuterated solutions.  The feasibility of SANS to study the complex 

nanostructures is supported by earlier studies.  For instance, SANS was applied for 

characterization of silver nanoparticles
141

 and for gold nanoparticles formed inside 

dendrimers.
142,143

  SANS allows the study of polymer chain conformation in aqueous 

solutions e.g., the PEO or PAA or P2VP chains of star block copolymers.
144

  SANS 

provides an insight into the polymer/polymer interactions in a range of physical states as 

demonstrated by Melnichenko et al.
145

 

 

All samples were measured in D2O to minimize the incoherent backscattering and 

increase contrast for hydrogenated shells.
146

  For the 22 arm star polymer, the 

microcapsules with different shell thickness (5, 8, and 11 bilayers) in hydrogenated water 

were treated with deuterated water (D2O) that was adjusted to pH3 using 0.1 M HCl.  To 

minimize the mixing of H2O, the D2O exchange was repeated three times using the 

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

by eliminating the effects of a structure factor (i.e. S(q) å 1).  Samples were loaded into 

1mm path length óbanjoô style quartz cuvettes (Hellma USA, Plainview, NY).  All SANS 

measurements were made at room temperature (22°) on the Extended-Q Small Angle 

Neutron Scattering (EQ-SANS) instrument of the Spallation Source at Oak Ridge 

National Lab (ORNL).
147

   

 

The time-of-flight instrument was operated in 30 Hz (frameskipping) mode using a 

minimum wavelength, ɚ, of 2.5 ¡, yielding two bands of neutrons (2.5-6.1 Å and 9.4-

13.4 Å).  A sample to detector distance of 4 m was used, resulting in a q-range of 

approximately 0.0035 to 0.45 Å
-1
, where ñqò is the momentum transfer vector defined as 

q = (4ˊ/ɚ)sin(ɗ/2) and ɗ is the scattering angle, which probes dimensions on the order of 

10-1500 ¡ (distance = 2ˊ/q).  Data correction for proton charge normalization, 

wavelength-dependent flux and sample transmission, background, detector sensitivity and 

instrument dark current (cosmic radiation and electronic noise) followed the standard 

procedures implemented in MantidPlot (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 was conducted using a calibrated standard, which in this 

case was Porasil B in a 1 mm pathlength quartz cuvette.
148

  Non-linear 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 PSn(P2VP-b-PtBA)n 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.  Star-shaped polymers belong to the class of branched organic materials 

which includes dendrimers, hyperbranched, and dendronic molecules.
16

  They have a 

molecular structure composed of a number of peripheral arms chemically bonded to a 

single core.
149,150, 151

  Recently, star shaped block copolymers have gained a considerable 

attention in terms of micelle aggregation and microphase separation in bulk, solution, and 

at the surface and interface as a result of their well-defined macromolecular 

architecture.
152, 153, 154, 155

  For example, heteroarm star copolymers, (also called miktoarm 

polymers) consist of an equal number of two different pure arms (AnBn).
128,126,127,156, 157, 

158 
 The crowding of chains and multiple chain ends of these star copolymers account for 

their unique micellization behavior with diverse physical and chemical properties.
 159, 160, 

161, 162, 163, 164, 165
   

 

The surface morphology of star block copolymers is controlled by a variety of factors 

such as the number of arms, degree of polymerization, composition, and chain 

architecture.
163,164,165

  Accordingly, studies on their interfacial properties can offer more 

information on the structure-property-assembly relationship of ultrathin film formation.  
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In the end, such an effort will lead to their potential applications in advanced functional 

systems such as ultrathin coatings, sensors, and drug carriers, for which responsive 

properties to external stimuli (e.g. pH, thermo, and shear) are required.
80 

 

Polystyrene/poly(2-vinylpyridine) (PSnP2VPn) heteroarm star copolymers synthesized via 

the ñin-out methodò with pH sensitive ionizable P2VP segments showed associative 

properties in the solution state in the presence of toluene, which acts as a selective solvent.  

They were considered to be unimolecular micelles below the critical micelle 

concentration (cmc) and formed supermicelles above the cmc adopting a spherical shape 

with a core-shell structure.
157, 127

  When compared 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 micellar associates as indicated by a positive Gibbs 

energy at higher temperatures.  The effect of the length of insoluble arms in PSnP2VPn 

heteroarm star polymers on their aggregation behavior in toluene was also considered.   

 

The aggregation behavior of these amphiphilic PSnP2VPn star polymers was also 

examined in acidic aqueous solution where the P2VP arms are protonated, exhibiting 

polyelectrolyte characteristics.
127,128

  Single molecular conformations and dimensions of 

core-shell structure of unimolecular and multimolecular micelles of PS7P2VP7 stars were 

studied in various solvents, at different pH, and concentration conditions using atomic 

force microscopy (AFM) with improved contrast through metallization.
65,166

  Yu et al. 

prepared an asymmetric amphiphilic PS-P2VP heteroam star copolymer via atom transfer 
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radical polymerization (ATRP) and demonstrated the morphology change of 

polymolecular micelles of star polymer in a tetrahydrofuran and methanol mixed 

solvents.
167

  The results revealed a change in morphology from irregular spherical and 

short rod-like aggregates (10 % methanol) to rod like micelles (90 % methanol) by 

increasing the methanol concentration, which is a poor solvent for PS arms.   

 

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

amphiphilic diblock copolymers was reported by Eisenberg et al.
 91

  Since then, the 

surface aggregation behavior of macromolecules has offered an insight into the formation 

mechanism of ultrathin monolayers and their structural characteristics.
92,93,94,95

  Various 

parameters such as aggregation number, geometric dimensions of surface micelles, and 

their shape have been explored through pressure-area isotherms and by transmission 

electron microscopy (TEM) and AFM of Langmuir-Blodgett monolayers.  Final 

aggregation behavior depends on the composition, degree of polymerization, 

hydrophilic/hydrophobic balance, arm length, concentration of spreading solution, 

solvent polarity, and subphase pH and ionic strength.  These surface micelles can be 

formed in solution, or are compression induced, or can form spontaneously upon 

spreading at the air-water interface. 
168

  More recently, there have been reports on surface 

micelles, chain conformations, and morphologies of amphiphilic AnBn binary heteroam 

star copolymers having symmetric or asymmetric chain structure, (e.g. polystyrene-star-

poly(ethylene oxide) (PSnPEOn), polystyrene-star-poly(2-vinyl pyridine), polystyrene-

star-poly(acrylic acid) (PSnPAAn), and poly(ethylene oxide)-star-poly(Ů-

caprolactone)).
76,79, 169,162, 165
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Recently, novel star-shaped An(B-C)n multisegmental block terpolymers bearing PS, 

P2VP, and PAA blocks were synthesized through an extended ñin-out methodò and were 

explored in aqueous media.  These star terpolymers consist of pure PS arms and an equal 

number of P2VP-b-PAA diblock copolymer arms, PSn(P2VP-b-PAA)n, named heteroarm 

star block terpolymers.  Hammond et al. demonstrated their hierarchical self-organization 

of such a complex structures with small surfactants.
74

  The ampholytic nature of this 

novel star block terpolymer allowed for complexation to be carried out on either the 

P2VP blocks (with negatively-charged surfactants) or on the PAA blocks (with 

positively-charged surfactants), depending on the pH at which the complexation reaction 

was carried out.  Addition of surfactants 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 core-shell cylinders (PS and P2VP composing the core and shell, 

respectively) in a matrix of PAA (surfactant). 

 

However, studies of the surface micelles of An(B-C)n star terpolymers are still rare.  

Moreover, triblock ABC copolymers offer diverse morphologies with over 30 phases in 

the solution and bulk state because of the introduction of a third block.  Such diverse 

morphologies cannot be observed in binary AB diblock or ABA triblock systems.
170, 171

  

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

surface supramolecular nanostructures with various core-shell-corona structures such as 
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spherical, worm-like, vesicles, toroids, and Janus micelles, as observed with ABC linear 

counterparts.
172, 173, 174, 175, 176, 177

 

 

In this chapter, we explore the surface behavior and morphologies of a series of pH-

responsive amphiphilic star block terpolymers, PSn(P2VP-PtBA)n, and their precursors, 

heteroarm star copolymers, PSnP2VPn, with a high asymmetry in arm length.  The focus 

of this work is on the effect of pH on the morphology of these amphiphilic star-shaped 

multiblock polymers which differ in architecture (copolymers and terpolymers), 

arm/block length (molecular 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 air-water/air-solid interface, we focused on morphological studies at 

different subphase pH (pH = 5.8 and 2.0).  Our results demonstrate a strong pH 

dependence of the surface aggregation leading to different limiting molecular areas and 

surface morphologies for stars with different chemical compositions.   
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Figure 4.1: a) Schematic of the multi-step synthetic procedure for the synthesis of An(B-

C)n heteroarm star block  terpolymer, * denotes active sites. b) Molecular structures of 

heteroarm star polymers. G I represents PSnP2VPn (AnBn) star copolymers and G II 

represents PSn(P2VP-PtBA)n star block terpolymers. 

 

 

4.2. Experimental Details 

Materials. The PSn(P2VP-PtBA)n heteroarm star block terpolymers were synthesized by 

a multi-step, one pot, sequential anionic living polymerization procedure following the 

ñin-out methodò (Figure 4.1(a)).
126,127

  All samples have been characterized by a 
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combination of gel permeation chromatography, 
1
H NMR, and light scattering in 

accordance with the approach published elsewhere and summarized in Table 4.1.
74

    

 

Table 4.1. Molecular Characteristics of Heteroarm Star Polymers.  

 

Sample 

 

Chemical  

structures 

Number of 

arms  
A  B  C  ū

P2VP
 

a
  

M
w, tot

  

N  Total  M
w
  N

PS
  M

w
  N

P2VP
  M

w
  N

PtBA
  

GI-B9 

PS
n
P2VP

n
 

9 18 3,400 33 13,200 126 

 

0.80 149,000 

GI-B22 22 44 3,500 34 14,300 136 0.80 386,000 

GI-B28 28 56 3,000 29 16,000 152 0.84 529,000 

GII-T9 
PS

n
(P2VP-

PtBA)
n
 

9 18 3,400 33 13,200 126 8,900 69 0.52 235,000 

GII-T22 22 44 3,500 34 14,300 136 15,250 119 0.44 717,000 

GII-T28 28 56 3,000 29 16,000 152 11,000 86 0.53 843,000 

a
 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 silicon dioxide layer having a 

1.6 nm thickness were cleaned with piranha solution (3 : 1 concentrated sulfuric acid and 

hydrogen peroxide mixture) in accordance with usual procedure.
178

  Subsequently, it was 

abundantly rinsed with Nanopure water (18.2 MÝ cm) and dried with a dry nitrogen 

stream.  Pretreated substrates served as a hydrophilic base for film deposition. 

 

Fabrication and characterization of monolayers.  The Langmuir-Blodgett studies were 

conducted using a KSV2000 minitrough at room temperature, according to the usual 

procedure adapted in our lab.
131

  A 0.5-0.10 mg/ml concentration of solution, composed 

of a star polymer sample 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 of the water subphase was adjusted by using 

hydrochloric acid without a buffer system.  The 60-120 µL 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.  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 submerged in the water 

subphase at a rate of 2 mm/min.  The limiting cross sectional area A0 was determined by 

the steepest tangent rise in the surface pressure, which evidenced the formation of a 

condensed monolayer.
132

 

 

Effective monolayer thicknesses were obtained with a M-2000 U spectroscopic 

ellipsometer with WVASE32 analysis software.  AFM images were obtained with a 

Dimension-3000 atomic force microscope.  AFM images were generated in the ñlightò 

tapping mode with an amplitude ratio within 0.90-1.00 to avoid monolayer damage.
135,136

  

Measurement of the contact angles were undertaken with a KSV CAM101 setup by 

dropping Nanopure 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 used in this study.  Group I includes heteroarm 

star copolymers composed of PS and P2VP arms (PSnP2VPn), where n denotes the 

number of each arm (Figure 4.1).  The Group II, represented as PSn(P2VP-PtBA)n, are 

star polymers composed of three kinds of blocks, which bear PtBA 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 (Table 4.1 and Figure 

4.1).  Group I heteroarm star copolymers and Group II heteroarm star block terpolymers 

will be abbreviated as G I and G II respectively throughout this manuscript. 

 

Figure 4.1(b) represents the general macromolecular architecture of the heteroarm star 

polymers studied here.  For the sake of brevity the PSnP2VPn are termed as star 

copolymers and the PSn(P2VP-PtBA)n as star terpolymers.  The two groups have a 

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

44, and 56 per single star polymer, respectively (Table 4.1).  ū
P2VP presents the weight 

percent of P2VP blocks indicating the hydrophilicity of the star polymers in the condition 

that pyridine groups in P2VP are ionizable.  Overall the star copolymers, PSnP2VPn 

(ūP2VP = 0.8), are more hydrophilic than the star terpolymers, PSn(P2VP-BtBA)n (ūP2VP  = 

0.4-0.5).  
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Based on the ionization constant of pyridine (pKa = 5.2) in solution, P2VP remains highly 

protonated under acidic conditions at pH 2.0 (adjusted by hydrochloric acid) whereas it is  

Figure 4.2: Surface-area isotherms of PSnP2VPn star copolymers (a and b) and 

PSn(P2VP-PtBA)n  star block terpolymers (c and d) at different subphase pH (5.8 vs. 2.0).  

GI-Bn denotes PSnP2VPn ( n is the number of arms; n = 9, 22, and 28) and GII-Tn 

denotes PSn(P2VP-PtBA)n  (n = 9, 22, and 28). 

 

 

only partially ionized at pH 5.8 (Nanopure water without pH adjustment).
183 

 However, 

the effective pKa value of the star polymer is expected to be lower (less than 5.2) than the 
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linear counterpart due to ionic confinement phenomena, which leads to high osmotic 

pressure within the star architecture.
64

  Li et al. reported that PtBA homopolymer and PS-

b-PtBA linear block colymer spread at the air-water interface whereas PS homopolymer 

does not.
179

  PtBA chain ends in star terpolymer thus seem to be surface-active and form 

surface aggregates.  However, they are likely to be classified as hydrophobic based on 

their hydrophilic/hydrophopobic balance. 

 

4.3.2. Surface-pressure isotherms at air-water surface.   

Figure 4.2 shows the pressure-area isotherms (ˊ-A) of G I star copolymers and G II star 

terpolymers as a function of the number of arms and at different subphase pH.  The initial 

molecular area A1, defined as the starting lift-up point of the surface pressure from zero 

pressure, depends on the number of arms (their molecular weight) at both pH conditions 

(Table 4.2).  The ˊ-A isotherm plots show a large range of high compressibility at the low 

pressure region until they start to dramatically increase.  This gradual build up in pressure 

is due to the higher occupancy required for a larger number of arms which are initially 

stretched at the air-water interface, but sink to the water subphase with modest lateral 

compression.  The heteroarm star polymers studied here have very large initial area, A1, 

in a gas state at which star polymers exist as unimers with little interaction between them 

resembling their state in solution below the cmc.  Cross-sectional areas of initial gas 

states depend on the number of arms and the subphase pH for both groups.  In the 

condensed state region, limiting molecular area, A0 also shows similar change in terms of 

number of arms for both G I and G II groups (Table 4.2). 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 pressures 5-20 mN/m.   

 

Table 4.2: Monolayer Characteristics of Heteroarm Star Polymers at Different Subphase 

pH. 

Sample 

A0, (nm
2
) A1, (nm

2
) 

  Effective thickness (nm) 

 

P = 0.50 

(mN/m)  

P = 10.0 

(mN/m)  

P = 20.0 

(mN/m) 

pH 

5.8 

pH 

2.0 

pH 

5.8 

pH 

2.0  

pH 

5.8 

pH 

2.0  

pH 

5.8 

pH 

2.0  

pH 

5.8 

pH 

2.0 

GI-B9 340 120 1400 900   0.0 0.2   1.0 2.3   3.6 
 

GI-B22 750 260 1900 1800 
 

0.6 
  

1.4 3.0 
 

4.1 
 

GI-B28 820 300 2800 2500   0.8 0.5   2.1 3.7   3.5 
 

GII -T9 750 580 1900 1800 
 

0.4 
  

1.1 1.1 
 

2.0 
 

GII -T22 900 950 3400 2900 
 

0.5 
  

1.3 1.3 
 

1.9 
 

GII -T28 1100 1100 3900 3400   0.6 
 

  1.6 1.3   1.9 2.0  

 

 

Table 4.3: Mophological Characteristics of monolayers as a Function of Number of Arms 

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

  

Average domain 

height (nm)  

Domain area 

coverage (%)  
RMS Roughness 

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 1.4 
 

45.0 53.0 
 

0.33 0.39 

G2-T9 
 

2.5 1.7 
 

51.0 49.3 
 

0.60 0.30 

G2-T22 
 

1.3 1.6 
 

48.0 46.6 
 

0.38 0.35 

G2-T28 
 

1.3 1.4 
 

50.0 49.0 
 

0.42 0.38 

 

The initial surface areas of compounds from G II group are larger than those of G I 

compounds (Table 4.2).  This effect could be attributed to the higher hydrophobic block 

content in the star terpolymers.  At acidic conditions, A1 shows a smaller decrease as 
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compared to that at neutral pH (Table 4.3).  This difference can be caused by the fact that 

the ionized P2VP chain segments remain anchored to the air-water interface in a star fish 

shape with few submerged P2VP segments under these conditions (see Figure 4.3 and 

more discussion below).  

 

On the other hand, G I and G II star polymers displayed distinct pH-sensitive surface 

pressure behavior.  At acidic pH (2.0) condition, the values of A1 and A0 decrease for G I, 

but stay constant for G II polymers.  This distinct dependence on pH seems to be due to 

the difference in chain topology for these different groups.  The relatively hydrophobic 

PtBA end blocks of G II compounds influence the chain conformation change at the air-

water interface unlike G I compounds with pH sensitive P2VP arms (Figure 4.1).  In 

particular, we found that the shape of ˊ-A isotherms at acidic pH condition is similar to 

that for linear PS-P2VP block copolymers and PS-P2VP with incorporated alkyl 

groups.
93,183

 

 

The pH-dependence of surface isotherms reveals that G I compounds have notably 

smaller A0 at neutral pH (pH = 5.8) than that at acidic pH (2.0) condition if compared to 

G II star terpolymers (Table 4.3).  At acidic pH, pyridine moieties (pKa = 5.2) on P2VP 

blocks are ionized with a positive charge.  The G I group shows a dramatic reduction in 

A0 without any transition shoulder on the isotherms while A0 for G II compounds remains 

the same under the highly ionized condition (Figure 4.2).  This behavior can be explained 

by the well-known characteristic transition model, that is, from ñstar fishò to ñjelly fishò 

transition (see Figure 4.3 and more discussion below).
91,93

  At higher surface pressure, the  
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G I  

 

G II  

 

 

Figure 4.3: Schematics of suggested chain conformations of star copolymers (GI) (left) 

and star terpolymers (GII) (right) at pH 5.8 and 2.0 at the air-water interface under lateral 

compression (top) and unimolecular micelle at air-water and air-solid interfaces (bottom). 

 

submersion of pyridinium chains into the water subphase occurs upon compression.  

Indeed, it has recently been found that the highly ionized P2VP arms of linear PS-P2VP 
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diblocks might sink into the water subphase with increasing lateral compression 

depending upon the degree of ionization of pyridine groups without quaterization.
183

  On 

the other hand, the hydrophobized version of PVP, alkylated PVP, remains adsorbed at 

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

in the water subphase.
180

   

 

However, the G II star terpolymers do not show any noticeable decrease in A0 with pH 

change contrary to the G I star copolymer precursors (Figure 4.2).  ˊ-A isotherms of G II 

compounds show a weak transition shoulder in the range of 3 mN/m to 10 mN/m.  At pH 

2.0, the surface pressure undergoes a sharper transition in a solid state (Figure 4.2).  

However, A0 of G II compounds remain the same at both pH conditions except for star 

polymers with a lower number of arms (GI-T9) (Table 4.2).  This fact suggests that the 

P2VP-PtBA arms of G II star terpolymers reside in the adsorbed state on the water 

surface without a phase transition from the ñstar-fishò to ñjelly-fishò conformation for 

both neutral and acidic pH (Figure 4.3).  It is apparent that the hydrophobic PtBA chain 

ends, which are attached to P2VP arms, keep these diblock arms adsorbed onto the  
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Figure 4.4: Compression-expansion cycles of PSnP2VPn (a and b) and PSn(P2VP-PtBA)n 

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

 

interface and not completely submerged into the water subphase.  At pH 5.8, pyridine is 

partially protonated and remains adsorbed at the air-water interface due to the strong 

ionic repulsion, which causes the chain to be stretched along the interface.  This 

intermolecular repulsion leads to a weak shoulder transition on the surface pressure 

isotherms for GII-T22 and GII-T28 at pH 5.8.  At pH 2.0, the increased solubility of the 

fully protonated P2VP segments allows the chains to easily submerged into the water 
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subphase (Figure 4.3).  As a result, star molecules can be more highly compressed at pH 

2.0 than at pH 5.8. 

 

Compression-expansion isotherm cycles at different pH were conducted to measure the 

monolayer stability and the reversibility of surface aggregation (Figure 4.4).  Langmuir 

monolayers were compressed up to 5.0 mN/m and subsequently expanded to 0.1 mN/m.  

The results show mostly reversible behavior of the compression-expansion cycle for G I 

and G II compounds at varying pH conditions in this compression range.  Both G I and G 

II compounds exhibit higher hysteresis at pH 5.8 than at pH 2.0.  G II compounds show a 

larger hysteresis, especially, at pH 5.8.   

 

In addition, for both G I and G II groups, the hysteresis at pH 5.8 increases with the 

number of arms, while at pH 2.0 this trend does not depend upon the number of arms 

within the same group.  In the case of pH 5.8, higher hysteresis implies loose initial 

packing at the air-water interface, which can be ascribed to higher electrostatic repulsion 

between surface aggregates.  We suggest that partially ionized P2VP segments, which are 

absorbed at the air-water interface, become reorganized, resulting in the transformation 

into a different chain conformation (Figure 4.3).  This different conformation at pH 5.0 

can be explained by the varying charge distribution on the partially ionized P2VP 

segments serving as a kinetic barrier.
95,181

  The hydrophobic PtBA end blocks anchored to 

the surface act as additional elastic barrier, thereby preventing the close packing of the 

molecules. PtBA segments seem to sustain the ionized P2VP chains floating at the air-

water interface by hindering the submersion of P2VP block into the water subphase. 
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Figure 4.5: a) Plot of limiting molecular area, A0, of star polymers vs number of arms at 

different subphase pH 5.8 and 2.0 (PSnP2VPn at pH 5.8 (ƴ) and pH 2.0 (ǒ); PSn(P2VP-

PtBA)n at pH 5.8 (ƶ) and pH 2.0 (Ƹ). b) limiting molecular area, A0, of star polymers vs 

number of 2VP monomer units at different subphase pH 5.8 and 2.0 (PSnP2VPn at pH 5.8 

(ƴ) and pH 2.0 (ǒ); PSn(P2VP-PtBA)n  at pH 5.8 (ƶ) and pH 2.0 (Ƹ). c) Limiting 

molecular area A0 as a function of number of arms n for PSnP2VPn at pH 5.8 (ƶ), 

PSnP2VPn at pH 2 (ǒ), PSn(P2VP-PtBA)n at pH 5.8 (Ƹ) and pH 2.0 (ǅ) in comparison 

with star polymers PSnPEOn (ƴ) from ref. 164 and PS2-PEO2 from ref. 162(c).  For n=1, 

the data for corresponding diblock copolymer of PS-P2VP was taken from ref. 183. 

 

Limiting molecular area, A0, varies linearly with the number of arms and the number of 

pyridine monomer units although this conclusion is made with a limited number of data 

points (Figure 4.5).  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 air-water interface.  Previous reports on the limiting molecular area of surface 
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micelles composed of linear block copolymers at neutral pH conditions, showed a zero 

intercept as the number of surface-anchored fragments decreased.
182,183 

 However, a non-

zero intercept indicates that the PS cores contribute to the surface area at the air-water 

interface at low pH condition (15 nm
2
 at pH 1.8).

183
  G I group with free hydrophilic 

P2VP arms showed a lower intercept than G II group with two hydrophobic segments, PS 

and PtBA.  In the case of G I compounds, PS arms and P2VP arms remaining at the air-

water interface account for the non-zero intercept.  The relatively higher intercept for G II 

compounds is due to the contribution of additional long PtBA end blocks to the limiting 

molecular area.  The higher intercept of these compounds at pH 5.8 than at pH 2.0 

indicates that PS and P2VP arms of star polymer micelles contribute to their surface area, 

implying incompletely-segregated chain-like structures at the air-water interface.  The 

slope of the plots represents the area of each arm or the 2VP monomer unit at the air-

water interface. G I shows a change in area of 2VP monomer unit from 0.16 nm
2
 at pH 

5.8 to 0.06 nm
2
 at pH 2.0 whereas the slope for G II is similar at different pH conditions 

(0.11 nm
2
 at pH 5.8 and 0.17 nm

2 
at pH 2.0).  These results reflect that the chain 

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

 

Figure 4.5(c) shows a linear variation of the number of arms with limiting molecular area 

under log-log scale suggesting the power law dependence of the variables i.e. A0 ~ n
Ŭ 
in 

the range of parameters studied here.  Therefore we can speculate that this dependence 

suggests that the surface aggregation behavior of our star polymer at the interface is 

analogues to the aggregation number dependency on the degree of polymerization of the 

different block copolymers in solution state.
184

  The analysis shows that the Ŭ value for G 
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I group is within 0.85-0.90 but decreases to 0.30-0.56 for G II group.  These values can 

be compared with data for PS-PEO star block copolymer from our previous studies with 

exponential value Ŭ = 0.75 (Figure 4.5c).  Larger Ŭ value implies the higher contribution 

of each arm to molecular area at the air-water interface.  From comparison with surface 

behavior of linear counterpart, we suggest that star architectures hinder the rearrangement 

of arms at the interface since they have the restriction of chain conformation due to 

confined and highly crowd chain structure around core.  On the other hand, a significant 

drop of Ŭ for G II group can be related to already high initial molecular area caused by 

the contribution from additional 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 I and G II groups (Table 4.2).  At 

varying surface pressure, the effective monolayer thickness increases with increasing 

compression for the same number of arms.  G I heteroarm star copolymers exhibit pH-

dependent behavior of thicknesses (Table 4.2).  At acidic pH (2.0) condition, the effective 

thickness is three times higher than that at neutral pH.  This result supports the suggestion 

made above that pressure induces chain reorientation in the vertical direction, which 

contributes to the monolayer thickness (Figure 4.3).  The drastic increase in thickness at 

acidic conditions can be attributed to the swelling of the 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 of the LB monolayer for G II star terpolymers 

undergoes no pronounced changes at different pH (Tables 4.2, 4.3).  Moreover, they 

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

lengths.  We suggest that hydrophobic block, PtBA, at chain ends plays a critical role in 

the stabilization of the lateral organization and the prevention of their star fish 

conformation even at acidic pH conditions (Figure 4.3).  This behavior underlines the 

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

molecules at interfaces and their behavior at different pH conditions.    

Figure 4.6: Contact angles measurements of Langmuir-Blodgett monolayers of star 

polymers. (ǒ) denotes G II star terpolymers at pH 2.0 (ƶ) and pH 5.8; (Ƹ), and G I star 

copolymers at pH 2.0 (ƴ) and pH 5.8. 

 

For LB monolayers formed with both groups of star polymers, the contact angle was 

within 65-77
o
 (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 models discussed above (Figure 4.3).  A higher contact angle 

was  

Figure 4.7: AFM topographical images (1 ɛm Ĭ 1 ɛm) of PSnP2VPn  star copolymers (n = 

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. G1-Bn denotes PSnP2VPn (number of arms, n = 9, 22, and 28).  Z scale = 5 nm.  

 

 

e) 

b) 

f) 

d) 

a) 

c) 

pH = 5.8 pH = 2.0 

GI-B9 

GI-B22 
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Figure 4.8. AFM topographical images (1 ɛm Ĭ 1 ɛm) of PSn(P2VP-PtBA)n  star block 

terpolymers (n = 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.  G2-Tn denotes PSn(P2VP-PtBA)n  (n = 9, 22, 

and 28).  Z scale = 5 nm. 

 

observed for LB monolayers deposited at acidic conditions (Figure 4.6).  The increasing 

contact angles at acidic pH suggest that the ionized P2VP blocks stretch out beneath the 

a) b) 

c) d) 

e) f) 

pH = 5.8 pH = 2.0 

GII -T9 

GII -T22 

GII -T28 
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topmost PS phase resulting in the enhanced vertical chain segregation of hydrophobic PS 

and hydrophilic P2VP blocks.  The presence of the additional PtBA blocks in the G II 

star terpolymers results in a slightly higher contact angle (Figure 4.6).  The contact angle 

of G I star polymers increases with the number of arms in contrast to the G II group, 

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

discussed in the next section (Table 4.3).   

 

4.3.4. Surface morphology of monolayers.   

Figure 4.7 shows the surface morphology of LB monolayers of G I star polymers formed 

at different pH and at a surface pressure of 10 mN/m.  The surface morphology changes 

from regular circular micelles at pH 5.8 to ribbon-shaped aggregates at pH 2.0.  For a 

higher number of arms (GI-B22), a distinct labyrinth pattern was observed instead of a 

long ribbon or rod structure as previously reported for star block copolymers.
93,94

  On the 

other hand, the circular micelles of PS-P2VP can be compressed up to high surface 

pressure and tend to form a labyrinth pattern caused by the fusing of PS cores into short 

rods.
181

  This transformation provides further evidence for the submersion of ionized 

P2VP blocks (transition from star fish to jelly fish) at the air-water interface (Figure 4.3).  

It is noteworthy that at pH 2.0 the labyrinth pattern becomes more prominent with an 

increase in the number of arms.  In the case of GI-B28, the surface aggregates are more 

curved and branched as compared to GI-B9 and GI-B22.  However, at this pressure, 

inter-micellar distance remains similar for many star polymers regardless of pH 

conditions.  
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Figure 4.9: AFM topographical images (500 nm × 500 nm) of GI-B28 (PS28P2VP28  star 

copolymers for a and b), GII-T28 (PS28(P2VP-PtBA)28  star block terpolymers  for b and 

c), and GII-T22 (PS22(P2VP-PtBA)22  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 II star terpolymers show no significant pH-dependent transformations 

of surface morphology (Figure 4.8).  The well-defined circular surface micelles with 

pH = 5.8 pH = 2.0 
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large diameters were maintained regardless of the variation of arm number with little 

change in the surface texture.  However, GII-T9 exhibited smoother surfaces at neutral 

pH.  The hydrophobic PtBA blocks appear to keep the ionized P2VP blocks floating even 

at acidic pH thereby suppressing the transformation of the molecular state from star fish 

into jelly fish (Figure 4.3).   

 

In contrast to the G I group, whose micelle size increases with the number of arms for 

different pH, the size of micelles of the G II group decreases with increasing number of 

arms as can be seen in high resolution AFM images in Figure 4.9.  For instance, GI-B9 

compound with a smaller number of arms shows larger and more irregular micelles with 

an average diameter of 55 ± 5 nm.  On the other hand, diameters of domains for GII-T22 

are slightly lower (45 ± 5 nm) and there is an even further decrease for GII-T28 to 38 ± 5 

nm.  Such shrinking can be caused by the co-aggregation of PS and PtBA hydrophobic 

blocks in more crowded stars resulting in a more condensed state. 

 

Next, to elucidate the pH effect on the surface morphology and its transformations, the 

LB monolayers were compared at different surface pressures, particularly at 0.5 and 20.0 

mN/m at neutral pH as illustrated in Figures 4.10 and 4.11.  At the low surface pressure 

of 0.5 mN/m, a more loose packing of circular surface aggregates is observed for both G I 

and G II groups.  For compounds with lowest number of arms, such as GI-B9, no clear 

micellar structures are observed.  Moreover, increasing the number of arms effectively 

makes the micelle aggregates more defined and more separated.  In particular, the G II-

T28 compound shows a large uniform space between surface micelles.   
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Figure 4.10: AFM topographical images (1 ɛm Ĭ 1 ɛm) of PSnP2VPn at different surface 

pressures (0.5 and 20.0 mN/m) at pH 5.8.  G1-Bn denotes PSnP2VPn (number of arms, n 

= 9, 22, and 28).  Z scale = 5 nm. 

 

On the other hand, at the higher surface pressure of 20 mN/m, the G I group shows coarse 

texture and collapsed monolayers contrary to the transformation from circular to lamellar 

morphology at acidic pH (Figure 4.7).  However, G II compounds maintain the circular 

micellar structures at higher pressure and neutral pH showing higher stability without  

a) d) 

b) 

c) 
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Figure 4.11: AFM images (1 ɛm Ĭ 1 ɛm)  of PSn(P2VP-PtBA)n at different surface 

pressures (sp = 0.5 and 20.0 mN/m) at pH 5.8. GII-Tn denotes PSn(P2VP-PtBA)n  (n = 9, 

22, and 28).  Z scale = 5 nm. 

 

collapsing as displayed in Figure 4.11d,e,f.  In particular, G II-T28, with a larger number 

of arms, exhibits a higher stability compared to compounds with a lower number of arms 

(GII-T9 and GII-T22).  This observation confirms conclusions made base upon ˊ-A 

d) a) 

GII -T9 

GII -T22 
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isotherm analysis and suggest that the hydrophobic PtBA corona serves as a more 

effective barrier under higher lateral compression than the hydrophilic corona of G I 

compounds, thus preventing collapse and preventing the circular micellar morphology. 

 

Figure 4.12.  AFM topographical images (1 ɛm Ĭ 1 ɛm) of PS28P2VP28 star copolymer as 

a function of surface pressure: a) 0.5 mN/m, b) 1.0, c) 5.0, d) 8.0, e) 10.0, and f) 30.0 at 

pH 2.0.  Z scale = 5 nm. 

 

b) 

c) 
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e) 
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To consider the formation of the labyrinth morphology at acidic pH (2.0) 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 selected long arm star copolymers from G I group 

(GI-B9, n = 28) and from Group II (GII-T9, n = 28) (Figures 4.12, 4.13).  AFM imaging 

demonstrates that the labyrinth morphology has indeed originated from the transition 

from the initial circular structures observed at very low surface pressure (Figure 4.12a).  

As the lateral compression increased (1.0-5.0 mN/m), the surface morphology began a 

gradual transformation to with compressed and coalesced circular domains (Figure 

4.12b,c).  At the intermediate state, a mixture of condensed circular and short ribbon, is 

observed (Figure 4.12d).  When compressed further up to 10.0 mN/m, the surface 

morphology finally converts into fine, interwoven ribbon structures constituting the 

labyrinth morphology (Figure 4.12e).  This morphology remains stable, although with 

much finer elements, up to the highest pressure (30.0 mN/m), close to the monolayer 

collapse.  Thus, the G I compound could readily undergo the conformation 

transformation from flattened arms (star fish) at the air-water surface into submerged 

P2VP blocks (jelly fish) under high surface pressure, leading to the easier collapse of 

these monolayers (Figure 4.3).   

 

In contrast to the PS28P2VP28 compound discussed above, no significant changes of the 

labyrinth morphology composed of branched ribbons were observed for the G II star 

terpolymers with an identical number of arms at the same pH conditions (Figure 4.13).  

PS28(P2VP-PtBA)28 sustains the stable circular structures, confirming that the 

hydrophobic PtBA end blocks prevent the aggregation/transformation by acting as natural 
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a) 

d) b) 

c) 

barriers which can endure the compression forces such as suggested above (Figure 4.3).  

Finally, the monolayer collapse resulted in disorganized local regions of coalesced 

domains without any signs of labyrinth morphology (Figure 4.13d). 

 

Figure 4.13.  AFM topographical images (1 ɛm Ĭ 1 ɛm) of PS28(P2VP-PtBA)28 as a 

function of surface pressure: a) 1.0 mN/m, b) 10.0, c) 25.0, and d) 30.0 at pH 2.0.  Z scale 

= 5 nm. 

 

Table 4.4: Aggregation Numbers of Surface Micelles.  

Sample pH SP
a
 (mN/m) 

Amol
b
  

(nm
2
 / molecule) 

Nmicel
c 
(n) 

Amicel
d
  

(nm
2
 /  micelle) 

Nagg
e 
(n) 

GI-B28 
5.8 0.1 1723 21 ± 2 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 60 ± 7 1042 ± 0.4 1.3 ± 0.8 

a. Surface pressure. b. Molecular area from surface-area isotherms. c. Number of micelle 

estimated from AFM images (250 × 250 nm
2
). d. Micelle area. e. Aggregation number. 
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To quantitatively characterize the domain morphology for the star polymers with the 

largest number of arms (28) we derived the aggregation number (Nagg) from AFM images 

according to the known procedure.
91

  The number of aggregates per selected surface area 

(Amicel) was compared with the molecular area (Amol) from the limiting cross-section area, 

A0, to derive Nagg (Table 4.4).  Remarkably, it is found that the star polymers with a 

larger number of arms possess a very low aggregation number, around 1.5, at different 

pressures and pH.  This fact indicates that domain structures in these star block 

copolymers are predominantly uni-molecular micelles.  This conclusion is in agreement 

with the models suggested above (Figure 4.3).  Apparently, the over-crowding of the 

outer shell of the star molecules with a large number of long arms causes intramolecular 

aggregation and microphase separation and prevents the aggregation of multiple 

molecules into a single micelle.  The formation of stable unimolecular aggregates is in 

contrast with regular, compositionally-similar linear block copolymers, which show a 

large aggregation number.
127

   

 

In summary, the surface behavior and morphologies of two series of novel pH-responsive 

amphiphilic heteroarm star polymers, which differ in architecture, block topology, arm 

lengths, and number of arms, have been presented.  Due to the pH-sensitive 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 terminal hydrophobic PtBA blocks, 

maintained nearly constant organization at low pH.   
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CHPATER 5 

INTERFACIAL BEHAVIOR OF pH RESPONSIVE AMPHOLYTIC 

HETEROARM STAR BLOCK TERPOLYMERS   

 

5.1. Introduction 

Recently, star-shaped polymers with different blocks confined to 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 properties.
152,153,154,166,185,186,187

  As a result of their 

star-shaped 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 that of linear counter parts while the association number is 

significantly lower than that observed for linear counterparts.
127,162,163,188 

 

Star copolymers bearing chemically different arms possess a variety of morphologies such 

as spherical micelles, stripes, and disk-like micelles depending upon the copolymer 

composition and solvent selectivity.
162,174,189,190

  For instance, the assembly of amphiphilic 

heteroarm star polymers composed of hydrophobic and hydrophilic arms 

polystyrene/poly(2-vinylpyridine) (PSnP2VPn) in organic solvents like toluene,
 
as well as in 

acidic aqueous solutions, was demonstrated utilizing the responsive nature of the blocks 

present in the star polymer.
155

  In another study, spherical to rod-like micelles were obtained 

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

asymmetric PSnP2VPm heteroarm star copolymer.
167

  Assembly and aggregation behavior of 
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amphiphilic star polymers of different chain architectures such as, poly(ethylene 

oxide)/polystyrene (asymmetric PEO-PSn and symmetric PEOnPSn heteroarm stars) at air-

water and solid-air interfaces demonstrated a variety of surface morphologies.
164,191

   

 

Heteroarm star block terpolymers of the type An(B-b-C)n, which can be synthesized using 

the in-out synthetic route, have attracted much attention very recently due to the intra- and 

intermolecular interactions that lead to interesting assemblies.
192,193

  These star polymers can 

be considered to be a hybrid between the known AnBn heteroarm star copolymer and a (BC)n 

star block copolymer.
194

  Tuning these blocks makes the system responsive to external 

stimulus such as pH, temperature, and shear.  Star polymers 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 self-assembly in other pH region leads to various interesting 

morphologies.
196,197,195

  Recently, attention has been given to terpolymers constituted of 

hydrophobic polystyrene (PS) and the hydrophilic diblock copolymer poly(2-vinyl-

pyridine)-b-poly(acrylic acid) (P2VP-b-PAA) since the individual blocks show strong pH 

dependence over a wide range of pH values.  Various nanostructures can be obtained by 

tuning the interaction between the hydrophilic groups (P2VP and PAA) within or between 

the polymer chains.
192,193

  Polyampholytes that contain cationic and anionic moieties in the 

same macromolecules have several potential applications in drug delivery and water-born 

formulations due to their pH-sensitive behavior.
196,197
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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 the air-water 

interface and in ultrathin films can be controlled by a variety of factors such as molecular 

are, chain architecture, composition, and interactions between the substrate and the star 

polymer.
132

  Tailoring these properties allows for the development of ultrathin films for 

applications in advanced functional systems such as coatings, sensors, and drug carriers.
80,198

  

Assembly of pH responsive PSn(P2VP-b-PtBA)n star terpolymer and its heteroarm star 

copolymer precursors PSnP2VPn, was studied in both the Langmuir and LB films 
199

.  The 

star polymer PSnP2VPn 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 with P2VP arms radiating outward in a star-fish like fashion.  However, PSn(P2VP-b-

PtBA)n 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 

monolayer of star PSnP2VPn with different numbers of arms and composition were utilized 

as a template to grow gold nanoparticles at the solid-air interfaces and showed that the 

particle size distribution can be varied by changing the number of arms of the star polymers. 

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 

PSn(P2VP-b-PtBA)n with hydrophobic PtBA end block as previously demonstrated.
199

  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 available diverse supramolecular structures through a variable balance 

of H-bonding and electrostatic interactions over a wide range of pH values (1-10).  Even 

though there are some reports on pH dependant surface morphologies of LB films of star 

polymers of different types, such as PSnP2VPn, and PSn(P2VP-b-PtBA)n, 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 non-responsive block at the end of the arms.  Even though the assembly 

of the star terpolymers in solution has been studied extensively,
70,74,192,193 

their surface 

behavior at the air-water interface has not been studied rigorously.   

 

In this chapter, we focus on the pH-dependent behavior of novel, pH-sensitive 

amphoteric PSn(P2VP-b-PAA)n star terpolymers possessing different numbers of arms i.e. 

n = 9 (H9) and 22 (H22) at the air-water interface at four subphase pH values: 1, 3.5, 6, 

and 10.  We addressed the question how local 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 pressureïarea (ˊïA) 

isotherms and the morphology of the 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 pH-dependent phase transformation 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 PSn(P2VP-b-PAA)n heteroarm star block terpolymers were synthesized 

according to a previous procedure reported elsewhere.
69,70,126,128

  All samples have been 

characterized by a combination of gel permeation chromatography and static light 

scattering (SLS) and are summarized in Table 5.1.  

 

Table 5.1:  Molecular Characteristics of the PSn(P2VP-b-PAA)n Star Block Terpolymers. 

  
Number 

of arms  
PS  P2VP  PAA 

ūP2VP
e
 Mw, tot

f
 

  

sample 

  n
a
 Mw

b
 NPS  Mw

c
 NP2VP  Mw

d
 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 0.54 572 000 

a
 average number of arms of each kind by SLS, 

b 
by SEC, 

c 
calculated by subtracting the  

Mw of the PSn from that of PSnP2VPn and dividing by the number of arms n, 
d
 calculated,  

by subtracting the Mw of the PSnP2VPn from that of PSn(P2VP-b-PtBA)n and dividing by 

n, considering quantitative hydrolysis of tBA to AA, 
e
 P2VP weight fraction. 

f
 Mw of 

heteroarm star terpolymer (calculated).  

 

Zeta-potential measurements were carried out at 25
°
C by means of a NanoZetasizer, 

Nano ZS Malvern apparatus.  The excitation light source was a 4 mW He-Ne laser at 633 

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

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

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

at the air-water interface were recorded on a KSV2000 mini trough equipped with a 

Wilhelmy plate for pressure sensing.  Nanopure water (Nanopure system, Barnstead, 

resistivity Ó 18.2 MÝ. cm) was used as the subphase.
131

  All experiments were carried out 

at a constant temperature of 25°C in a clean environment.  The pH of the water subphase 

was adjusted within the range of pH 1-10 by using hydrochloric acid and sodium 

hydroxide without a buffer system.  Solutions of 0.1-0.5 mg/ml of a star polymer was 

dissolved in a non-selective solvent mixture of 

dimethylsulfoxide/dimethylformamide/chloroform ((DMSO/DMF/CHCl3), HPLC grade) 

and spread 80-100 µL of the polymer solution uniformly at the air-water interface.  The 

Langmuir film was then allowed to equilibrate for 30 minutes at the air-water interface.  

Compression of the monolayers was conducted at a speed of 5 mm/min.  The Langmuir 

monolayers were then transferred onto 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 the air-water interface and in LB films, we have 

synthesized and studied two different star terpolymers with different numbers of arms 

(H9 and H22) and focus on their comparative studies.  Although the synthesis and 

solution behavior have been reported earlier
46,47

 the surface behavior of these star 

polymers have not been studied.   

 

 

 

Figure 5.1: The amphoteric heteroarm PSn(P2VP-b-PAA)n 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 number of hydrophobic PS segments and P2VP-b-PAA diblocks 

anchored to polydivinyl (PDVB) core (Figure 5.1).  The number of arms can be defined 

by either the PS arms or P2VP-b-PAA diblock arms.  The ratio of the degree of 

polymerization of PAA to P2VP is in the range of 0.5 to 0.9 (see the detail characteristics 
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in Table 5.1).  Nevertheless the different acid to base molar ratio does not change the 

isoelectric point position.   

 

Figure 5.2:  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 P2VP-b-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 at the air-water interfaces 

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

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

5.2).
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It is known that P2VP blocks are expected to be protonated at lower pH while the PAA 
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lower pH values.  As the pH increases, the PAA units start to undergo ionization 

(deprotonation) that leads to the formation of a zwitterionic 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 be the isoelectric region (IEP) 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 (Figure 5.2).  Thus a variety of intra and inter 

molecular associations are possible at 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 

group, 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, 

electrostatic interactions 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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Figure 5.3:  Pressure-area isotherms of (a) H9 and (b) H22 star polymers obtained at 

different subphase pH values.  

 

The ˊ-A isotherms obtained for the two star polymers with different number of arms, H9 

and H22, are shown in Figure 5.3.  As evident from these isotherms, the two star 

polymers form a monolayer at the air-water interface.  For this deposition, the solvent 
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mixture (DMSO/DMF/CHCl3) with a low concentration (0.10-0.50 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 higher percentage of chloroform (60%) in the solution 

mixture facilitates the fast spread of the polymers to the air-water interface. 

 

In order to investigate the assembly behavior at different pH conditions, four different 

subphase pH conditions (1, 3.5, 6, and 10) were chosen (Figure 5.3a).  The choice of 

these pH values were made based on the zeta potential measurements and pKa values of 

the pH responsive blocks present in the star terpolymers.  We did not investigate the 

assembly behavior for higher pH values (> 10) because entire ionization of the PAA 

moieties are attained at pH=10 
201
.  The ˊ-A isotherms show gradual increases in the 

surface pressure as the compression progresses.  The pressure starts to increase at a 

molecular area of 170 nm
2
 (obtained by extrapolating the high pressure region of the ˊ-A 

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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Figure 5.4.  Pressure-area isotherm cycles of star terpolymers at subphase pH = 1 ((a) and 

(b)) and pH = 10 ((c) and (d)).  The direction of compression and expansion 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 commences at a 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 chain at pH=1.
202

  

However, the presence of hydrophobic PS and PAA blocks assures the amphiphilic 
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balance and thus the star polymer forms a stable monolayer at the air-water interface.  

The area per molecule for H9 at pH=1 is approximately 50 nm
2 

which is considerably 

lower than that observed for pH = 3.5, 6, and 10 (102, 130, and 85 nm
2
, respectively).   

 

Furthermore, the stability of the Langmuir film was investigated by performing ˊ-A 

isotherm cycles experiments.  The repeated ˊ-A isotherm cycles (3 cycles) up to surface 

pressure of 40 mN/m for H9 and H22 for pH=1 and 10 are shown in Figure 5.4.  The 

monolayer was compressed to the target pressure (40 mN/m) and then expanded the film 

without holding at the target pressure.  The ˊ-A isotherm cycles show a highly 

reproducible compression-expansion cycle with 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 compression and expansion curve appears to be decreased at 

pH=1.  However, a hysteresis was observed for H9 at subphase pH =10 (Figure 5.4c).  

This phenomenon may be due to the strong affinity of completely ionized PAA segments 

(hydrophilic) with the subphase and consequent delay in chain reorganization during the 

expansion of the monolayer.  It should be noted that for pH=1 and pH=10, the ˊ-A 

isotherm of H22 reveals a minimum deviation between compression and expansion 

curves, which suggests that the larger arm star terpolymers remain as an individual 

surface micelle with higher colloidal stability which prevents high domain aggregation 

under compression (Figure S5.1).  The small difference in the area of the isotherm cycles 

for H22 compared to that shown in Figure 5.3 is likely due to the inherent experimental 

variability associated with different solution preparation and the deposition. 
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Figure 5.3b shows the ˊ-A isotherm 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.  This difference can be attributed to the higher number 

of arms present in the terpolymer.  All the ˊ-A isotherms of H22 show very low surface 

pressure over large molecular area, as seen in Figure 5.3b.  This indicates that there are 

well separated polymer domains at the air-water interface during the initial compression 

of the monolayer.  The slope of the ˊ-A isotherms were found to be smaller than that 

observed for H9 which indicates that the film is more compressible at the interface.  This 

difference may be 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 at different pH conditions are shown in 

Figure 5.5.  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.  These arms 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 (Figure 5.3b).  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 5.5:  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 polymer with extended and 

random chains for diblock (P2VP-b-PAA) arm using usual contour length calculations 

assuming theta solvent conditions.
203

  The area per molecule was estimated to be about 

6375 and 12000 nm
2
 for H9 and H22, respectively, if the diblock arm adopts a fully 

extended conformation.  However, these values are much higher than that obtained from 

pressure-area isotherms (Figure 5.5).  The estimation was done by assuming that the star 

polymers form a 2D assembly (circular) at the air-water interface.  On the other hand, the 

area/molecule calculation, assuming random coil conformation, from the radius of 

gyration yields values of 14 nm
2
 and 23 nm

2
, for H9 and H22, respectively 

203
.  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 below those obtained from the ˊ-A isotherms which 

indicates that both star polymers are spread at the air-water interface but this spreading 

does not reach the fully extended state.  

 

Figure 5.6: (a) Different conformations adopted by the terpolymer at various subphase 

pH conditions and surface pressures (SP) at the air-water interface.  (b) Unimolecular 

micelles which can be formed by H9 and H22 star polymers.  IEP is isoelectric point. 

 

The star polymers tend to aggregate in the isoelectric region mainly because of the 

reduced charge-related 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 the air-water 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 interface (Figure 

(a) 

(b) 
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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 

(Figure 5.6a). 

 

In contrast, at pH=10, the anionic PAA chains submerge in water to minimize the 

repulsive force between negatively charged PAA segments.  It is expected that as the pH 

increases, the polymer transforms from bis-hydrophilic (P2VP, PAA hydrophilic 

segments) to bis-hydrophobic (PS, P2VP) that alter the amphiphilic balance 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 (Figure 5.6a).  The isotherm shows a small transition around 15 

mN/m suggesting a shift from a pancake form to a more vertical reorganization of the 

chains at the air-water interface.
204

  The isotherm shows a reduced surface area per 

molecule under these conditions suggesting a transition from pancake to a more 

compressed organization of the chains at the air-water interface (Figure 5.5).  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 to verify this 

reorganization at the air-water interface, we conducted AFM imaging of Langmuir 

monolayers after transferring them to a hydrophilic substrate at different pH conditions.   
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Figure 5.7: AFM images of monolayer 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 Langmuir film 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 the present study.  Based on AFM 

imaging of the LB films at different surface pressures and the good correlation between 

pressure-area isotherm and morphology evolution, we suggest that the star polymer 

retains its morphology in the LB films even though the interactions at the interface may 

be slightly different on hydrophilic silicon wafer in accordance with well-know and 
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accepted paradigm.
164,191

  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 low surface pressure (1 mN/m).  As the pressure 

increases, the circular micelles seem to interact with each other to form closer packed 

structures (Figure S5.1, S5.7, and S5.8).   

 

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

and associated together to form the labyrinth patterns that were observed earlier for the 

star block copolymer precursor (Figure 5.7c, S5.1).
199

  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 pH 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 that the 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 as suggested by isotherm-based models (Figure 5.6).  The 

lateral dimension of the circular micelles, estimated from AFM cross-sections, is close to 

15 nm (after correction for tip dilation) for both star polymers in the expanded state 

(pressure 1 mN/m) which is close 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 micelles whereas 3-4 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 (Figure 5.7b, 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 become closely 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 (Figure 5.6b).  We suggest that the intermolecular 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 (Figure 5.6).  The morphology difference at pH=1 is likely due to the 

difference in PAA chain length in the two star terpolymers.  The circular to labyrinth 

morphology transition was observed only for H9 and can be attributed to lower PAA 

chain length, which seems to enable short PAA chains to submerge 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 the H-bonding they 

may develop. 
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Figure 5.8: 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). 

 

Figures 5.8 and S5.2 show AFM images of the LB films fabricated 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 

(Figure 5.8c).  As a result of the ampholytic character 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 by the ˊ-A 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, a variety 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 star precipitation in the pH range of 4.2 to 7 (isoelectric range).
201,205

    

 

Figure 5.9: 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 (Figure 5.8).  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 S5.4 and S5.5.  Similar to pH=3.5, larger aggregates are formed 

mainly because of the hydrophobic interactions of the neutral polymer chains.   

 

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 bis-hydrophilic to mono-hydrophilic.  The AFM images for the 

monolayer LB film fabricated at pH=10 are shown in Figure 5.9 and S5.6.  Circular 

micellar structure formation was observed for H9 at a low surface pressure (Figure 5.9a).  

At lower surface pressure (1mN/m), the polymer is expected to form a multicompartment 

hydrophobic (PS/P2VP) core with a negatively charged PAA corona 
192,193

.  At a surface 

pressure of 1 mN/m, H9 adopts a circular micellar 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 pressure increases, the polymer forms brush like structure 

as suggested by the transition point observed in the ˊ-A isotherm.  This brush structure 

formation is further confirmed by the increase in thickness of the dry, collapsed LB films 

with surface pressure.  The 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 (Figure 5.10, Table S5.1).  To 

validate this measured thickness, we estimated the thickness of the film using the 

molecular weight of the 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 pressure increases, surface micelles merge to form continuous labyrinth 

morphology (Figure 5.9 and S5.6).  A similar increase in monolayer thickness is observed 

for the H22 star polymer indicating some submergence of arms but the initial circular 

morphology remains intact even at the highest surface pressure attained.  However, the 

film thickness of H9 is higher than that of H22 although the P2VP-PAA arm length is 
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lower.  The star with higher segment density (H22) hinders the easy submerging of PAA 

units in the subphase even at pH 10.  This can be attributed to the lower ionization ability 

of H22 due to its lower negative zeta potential (see Figure 5.2), as expected for dense 

stars (high arm number).
242

 

 

In summary, the interfacial behavior of complex amphiphilic and amphoteric star-shaped 

terpolymers, namely PSn(P2VP-PAA)n at the air-water 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 of the 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 molecular area at the air-water 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.   
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Appendix. Supplementary Information : additional information as noted in the text and 

AFM images of large area scans for all samples (Table S5.1, Figure S5.1-S5.9) 

 

 

Table S5.1:  Thickness of the LB films fabricated at different pH and surface Pressures 

(SP) 

 

 

 

 

  

System pH 

Thickness (nm) 

SP=1 mN/m 

SP=5 

mN/m 

SP=10 

mN/m 

SP=20 

mN/m 

H9 

1 1.5 2.0 3.2 3.2 

6 2 2.8 2.3 2.6 

3.5 1.7 1.9 2.0 2.2 

10 1.8 2.1 2.2 4.0 

H22 

1 2.2 1.8 2.2 2.7 

3.5 1.3 1.5 2.1 2.4 

6 1.1 1.7 2.1 2.9 

10 1.3 1.8 1.8 2.6 
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Figure S5.1:  Pressure-area isotherm cycles of (a) H9 and (b) H22 at subphase pH of 10. 
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Figure S5.2: 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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Figure S5.3: 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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Figure S5.4: 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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Figure S5.5: 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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