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Well-defined functional block copolymers containing either a fluorinated or a 

hydrophilic segment can be synthesized via a controlled free-radical technique, known as 

atom transfer radical polymerization (ATRP).  Their self assembly characteristics in the 

solid state and in solution were examined in this work with the aim of developing ultra-

low dielectric constant materials and templates for conductive polymer synthesis, 

respectively.   

 We demonstrated the controlled synthesis via ATRP of block copolymers 

containing poly(pentafluorostyrene) (PPFS) and a degradable polymer, such as 

poly(methyl methacrylate) (PMMA), poly(ε-caprolactone) (PCL), or poly(D,L-lactide) 

(PLA).  These block copolymers microphase separate in the solid state to form periodic 

nanostructures, such as alternating lamellae, a bicontinuous gyroid on a cubic lattice, 

cylinders on a hexagonal lattice, or spheres on a body-centered-cubic lattice, depending 

on the volume fraction of each block and the interblock segregation strength.  
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Additionally, we quantified the interblock segregation strength of PPFS/PMMA, 

demonstrating that this block copolymer is only approximately twice as segregated as its 

nonfluorinated counterpart poly(styrene-b-methyl methacrylate) due to the symmetric 

placement of the polar C-F bonds on the benzene ring in PPFS.  We also showed that the 

self-assembly characteristics of PPFS-containing block copolymers can be used to create 

nanoporous fluorinated films with ultra-low dielectric constants in the range of 1.7 – 1.9.  

The dielectric constants are tunable through manipulation of the volume fraction of the 

degradable block in the parent block copolymers.   

 We also demonstrated the controlled synthesis via ATRP of block copolymers 

containing poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAAMPSA) with either 

poly(oligo(ethylene glycol) methyl ether methacrylate) (PEGMA) or poly(methyl 

acrylate) (PMA).  We showed that PEGMA/PAAMPSA formed well-ordered 

nanostructures in the solid state when cast from strong hydrogen bond accepting solvents, 

such as DMSO and DMF.  PEGMA/PAAMPSA can also be used as the acid dopant in 

the synthesis of conductive polyaniline (PANI).  Additionally, we studied the micelle 

formation of PMA/PAAMPSA and subsequently used these micelles as templates to 

create spherical conductive PANI nanoparticles.  The size and size distribution of these 

PANI nanoparticles were dictated by the corresponding characteristics of the micellar 

template.   
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Chapter 1.  Introduction 

Block copolymers contain a long sequence of the same monomer unit (i.e., a 

block) covalently bound to at least one other long sequence of monomer units of a 

different type.  Figure 1.1 contains a cartoon representation of a linear diblock 

copolymer.  The light grey circles represent a monomer of one type, while the dark grey 

circles represent a monomer of a different type.  As one would expect, the segment length 

uniformity of block copolymers impacts the success of many of their diverse 

applications—including vesicles for drug and gene delivery,1 biomimetic materials,2 

surfactants,3 and electroluminescent films.4  As such, a central research effort in the realm 

of polymer chemistry has been the synthesis of well-defined block copolymers, i.e., ones 

where the polymer segments are of near-uniform length.5  Such polymers are 

characterized by narrow molecular weight distributions.  The polydispersity index (PDI) 

provides a measure of the molecular weight distribution of a polymer, with monodisperse 

polymers having PDIs of unity.   

The first paper on the creation of near-monodisperse (i.e., PDIs near unity) block 

copolymers was published in 1956.6,7  These block copolymers were synthesized via 

anionic polymerization.  To accomplish this task, the first monomer was polymerized via 

anionic polymerization to high conversions, and then a monomer of a different type was 

added to the flask to create well-defined block copolymers.  This technique is the first 

known polymerization shown to have negligible termination.  The lack of reactions to 

terminate the growing polymer chains during synthesis allows the individual polymer 

chains to grow to comparable lengths, thus yielding near-monodisperse polymers.  In this 

paper, the authors coin the term “living” to describe such polymerizations.  The 

development of anionic polymerization therefore provided the first means to synthesizing 
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well-defined block copolymers.  This technique, however, is largely limited to the 

polymerization of nonpolar styrenic and conjugated diene monomers.8  Recent advances 

have shown that ethylene oxide9 and methyl methacrylate10 are also capable of 

undergoing anionic polymerization, but the anionic synthesis of near-monodisperse 

polymers from these monomers is not trivial.  The presence of polar functional groups in 

monomers, such as methacrylates, often interferes with the anionic active center, 

resulting in a loss in molecular weight control and an increase in the PDI.11  In the 

decades following the development of anionic polymerization, the discovery and 

development of another living polymerization technique—cationic polymerization—also 

made some significant advances in the creation of well-defined polymers.12  Again, this 

polymerization technique is restricted in the types of monomers it can polymerize due to 

incompatibilities with the cationic active center.8  The most common monomers 

compatible with this living polymerization technique are vinyl ethers, substituted styrenic 

derivatives, and some dienes.13  While these polymerization techniques were 

revolutionary for their time, these traditional living polymerizations are highly selective; 

their applicability is limited due to the requirements to stabilize the anionic and cationic 

active centers.  Additionally, anionic and cationic polymerizations are both sensitive to 

the presence of oxygen and water, for both can terminate these polymerizations.8  As 

such, traditional living polymerizations require stringent reaction conditions for the 

successful synthesis of well-defined block copolymers.    

In contrast, free-radical polymerizations are much less selective, with most 

alkenes susceptible to this propagation type.14  This technique, however, provides little 

control over the molecular weight and molecular weight distributions of the resulting 

polymers.  This limitation was overcome, however, with the advent of controlled free-

radical polymerizations in the 1990s.15-18  Controlled free radical polymerizations utilize 
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the free-radical propagation mechanism combined with other chemistries to mimic the 

living nature of the ionic polymerizations.  In other words, these polymerizations are able 

to create well-defined polymers by significantly suppressing termination reactions.15  

Thus, controlled free-radical polymerizations are not “living” in the traditional sense, for 

termination reactions are still present; however, their use of specific chemistries to limit 

and effectively control the frequency of termination events yields well-defined polymers 

with narrow molecular weight distributions.  Three main types of controlled free-radical 

polymerizations have evolved—nitroxide-mediated polymerization (NMP),16 reversible 

addition-fragmentation chain transfer polymerization (RAFT),17 and atom transfer radical 

polymerization (ATRP).18  Of these, ATRP is the most straightforward, allowing for the 

synthesis of a variety of polymers using commercially-available reagents.  In contrast, 

RAFT requires the use of dithiocarbonyl chain transfer agents to limit termination 

reactions; these compounds often need to be synthesized due to their limited stability, 

preventing their commercial availability.19  NMP requires the use of alkylated nitroxide 

or alkoxyamine initiators that are often not commercially-available and thus must also be 

synthesized.20  Of these controlled free-radical polymerization techniques, ATRP is 

therefore the most facile method of synthesizing polymers with narrow molecular weight 

distributions.  

In addition to the broader range of monomers available when compared to 

traditional ionic polymerizations, ATRP also has an advantage of requiring less stringent 

reaction conditions.  ATRP is much more tolerant of trace amounts of oxygen21 and can 

even be performed in aqueous environments.22,23  ATRP also allows for the facile 

formation of block copolymers, since homopolymers made using this technique can 

easily be used to initiate the subsequent polymerization of a second block after cleanup 
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(Chapter 2 contains a more detailed discussion of ATRP).  In this way, well-defined 

block copolymers can be made with a wide variety of chemical functionalities.24,25   

This thesis documents the controlled synthesis of block copolymers containing 

either fluorinated or hydrophilic segments via ATRP.  These block copolymers cannot be 

synthesized via traditional ionic polymerizations because the electron-withdrawing 

fluorine in fluorinated monomers and the polar groups in hydrophilic monomers 

destabilize the ionic active center during propagation.11,26    Due to the presence of 

fluorinated or hydrophilic functionalities, these block copolymers can be utilized to create 

functional materials, such as efficient solid-state ion-conducting membranes27 and 

photoresists for 157 nm lithography,28 both recently demonstrated using fluorinated block 

copolymers.  In this work, we demonstrate the use of fluorinated block copolymers to 

create ultra-low dielectric constant materials (Chapter 4).  Hydrophilic block copolymers 

have been utilized as degradable scaffolds for tissue engineering29 and as proton 

exchange membranes for fuel cell applications.30  We demonstrate their use as templates 

for the synthesis of spherical conductive polyaniline nanoparticles in Chapter 6.   

Due to interblock chemical incompatibilities, most block copolymers 

spontaneously phase separate on a molecular length scale in the solid state29-32 and in 

solution.33,34  In the solid state, well-defined block copolymers with different 

functionalities can readily self assemble into periodic nanostructures on the order of 5-50 

nm.35  Microphase-separated nanostructures can be achieved either by thermal annealing 

above the glass transition temperatures of both components or by casting from a mutual 

solvent.  The specific nanostructures created depend on several characteristics, which can 

be controlled via the block copolymer synthesis: the volume fraction of the two blocks 

(v), the interblock segregation strength (χ), and the overall degree of polymerization (N).  

The interblock segregation strength, χ, also known as the Flory-Huggins interaction 
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parameter, is a measure of the chemical compatibility of the two polymers present in the 

block.  Polymers having a large thermodynamic immiscibility between blocks will 

segregate strongly (large, positive χ).36  The classical mean-field block copolymer phase 

diagram predicted by Matsen and Bates37 is shown in Figure 1.2.  According to classical 

mean-field theory, the most symmetric block copolymers self assemble to form 

alternating lamellar sheets (LAM) in the melt if the two blocks are sufficiently 

segregated.  Increasing the volumetric asymmetry results in a hexagonally-packed 

cylindrical morphology (HEX).  The most asymmetric block copolymers form spheres 

organized on a body-centered cubic lattice (BCC).  Mean-field theory also predicts a 

small window between the HEX and LAM phases where the bicontinuous cubic gyroid 

phase (GYR) is present.   

The interblock segregation strength is inversely proportional to temperature.36  As 

the temperature is increased, the interblock segregation strength decreases and this 

decrease can in turn induce phase transformations.  These morphological changes 

between two ordered phases, known as order-order transitions (OOTs), are represented 

by the solid lines separating the individual phases in Figure 1.2.  For instance, a strongly-

segregated block copolymer (χN > 60) with 35 vol% of the minor component will form 

the LAM morphology in the solid state, according to the theoretical phase diagram in 

Figure 1.2.  The dashed line in Figure 1.2 is located at 35 vol% of the minor component.  

As the temperature increases, χN decreases (following the dashed line) until this block 

copolymer undergoes an OOT at χN ≈ 28, reorganizing into the GYR morphology.  With 

further heating, this block copolymer experiences another OOT at χN ≈ 15, forming the 

HEX morphology.  As the temperature continues to increase, χN is further reduced until 

the block copolymer reaches its order-disorder transition, ODT, at χN ≈ 11.  The ODT 

transitions for block copolymers spanning the range of volume fractions are represented 
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by the bottom curve of the phase diagram in Figure 1.2, separating the disordered melt 

from the ordered phases.  Above the ODT, or below the χN equivalent, the block 

copolymer is no longer microphase separated and exists as a homogeneous melt.  Since 

these phase transitions are induced by increases in temperature, they are easily reversed 

by lowering the temperature.36  As such, OOTs and ODTs are reversible phase 

transitions.  In Chapter 3, we discuss the determination of the ODT for several LAM 

samples in order to calculate the interblock segregation strength of 

poly(pentafluorostyrene-b-methyl methacrylate).   

These structures shown in Figure 1.2 are predicted assuming thermodynamic 

equilibrium.  Solvent casting a block copolymer from a preferential solvent (i.e., having a 

better selectivity for one of the blocks) has been shown to impact the resulting 

microphase-separated morphologies by changing the apparent volume fraction of the 

block copolymer.38,39  As such, the morphology observed upon solvent casting a block 

copolymer may differ from its thermodynamic equilibrium morphology predicted by 

mean-field theory and shown in Figure 1.2.  Additionally, the introduction of a 

preferential solvent to microphase-separated block copolymers in the solid state can also 

induce changes in the morphology by selectively swelling one of the blocks (i.e., 

changing the apparent volume fraction of the block copolymer).40  When a large amount 

of selective solvent is added (>99.5% solvent), these block copolymers transition from 

microphase-separated nanostructures in the solid state to dispersed vesicles in solution 

called micelles.41,42  Figure 1.3 demonstrates the evolution from the LAM morphology in 

the solid state to dispersed micelles for poly(ethylene oxide-b-butylene oxide), 

PEO/PBO, block copolymers upon addition of water.42  PEO/PBO is amphiphilic, 

meaning it contains a hydrophilic segment (PEO) and a hydrophobic segment (PBO).  

The addition of water therefore selectively swells the PEO block.  When dispersed in an 
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aqueous solution as micelles, PBO is not soluble so it forms the compact core of the 

micelles.43,44  PEO is solvated, so it forms the outer corona of these micelles.43,44 

Figure 1.3 depicts these dispersed micelles to be spherical in shape, but several 

types of micelle morphologies are possible depending on the molecular weight 

characteristics of the block copolymers.45-48  For instance, Figure 1.4 shows the 

theoretical micellar diagram for block copolymers containing a neutral hydrophobic 

block and a polyelectrolyte hydrophilic block.47  NA is the degree of polymerization of 

the hydrophilic block, NB is the degree of the hydrophobic block, and V is a measure of 

the electrostatic repulsion effects in the polyelectrolyte corona.  Figure 1.5 shows a 

schematic of the three types of micelles represented in Figure 1.4: spherical (S), 

cylindrical (C), and bilayer (L) vesicles.47  As seen from Figure 1.4, volumetrically-

symmetric block copolymers form spherical micelles with a hydrophobic core and a 

hydrophilic corona in an aqueous solution.   Because the hydrophobic polymer chains in 

the core are compact while the hydrophilic corona chains are stretched in water, 

compositionally-symmetric block copolymers are not volumetrically symmetric in 

aqueous solutions; the volume of the hydrophobic block arises from its compact size in 

the core, while the volume of the hydrophilic block results from its swollen state in water.  

As seen in Figure 1.4, volumetric symmetry on this theoretical phase diagram occurs 

when NA
 = 200 and NB = 800.  Increasing the volumetric asymmetry by reducing NA 

results in these block copolymers forming cylindrical micelles in solution.  The most 

asymmetric hydrophobic-rich block copolymers form bilayer vesicles in solution.  As 

seen in Figure 1.4, the most common micellar morphology is spherical.  Because the 

hydrophobic polymer core is compact while the hydrophilic polymer is extended in the 

corona (as depicted in Figure 1.5), the sizes of these micelles are largely dictated by 

degree of polymerization of the hydrophilic block.45,47  In Chapter 6, we investigate the 
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change in spherical micelle size with changing hydrophilic block length for an 

amphiphilic block copolymer of poly(methyl acrylate-b-2-acrylamido-2-methyl-1-

propanesulfonic acid) with the same hydrophobic block length.   

The V term on the y-axis of Figure 1.4 is proportional to α2/4cs, where α is the 

degree of ionization of the polyelectrolyte corona and cs is the salt concentration of the 

solution.47  A higher ionization of the polyelectrolyte results in higher electrostatic 

repulsive forces (V) and, consequently, more chain stretching in the corona. These chains 

thus occupy a larger apparent volume than less ionized polyelectrolyte chains with 

comparable NA, stabilizing the spherical micellar morphology to lower values of NA.  The 

addition of a salt to these solutions can reduce these electrostatic repulsive forces, 

reducing the chain stretching in the corona and reducing its apparent volume.  In Chapter 

6, we also used amphiphilic block copolymers of poly(methyl acrylate-b-2-acrylamido-2-

methyl-1-propanesulfonic acid) to investigate the effects of changing aqueous salt 

concentration on the overall micelle size, which is dictated by the corona thickness.   

THESIS OVERVIEW 

Chapter 2 provides an overview of the relevant theories and characterization 

techniques used in this work.  This chapter also details the specific synthetic details for 

making block copolymers used in this work. 

Chapter 3 discusses the phase behavior of poly(pentafluorostyrene-b-methyl 

methacrylate), PPFS/PMMA, block copolymers.  Specifically, Chapter 3 demonstrates 

the controlled synthesis of PPFS/PMMA block copolymers via ATRP and discusses their 

microphase separation in the solid state.  Chapter 3 also describes the determination of 

the interblock segregation strength of PPFS/PMMA block copolymers. 

Chapter 4 highlights the applications of block copolymers containing PPFS to 

create ultra-low dielectric constant materials.  Specifically, Chapter 4 investigates the 
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degradation of PMMA from the PPFS/PMMA block copolymers.  Chapter 4 also details 

the synthesis and structural characterization of PPFS block copolymers containing two 

alternative degradable blocks: poly(ε-caprolactone), PCL, and poly(D,L-lactide), PLA.  

The degradation of PCL and PLA from block copolymer films is also investigated in 

Chapter 4.  Finally, Chapter 4 demonstrates that the dielectric constant of these materials 

is tunable by controlling the molecular weight characteristics of the PPFS-containing 

block copolymers. 

Chapter 5 demonstrates the controlled synthesis of poly(oligoethylene glycol 

ether methacrylate-b-2-acrylamido-2-methyl-1-propanesulfonic acid), 

PEGMA/PAAMPSA, hydrophilic block copolymers by ATRP.  Additionally, Chapter 5 

describes the structural characterization of PEGMA/PAAMPSA upon solvent-casting 

from different solvents.  This chapter demonstrates that PEGMA/PAAMPSA forms well-

ordered nanostructures in the solid state when casting from strong hydrogen bond 

accepting solvents, such as DMSO and DMF, which disrupt interblock hydrogen bonding 

and induce microphase separation.    

Chapter 6 demonstrates the use of hydrophilic block copolymers 

PEGMA/PAAMPSA to template conductive polyaniline (PANI).  Chapter 6 also 

discusses the use of block copolymers of PAAMPSA and poly(methyl acrylate), PMA, to 

form spherical micelles in aqueous solutions for the template synthesis of PANI.  This 

chapter demonstrates that the size and size distribution of the resulting conductive PANI 

nanoparticles is dictated by the characteristics of the micellar template.   

Finally, Chapter 7 summarizes the major achievements of this work and proposes 

suggestions for future research efforts.   
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Figure 1.1. Cartoon representation of a linear diblock copolymer.  The grey circles 
represent monomer units of one type, while the black circles represent a 
monomer of a different type. 
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Figure 1. Block copolymer mean-field phase diagram

 

Figure 1.2. Theoretical solid-state block copolymer mean-field phase diagram.37  
The dashed line at v = 0.35 is to aid the discussion of order-order 
transitions in the text.  
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Figure 1.3. Concentration effects on the morphology of a lamellar poly(ethylene 
oxide-b-butylene oxide), PEO/PBO, block copolymer upon addition of 
water, a selective solvent for PEO.41,42   
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Figure 1.4. Theoretical micellar phase diagram for block copolymers containing one 
neutral block and one polyelectrolyte block in dilute aqueous solutions.47  

 

 

 

 

 

Figure 1.5.  Schematic of the types of micelles formed by block copolymers in a 
selective solvent.47 
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Chapter 2.  Experimental Techniques 

INTRODUCTION 

This chapter provides an overview of synthetic details and characterization 

techniques used during the course of this work.  First, we present the relevant background 

in polymer synthesis to understand the discussions in this thesis.  We subsequently 

describe with technical detail the experimental procedures relevant to the synthesis of the 

functional block copolymers utilized in our work.  Finally, we discuss the analytical 

techniques used to characterize our materials.   

BACKGROUND 

Conventional Free-Radical Polymerization 

Free-radical polymerization is amenable to polymerizing a wide library of 

monomers, including those containing functional groups, compared to traditional ionic 

polymerizations.1  Free-radical polymerizations can be divided into three main steps: 

initiation, propagation, and termination, shown schematically in Figure 2.1.2  Free 

radicals are generated through the initiation step, which usually involves the photo- or 

thermal decomposition of an initiator into a pair of radicals.2  Common free-radical 

initiators include benzoyl peroxide (BPO) and azobisisobutyronitrile (AIBN).2,3  

Monomers then subsequently add to these radicals during the propagation step.  Finally, 

the polymer chains stop growing via termination.  Two possible termination pathways are 

possible, combination and disproportionation.  Both of these processes involve the 

presence of two polymer radicals.  During combination, two polymer radicals couple 

together, resulting in a polymer chain whose length is a sum of the two coupled 

polymers.  Disproportionation results when the hydrogen that is on the carbon next to one 
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of the radical centers transfers to another radical center.2  This process results in one of 

the polymer chains with a saturated chain end and the other with an unsaturated chain end 

(i.e., a double bond).  Disproportionation is by far the more common termination 

pathway.2   

Two key aspects of conventional free-radical polymerization affect the molecular 

weight distribution of the resulting polymers.  First, the rate of initiation is typically much 

slower than the rate of propagation.2  Additionally, the rate of termination is comparable 

to the rate of initiation throughout most of the polymerization.3  As such, polymer chains 

are initiated and terminated throughout the polymerization.  Assuming that termination 

occurs via disproportionation, polymers generated from conventional free-radical 

polymerizations thus have molecular weights characterized by the most probable 

distribution.2  The polydispersities (PDIs) of these polymers are given by the following 

equation:2 

p
M
M

PDI
n

w +== 1     Equation 2.1 

where Mw is the weight-average molecular weight of the polymer, Mn is its number-

average molecular weight, and p is the fraction of monomer units reacted.  The PDIs of 

polymers synthesized by conventional free-radical polymerizations thus approach 2 at 

high conversions.  Consequently, the main limitation to conventional free-radical 

polymerization is the formation of polymers with PDIs approaching 2.   

Controlled Free-Radical Polymerization 

It is possible to control the resulting molecular weights and molecular weight 

distributions in free-radical polymerizations if the initiation rate can be increased and the 

termination reactions suppressed.3  This type of polymerization is aptly referred to as a 

controlled free-radical polymerization.  Several types of controlled free-radical 
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polymerizations have been developed, including reversible addition-fragmentation chain 

transfer polymerization (RAFT), nitroxide-mediated polymerization (NMP), and atom 

transfer radical polymerization (ATRP).3 

Like conventional free-radical polymerization, controlled free-radical 

polymerization also consists of initiation, propagation, and termination steps.  The main 

difference between conventional and controlled free-radical polymerization is that, during 

controlled free-radical polymerization, an equilibrium exists during propagation in which 

the polymer radicals switch between active and dormant states.3  Figure 2.2 depicts these 

steps.  In the polymer’s active state, the radical on the polymer chain end is exposed and 

is capable of undergoing monomer addition through a conventional free-radical 

propagation mechanism.  In the dormant state, the polymer radical is capped with a 

protective end-group that prevents both propagation and termination reactions.  In order 

to maintain control over the molecular weight and the molecular weight distribution, this 

equilibrium must favor the dormant polymer species in solution.3  As such, the 

concentration of free radicals in solution is significantly reduced, suppressing termination 

reactions while still allowing for polymer growth during the short time the polymer 

radicals are exposed.  We used ATRP, described in greater detail below, to synthesize the 

functional block copolymers used in this study.   

Atom Transfer Radical Polymerization   

ATRP is a controlled free-radical polymerization technique that enables the 

synthesis of polymers containing a myriad of chemical functionalities with narrow 

molecular weight distributions.4  A key feature of ATRP that enables the creation of well-

defined, near-monodisperse polymers is its use of a transition metal complex to establish 

an equilibrium between the growing polymer’s active and dormant states.  This 
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equilibrium is catalyzed by a transition metal-ligand complex.  This concept is further 

illustrated in Equation 2.2, showing the equilibrium step of ATRP. 
( )XMLPMLXP z

nn
z

nn
1++•→+ +⎯⎯←+−   Equation 2.2 

In this equation, Pn-X represents a polymer chain capped with a halogen atom (typically 

bromine or chlorine).  In this form, the polymer is considered dormant and not subject to 

chain extension or termination reactions.  LnM+z represents the metal-ligand complex, in 

which the metal becomes oxidized with the extraction of the halogen atom to yield an 

exposed polymer radical (Pn
●).  In the reactions described in this thesis, the radical 

activation step oxidizes Cu(I) to Cu(II), which is then returned to its original state during 

deactivation.    

The removal of the halide from the dormant polymer chain end exposes a free 

radical at the end of the polymer chain, which is then susceptible to further chain 

extension reactions.  The metal-ligand complex then reassociates with the free radical on 

the end of the polymer chain and returns the halogen atom at the end of this chain, 

restoring the dormant and hence nonreactive polymer chain.  This metal-ligand complex 

thus acts as a radical capping agent, only exposing the radicals for short periods of time.  

By keeping the radical concentration low during the polymerization, the probability of 

termination reactions is greatly reduced.  As the rate of termination tends towards zero, 

the resulting polydispersities of the polymers approach the limit of 1, meaning that all the 

chains are of uniform length.  

A variety of transition metals have been investigated to form the metal-ligand 

complex that catalyzes ATRP, including molybdenum, chromium, ruthenium, iron, 

palladium, and copper.4,5  By far the most common transition metal sources are copper 

halides (e.g., Cu(I)Br and Cu(I)Cl) due to their versatility and low cost.4,6  The activity of 

the copper halides can be manipulated through the choice of nitrogen-containing ligand, 
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many of which are commercially available.6,7  In fact, the Matyjaszewski group has 

shown that the activity of the copper-ligand catalyst can change by nearly seven orders of 

magnitude simply by adjusting the ligand selection.7  Figure 2.3 shows the ATRP 

activation rate constant for various ligands measured by the Matyjaszewski group in 

acetonitrile at 35 °C.7  The choice of ligand thus has a significant effect on the 

equilibrium concentration of radicals present during polymerization.  The choice of 

copper halide also affects the radical concentration.  Because the C-Cl bond is stronger 

than the C-Br bond, the equilibrium is shifted towards the dormant polymer state when 

Cu(I)Cl is used, as opposed to Cu(I)Br.8  As such, the equilibrium radical concentration is 

lower at any given point during the reaction, resulting in a slower propagation rate and 

often a narrower molecular weight distribution of the resulting polymer.4,8  Because 

ATRP polymerizations are typically much faster in polar than in nonpolar solvents,9 we 

used Cu(I)Cl to slow propagation during the synthesis of the hydrophilic polymers used 

in this study. 

The radical concentration is also affected by the addition of a deactivating 

species, M+(z+1)X in Equation 2.2, e.g., Cu(II)Br2 or Cu(II)Cl2, at the beginning of the 

polymerization.  Their addition further shifts the ATRP equilibrium towards the dormant 

polymer state, reducing the equilibrium radical concentration.10  The presence of the 

deactivating species at the onset of polymerization has also been shown to reduce the 

number of termination reactions that occur early in the polymerization, further narrowing 

the molecular weight distribution.4  In protic solvents, a larger amount of deactivating 

species is usually required to maintain control during the course of the polymerization.11  

For instance, ATRP polymerizations in polar solvents usually require a ratio of at least 

1:1 Cu(II):Cu(I) to give polymers narrow molecular weight distributions,11 while ATRP 

polymerizations in nonpolar solvents often require ratios of 0.05:1 Cu(II):Cu(I) or less.3 



 21

This observation results from the higher dissociation of Cu(II) from its coordinating 

ligand in protic environments, thereby reducing the concentration of deactivating species 

over time.11  In the synthesis of our hydrophilic polymers in protic solvents, we used 

Cu(II):Cu(I) molar ratios of at least 2:1 to maintain control over the polymerization.   

ATRP is predominately initiated by alkyl halides, requiring one initiator per 

growing polymer chain.3,4  Typically, alkyl bromides initiate faster than alkyl chlorides 

because of the weaker bond strength of C-Br compared to C-Cl.8  As such, alkyl bromide 

initiators are used exclusively in this study.  In general, it has been observed that the 

initiation rate of alkyl bromides is faster than the propagation rate of structurally similar 

monomers.3  We thus utilized initiators with structures similar to the monomers, e.g. 1-

bromoethyl benzene to initiate the polymerization of styrenic monomers, such as 

pentafluorostyrene, and ethyl 2-bromoisobutyrate to initiate acrylate and methacrylate 

polymerization.  To further improve the initiation efficiency, halogen exchange can be 

used, involving the combined use of alkyl bromide initiators and copper chloride-based 

catalysts.8,12  This mixed halide system yields a faster initiation via the alkyl bromide, 

compared to alkyl chlorides.  The propagation rate, however, is slower due to copper 

chloride, compared to copper bromide-based catalysts.8  Halogen exchange therefore 

suppresses the propagation rate relative to the initiation rate, which can improve control 

over the molecular weights and molecular weight distributions.  As such, we utilized 

halogen exchange in the synthesis of our hydrophilic polymers by utilizing bromine-

containing initiators and copper chloride-based catalysts.   

Upon termination by exposure to air, the resulting polymer chains become end 

capped with a halogen atom.  This polymer can then be purified and used as an initiator 

to start the polymerization of a different monomer from this halide-capped end.  These 

polymers are referred to as macroinitiators, for they are macromolecules capable of 
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initiating additional ATRP reactions.  In this way, multifunctional, well-defined block 

copolymers can easily be synthesized.4,13 

SPECIFIC SYNTHESIS METHODS 

The following section provides specific experimental details for the various 

polymerizations and reactions utilized in this work.  Each polymerization example 

contains the exact experimental conditions for one synthesis along with modifications in 

the polymerization conditions carried out to achieve polymers of different molecular 

weights and compositions.  A discussion of the characterization of each macroinitiator 

and subsequent block copolymers are provided in the individual chapters pertaining to 

them.  Tables containing the molecular weight characteristics of each block copolymer 

used in this study will be provided in their individual chapters as well.  For simplicity, the 

nomenclature used throughout this work for block copolymers is A/B x/y, where A is the 

macroinitiator and B is the second block; x and y are the number-average molecular 

weights of the macroinitiator and the second block, respectively.  The macroinitiators are 

referred to as A x, where A is the polymer type and x its number-average molecular 

weight.  Figure 2.4 shows the chemical structures of all block copolymers discussed 

below.   

Synthesis of Semifluorinated Block Copolymers  

Synthesis of PPFS macroinitiator by ATRP.  Polypentafluorostyrene, PPFS, is 

hydrophobic and glassy at room temperature (Tg = 105 °C).14  Chapter 3 discusses the 

characterization and phase behavior of semifluorinated block copolymers containing 

PPFS and poly(methyl methacrylate), PMMA.  We utilized a macroinitiation strategy for 

synthesizing these block copolymers, with PPFS as the macroinitiator.  Here, we describe 

the synthesis of a PPFS macroinitiator by ATRP.     
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2,3,4,5,6-Pentafluorostyrene (PFS; Acros and Oakwood Chemicals) was passed 

through a basic alumina column to remove the inhibitor and stored in the freezer under 

nitrogen (N2) until further use.  PFS (14.1 g, 72.6 mmol), Cu(I)Br (Aldrich; 416 mg, 2.90 

mmol), Cu(II)Br2 (Aldrich; 32.5 mg, 0.145 mmol) and 30 mL of anisole were added to a 

100 mL flask equipped with a magnetic stir bar.  Cu(I)Br was used as the copper halide 

since it has been shown to yield PPFS homopolymers with controlled molecular weights 

and narrow molecular weight distributions.15  The flask was sealed with a rubber septum, 

and the solution was degassed with N2 for 30 min.  N,N,N’,N”,N”-

pentamethyldiethylenetriamine (PMDETA; Aldrich; 0.67 mL, 3.05 mmol) was added via 

a gas-tight syringe while the mixture was stirring to solvate Cu(I)Br.  1-Bromoethyl 

benzene (Acros; 0.40 mL, 2.90 mmol) was then added via a gas-tight syringe, and the 

solution was immersed in an oil bath preheated to 110 °C to start the reaction.  After 90 

min, the reaction flask was then removed from the oil bath and cooled in an ice bath.  The 

solution was then exposed to air to terminate the polymerization.  The polymer solution 

was then diluted with tetrahydrofuran (THF) and stirred over neutral alumina to remove 

copper salts.  Upon filtration to remove alumina, the solution was allowed to concentrate 

before precipitation into methanol.  The filtered polymer (Mn = 7.8 kg/mol; Mw/Mn = 

1.05) was dried in vacuo at 30 °C overnight.  PPFS macroinitiators of varying molecular 

weight were synthesized by changing the reaction time while keeping the initial 

compositions of the reactants constant.  For instance, a PPFS macroiniatator with Mn = 

6.6 kg/mol was synthesized by reducing the reaction time to 70 min. 

Addition of MMA to PPFS macroinitiator by ATRP.  We used purified PPFS 

macroinitiators to synthesize PPFS/PMMA block copolymers.  To do so, methyl 

methacrylate (MMA) was passed through a basic alumina column to remove the inhibitor 

and stored in the freezer under N2 until further use.  The PPFS macroinitiator (Mn = 7.8 
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kg/mol; 2.5 g, 0.32 mmol), along with MMA (Acros; 16.1 g, 160.7 mmol), Cu(I)Br (46.0 

mg, 0.32 mmol), Cu(II)Br2 (3.7 mg, 0.0016 mmol), and 51 mL of toluene were added to a 

250 mL flask equipped with a magnetic stir bar.  After the PPFS macroinitiator had 

dissolved, the flask was sealed with a rubber septum, and then degassed with N2 for 30 

min.  N,N,N,N-tetramethylethylenediamine (TMEDA; Aldrich; 0.11 mL, 0.64 mmol) 

was added via a gas-tight syringe, and the flask was immersed in an oil bath preheated to 

90 °C to start the reaction.  TMEDA was used (instead of PMDETA) because its activity 

is lower,7 slowing down the reaction and providing better control for rapidly propagating 

radicals, such as methacrylates.4 After 4 h and 15 min, the reaction medium was cooled in 

an ice bath and exposed to air to terminate the polymerization.  The polymer solution was 

then diluted with THF and stirred over neutral alumina to remove the copper salts.  Upon 

filtration to remove the alumina, the solution was allowed to concentrate before 

precipitation into methanol.  The filtered polymer (PPFS/PMMA 7.8/6.4, Mw/Mn = 1.09) 

was dried in vacuo at 30 °C overnight.  The other PPFS/PMMA block copolymers used 

in this work were synthesized using PPFS macroinitiators of appropriate molecular 

weight and adjusting the PMMA reaction time while keeping the initial compositions of 

the reactants constant.  For instance, PPFS/PMMA 7.8/6.6 was synthesized by increasing 

the reaction time to 4 h and 45 min.   

It is also useful to synthesize these semifluorinated block copolymers using 

PMMA macroinitiators, particularly when the PMMA block is short.  Using a short 

PMMA macroinitiator to synthesize PPFS-rich block copolymers allows for easier 

characterization of the initiation efficiency by monitoring the molecular weight shift in 

gel permeation chromatography (GPC) traces; adding a short PMMA block to a long 

PPFS macroinitiator does not change the overall molecular weight much and thus does 
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not shift the GPC trace appreciably.  We describe the details for synthesizing PMMA 

macroinitiators and PMMA/PPFS block copolymers below. 

Synthesis of PMMA macroinitiator by ATRP.  Poly(methyl methacrylate), 

PMMA, is also a hydrophobic, glassy polymer (Tg = 100 °C).15  Additionally, it is 

degradable by both UV16 and electron-beam17 irradiation.  We used the following 

procedure to synthesize PMMA macroinitiators, which were subsequently used to 

synthesize PMMA/PPFS block copolymers discussed in Chapter 3.   

MMA (18.8 g, 188 mmol), Cu(I)Br (270 mg, 1.88 mmol), Cu(II)Br2 (21.0 mg, 

0.094 mmol), and 20 mL of toluene were added to a 100 mL flask equipped with a 

magnetic stir bar.  The flask was sealed with a rubber septum, and the solution was 

degassed with N2 for 30 min.  TMEDA (0.60 mL, 3.95 mmol) was then added via a gas-

tight syringe while the mixture was stirring to solvate the Cu(I)Br.  Ethyl 2-

bromoisobutyrate (EBiB; Aldrich; 0.28 mL, 1.88 mmol) was then added via a gas-tight 

syringe, and the solution was immersed in an oil bath preheated to 90 °C to start the 

reaction.  The reaction was carried out for 6 h before the reaction medium was cooled in 

an ice bath and exposed to air to terminate the polymerization.  The polymer solution was 

then diluted with THF and stirred over neutral alumina to remove copper salts.  Upon 

filtration to remove alumina, the solution was allowed to concentrate before precipitation 

into methanol.  The filtered polymer (Mn = 11.1 kg/mol; Mw/Mn = 1.03) was dried in 

vacuo at 30 °C overnight.  PMMA macroinitiators of varying molecular weight were 

synthesized by changing the reaction time while keeping the initial compositions of the 

reactants constant.  For instance, a PMMA macroinitiator with Mn = 14.8 kg/mol was 

synthesized by increasing the reaction time to 8 h.  The polymerization of MMA 

proceeded at a slower rate than that of PFS because the slower TMEDA ligand was 

utilized in the synthesis of PMMA. 
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Addition of PFS to PMMA macroinitiator by ATRP.  PMMA (Mn = 11.1 

kg/mol; 3.2 g, 0.29 mmol), PFS (16.8 g, 87.0 mmol), Cu(I)Br (41.6 mg, 0.29 mmol), 

Cu(II)Br2 (3.3 mg, 0.015 mmol) and 20 mL of anisole were added to a 100 mL flask 

containing a magnetic stir bar.  The solution was allowed to stir to dissolve the PMMA 

macroinitiator.  After the PMMA macroinitiator had dissolved, the flask was sealed with 

a rubber septum, and then degassed with N2 for 30 min.  PMDETA (0.07 mL, 0.31 

mmol) was added to the solution via a gas-tight syringe, and the flask was immersed in 

an oil bath preheated to 110 °C to start the reaction.  After 3 h, the reaction medium was 

cooled in an ice bath and exposed to air to terminate the polymerization.  The polymer 

solution was then diluted with THF and stirred over neutral alumina to remove the copper 

salts.  Upon filtration to remove the alumina, the solution was allowed to concentrate 

before precipitation into methanol.  The filtered polymer (PMMA/PPFS 11.1/21.2; 

Mw/Mn = 1.04) was dried in vacuo at 30 °C overnight.  The other PMMA/PPFS block 

copolymers used in this work were synthesized using PMMA macroinitiators of 

appropriate molecular weight and adjusting the PPFS polymerization time while keeping 

the initial compositions of the reactants constant.  For instance, PMMA/PPFS 11.1/34.0 

was synthesized by increasing the reaction time to 5 h.   

We investigated the UV degradation of PMMA in PPFS/PMMA block 

copolymers in Chapter 4.  This chapter also contains the degradation studies of two 

alternative sacrificial polymers in PPFS-containing block copolymers.  Their synthesis 

and use as macroinitiators for PPFS are described below.   

Synthesis of PCL-OH by ROP.  Poly(ε-caprolactone), PCL, is a semicrystalline 

aliphatic ester (Tg = -60 °C; Tm = 56 °C).18  It is capable of undergoing both acid- and 

base-catalyzed hydrolysis.19  Because ε-caprolactone (CL) is a non-olefinic monomer, the 

direct polymerization of CL by ATRP is not possible.4  Rather, PCL is synthesized by 
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ring-opening polymerization (ROP).   The synthesis of PCL by ROP is catalyzed by 

aluminum triisopropoxide (Al(OiPr)3) and yields linear homopolymers with narrow 

molecular weight distributions and controlled molecular weights.20  The addition of HCl 

to terminate the polymerization of CL produces a hydroxyl end-group.  Here, we describe 

the synthesis of PCL-OH using ROP.  These polymers were made by Dr. Sally Peng Li in 

our group.  

CL (Acros) was dried over calcium hydride for 2 d and then distilled under 

reduced pressure before use.  Toluene was distilled over sodium metal immediately prior 

to use.  Al(OiPr)3 (Acros) was distilled under vacuum prior to use.  CL (34.2 g, 300 

mmol) and 280 mL of toluene were added to a 500 mL flask equipped with a magnetic 

stir bar.  The flask was sealed with a rubber septum, and the solution was degassed with 

N2 for 30 min.  The flask was immersed in an ice bath, and an N2-purged solution of 

Al(OiPr)3 (0.320 g, 1.57mmol) in 20 mL toluene was injected into the flask via a gas-

tight syringe to start the reaction.  After 2 d, 20 mL of 1 M HCl was added to the flask to 

terminate the reaction, which induced phase separation of the reaction medium.  The 

organic layer, consisting of toluene and PCL, was then isolated using a separatory funnel.  

The organic layer was then washed with water, again using a separatory funnel, until a 

neutral pH was obtained.  PCL-OH was recovered by precipitation of the toluene solution 

in cold methanol.  The filtered polymer (Mn = 6.9 kg/mol; Mw/Mn = 1.06) was dried in 

vacuo at 30 °C overnight.  PCL-OH of varying molecular weight were synthesized by 

adjusting the amount of Al(OiPr)3 that is added to the reaction medium.  For instance, 

PCL-OH with Mn = 4.6 kg/mol was synthesized by increasing the amount of Al(OiPr)3 to 

0.450 g (2.21 mmol), while all other reactants and conditions remained constant. 

Conversion of PCL-OH into macroinitiator for ATRP.  To use PCL as a 

macroinitiator for the subsequent polymerization of a second block, the hydroxyl end-
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group of the acid-terminated PCL must be quantitatively converted into a halogen-

containing group.21  We used the following procedure to convert PCL-OH into PCL-Br, 

which was used to synthesize the PCL/PPFS block copolymers described in Chapter 4. 

PCL-OH (Mn = 6.9 kg/mol; 14.0 g, 1.91 mmol) and 250 mL of anhydrous THF 

were added to a 500 mL flask equipped with a magnetic stir bar.  The solution was 

degassed with dry N2 in an ice bath for 30 min.  Excess triethylamine (TEA; Fisher 

Scientific; 4.8 mL, 34.2 mmol) was added to the solution via a gas-tight syringe, followed 

by the dropwise addition of an excess of 2-bromo-2-methylpropionyl bromide (Acros; 4.2 

mL, 34.0 mmol).  After reaction for 2 d at room temperature, the solution was filtered to 

remove the generated ammonium salt, and THF was evaporated under reduced pressure.  

The resulting product was then dissolved in methylene chloride, washed with a 5wt% 

sodium bicarbonate solution followed by deionized (DI) water, and finally dried over 

anhydrous sodium sulfate.  The crude functionalized macroinitiator (PCL-Br) was 

obtained by precipitation in cold methanol.  PCL-Br was further purified by two 

additional precipitation cycles and dried in vacuo at 30 °C.  The conversion of PCL-OH 

to PCL-Br was quantitative, as determined by end-group analysis by 1H NMR.   

Addition of PFS to PCL-Br by ATRP.  The addition of PFS to a PCL 

macroinitiator follows the same procedure as that described previously using a PMMA 

macroinitiator.  The mass of PCL-Br added to the reaction is adjusted to maintain the 

same molar concentration of macroinitatior.  For instance, 2.0 g of PCL-Br (Mn = 6.9 

kg/mol) was added for the synthesis of PCL/PPFS 7/25 (Mw/Mn = 1.10), whereas 1.5 g of 

PCL-Br (Mn = 5.0 kg/mol) was added for the synthesis of PCL/PPFS 5/24 (Mw/Mn = 

1.05).  These polymerizations proceeded for 3 h and 30 min.   

Synthesis of PLA-OH by ROP.  Poly(D,L-lactide), PLA, is an amorphous 

aliphatic ester that is glassy at ambient temperatures (Tg = 55 °C).22  PLA is also 
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susceptible to both acid and base catalyzed hydrolysis.23  Because D,L-lactide, LA, is also 

a non-olefinic monomer, the synthesis of PLA was carried out by ROP catalyzed by 

Al(OiPr)3, yielding linear homopolymers with narrow molecular weight distributions and 

controlled molecular weights.19  The addition of HCl to terminate the polymerization 

produces a hydroxyl end-group.  The following procedure was used to synthesize PLA-

OH.  These polymers were also made by Dr. Sally Peng Li in our group. 

LA (Aldrich) was recrystallized three times from toluene and dried in vacuo at 30 

°C prior to use.  LA (32.9 g, 228 mmol) and 360 mL of toluene were added to a 500 mL 

flask equipped with a magnetic stir bar.  The flask was sealed with a rubber septum, and 

the solution was degassed with N2 for 30 min.  Once the LA had fully dissolved, an N2-

purged solution of Al(OiPr)3 (0.229 g, 1.12 mmol) in 20 mL toluene was injected into the 

flask via a gas-tight syringe.  The solution was immersed in an oil bath preheated to 70 

°C to start the reaction.  After 22 h, 15 mL of 1 M HCl was added to the flask to 

terminate the reaction, which induced phase separation in the reaction vessel.  The 

organic layer, consisting of toluene and PLA, was then isolated and washed with water 

until a neutral pH value was obtained.  PLA-OH was recovered by precipitation in cold 

methanol.  The filtered polymer (Mn = 8.5 kg/mol; Mw/Mn = 1.08) was dried in vacuo at 

30 °C overnight.  PLA-OH of varying molecular weight were synthesized by adjusting 

the amount of Al(OiPr)3 that is added to the reaction medium.  For instance, PLA-OH 

with Mn = 5.2 kg/mol was synthesized by increasing the amount of Al(OiPr)3 to 0.340 g 

(1.66 mmol), while all other reactants and conditions remained constant. 

Conversion of PLA-OH into macroinitiator for ATRP.  The hydroxyl end-

group of the acid-terminated PLA must be quantitatively converted into a halogen-

containing group to initiate the polymerization of a second block via ATRP.24  We used 

the same procedure described above for the conversion of PCL-OH to PCL-Br to convert 
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PLA-OH into PLA-Br.  The conversion of PLA-OH to PLA-Br was quantitative, as 

determined by end-group analysis by 1H NMR.   

Addition of PFS to PLA-Br by ATRP.  The addition of PFS to a PLA 

macroinitiator follows the same procedure as that described previously using a PMMA 

macroinitiator.  The mass of PLA-Br added to the reaction is adjusted to maintain the 

same molar concentration of macroinitatior.  For instance, 1.6 g of PLA-Br (Mn = 5.1 

kg/mol) was added for the synthesis of PLA/PPFS 5/18 (Mw/Mn = 1.09), whereas 2.0 g of 

PLA-Br (Mn = 6.8 kg/mol) was added for the synthesis of PLA/PPFS 7/15 (Mw/Mn = 

1.22).  These polymerizations proceeded for 3 h.   

Synthesis of Hydrophilic Block Copolymers  

Synthesis of PEGMA macroinitiator by ATRP.  Poly(oligo(ethylene glycol) 

methyl ether methacrylate), PEGMA, is water-soluble and a liquid at room temperature 

(Tg = -65 °C).25  Chapter 5 discusses the characterization and phase behavior of 

hydrophilic block copolymers containing PEGMA and poly(2-acrylamido-2-methyl-1-

propanesulfonic acid), PAAMPSA.  We utilized a macroinitiation strategy for the 

synthesis of these block copolymers, using PEGMA as a macroinitiator.  Here, we first 

describe the synthesis of a PEGMA macroinitiator by ATRP, followed by the synthesis 

details of PEGMA/PAAMPSA.     

 Oligo(ethylene glycol) methyl ether methacrylate (EGMA; Aldrich; Average Mn 

= 475 g/mol, 8-9 ethylene oxide units in pendant group) was passed over neutral alumina 

to remove the inhibitor and stored in the freezer under N2 until further use.  EGMA (50 

mL, 113 mmol), DI water (150 mL), Cu(I)Cl (0.1485 g, 1.5 mmol) and Cu(II)Cl2 (0.4035 

g, 3.0 mmol) were added to a 250 mL flask containing a magnetic stir bar.  CuCl and 

CuCl2 were used in this polymerization, as opposed to CuBr and CuBr2, to slow the 

propagation rate and provide better control over the polymerization in a polar solvent, 
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such as water.8,9  The flask was sealed with a rubber septum and then degassed with N2 

for 10 min.  2,2’-bipyridine (Bipy; Acros; 1.4057 g, 9.0 mmol) was added to the flask 

after briefly removing the septum, and the mixture was degassed with N2 for another 30 

min while stirring to solvate Cu(I)Cl.  Bipy was used as a ligand for this synthesis 

because it leads to a water-soluble Cu(I) complex.26  EBiB (0.22 mL, 1.5 mmol) was 

injected into the flask via a gas-tight syringe to start the reaction.  After 4 h at room 

temperature, the reaction mixture was exposed to air and diluted with additional DI water 

to terminate the reaction.  The reaction mixture was placed in a dialysis tubing (Fisher 

Scientific; nominal molecular weight cutoff (MWCO) of 6000-8000) and dialyzed 

against methanol to remove copper salts and any unreacted EGMA, until the solution 

inside the dialysis tubing was colorless.  Methanol was then evaporated to collect 

PEGMA (Mn,PEO = 19.2 kg/mol, Mw/Mn = 1.20).  PEGMA macroinitiators of varying 

molecular weight were synthesized by adjusting the monomer to initiator molar ratio 

while keeping the Cu(I)Cl : Cu(II)Cl2 : Bipy : EBiB molar ratio constant at 1 : 2 : 6 : 1.  

The amount of DI water was also adjusted to maintain 75 vol% DI water during 

polymerization.  For instance, to synthesize PEGMA with Mn,PEO = 10.9 kg/mol, the 

amount of EGMA was reduced to 27 mL (60.3 mmol) and the amount of water was 

decreased to 81 mL.  All other reactants and reaction conditions remained the same.   

Addition of AAMPSA to PEGMA macroinitiator by ATRP.  Poly(2-

acrylamido-2-methyl-1-propanesulfonic acid), PAAMPSA, is a hydrophilic, glassy 

polymer (Tg = 175 °C).27  Additionally, PAAMPSA contains a strong acid moiety (a 

sulfonic acid group) that can dope conductive polyaniline (PANI) during PANI 

synthesis.28,29  The direct addition of AAMPSA onto a PEGMA macroinitiator, however, 

is not possible via ATRP because these sulfonic acid groups can protonate and thus 

deactivate the coordinating amine ligand necessary for successful propagation during 



 32

ATRP synthesis.30  As such, PEGMA/PAAMPSA block copolymers were synthesized 

using the sodium salt form of AAMPSA, or AAMPSA-Na, and subsequently converted 

to its acid form using a strong acid ion exchange resin (Amberlyst® 15 (dry) ion-

exchange resin; Acros).  The following procedure describes the synthesis of a 

representative PEGMA/PAAMPSA block copolymer.   

PEGMA (Mn,PEO = 19.2 kg/mol; 8.3 g, 0.4 mmol), Cu(I)Cl (0.0198 g, 0.2 mmol), 

Cu(II)Cl2 (0.1076 g, 0.8 mmol), AAMPSA-Na solution (50% by weight in water; 

Lubrizol; 45 mL, 120 mmol), DI water (31 mL), and DMF (58 mL) were added to a 250 

mL flask containing a magnetic stir bar and degassed with N2 for 30 minutes.  As with 

the PEGMA macroinitiator synthesis, Cu(I)Cl was used as the catalyst in AAMPSA-Na 

polymerizations to slow propagation and provide better control in the polar 

environment.8,9  Tris(2-dimethylaminoethyl) amine (Me6TREN; 0.24 mL, 1.0 mmol) was 

injected into the flask via a gas-tight syringe to start the reaction.  Me6TREN was used as 

the coordinating ligand because a recent study showed that its use with the ATRP 

polymerization of AAMPSA-Na gives the best control over the molecular weight and 

molecular weight distribution of the resulting polymers.31  This ligand is not 

commercially available, however, so its synthesis is described in a later section.  After 40 

h at room temperature, the reaction mixture was exposed to air and diluted with DI water 

to terminate the reaction.  The reaction mixture was then placed in dialysis tubing 

(nominal MWCO 6000-8000) and dialyzed against DI water to remove unreacted 

AAMPSA-Na and DMF.  After dialysis, the mixture was concentrated and precipitated 

into ethanol to remove any unreacted PEGMA macroinitiator.  The ethanol supernatant 

was decanted, and the precipitate was rinsed with ethanol twice more.  The 

PEGMA/PAAMPSA-Na precipitate was then dried in vacuo at 30 °C overnight.  This 

block copolymer was then redissolved in DI water and put through a strong acid ion 
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exchange column to convert PAAMPSA-Na to its acid form, PAAMPSA.  The ion-

exchange resin was rinsed with DI water until the water ran clear prior to use. The 

conversion to acid was monitored by pH measurements compared to commercially-

available PAAMPSA (100% sulfonic acid groups); the pH of this commercially-available 

PAAMPSA at 0.12M sulfonic acid groups is 1.5.  We therefore measured the pH of our 

PEGMA/PAAMPSA solutions at a concentration of 0.12M sulfonic acid groups to verify 

the complete conversion of PAAMPSA-Na to PAAMPSA.    

After ion exchange, PEGMA/PAAMPSA 19/22 (Mw/Mn = 1.42) was collected by 

solvent evaporation.  The other PEGMA/PAAMPSA block copolymers used in this study 

were synthesized using PEGMA macroinitiators of appropriate molecular weight and 

adjusting the monomer to macroinitiator molar ratio while keeping the Cu(I)Cl : 

Cu(II)Cl2 : Me6TREN : PEGMA molar ratio constant at 0.5 : 2 : 2.5 : 1.  The amount of 

solvents added was also adjusted to maintain a 1:1 v:v DMF:water.  For instance, to 

synthesize PEGMA/PAAMPSA 11/33, the amount of PEGMA (Mn,PEO = 10.9 kg/mol) 

was reduced to 4.7 g (0.4 mmol) to adjust for the molecular weight difference of the 

macroinitiator.  The amount of AAMPSA-Na solution was increased to 75 mL (200 

mmol).  Correspondingly, the DI water and DMF additions were 52 mL and 97 mL, 

respectively.  All other reactants and reaction conditions remained the same.     

Synthesis of PMA macroinitiator by ATRP.  Poly(methyl acrylate), PMA, is 

hydrophobic and rubbery at room temperature (Tg = 12.5 °C).32  In contrast to the water-

soluble PEGMA/PAAMPSA block copolymers described above, PMA/PAAMPSA block 

copolymers spontaneously form micelles in an aqueous environment with a PMA core 

and a PAAMPSA corona.33,34  Chapter 6 discusses the characterization and micellization 

of PMA/PAAMPSA amphiphilic block copolymers.  We utilized a macroinitiation 
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strategy for the synthesis of these block copolymers, with PMA as a macroinitiator.  

Here, we describe the synthesis of a PMA macroinitiator by ATRP.     

Methyl acrylate (MA; Acros) was passed through a basic alumina column to 

remove the inhibitor and stored in the freezer under N2 until further use.  MA (150 mL, 

1.67 mol), Cu(I)Br (2.40 g, 16.7 mmol), and Cu(II)Br2 (187 mg, 0.835 mmol) were added 

to a 250 mL flask containing a magnetic stir bar.  The flask was sealed with a rubber 

septum, and the solution was degassed with N2 for 30 min.  PMDETA (3.7 mL, 17.5 

mmol) was added via a gas-tight syringe while the mixture was stirring to solvate the 

Cu(I)Br.  EBiB (2.5 mL, 16.7 mmol) was then added via a gas-tight syringe, and the 

solution was immersed in an oil bath preheated to 50 °C to start the reaction.  After 3 h, 

the flask was taken out of the oil bath and cooled in an ice bath.  The solution was then 

diluted with THF and exposed to air to terminate the polymerization.  The solution was 

stirred over neutral alumina to remove copper salts.  Upon filtration to remove alumina, 

the solution was concentrated via evaporation of THF and precipitated into methanol.  

The supernatant was decanted, and PMA (Mn = 10.0 kg/mol, Mw/Mn = 1.05) was 

collected and dried in vacuo  at 30 °C.  This polymer was used as the macroinitiator for 

all of the PMA/PAAMPSA block copolymers used in this work.  

Addition of AAMPSA to PMA macroinitiator by ATRP.  Unlike the synthesis 

of PEGMA/PAAMPSA from PEGMA macroinitiators, PMA/PAAMPSA synthesis is 

carried out in mostly DMF since PMA is hydrophobic.  A small amount of water is 

present during polymerization, however, from the addition of the AAMPSA-Na aqueous 

solution (50wt% water).  PMA (Mn = 10.0 kg/mol; 4.0 g, 0.4 mmol) was dissolved into 

200 mL DMF in a 500 mL flask containing a magnetic stir bar.  AAMPSA-Na aqueous 

solution (23 mL, 60 mmol) was added slowly while stirring to prevent precipitation of 

PMA.  Cu(I)Cl (39.6 mg, 0.4 mmol) and Cu(II)Cl2 (53.8 mg, 0.4 mmol) were added to 
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the reaction flask, which was then sealed with a rubber septum.  CuCl and CuCl2 were 

used in this polymerization, as opposed to CuBr and CuBr2, to slow the propagation rate 

and provide better control over the polymerization in a polar solvent, such as DMF.8,9  

The mixture was degassed with N2 for 30 min.  Me6TREN (0.2 mL, 0.8 mmol) was added 

via a gas-tight syringe to start the reaction.  The reaction was carried out at room 

temperature for 7 d, at which point it was exposed to air to terminate the reaction.  The 

polymerization mixture was placed in a dialysis bag (nominal MWCO 6000-8000) and 

dialyzed against DI water to remove any unreacted AAMPSA-Na and DMF.  After 

dialysis, this aqueous solution put through a strong acid ion exchange column to convert 

PAAMPSA-Na to its acid form, PAAMPSA.  PMA/PAAMPSA 10/11 (Mw/Mn = 1.40) 

was collected by solvent evaporation.  The other PMA/PAAMPSA diblock copolymers 

used in this work were synthesized by adjusting the monomer to macroinitiator molar 

ratio while keeping the Cu(I)Cl : Cu(II)Cl2 : Me6TREN : PMA molar ratio constant at 1 : 

1 : 2 : 1.  For instance, to synthesize PMA/PAAMPSA 10/6, the amount of AAMPSA-Na 

solution added was reduced to 16 mL (42 mmol).  All other reactants and reaction 

conditions remained the same.  As such, the amount of water present during the 

polymerization changes as the amount of AAMPSA-Na solution is adjusted.   

Synthesis of Me6TREN Amine Ligand 

While the other ATRP coordinating amine ligands (PMDETA, TMEDA, Bipy) 

used in this work are commercially-available, Me6TREN is not commercially-available.  

Its use with the ATRP polymerization of AAMPSA-Na, however, gives the best control 

over the molecular weight and molecular weight distribution of the resulting polymers.31  

This phenomenon results from the strong complexation of Me6TREN with Cu(II) to form 

the deactivating Cu(II)-ligand complex.  As the polymerization of AAMPSA-Na 

proceeds, PAAMPSA-Na can complex with Cu(II) since the more positively charged 
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Cu(II) has a stronger interaction with the negatively charged sulfonate group compared to 

Na(I).  If the Cu(II) in solution preferentially complexes with PAAMPSA-Na instead of 

the amine coordinating ligands, the concentration of radicals is increased due to the loss 

of the deactivating Cu(II)-ligand complex.  This stronger complexation between 

PAAMPSA-Na and Cu(II), as compared to the amine ligand and Cu(II), results in a loss 

of control in AAMPSA-Na polymerizations using weaker complexing ligands, such as 

PMDETA.31  To synthesize Me6TREN, we used the following procedures, according to 

previously published reports.35 

Tris(2-aminoethyl) amine (TREN; 50 g, 340 mmol) was added to 2L of acetone 

and stirred to dissolve.  Excess concentrated hydrochloric acid (80 mL; 1.36 mol) was 

slowly added while stirring to form a TREN·HCl salt.  This pinkish white salt was 

collected via filtration and dried in vacuo at 30 °C overnight.   Once dried, this salt was 

added to a 1L flask equipped with a magnetic stir bar, along with 100 mL DI water, 

excess of 88wt% formic acid solution (310 mL, 6 mol), and excess of 37wt% 

formaldehyde solution (220 mL, 2.7 mol).  Once the salt was fully dissolved, the flask 

was equipped with a condenser and placed in an oil bath preheated to 120 °C.  After 12 h, 

the flask was removed from the oil bath and allowed to cool.  The volatile components 

were evaporated under reduced pressure to give a dark orange solid, the crude 

Me6TREN·HCl salt.  This solid was dissolved in 800 mL of 10wt% sodium hydroxide in 

DI water.  At this point, the pH was tested with pH paper to verify that the pH was 12 or 

higher.  This solution was then extracted with diethyl ether (3x, 1L each).  The yellow-

orange Me6TREN-ether solution was dried by stirring over potassium hydroxide pellets 

overnight, and the ether was evaporated to yield Me6TREN, an orange liquid.  Figure 2.5 

depicts the above synthesis of Me6TREN.  1H NMR results in CDCl3: 2.2 ppm 
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(N[CH2CH2N(CH3)2]3; singlet, 18H); 2.4 ppm (N[CH2CH2N(CH3)2]3; triplet, 6H); 2.6 

ppm (N[CH2CH2N(CH3)2]3; triplet, 6H).  Yield: 84% 

Template Synthesis of Conductive Polyaniline with PEGMA/PAAMPSA and 
PMA/PAAMPSA 

As mentioned previously, using polymeric acids as dopants to template 

conductive polyaniline (PANI) enables the PANI-polymer complex to be water-

dispersible.28,29  We thus synthesized water-dispersible conductive PANI templated by 

both PEGMA/PAAMPSA and PMA/PAAMPSA using the same templating procedure 

used by Joung Eun Yoo in our group for making PANI-PAAMPSA.28,29  A representative 

template synthesis of PANI is provided below. The PANI-polymer complexes will be 

referred to as PANI-PEGMA/PAAMPSA x/y (or PANI-PMA/PAAMPSA x/y), where 

PEGMA/PAAMPSA x/y (or PMA/PAAMPSA x/y) refers to the specific block copolymer 

that was used during template synthesis.   

To synthesize PANI-PEGMA/PAAMPSA 19/22, for example, 

PEGMA/PAAMPSA 19/22 (2 g, 5.1 mmol of sulfonic acid groups) was dissolved in 69 

mL of DI water in a 100 mL flask containing a magnetic stir bar.  Aniline (ANI; Fisher 

Scientific; 0.48 g, 5.1 mmol) was then added to the solution.  The solution was allowed to 

stir for 15 min.  In a separate 10 mL flask, ammonium peroxydisulfate, the oxidizing 

agent required for the polymerization of aniline, (APS; Fisher Scientific; 1.05 g, 4.6 

mmol) was dissolved into 4.6 mL of DI water.  Both flasks were degassed with nitrogen 

for 30 min.  The PEGMA/PAAMPSA-aniline solution was then cooled in an ice-water 

bath.  The APS solution was then added dropwise via a gastight syringe while the 

reaction mixture was vigorously stirred.  The reaction mixture was kept at 0 °C for the 

first 6 h and then allowed to slowly warm to room temperature.  After 24 h, the dark 

green solution was transferred to a large beaker, where 600 mL of acetone was added 
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dropwise while stirring to precipitate PANI-PEGMA/PAAMPSA 19/22. After allowing 

the PANI-polymer acid complex to settle, the supernatant was decanted and the rest of 

the mixture was filtered to collect a green powder, which was then dried under vacuum at 

50 °C.  Template synthesis of PANI with the other PAAMPSA-containing block 

copolymers were carried out by adjusting the amounts of reagents to maintain a sulfonic 

acid group : ANI : APS molar ratio of 1 : 1 : 0.9, as well as to maintain a constant 

concentration of sulfonic acid groups of 0.07M in the block copolymer aqueous solution.  

The water content in the aqueous APS solution was also adjusted to maintain a constant 

APS concentration of 1M prior to addition to the template solution.  For instance, to 

synthesize PANI-PEGMA/PAAMPSA 11/33 using 2 g of PEGMA/PAAMPSA 11/33, 

we used 96 mL of DI water, 0.67 g of aniline, and 1.46 g of APS dissolved into 6.4 mL of 

DI water following the above procedure.   

The only difference in the template synthesis of PANI using PMA/PAAMPSA is 

that PMA/PAAMPSA spontaneously forms micelles with a PMA core and a PAAMPSA 

corona when added to water.  Otherwise, the synthesis of PANI-PMA/PAAMPSA is not 

procedurally different than the synthesis of PANI-PEGMA/PAAMPSA described above.  

For example, to synthesize PANI-PMA/PAAMPSA 10/11 using 2 g of 

PEGMA/PAAMPSA 10/11, we used 69 mL of DI water, 0.48 g of aniline, and 1.05 g of 

APS dissolved into 4.6 mL of DI water, also following the above procedure.   

CHARACTERIZATION TECHNIQUES  

Gel Permeation Chromatography (GPC) 

Gel permeation chromatography is the standard characterization tool to determine 

the molecular weight and molecular weight distribution of polymers.  It operates under a 

size exclusion principle, i.e., the injected polymer solutions are separated based on their 
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hydrodynamic volumes; species with larger hydrodynamic volumes—and hence larger 

sizes—elute at shorter times.36  The hydrodynamic volume (Vh) of a polymer is directly 

proportional to the logarithm of its molecular weight, according to the following 

equation:36 
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In Equation 2.3, Mv is the viscosity-average molecular weight, A is Avogadro’s number, 

and K and a are the Mark-Houwink constants for a given polymer.  These constants 

depend on the specific chemical structure of the polymer and its architecture, as well as 

the solvent and temperature employed during analysis.36  The elution volume of a 

polymer, which is equivalent to the elution time at a flow rate of 1 mL/min, is thus 

inversely proportional to the logarithm of its molecular weight.  

For the semifluorinated block copolymers, GPC was performed using a Waters 

515 HPLC solvent pump, two PLgel Mixed-C columns (5 μm bead size, 300 x 7.5 mm, 

Polymer Laboratories Inc.) in series, an Optilab DSP interferometric refractometer 

(Wyatt Technology Corp.), and a DAWN-EOS multiangle laser light scattering 

(MALLS) detector (λ = 690 nm, Wyatt Technology Corp.) with THF as the eluent (flow 

rate = 1.0 mL/min, T = 40 °C).  The use of both light scattering and refractive index 

detectors enables the determination of the absolute molecular weight and molecular 

weight distribution by using the specific refractive index of that polymer in a given 

eluent.37 Absolute molecular weights for the polypentafluorostyrene (PPFS), poly(methyl 

methacrylate) (PMMA), poly(ε-caprolactone) (PCL), poly(D,L-lactide) (PLA), and 

poly(methyl acrylate) (PMA) macroinitiators were determined using dn/dc values in THF 

of 0.040 mL/g for PPFS,38 0.080 mL/g for PMMA,39 0.0795 for PCL,40 0.054 mL/g for 

PLA,41 and 0.0548 for PMA.42 
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For PEGMA and PEGMA/PAAMPSA, GPC was performed using a Waters 2414 

HPLC solvent pump, four Ultrahydrogel columns (300 x 7.8 mm, Waters Technology 

Corp.) in series, and a Waters 2414 refractive index detector (Waters Technology Corp.) 

with 4:1 (by volume) mixture of aqueous sodium nitrate solution and acetonitrile as the 

eluent (flow rate = 1 mL/min, T = 40°C).  Because this GPC setup is not equipped with a 

light scattering detector, the molecular weights must be determined using polymer 

standards of known molecular weights and narrow molecular weight distributions.  The 

absolute molecular weights of the injected polymers thus can only be determined if we 

have polymer standards with the same chemical structure.  Since PEGMA standards are 

not commercially available, we determined the molecular weight of these polymers using 

a series of poly(ethylene oxide) (PEO) standards (Fluka; Mp range of 0.628 – 491 

kg/mol).  The GPC traces of two series of PEO standards are shown in Figures 2.6a and 

b.  The first series of PEO standards (in Figure 2.6a) have peak molecular weights (Mp) 

of 491 kg/mol, 44.7 kg/mol, and 1.96 kg/mol.  The second series (in Figure 2.2b) have 

molecular weights of 110 kg/mol, 18.6 kg/mol, and 0.628 kg/mol.  The broad shoulder on 

the PEO standard with Mp = 110 kg/mol in Figure 2.6b is due to the presence of an 

additional broad PEO standard (Mp = 1090 kg/mol) in that series that is poorly resolved 

by our GPC setup. The peak elution time for each standard is determined from these GPC 

traces.  Since GPC elution times can shift with pressure or solvent changes,43 the reported 

PEO-equivalent molecular weights and PDIs are calculated using PEO calibration curves 

obtained on the same day as the samples were run.  For instance, the PEO standards 

shown in Figure 2.6 were run on January 30, 2008.   

Figure 2.7 shows an example calibration curve along with a third-order fit to the 

data relating the log(Mp) to the elution time for the PEO standards shown in Figure 2.2.  

This equation is then used to determine the molecular weight (Mi) of PEGMA and 
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PEGMA/PAAMPSA at each time increment according to their elution distributions.  The 

RI signal of each GPC trace, normalized by the total peak area, gives the value of the 

weight fraction of chains (wi) at each time increment.  The number-average PEO-

equivalent molecular weight (Mn) can then be determined using the following equation:36 
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The weight-average PEO-equivalent molecular weight (Mw) can also be determined using 

these values of wi and Mi from the following equation:36 

iiw MwM Σ=            Equation 2.5 

The polydispersity indices (PDIs) are given by the ratio Mw/Mn.36   

For PMA/PAAMPSA block copolymers, GPC was performed using a Waters 

1515 isocratic HPLC solvent pump, three Styragel HR3 DMF columns (300 x 7.8 mm, 

Waters Technology Corp.) in series, and a Waters 2414 refractive index detector (Waters 

Technology Corp.) with DMF with 0.01M LiBr as eluent (flow rate = 1.0 mL/min, T = 

35 °C).  LiBr was added to the eluent to limit the polymer-substrate interactions 

frequently observed in chromatography of polymers with ionic functionalities.44,45  For 

instance, one study showed that poly(acrylic acid), PAA, absorbed significantly on the 

surfaces of the GPC column in pure DMF eluent, resulting in the absence of any 

detectable peak in the RI signal.45  In contrast, using DMF with 0.01M LiBr eluent to 

analyze these PAA samples yielded clear peaks in the RI signal.  This GPC setup was 

utilized to quantify only the molecular weight distributions of these block copolymers.  

Their molecular weights were determined from compositional analysis from 1H NMR 

and the absolute molecular weight of the PMA macroinitiator, described in more detail in 

Chapter 6. 
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1H Nuclear Magnetic Resonance (NMR) Spectroscopy 

1H NMR spectroscopy provides distinction between different proton 

environments within polymer samples.  As such, protons specific to each polymer type in 

the block copolymer can be observed and composition quantitatively determined.  1H 

NMR spectroscopy on all samples was performed on a Varian Unity+ 300 MHz 

spectrometer.  1H NMR analysis of the semifluorinated block copolymers was performed 

in deuterated chloroform.  The solvents used for the water-soluble block copolymers 

were deuterium oxide (D2O) and deuterated dimethyl sulfoxide (DMSO).  The solvent 

choice is important for the interpretation of the spectra obtained on water-soluble 

polymers.  D2O readily exchanges protons with the labile protons of the sulfonic acid and 

amide groups in PAAMPSA, resulting in an absence of these peaks in the NMR spectra 

of PEGMA/PAAMPSA obtained in D2O.  To resolve this issue, deuterated DMSO can be 

used because DMSO readily complexes with oxygen and nitrogen and thus preventing 

proton exchange typical in other solvents.46  The solvent used for the amphiphilic block 

copolymers was also deuterated DMSO.  D2O cannot be used for the amphiphilic block 

copolymers because the spontaneous micelle formation of amphiphilic block copolymers 

in aqueous environments masks the proton signals from the hydrophobic polymers within 

the micellar core.47  

Small-angle X-ray Scattering (SAXS) 

Small-angle X-ray scattering provides a means of nondestructively quantifying 

the shape and dimensions of the nanostructures formed during microphase separation in 

block copolymers.  The governing principle of this technique is Bragg’s law (Equation 

2.6), establishing a relationship between the radiation wavelength (λ), the scattering angle 

(2θ), and the characteristic spacing between lattice planes (dhkl).48 

θλ sin2 hkldn =            Equation 2.6 
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In this technique, x-rays are passed through a polymer film, and the scattered x-

rays are collected using a two-dimensional detector.  The pattern of scattered intensity is 

then integrated azimuthally and collapsed to yield the scattered intensity as a function of 

scattering angle, given in the form of a reciprocal lattice spacing, q.  For this reason, it is 

important to have isotropic (i.e., nonoriented) samples.  The introduction of preferential 

orientation to the block copolymer morphologies reduces the 2D scattering pattern to a 

series of spots instead of uniform rings, causing distortion and affecting the intensity 

ratios upon azimuthally averaging the 2D scattering pattern.48  The q value can be 

correlated to the characteristic lattice spacing through the following equation: 

hkld
q π2* =         Equation 2.7 

The primary peak in the SAXS profile is denoted q*, corresponding to the characteristic 

lattice spacing of the microphase separated structure of a particular block copolymer.   

This scattered intensity as a function of the reciprocal lattice spacing, q, results 

from the combination of the form factor, F(q), and the structure factor, S(q).48  The 

structure factor is dependant on the scattering from the characteristic planes of the lattices 

onto which individual nanostructures assemble during microphase separation of block 

copolymers.  For instance, a block copolymer exhibiting the alternating lamellar 

morphology has structure factor peaks located at q/q* = 1, 2, 3, 4, etc.49  Similarly, block 

copolymers with the hexagonally-packed cylindrical morphology have structure factor 

peaks located at q/q* = 1, √3, √4, √7, and √9.49  A body-centered cubic spherical sample 

has structure factor peaks at q/q* = 1, √2, and √3.49   A block copolymer with a 

bicontinuous cubic gyroid morphology has structure factor peaks located at q/q* = √3, 

√4, √11, √12, etc.50  

Knowing the volume fraction of one of the blocks in a block copolymer (v), the 

primary peak location (q*) can be used to estimate the dimensions of the individual 
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nanostructures using geometrical arguments.  The following equations demonstrate how 

the thickness of lamellae (tL), the radii of cylinders (Rc), and the radii of spheres (Rs) can 

be determined.48 

v
q

t
L

L *
2π

=         Equation 2.8 

2/1

3
2

*
2

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= v

q
R

C
c π

π     Equation 2.9 

3/1

4
23

*
2

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= v

q
R

S
s π

π     Equation 2.10 

The form factor results from scattering by individual nanoscale entities that make 

up the lattice: for example, sheets in the alternating lamellar morphology and cylinders or 

spheres that are hexagonally- or cubically packed, respectively.  The form factor curves 

depend on the dimensions of these individual entities.  The specific equations that 

describe the form factors for lamellae, cylinders, and spheres are given in Equations 2.11, 

2.12, and 2.13, respectively.51 
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In Equation 2.12, J1(x) is the first-degree Bessel function of the first kind. 

Representative scattering profiles for each of these block copolymer 

morphologies are shown in Figure 2.8.53  The intensity profiles of lamellar and 

cylindrical block copolymers are adjusted (q2I for lamellae, qI for cylinders) to correct for 

the intensity decay associated with the shape of their respective form factors.52  SAXS 
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analysis thus provides a unique fingerprint for microphase separated block copolymers; 

SAXS traces reveal the specific lattice type and its dimensions as well as the dimensions 

of the individual nanostructures.   

For these studies, SAXS was performed on a Molecular Metrology system with a 

rotating anode X-ray generator (Bruker Nonius; Cu target, λ = 1.5406 Å) operating at 3.0 

kW.  The scattered photons were collected on a 2D multiwire Xe-filled detector 

(Molecular Metrology, Inc.).  Zero-angle was calibrated against the reflection of silver 

behenate, (CH3(CH2)20COOAg).  Temperature ramp experiments were performed using a 

custom-designed hot stage (Molecular Metrology, Inc.).  This hot stage was calibrated 

with the melting temperatures of high-density polyethylene (HDPE; Tm,final = 131 °C) and 

syndiotactic polystyrene (sPS; Tm,final = 271 °C), as determined by differential scanning 

calorimetry.  To ensure temperature uniformity across the polymer sample during the 

high-temperature experiments, aluminum foil was placed in direct contact with the 

sample inside the Kapton windows.  Room temperature SAXS profiles were collected for 

2 hours each, and high-temperature SAXS profiles for 30 minutes.   

Differential Scanning Calorimetry (DSC) 

DSC was used to determine the thermal transitions of polymers.  It operates by 

measuring the differential heat flow to a sample pan as compared to an empty reference 

pan while both pans are maintained at identical temperatures during a linear temperature 

ramp.  With this information and the known mass of the polymer sample, the specific 

thermal transitions as well as the enthalpies associated with occurrences, such as glass 

transition and melting, can be determined upon heating.  For these studies, DSC was 

performed using a Perkin Elmer DSC 7 at a heating rate of 10 °C/min and the 

temperatures calibrated using the known melting temperatures of indium, tin, and lead 
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(Tm, In = 156.6  °C; Tm,Sn = 231.9 °C; Tm, Pb = 327.5 °C) and the melting enthalpy of 

indium (ΔH = 6.8 cal/g = 28.45 J/g). 

Scanning Electron Microscopy (SEM) 

SEM can be used to confirm the block copolymer morphology ascertained by 

SAXS experiments.  In this technique, an accelerated electron beam strikes the sample 

under vacuum.  The energy exchange between the incident electron beam and the sample 

results in the reflection of high-energy electrons, which can be detected to produce an 

image.  For this technique to successfully reveal the nanostructures of microphase-

separated block copolymers, the polymers in each block must have different electron 

densities to provide sufficient contrast for imaging.  This technique cannot always be 

immediately applied since the block with the lower surface energy can preferentially 

migrate to the air-polymer interface during thermal annealing to form a wetting layer 

(approximately ½ characteristic lattice spacing (d) thick) at this interface.54  In the case of 

semifluorinated polymers, the fluorine block has a lower surface energy and migrates to 

the air-polymer interface.55  To overcome this complication, we removed 50 nm from the 

surface of the semifluorinated polymer films using reactive ion etching (RIE)54 with an 

80-20 vol% mixture of CF4 and O2 at a total gas flow rate of 40 standard cm3/min (sccm) 

and an input power density of 0.1 W/cm2 (Plasma Therm 790 series RIE etcher).  For 

these studies, SEM was performed on a LEO 1530 scanning electron microscope using an 

operating voltage of 1.5 keV. 

Transmission Electron Microscopy (TEM) 

TEM is another technique that can be used to directly image polymer 

morphologies.  With this approach, an accelerated beam of electrons is passed through an 

ultrathin film of the polymer sample (< 50 nm) under vacuum.  Electron-dense portions 
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of the sample permit less of the incident electron beam to pass through, so these regions 

appear dark.  A two-dimensional image can thus be collected on the underside of the 

sample.  For this technique to yield clear images, there must be sufficient electron density 

difference between the polymer regions.  If not, electron-rich compounds, called stains, 

are often added to preferentially complex with one region of these polymers to improve 

contrast.56  For these studies, TEM was performed using an EM208 electron microscope 

(Philips Electron Optics).   

To prepare TEM specimens of the nanoporous fluorinated films, these films were 

first embedded using Epo-Fix cold-setting embedding resin (Electron Microscopy 

Sciences) and cured overnight.  The resin was then microtomed at ambient conditions 

using an Ultracut microtome (Leica Microsystems) at a set thickness of 7 nm.  These 

sections were floated on water and picked up on carbon-coated 200 mesh copper grids 

(Electron Microscopy Sciences).  No staining was required for these samples because 

there was sufficient electron density contrast between the nanopores and the fluorinated 

matrix.   

To prepare TEM specimens of PMA/PAAMPSA micelles, 50 µL of 0.1wt% 

solution in 0.1M NaCl was placed onto the aforementioned TEM grid, and the excess 

solution was wicked away with a piece of filter paper.  The electron density contrast of 

these micellar solutions is improved by the presence of NaCl because it preferentially 

segregates to the PAAMPSA corona.57  As such, no additional staining was required to 

image these micelles.  To prepare TEM specimens of PANI-PMA/PAAMPSA 

nanoparticles, 50 µL of 0.1 wt% solution in DI water was placed onto a TEM grid, and 

again the excess solution was wicked away with a piece of filter paper.  The electron 

density contrast is improved with the addition to PANI to the micellar corona, providing 

clear images without staining.  A minimum of 20 particles were used to determine the 
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sizes and the standard deviations of TEM images of both PMA/PAAMPSA and PANI-

PMA/PAAMPSA using ImageJ software.58   

Fourier-Transform Infrared Spectroscopy (FTIR) 

FTIR is a convenient technique for identifying different chemical functionalities 

in polymers as well as for discerning differences in the bonding environments as a result 

of these functionalities.59  The covalent bonds in the polymer absorb incoming infrared 

radiation with energies—and thus frequencies—corresponding exactly to their quantized 

vibrational energy level transitions.  These frequencies usually occur in the 3600 cm-1 to 

1200 cm-1 wavenumber range of the IR spectrum, known as the group frequency region.60  

For our studies assessing interblock hydrogen bonding in PEGMA/PAAMPSA cast from 

different solvents, FTIR was performed using Nicolet Magna-IR 860 spectrometer with a 

resolution of 1 cm-1 for 200 scans.  The samples were prepared by placing a drop of 10 

wt% PEGMA/PAAMPSA solution on a potassium bromide (KBr) pellet and allowing the 

solvent to slowly evaporate.  Once dried, the samples were placed in a vacuum oven 

overnight at 40 °C to remove residual solvent.  A plain KBr pellet was used for 

background subtraction.   

Dynamic Light Scattering (DLS) 

DLS gives a size distribution of particles in dilute solution by measuring the 

Brownian motion, or the random movement of these particles due to collisions with the 

solvent molecules that surround them.61  Larger particles respond more slowly to these 

collisions and thus have a slower Brownian motion.  The velocity of the Brownian 

motion is defined by the translational diffusion coefficient, which is related to the 

hydrodynamic diameter (Dh) of the particles via the Stokes-Einstein equation below, 

assuming the particles are spherical and non-interacting.61  



 49

D
kTDh πη3

=         Equation 2.14 

In the above equation, k is Boltzmann’s constant, T is the absolute temperature, and η is 

the viscosity of the solution.  The Brownian motion of the particles in solution causes the 

intensity of the scattered light measured by DLS to fluctuate over time, from which a 

correlation function G(τ) of the scattered intensity, where τ is the sample time increment, 

can be constructed.  Z-average sizes and polydispersities of the solution of particles are 

determined by a cumulants analysis fit of the log of this correlation function using the 

following equation:61 
2))(ln( τττ cbaG ++=             Equation 2.15 

where a, b, and c are fitting parameters.  The Z-average diffusion coefficient (D) is 

determined from b using the relationship 2Dqb = , where q is the scattering vector and is 

equal to 2π/d, according to Equation 2.7.  The Z-average size can be determined from the 

Z-average diffusion coefficient using Equation 2.14.  The polydispersity (PDI) of the 

particle distribution is given by 2c/b2.  PDIs from this analysis range from 0 – 1, with 

near-monodisperse samples having PDIs ≤ 0.2.62  For these studies, DLS was performed 

on a Malvern Zetasizer Nano ZS.  Each sample was run at 0.02 wt% in either DI water or 

0.1M NaCl for a total of 7 runs of 10 scans each (10 seconds per scan) at 25 °C.  The 

variation in the runs was used to determine the standard deviation in the reported DLS 

measurements. 

Dielectric Constant Measurements 

The dielectric constant (κ) of a film can be determined by measuring its 

capacitance and using the following equation:63 

Ak
Ct

0

=κ     Equation 2.16 
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where C is the capacitance of the metal-insulator-metal (MIM) test structure, t is its 

thickness, A is the area of the top gold contact, and k0 is the permittivity of free space.  

For this analysis, ~900 nm thick samples were prepared by spin-coating a 13 wt% 

polymer solution in ethyl acetate at 1000 rpm on 5 nm/100 nm Ti/Au-coated silicon 

wafer (p-type test grade; Wafer World, Inc.).  For the dielectric constant measurements of 

the PLA/PPFS films after degradation, prepared samples were then immersed in a 10:1 

v:v methanol:2M HCl in a screw-cap vial, which was sealed and placed in an oil bath 

preheated to 50 °C for 7 d, to degrade PLA.  These films were rinsed with methanol and 

dried under vacuum prior to electrical characterization.  Gold top contacts 50 nm thick (1 

mm2) were evaporated through a shadow mask on these spin-coated films to complete the 

MIM structure for both the degraded and undegraded samples.   

Capacitance-voltage measurements were performed using an HP-4194 Impedance 

Analyzer (Agilent Technologies) operated at 1 MHz and swept from -2 V to 2 V.  Film 

thicknesses were determined before the deposition of the top contact electrodes using a 

VASE Ellipsometer (J.A. Woollam Co., Inc.).  A minimum of three MIM test structures 

were measured to give the standard deviations in the dielectric constant measurements.    

Conductivity Measurements 

The electrical conductivities were measured using the four-probe method28,29 at 

room temperature with an Agilent 4145B semiconductor parameter analyzer.  To prepare 

samples for conductivity measurements, 5 wt% solutions of PANI-PMA/PAAMPSA and 

PANI-PEGMA/PAAMPSA were prepared in DI water and stirred for 10 days.  0.3 mL of 

these polymer solutions were then drop-cast onto glass substrates with predefined gold 

electrodes of known distances apart.  These films were left out overnight to dry before 

taking electrical measurements.  The thickness of these films was determined using a 

Dektak II profilometer.  To measure conductivity, a voltage sweep from -1V to 1V was 
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applied across the outer electrodes as we measured the corresponding voltage drop across 

the inner electrodes.  From the slope of the I-V curve (dV/dI), the conductivity can be 

determined using the following equation:64 

A

s
dI
dV 3*

=σ     Equation 2.17 

where s is the spacing between electrodes and A is the cross-sectional area of the film 

(determined by multiplying the film thickness by its width).  We used a minimum of 10 

measurements for each reported conductivity and standard deviation.   

CONCLUSIONS 

In this chapter, we provided an overview of the theories, synthetic details, and 

characterization techniques associated with our work.  ATRP will be utilized to 

synthesize the fluorinated block copolymers discussed in Chapters 3 and 4 as well as the 

hydrophilic block copolymers discussed in Chapters 5 and 6.  Over the course of these 

chapters, GPC, 1H NMR, SAXS, DSC, SEM, TEM, FTIR, DLS, dielectric constant 

measurements, and conductivity measurements are used to characterize the polymers of 

interest.   
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Figure 2.1. The reaction steps associated with conventional free-radical 
polymerization.  I represents the initiator, R● represents a radical 
generated by either thermal or photo decomposition of I, M represents a 
monomer unit, M● represents a monomer radical, and Pn

● represents a 
polymer radical after the subsequent n monomer additions. 

I 2R

R M

M Pn+(n-1)M

Pn1 + Pn2

Pn1 + Pn2

P(n1+n2)

Pn1 + Pn2

Initiation

Propagation

Termination

coupling

disproportionation

+ M

(fast)



 53

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. The reaction steps associated with controlled free-radical 
polymerization.  I represents the initiator, R● represents a radical 
generated by either thermal or photo decomposition of I, M represents a 
monomer unit, M● represents a monomer radical, Pn

● represents a 
polymer radical after the subsequent n monomer additions, and X 
represents a protective group that acts as a radical capping agent and 
reduces the concentration of free radicals during polymerization. 
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Figure 2.3. ATRP activation rate constants for various ligands using ethyl 2-
bromoisobutyrate as initiator in the presence of Cu(I)Y (Y = Br or Cl) in 
acetonitrile at 35 °C.  The square shapes represent linear ligands, the 
triangles are branched ligands, and the circles are cyclic ligands.  The 
solid shapes are amine/imine ligands, the open shapes are pyridine-based 
ligands, and the left-half solid shapes are mixed ligands containing both 
pyridine- and amine/imine-based ligands.7 
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Figure 2.4. Chemical structures of (a) poly(pentafluorostyrene-b-methyl 
methacrylate) (PPFS/PMMA), (b) poly(ε-caprolactone-b-
pentafluorostyrene) (PCL/PPFS), (c) poly(D,L-lactide-b-
pentafluorostyrene) (PLA/PPFS), (d) poly(oligo(ethylene glycol) methyl 
ether methacrylate-b-2-acrylamido-2-methyl-1-propanesulfonic acid) 
(PEGMA/PAAMPSA), and (e) poly(methyl acrylate-b-2-acrylamido-2-
methyl-1-propanesulfonic acid) (PMA/PAAMPSA). 

 

 

 

 

 

 

Figure 2.5. Synthesis of tris(2-dimethylaminoethyl)amine (Me6TREN) ligand. 
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Figure 2.6. GPC traces using 4:1 0.1M aqueous sodium nitrate solution to 
acetonitrile as the eluent at a flow rate of 1 mL/min at 40 °C of PEO 
standards with Mp values of (a) 491 kg/mol, 44.7 kg/mol, and 1.96 
kg/mol and (b) 110 kg/mol, 18.6 kg/mol, and 0.628 kg/mol.  The high 
molecular weight shoulder of the 110 kg/mol standard in (b) is due to a 
broad PEO standard (1090 kg/mol) in that series that is poorly resolved 
with our GPC setup. 
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Figure 2.7.  The peak elution times of 6 PEO standards determined with the aqueous 
GPC system using 4:1 0.1M aqueous sodium nitrate solution to 
acetonitrile as the eluent at a flow rate of 1 mL/min at 40 °C.  The third-
order fit to the data is used as the calibration curve to extract the PEO-
equivalent molecular weights for aqueous polymers given their elution 
times on the same GPC setup.   
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Figure 2.8.  Representative SAXS profiles for block copolymers exhibiting (a) 
alternative lamellar, (b) bicontinuous cubic gyroid, (c) hexagonally-
packed cylindrical, and (d) body-centered cubic spherical morphologies.  
The structure factor peaks are labeled for clarity.53   
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Chapter 3.  Phase Behavior of PPFS/PMMA Block Copolymers 

INTRODUCTION 

Fluoropolymers are interesting materials because they are chemically inert, 

thermally stable, soluble in supercritical carbon dioxide, and have low surface energies 

and low dielectric constants.1  Semifluorinated block copolymers—consisting of both 

fluorinated and nonfluorinated segments—are unique hybrid materials2 because they 

combine the attractive properties of fluoropolymers with the self-assembly characteristics 

of block copolymers.3  Recent applications of semifluorinated block copolymers include 

low surface energy coatings,4 stimuli-responsive brushes,5 and surfactants for emulsion 

polymerizations in supercritical carbon dioxide.6 

It is well known that block copolymers with thermodynamically immiscible 

segments undergo microphase separation to create well-ordered nanostructures of various 

morphologies depending on their segregation strengths, degrees of polymerization, and 

relative block lengths.7  Semifluorinated block copolymers are no exception, with many 

examples in recent literature.1,4,8-11  In fact, semifluorinated polymers are often 

characterized by large interblock segregation strengths due to the incompatability of 

fluorinated and nonfluorinated species.10  These materials can therefore exhibit 

unprecedented phase behavior, particularly in the strongly segregated regime.11  The 

strongly segregated region of the block copolymer phase diagram (Figure 1.1) exists at 

χN ≥ 60.12   The χ values of  typical block copolymers used in phase behavior studies, 

however, are low; χ for the archetypical polymer used in phase behavior studies, 

poly(styrene-b-isoprene) or  PS/PI, is only 0.086 at 25 °C.13  Accessing the strongly 

segregated regime using PS/PI thus requires high degrees of polymerization (N ≥ 700) 

and consequently large molecular weights (MW ≥ 100,000 g/mol).  The controlled 
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synthesis of such high molecular weight polymers can be synthetically challenging, and 

their intrinsically slow dynamics can produce long-lasting metastable states, hindering 

equilibrium phase behavior studies.11  These issues can be overcome by using 

semifluorinated block copolymers with large interblock segregation strengths, thus 

enabling the use of reasonably low molecular weights.  

A limitation, however, to exploring the phase behavior of semifluorinated block 

copolymers has been their controlled synthesis.  Specifically, the electron-withdrawing 

nature of the fluorine atoms in the monomers is too destabilizing to the ionic charge 

necessary for polymerization via the anionic or cationic propagation sites in traditional 

living polymerizations.14  To overcome this technical barrier, one early attempt at 

synthesizing semifluorinated block copolymers involved the post-synthesis fluorination 

of polymers made by anionic polymerization. This fluorination was accomplished by 

reacting difluorocarbene with the backbone of a polyisoprene-containing block 

copolymer.11,15,16  Another approach involved coupling of commercially-available, end-

functionalized fluoropolymers, such as poly(hexafluoropropylene oxide), to hydrocarbon 

chains, such as polybutadiene.9  Unfortunately, both of these synthesis techniques can be 

tedious, and they require a large excess of fluorinated reactants to ensure complete 

reactions.10,17  More recently, reversible addition-fragmentation chain transfer (RAFT) 

polymerization has been used to make fluorine-containing block copolymers.18,19  This 

technique, however, requires the synthesis of complicated chain transfer agents.20  The 

advent of atom transfer radical polymerization (ATRP) allows for the direct synthesis of 

a variety of semifluorinated block copolymers from commercially-available starting 

materials without any post-polymerization reactions.21-23  As such, ATRP provides a 

straightforward route for accessing interesting semifluorinated block copolymers 

previously difficult to synthesize.   
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In this chapter, we demonstrate the controlled synthesis of 

poly(pentafluorostyrene-b-methyl methacrylate), PPFS/PMMA, block copolymers via 

ATRP using both PPFS and PMMA macroinitiators.  We then report the phase behavior 

of PPFS/PMMA and the quantification of its interblock segregation strength.   

Synthesis and Characterization of PPFS/PMMA 

In order to create well-defined block copolymers of PPFS/PMMA, homopolymers 

with narrow and monomodal molecular weight distributions of both PPFS and PMMA 

were synthesized and their effectiveness as macroinitiators evaluated.  To fully 

characterize the PPFS and PMMA macroinitiators, gel permeation chromatography 

(GPC) with THF as eluent was used to determine the absolute molecular weights and the 

molecular weight distributions.  To assess their absolute molecular weights, dn/dc values 

of 0.080 for PMMA24 and 0.040 for PPFS were used.  The dn/dc for PPFS was 

determined by measuring its refractive index at several known solution concentrations. 

Figure 3.1a shows the GPC traces of both PPFS/PMMA 7.8/6.6 (solid line) and 

the PPFS macroinitiator from which it was synthesized, PPFS 7.8 (dashed line).  The 

GPC trace of the block copolymer shows a clear shift to shorter elution times compared 

to that of PPFS 7.8, signaling an increase in the overall molecular weight.  This shift also 

indicates that PPFS 7.8 efficiently initiated the addition of MMA, for no evidence of 

unreacted homopolymer appears in the GPC trace of PPFS/PMMA 7.8/6.6.  The GPC 

traces of both the macroinitiator and the block copolymer are also monomodal and 

narrow (polydispersity index, or PDI < 1.15).  We did not observe any broadening of the 

molecular weight distribution by GPC upon addition of the second block, indicating that 

the polymerization was controlled. Figure 3.1b contains the GPC traces of both 

PMMA/PPFS 11.1/21.2 (solid line) and the PMMA macroinitiator from which it was 

synthesized, PMMA 11.1 (dashed line).  In this case as well, the GPC traces confirm the 
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increase in molecular weight and the preservation of the molecular weight distribution 

when PMMA 11.1 is used to initiate the synthesis of PPFS.  Both PMMA and PPFS can 

thus serve as effective macroinitiators to synthesize these semifluorinated block 

copolymers.   

Knowing the absolute molecular weight of the macroinitiator from GPC, the 

absolute molecular weight of the second block can be determined using compositional 

information from 1H NMR spectroscopy.  Figure 3.2 shows an 1H NMR spectrum of 

PPFS/PMMA 11.1/21.2; the chemical structure of PPFS/PMMA with the proton 

contributions labeled is provided in the inset for reference.  Peaks A (δ = 0.8 and 1.0 

ppm, 3H) correspond to the methyl peak on the backbone of PMMA.  Peaks B (δ = 1.2 – 

2.8 ppm) result from the backbone methylenes and methynes of both PMMA and PPFS.  

Peak C (δ = 3.6 ppm, 3H) represents the methoxy protons of PMMA.  Given that three 

hydrogens from PMMA contribute to peak C and peaks B result from the combined 

contributions of three hydrogens from PPFS and two from PMMA, the molar fraction of 

PMMA present in the block copolymer can be calculated using the relative peak areas of 

B and C (50.5 mol% PMMA).  From this molar composition, the volume fraction of 

PMMA (40.7 vol% PMMA) can be calculated using a PMMA density25 of 1.19 g/cm3 

and a PPFS density of 1.55 g/cm3.  The PPFS density was determined using a pycnometer 

with water as the nonsolvent according to ASTM Test D-153-84 Method C.26  Table 3.1 

combines the pertinent information from the GPC and NMR results for the 

semifluorinated block copolymers that are discussed in this chapter. 

The solid-state morphologies of PPFS/PMMA block copolymers can be obtained 

by scanning electron microscopy (SEM).  Figure 3.3 shows a SEM micrograph of 

PMMA/PPFS 11.1/21.2.  The SEM specimen was prepared by spin-coating a block 

copolymer solution (10 wt% in ethyl acetate) onto a piece of silicon wafer with native 
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oxide at 3000 rpm to form a uniform film that is approximately 300 nm thick.  The film 

was then annealed for 24 hours at 160 °C, well above the glass transition temperatures of 

both blocks (Tg, PPFS ≈ 105 °C5 and Tg, PMMA ≈ 100 °C27).  Because of the low surface 

energy of PPFS,28 the specimen spontaneously forms a PPFS wetting layer at the air-

polymer interface during thermal annealing.  To remove this surface wetting layer prior 

to SEM imaging, the surface of the specimen was subjected to reactive ion etching with 

CF4.29  In this micrograph, the electron-rich PPFS matrix appears bright; the PMMA 

regions appear dark because PMMA is degraded by electron-beam irradiation during 

SEM.30  The selective degradation of PMMA during imaging of the PPFS/PMMA films  

provides sufficient electron density contrast between the two phases—the PPFS matrix 

and the voids left by PMMA—to yield clear images without any staining.  The white 

particles to the right of the micrograph are dust particles on the film surface used to focus 

the image.   

This micrograph shows that PMMA/PPFS 11.1/21.2 (40.7 vol% PMMA) forms a 

hexagonally-packed lattice of cylindrical structures at these annealing conditions.  In 

particular, PMMA cylinders running both in-plane and out-of-plane can be observed in 

this figure.  For clarity, we highlighted a small region in the left portion of the 

micrograph that shows PMMA cylinders running out-of-plane; this highlighted portion 

shows that these cylinders are organized on a hexagonal lattice.  This micrograph also 

demonstrates that the microdomains of this sample are not very ordered, with the typical 

grain size being only sub-100 nm.  This small grain size is likely due to the annealing 

temperature employed during sample preparation.  A recent report has shown that the 

grain size of PS/PI block copolymers strongly depends on the annealing temperatures 

employed, with higher annealing temperatures resulting in larger grain sizes.31   
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The morphology ascertained by SEM can be confirmed with bulk structural 

characterization by small angle x-ray scattering (SAXS).  For SAXS experiments, the 

block copolymers were molded into 0.25 mm thick disks using a melt press at 160 °C.  

These samples were then annealed for 24 hours at 160 °C to allow microphase separation 

and microdomain ordering to occur.  Figure 3.4 provides one-dimensional SAXS profiles 

of two representative block copolymers collected at room temperature.  The SAXS 

profile of PMMA/PPFS 11.1/21.2 in Figure 3.4a shows an intense primary peak at q* = 

0.332 nm-1, followed by higher-order reflections at q/q* ratios of √3, √4, √7, and √9.  

Consistent with the micrograph in Figure 3.3, the relative peak spacings indicate that 

PMMA/PPFS 11.1/21.2 adopts a hexagonal-packed cylindrical morphology.32  On the 

basis of the primary peak position and a PMMA volume fraction of 40.7 vol %, we 

calculated the characteristic spacing of the (10) planes of the hexagonal lattice to be 19 

nm and the average cylinder radius to be 7.3 nm, according to Equations 2.7 and 2.9, 

respectively.  Figure 3.4b contains the SAXS profile of PPFS/PMMA 8.5/13.7, showing a 

primary peak at q* = 0.354 nm-1 and higher-order reflections at q/q* ratios of 2, 3, and 4.  

This spacing of the peaks corresponds to an alternating lamellar morphology.32  From the 

primary peak position, the characteristic lamellar repeat spacing is found to be 18 nm 

from Equation 2.7.  Given that the volume fraction of PMMA is 67.6 vol%, the average 

thickness of the PMMA lamellae is estimated to be 12 nm using Equation 2.8.   

While we are not able to access the ODTs of these block copolymers, the 

morphologies they exhibit appear to be independent of processing history (i.e., solvent-

cast vs. melt-pressed) and are stable over the entire range of temperatures examined (< 

300 °C).  PPFS/PMMA 8.5/13.7, having a volume fraction of 67.6 vol% PMMA, 

consistently exhibits the alternating lamellar morphology.  With 40.7 vol% PMMA, 

PMMA/PPFS 11.1/21.2 always forms a hexagonally-packed cylindrical morphology.  
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Additional structural characterization on other PPFS/PMMA block copolymers reveals 

the preservation of the cylindrical morphology to volume fractions as high as 44 vol% 

PMMA and the presence of the lamellar morphology at volume fractions as high as 71 

vol% PMMA.  Figure 3.5 shows our attempts at compiling all the structural information 

of PPFS/PMMA block copolymers on an experimental phase diagram.  Typically, the y-

axis for a block copolymer phase diagram plots χN and the x-axis plots volume fraction, 

as shown in Figure 1.2.  Since χ is inversely proportional to temperature,33 we plotted our 

data with a y-axis of N/T and an x-axis of volume fraction of PMMA.  We note, however, 

that T is the annealing temperature in our case and not the temperature at which the 

SAXS measurements were made.  Barring any structural rearrangements that can take 

place on cooling after annealing, the structure obtained should resemble that obtained if 

the measurements were made at that temperature.  Structural rearrangements during 

cooling are unlikely since these samples are rapidly cooled after annealing, with the 

polymers becoming glassy and hence locking in their structures in a matter of seconds.  

The individual data points are arranged by morphology: hexagonally-packed cylinders of 

PMMA (squares), alternating lamellae (circles), hexagonally-packed cylinders of PPFS 

(triangles), and disordered, homogeneous melts (stars).  The dotted lines represent 

approximate boundaries between these phases.   

The experimental phase diagram for PPFS/PMMA is somewhat surprising, given 

the volume fraction windows predicted by classical mean-field block copolymer phase 

behavior.33  For instance, Matsen and Bates showed that the alternating lamellar 

morphology is expected for block copolymers with volume fractions between 40 and 60 

vol%, and the hexagonally-packed cylindrical morphology is expected for block 

copolymers with volume fractions between 20 to 40 vol% of the minor component, as 

seen in Figure 1.2.33  The experimental phase diagram for PPFS/PMMA clearly deviates 
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from classical theory, for the alternating lamellar morphology is seen from 44 – 71 vol% 

PMMA and the hexagonally-packed cylindrical morphology is seen from 71 – 85 vol% 

PMMA.  Its phase boundaries thus appear to be skewed towards PMMA-rich block 

copolymers.   

This skewing of the phase diagram is most likely the result of conformational 

asymmetry.34  Conformational asymmetry is a measure of the space-filling characteristics 

of the two blocks and is determined by a ratio of the unperturbed sizes (defined by the 

radius of gyration, or Rg) of the two blocks relative to their volume fractions.  

Conformational asymmetry (ε) can thus be calculated using the following equation:34 
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where ρi is the density of polymer i, Rg,i is its radius of  gyration, Mi is its molecular 

weight, and βi
2 is its conformational asymmetry parameter.  In classical mean-field 

theory, conformationally-symmetric blocks were assumed in order to obtain the 

theoretical phase diagram seen in Figure 1.2.  As the conformational asymmetry increases 

(ε > 1), the phase boundaries shift towards the block with the larger conformational 

asymmetry parameter (β2).35  This effect has been previously reported for PS/PI block 

copolymers, with εPI/PS = 1.22.36  Because the conformational asymmetry parameter for 

PI is larger, the window for the alternating lamellar morphology in PS/PI block 

copolymers is shifted towards PI-rich block copolymers and spans approximately 40 – 70 

vol% PI.36  Per previous reports, we speculate that PMMA has a larger conformational 

asymmetry parameter than PPFS, as our experimental phase diagram is skewed towards 

PMMA-rich block copolymers.  While changes in conformational asymmetry shift the 

phase boundaries, they have a negligible effect on the order-disorder transition (ODT) 

that separates the ordered structures from the disordered melt region.35 
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The Interblock Segregation Strength of PPFS/PMMA 

As mentioned previously, semifluorinated block copolymers are often 

characterized by large interblock segregation strengths, leading to unusual phase 

behavior.10,11  To obtain a better understanding of the experimental phase diagram of 

PPFS/PMMA shown in Figure 3.5, the interblock segregation strength must be 

quantified.  As such, we synthesized a series of PPFS/PMMA block copolymers via 

ATRP with accessible order-disorder transitions (ODTs).  These block copolymers all 

exhibit ODTs below 290 °C, at which point PMMA begins to thermally degrade.37  The 

three block copolymers with accessible ODTs utilized in this phase behavior study were 

PPFS/PMMA 7.8/6.4, PPFS/PMMA 7.8/6.6, and PPFS/PMMA 6.6/5.3.  Their physical 

characteristics are listed in Table 3.1.  For this study, we targeted symmetric block 

copolymers (vPMMA ≈ 50 vol%) in order to eliminate any possible complications due to 

the compositional dependence of χ in our calculations. The use of a single χN value at the 

ODT transitions of symmetric block copolymers is less affected by slight variations in the 

relative volume fractions of PPFS/PMMA block copolymers because the block 

copolymer phase diagram is relatively flat at volume fractions around 50 vol%, as seen in 

both Figures 1.2 and 3.5.  Also, symmetric block copolymers are known to disorder when 

χN = 10.5, according to mean-field theory.34  Since the degrees of polymerization of 

these block copolymers are known, we can calculate χ at each ODT for PPFS/PMMA 

7.8/6.4, PPFS/PMMA 7.8/6.6, and PPFS/PMMA 6.6/5.3, assuming χN = 10.5.  As 

mentioned previously, the ODT is unaffected by the presence of conformational 

asymmetry,35 so this assumption is a reasonable one.  Using this series of lamellar block 

copolymers, we can establish an empirical relationship for χ as a function of temperature 

in the form χ = A/T + B.33   
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The ODTs for these lamellar samples were determined by SAXS during 

temperature ramp experiments.  After each temperature ramp, the polymer specimens 

were allowed to equilibrate for 30 min before SAXS acquisition.  Figure 3.6a shows a 

series of one-dimensional SAXS profiles highlighting the primary peak (q*) region of 

PPFS/PMMA 7.8/6.4 at elevated temperatures.  The SAXS profiles have been shifted 

along the y-axis for clarity.  We observe that the primary peak broadens and shifts toward 

lower q with increasing temperature.  This trend is better illustrated in Figure 3.6b, where 

the primary peak position (q*, triangles), as well as the peak width at half its maximum 

intensity (circles) are plotted as functions of temperature.  As seen from this graph, the 

primary peak position and the peak breadth remain largely constant until 240 °C.  At this 

point, a sharp drop in the q* begins, accompanied by a significant broadening of the 

primary peak; both observations signal that the polymer has undergone its ODT.  The 

broadening of the primary peak results from the loss of discrete microdomain boundaries 

from microphase-separated structures as the two blocks begin to mix above the ODT 

transition.13  Similarly, the sharp shift towards lower q* stems from the relaxation of the 

polymer chains as the system undergoes its ODT transition.38     

The experimental setup utilized in these temperature ramp experiments has an 

error of ±3 °C due to the thermal fluctuations about the set point.  Because of the intrinsic 

error in the temperature readout of the hot stage, as well as the limited number of data 

points immediately surrounding the ODTs, we chose to report the beginning of the 

transition, as depicted in Figure 3.6b, as the ODT temperature.  As such, the ODT of 

PPFS/PMMA 7.8/6.4 is 240 °C.  In the same fashion, the ODT of PPFS/PMMA 7.8/6.6 

was determined to be 264 °C, as shown in Figure 3.7.  PPFS/PMMA 6.6/5.3 exhibits an 

ODT at 165 °C, as seen in Figure 3.8. 
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We performed multiple heating and cooling cycles above and below the ODTs to 

check for reversibility of this phase transformation.  These temperature changes have 

always induced disordering and reordering of the lamellar structures accordingly, so we 

are confident that these thermal transitions are reversible.  For instance, Figure 3.9 shows 

the one-dimensional SAXS profiles of PPFS/PMMA 7.8/6.6 during one of these heating 

and cooling cycles.  The SAXS profile in Figure 3.9a was acquired during the initial 

heating ramp, at 180 °C.  As seen from the SAXS trace, this polymer shows a narrow and 

intense primary peak at q* = 0.470 nm-1 followed by higher-order reflections at q/q* 

ratios of 2, 3, and 4, indicative of an alternating lamellar morphology.32  Upon heating to 

271 °C (above the ODT temperature for this polymer) the primary peak has significantly 

broadened and the higher-order peaks have disappeared, as seen in Figure 3.9b.  Both of 

these features are consistent with this block copolymer having undergone its ODT to 

form a homogenous melt.  Upon cooling this sample back down to 180 °C and allowing 

the sample to equilibrate for 4 hours before acquiring the SAXS profile in Figure 3.9c, 

the intense primary peak at q* = 0.470 nm-1 as well as the higher-order reflections have 

returned.  This profile thus indicates that PPFS/PMMA 7.8/6.6 reorders into the lamellar 

morphology below its ODT, providing direct evidence of reversibility of the thermal 

transitions.   

Furthermore, GPC and 1H NMR analysis carried out on the block copolymers 

before and after ODT measurements indicate that the samples have not degraded or 

crosslinked during the temperature ramp experiments.  Degradation would affect the 

overall degree of polymerization, thus introducing uncertainty in our calculations of the 

interblock segregation strength.  Crosslinking has also been shown to have a significant 

effect on the thermal transitions of polymers, preventing the determination of an accurate 

ODT temperature for the uncrosslinked block copolymer.39,40  For instance, an ODT 
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study performed by intentionally crosslinking the PI block of PS/PI block copolymers 

indicates that the ODT temperature of lamellar sample (PS/PI 10/9) increased over 10 C° 

when the average number of crosslinks per polymer chain is 0.5.40  This crosslink density 

is relatively low, much below the crosslink density of 2 required for this polymer to reach 

its gel point.  As such, the presence of only partial crosslinking in a block copolymer can 

significantly affect its thermal properties.  Figure 3.10 shows the GPC trace of 

PPFS/PMMA 7.8/6.6 before and after multiple temperature ramp cycles above and below 

the ODT.  The traces overlap exactly, indicating that this sample has the same molecular 

weight and molecular weight distribution after temperature ramp experiments.  

Degradation or crosslinking during heating has thus not occurred, for both of those events 

would alter the GPC trace.  This block copolymer also dissolves easily into THF for 

preparation of the GPC sample after the heating cycles, more evidence that crosslinking 

did not occur during the temperature ramp experiments.  Figure 3.11a shows the 1H NMR 

spectrum of PPFS/PMMA 7.8/6.6 before heating, and Figure 3.11b shows the 1H NMR 

spectrum of the same block copolymer after multiple temperature ramp experiments.  The 

traces are identical, having the same peak areas and locations.  In addition, no new peaks 

appear in the spectrum after heating.  Comparison of these 1H NMR spectra therefore 

indicates that the molar composition of PPFS/PMMA 7.8/6.6 is identical before and after 

the heating cycles.  The combination of GPC and 1H NMR analysis indicates that 

PPFS/PMMA 7.8/6.6 maintains its integrity during the temperature ramp experiments.  

The same analysis was performed on the other block copolymers used in this study to 

confirm that degradation and crosslinking are not issues during any of the heating cycles.    

Once the ODT temperatures had been determined, we calculated χ for each of our 

symmetric lamellar samples using (χN)ODT = 10.5 at the ODT transition from mean-field 

theory.32  We also used these values to determine an empirical relationship for χ as a 
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function of temperature in the form χ = A/T + B.33  Figure 3.12 shows the χ values of 

PPFS/PMMA 7.8/6.6, PPFS/PMMA 7.8/6.4, and PPFS/PMMA 6.6/5.3 at their ODT.  

The error bars seen in Figure 3.12 are derived from the previously described ±3 °C error 

associated with the ODT measurements.  Linear regression with the three data points 

yield: 

0353.03.37
/ +=

TPMMAPPFSχ         Equation 3.2 

In Equation 3.2, T is in absolute temperature units.  To be able to compare χPPFS/PMMA 

with χ’s previously published for other block copolymer systems, we used a polystyrene 

reference volume of 166.3 Å3 (at 25 °C) to determine the N values used in the above 

analysis.41  For these calculations, we estimated the volume of a polymer chain in Å3 

from its absolute molecular weight and density (also at 25 °C) and divided this value by 

the polystyrene reference volume to obtain N.  These values are listed in Table 3.1 for all 

PPFS/PMMA block copolymers used in this study.   The temperature dependence of the 

interblock segregation strength for PPFS/PMMA is plotted in Figure 3.13, along with the 

temperature dependence of χ found in the literature for several other common block 

copolymers.42,43  The temperature dependence of these previously published χ values 

were all calculated on the basis of mean-field theory,33 and the calculations also assumed 

a polystyrene reference volume41 of 166.3 Å3, as described above.  Comparing the 

temperature dependence of χPPFS/PMMA to that of its nonfluorinated counterpart, 

poly(styrene-b-methyl methacrylate), (PS/PMMA) reveals that the addition of fluorine 

does indeed increase χ; it also results in a stronger temperature dependence for χ (see 

Table 3.2 for structures).  Perfluorination of the benzene ring, however, only results in a 

2-fold increase in the interblock segregation strength over this temperature range (300 – 

500 K).   
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To substantiate these findings, we compared these segregation strengths to those 

of another semifluorinated block copolymer and its nonfluorinated counterpart previously 

examined by Lodge and Hillmyer.44  In their work, they studied anionically polymerized 

PS/PI and the comparable semifluorinated block copolymer in which all the isoprene 

units have been fully saturated with difluorocarbene during a post-polymerization 

reaction (PS/PFI).  The structures of these block copolymers are provided in Table 3.2 

and their segregation strengths are also included in Figure 3.13.  Looking at the 

temperature dependence of the χ for PS/PFI compared to PS/PI, these two systems also 

demonstrate that the addition of fluorine results in a steeper temperature dependence of χ.  

Again, the semifluorinated block copolymer shows about a two-fold increase in χ over its 

nonfluorinated counterpart.  Hillmyer and Lodge attribute this observation to the increase 

in the polarity difference between PS and PFI with the addition of two polar C-F bonds 

per monomer unit.45  The addition of the bridging difluorocarbene group containing polar 

C-F bonds thus introduces an overall polarity to PFI that increases the interblock 

segregation strength as compared to PS/PI.   

Given these results, we expected the addition of five polar C-F bonds per 

monomer unit in PPFS to result in a significantly larger increase in the segregation 

strength difference between PPFS/PMMA and PS/PMMA since PPFS contains more C-F 

bonds per monomer unit than PFI.  We were thus surprised to see that the increase in χ to 

be comparable to that of PS/PFI over PS/PI.  Admittedly, χ can also be influenced by the 

chemical structure of the nonfluorinated block (PS vs PMMA in our current comparison).  

The published solubility parameters of the nonfluorinated species (δPMMA = 19.98 MPa1/2, 

δPS = 19.33 MPa1/2), however, are similar;46 differences in the interblock segregation 

strength must stem from differences in the polarity of the fluorinated component.  A 

closer look at the structures of these two fluorinated blocks (Table 3.2) demonstrates why 
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the segregation strength of PPFS/PMMA is not as high as originally expected.  In PFI, 

the C-F bonds are located such that they both contribute to an increased polarity in the FI 

repeat units.  In contrast, the symmetry associated with the benzene ring means that the 

polarity of the C-F bonds at the ortho and meta positions effectively cancel, so only the 

para C-F bond contributes to the polarity increase in the PFS repeat units.  An increase in 

segregation strength is thus not correlated to a direct enhancement of the fluorine content 

in the fluorinated block per se.  Rather, the increase in segregation strength is more 

directly correlated with increases in the net polarity difference between the two blocks. 

To substantiate this polarity influence, we also compared the interblock 

segregation strength of PPFS/PMMA to that of another semifluorinated block copolymer 

with a comparable fluorine content, poly(butadiene-b-hexafluoropropylene oxide), 

PB/PFPO, at 440 K.  PFPO has six C-F bonds per monomer repeat unit, as seen from the 

chemical structure of PB/PFPO provided in Table 3.2.  440 K was chosen as the point of 

comparison because the temperature dependence of χPB/PFPO was not provided; only 

χPB/PFPO at this temperature was provided in the literature.10  Prior to comparison, we 

recalculated χPB/PFPO using a polystyrene reference volume of 166.3 Å3 for consistency.  

As seen in Table 3.2, the interblock segregation strength of PB/PFPO at 440 K is 

approximately three times higher than that of PPFS/PMMA despite having comparable 

fluorine content.  The increase in segregation strength compared to PPFS/PMMA can be 

explained by examining the polarity difference between PFPO and PPFS.  In PFPO, the 

C-F bonds are positioned such that the majority of their polarities do not cancel.  As such, 

both the high fluorine content and the asymmetry of the C-F bonds contribute 

significantly to the net polarity of PFPO.  It is thus not surprising that PB/PFPO has the 

largest χ amongst all the block copolymers listed in Table 3.2. 
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CONCLUSIONS 

In this chapter, we demonstrated the synthesis of controlled PPFS/PMMA block 

copolymers using both PPFS and PMMA as macroinitiators.  We also showed that these 

block copolymers form periodic nanostructures upon annealing.  We synthesized a series 

of low molecular weight, symmetric block copolymers with accessible ODTs.  From 

these samples, we estimated the temperature dependence of the interblock segregation 

strength of PPFS/PMMA based on mean-field theory.  We expected that PPFS/PMMA 

would possess a large interblock segregation strength, typical of many semifluorinated 

block copolymers. Despite the high fluorine content of PPFS, however, PPFS/PMMA is 

only twice as segregated as both PS/PMMA and PS/PI.  This is attributed to the small 

increase in the net polarity difference between the two blocks due to the symmetric 

placement of the C-F bonds on the benzene ring in PPFS.  In the next chapter, we will 

investigate PPFS/PMMA block copolymers as candidates for low dielectric constant 

materials.     
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Table 3.1.   Physical Characteristics of PPFS/PMMA Block Copolymers. 

Nomenclature Mn,macro
a 

(kg/mol) 

PDImacro Mn, total
b 

(kg/mol) 

PBlock vPMMA
c Morphology Nd 

PMMA/PPFS 11.1/21.2 11.1 1.03 32.3 1.04 40.7 HCP cylinders 
of PMMA 

230 

PMMA/PPFS 11.1/18.6 11.1 1.03 29.7 1.09 43.9 HCP cylinders 
of PMMA 

216 

PMMA/PPFS 14.8/8.0 14.8 1.05 22.8 1.13 70.6 lamellar 178 

PPFS/PMMA 8.5/13.7 8.5 1.05 22.2 1.10 67.6 lamellar 170 

PPFS/PMMA 7.8/6.4 7.8 1.05 14.2 1.12 51.8 lamellar 98.2 

PPFS/PMMA 7.8/6.6 7.8 1.05 14.4 1.09 52.6 lamellar 99.4 

PPFS/PMMA 6.6/5.3 6.6 1.05 11.9 1.09 51.0 lamellar 87.0 

aAbsolute number-average molecular weight of the macroinitiator; measured by GPC using a dn/dc value 
of 0.040 for PPFS homopolymer and 0.080 for PMMA homopolymer24.   

bNumber-average molecular weight of the block copolymer; calculated using molar compositions from 1H 
NMR and known macroinitiator Mn from column 2.   

cVolume fraction of PMMA; calculated using molar compositions from 1H NMR and polymer densities of 
ρPPFS = 1.55 g/cm3 and ρPMMA

25 = 1.19 g/cm3.   

dDegree of polymerization; calculated using a PS reference volume41 of 166.3 Å3. 
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Table 3.2.   Interblock Segregation Strength for Five Block Copolymers Calculated 
Using Mean-Field Theory and Experimental ODT Determination. 

Nomenclature Structure χ value at 440 Ka 

 

PPFS/PMMA 
O

OF

F

FF

F
(    )(     )

 

 

0.120 

 

PS/PMMA 

O
O

(     )(      )

 

 

0.061b 

 

PS/PFI 
F F

(     )(           )

 

 

0.121c 

 

PS/PI (     )(           )

 

 

0.060c 

 

PB/PFPO 
O

F

F

F

F
FF

(    )(         )

 

 

0.353d 

aUsing a PS reference volume41 of 166.3 Å3 calculated at 25 °C.   

bUsing data from ref. 43.   

cUsing data from ref. 42.   

dUsing data from ref. 10.   

m n

m 

m 

m 

m 

n

n

n

n



 81

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.  Gel permeation chromatography traces with tetrahydrofuran as the 
eluent at 1 mL/min: (a) PPFS macroinitiator (dashed line; 7.8 kg/mol, 
PDI = 1.05) and PPFS/PMMA 7.8/6.6 (solid line; PDI = 1.09); (b) 
PMMA macroinitiator (dashed line; 11.1 kg/mol, PDI = 1.03) and 
PMMA/PPFS 11.1/21.2 (solid line; PDI = 1.04). 
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Figure 3.2. 1H NMR spectrum of PMMA/PPFS 11.1/21.2 in deuterated chloroform.  
The proton contributions are labeled for clarity.  The chemical structure 
of PPFS/PMMA is provided in the inset for reference. 
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Figure 3.3.  Unstained scanning electron micrograph of PMMA/PPFS 11.1/21.2 
indicating a cylindrical morphology.  The light regions are PPFS, and 
the dark regions are the voids left in the film after PMMA degrades 
under electron-beam irradiation.  The highlighted region shows cylinders 
organized on a hexagonal lattice running out-of-plane.  The surface 
PPFS layer28 was removed via reactive ion etching with CF4

29 prior to 
imaging.   
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Figure 3.4.  Room-temperature small-angle X-ray scattering profiles of (a) 
PMMA/PPFS 11.1/21.2 and (b) PPFS/PMMA 8.5/13.7.  The traces have  
been shifted along the y-axis for clarity.  The SAXS profile of 
PMMA/PPFS 11.1/21.2 is plotted as qI as it adopts a hexagonally-
packed cylindrical morphology (PMMA cylinders), while the SAXS 
profile of PPFS/PMMA 8.5/13.7 is plotted as q2I and it adopts an 
alternating lamellar morphology in the solid-state.  The triangles 
represent the expected reflections based on the primary peak position for 
the cylindrical (1, √3, √4, √7, √9) and lamellar (1, 2, 3, 4) morphologies.  
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Figure 3.5. Experimental block copolymer phase diagram for PPFS/PMMA from 
the small-angle X-ray scattering results using on the total degree of 
polymerization (N) and annealing temperature for each sample.  The 
dotted lines represent approximate boundaries between phases.  The 
individual data points are arranged by morphology: hexagonally-packed 
cylinders of PMMA (squares), alternating lamellae (circles), 
hexagonally-packed cylinders of PPFS (triangles), and disordered, 
homogeneous melts (stars).   
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Figure 3.6. (a) Small-angle X-ray scattering profiles for PPFS/PMMA 7.8/6.4 
during a temperature ramp experiment; (b) the primary peak position 
(q*, triangles) and the primary peak width at half its maximum intensity 
(solid circles) corresponding to the temperature ramp experiment.  The 
SAXS profiles in (a) have been displaced along the y-axis for clarity.  
This block copolymer exhibits an order-disorder transition at 240 °C.
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Figure 3.7. (a) Small-angle X-ray scattering profiles for PPFS/PMMA 7.8/6.6 
during a temperature ramp experiment; (b) the primary peak position 
(q*, triangles) and the primary peak width at half its maximum intensity 
(solid circles) corresponding to the temperature ramp experiment.  The 
SAXS profiles in (a) have been displaced along the y-axis for clarity.  
This block copolymer exhibits an order-disorder transition at 264 °C. 
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Figure 3.8. (a) Small-angle X-ray scattering profiles for PPFS/PMMA 6.6/5.3 
during a temperature ramp experiment; (b) the primary peak position 
(q*, triangles) and the primary peak width at half its maximum intensity 
(solid circles) corresponding to the temperature ramp experiment.  The 
SAXS profiles in (a) have been displaced along the y-axis for clarity.  
This block copolymer exhibits an order-disorder transition at 165 °C. 
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Figure 3.9.  Small-angle X-ray scattering profiles for PPFS/PMMA 7.8/6.6 during a 
temperature ramp experiment (a) at 180 °C; (b) at 271 °C, after 
undergoing its ODT; (c) cooled back to 180 °C and given 4 hours to 
equilibrate.  The traces have been shifted along the y-axis for clarity.  
The triangles represent the expected reflections based on the primary 
peak position for the lamellar (1, 2, 3) morphology.  
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Figure 3.10.  Gel permeation chromatography traces with tetrahydrofuran as the 
eluent at 1 mL/min of PPFS/PMMA 7.8/6.6 before (solid line; PDI = 
1.09) and after (dashed line; PDI = 1.09) ODT temperature ramp 
experiments. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.11. 1H NMR spectrum of PPFS/PMMA 7.8/6.6 in deuterated chloroform (a) 
before and (b) after ODT temperature ramp experiments.  
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Figure 3.12. Temperature dependence of the Flory-Huggins interblock segregation 
strength for PPFS/PMMA; the data points were determined at the ODTs 
of three symmetric block copolymers.  A linear fit to the data is 
included.  The y-error bars are derived from the ±3 C° error in the ODT 
temperature determination.   
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Figure 3.13. Temperature dependence of the interblock segregation strength for four 
block copolymers42,43 extracted using mean-field theory and a 
polystyrene reference volume41 of 166.3 Å3.      
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Chapter 4.  Ultra-Low-κ Films of Nanoporous PPFS Derived from 
Block Copolymers 

INTRODUCTION 

Since the inception of silicon-based microelectronics, the major improvement in 

integrated circuit speed has come through scaling down of individual devices within 

integrated circuits, thus increasing the density of devices on a single chip.  This trend was 

famously predicted in 1965 by Gordon Moore, when he estimated that the number of 

transistors per chip would double approximately every two years.1  Research 

improvements in all areas of microelectronics have enabled the industry to follow this 

rule for the past fifty years.  The intermetal insulators, however, have increasingly 

become bottlenecks.  As the chip density increases, the closer spacing of the devices can 

lead to cross-talk—or current leakage—between neighboring devices, undermining the 

performance of the integrated circuit.  The closer spacing of the wiring also leads to a 

higher capacitance between nearby wires, increasing the resistance-capacitance (RC) 

delays of the devices and reducing chip speed.2   

The dielectric constant (κ) of a material is a ratio of how much electrical energy 

the material stores when a potential is applied relative to that of vacuum.2  The dielectric 

constant of the interlayer metal insulating materials therefore has a significant impact on 

the RC delays and the amount of cross-talk in devices.  Lowering the dielectric constant 

of these materials has been shown to decrease power dissipation, lower cross-talk noise, 

and significantly decrease RC delays when incorporated in device systems.2  As such, 

recent research efforts to improve the clock speeds of silicon microelectronics have 

focused on the development of new low dielectric constant (low-κ) materials.3  

According to a recent report, the most common low-κ materials employed as interlayer 
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metal insulating materials have dielectric constants in the range of 2.5 – 4.1.4  According 

to the latest International Technology Roadmap for Semiconductors (ITRS) guidelines, 

however, interlayer metal insulating materials need to have dielectric constants below 2.2 

to effectively isolate devices having sizes < 100 nm.5 

Perfluorinated and partially fluorinated polymers have garnered much interest as 

potential interlayer metal insulating materials because they have the lowest bulk 

dielectric constants (κ = 2.0-2.3) of all materials considered for these applications.6  The 

introduction of nanopores into these polymers is a promising approach to further reduce 

their overall dielectric constants into the ultra-low-κ regime (κ < 2.0).7,8  For instance, 

Chen and co-workers have developed a technique to graft thermally labile polymers onto 

fluorinated polyimides.9,10  These grafted side chains then undergo thermolysis at 

elevated temperatures to yield nanoporous fluorinated films.  The maximum porosity 

achieved by this approach, however, is only 10%, reducing the dielectric constant of the 

film from 3.1 to 2.0.  This technique also does not provide any control over the size and 

spacing of these pores, which can lead to differences in the local dielectric constant 

between individual devices.   

Another method developed by Neoh and co-workers involves the deposition and 

crosslinking of poly(pentafluorostyrene)-coated silica beads.11  The silicon dioxide core 

(approximately 25 nm in diameter) is subsequently etched using hydrofluoric acid (HF) 

to give a nanoporous crosslinked fluorinated film.  With this technique, however, the size 

distribution and organization of the pores are governed by the initial size distribution and 

packing of the coated silica beads.  While the authors were able to create pores of 

uniform size distribution using commercially-available silica beads, the pores were 

poorly organized and not uniform throughout the film due to the initial random packing 
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of the beads.  This uneven distribution of pores can again lead to dielectric constant 

fluctuations on a local length scale.   

An interesting solution to the aforementioned nonuniformity of the nanopores is 

to take advantage of the inherent periodic ordering of microphase-separated block 

copolymers as a template for the creation of nanoporous films.12-14  Semifluorinated 

block copolymers—having both fluorinated and nonfluorinated segments—can be 

designed such that a sacrificial, degradable block is sequestered as discrete periodic 

nanostructures within a fluorinated matrix.  The size, shape, and periodicity of these 

microdomains are governed by the molecular characteristics of the block copolymer (v, 

χN).15  The sacrificial block can then be extracted after microphase separation to yield a 

nanoporous fluorinated matrix with well-defined pores that are distributed evenly 

throughout the film.  Manipulation of the molecular weight and relative volume fractions 

of the block copolymers from which these nanoporous materials are derived (parent block 

copolymers) dictates the overall porosity as well as the size and spacing of these films.  

This approach thus enables the precise control over the design—and thus final 

properties—of such nanoporous fluorinated films.  

We chose poly(pentafluorostyrene), PPFS, as the fluorinated matrix in these 

studies.  As we demonstrated in Chapter 3, PPFS is readily synthesized by ATRP in a 

controlled fashion to form one segment of the semifluorinated block copolymer 

PPFS/PMMA.  Furthermore, PPFS has an inherently low dielectric constant (κ = 2.28),16 

characteristic of fluorinated polymers.  We also polymerized two alternative monomers 

other than MMA as candidates for degradable blocks.  We then investigated the 

degradation and extraction of these sacrificial blocks to determine which degradable 

polymer is most effective at generating nanoporous fluorinated PPFS for ultra-low-κ 

applications.  The first degradable polymer utilized is poly(methyl methacrylate), 
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PMMA.  PMMA is one of the most commonly used polymers in the microelectronics 

industry as a photoresist material, for it is susceptible to degradation via both ultraviolet 

(UV)17 and electron-beam18 radiation.  Several researchers have demonstrated that 

PMMA can be degraded and completely extracted by UV irradiation of thin films of 

PS/PMMA block copolymers containing hexagonally-packed cylinders of PMMA 

embedded in a PS matrix.19,20 

An alternative sacrificial polymer that we studied is poly(ε-caprolactone), PCL, a 

semicrystalline aliphatic polyester capable of undergoing both acid- and base-catalyzed 

hydrolysis.21  PCL degradation has long been utilized in biomedical research for tissue 

scaffold designs22 and in drug delivery vessels.23  PCL has also been shown to degrade 

hydrolytically from block copolymer films containing it.24  For comparison, we also 

utilized a different polyester, poly(D,L-lactide) or PLA, an amorphous aliphatic polyester 

susceptible to both acid- and base-catalyzed hydrolysis as well.25  As with PCL, PLA has 

long been employed in biomedical applications, such as tissue regeneration26 and drug 

delivery.27,28  Recently, researchers have begun incorporating PLA into block copolymers 

as a sacrificial block for the creation of nanoporous films.29-33  These studies have 

demonstrated that PLA can be completely degraded and extracted from these films.33 

In this chapter, we demonstrate the synthesis of semifluorinated block copolymers 

containing PPFS as the matrix (majority) phase and one of three sacrificial blocks—

PMMA, PCL, or PLA.  We also show that all three sacrificial blocks are degradable in 

films of these block copolymers.  The degradation of PMMA by UV irradiation, 

however, is limited and hindered by the strong UV absorption of PPFS.  The removal of 

PCL by hydrolysis is incomplete after 9 days of hydrolysis due to the semicrystalline 

nature of PCL retarding its degradation.  In contrast, PLA is quantitatively degraded after 

7 days of acid-catalyzed hydrolysis from block copolymer films of PLA/PPFS; this 
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degradation results in nanoporous fluorinated films with the same lattice dimensions as 

the microphase separated structures of the parent block copolymers.  These nanoporous 

films all have dielectric constants in the ultra-low-κ regime (κ < 2.0).  The dielectric 

constants are also tunable by manipulating the relative volume fraction of PLA in the 

parent block copolymers. 

UV Degradation of PMMA in PPFS/PMMA 

For all of the degradation studies discussed in this chapter, we utilized PPFS-rich 

block copolymers so that PPFS forms a continuous matrix after microphase separation.  

This feature will ensure that the nanoporous film maintains its mechanical integrity after 

the degradation and extraction of the sacrificial minor component.  The three microphase-

separated structures of interest are thus body-centered lattice of spherical microdomains, 

hexagonally-packed cylindrical structures, and bicontinuous cubic-phase gyroid.  The 

alternating lamellar structure was not considered because the PPFS lamellae would not be 

continuous after degradation of the sacrificial block.  As seen from the classical mean-

field block copolymer phase diagram shown in Figure 1.2, the body-centered cubic 

spherical morphology exists at volume fractions up to approximately 15 vol% of the 

minor component, depending on the interblock segregation strength and degree of 

polymerization of the specific block copolymer.15  The hexagonally-packed cylindrical 

morphology is usually seen in block copolymers with approximately 15 – 35 vol% of the 

minor component.  The bicontinuous gyroid morphology is predicted to exist in a small 

window of 35 – 40 vol% of the minor component.   

These volume fractions were predicted using block copolymers synthesized via 

anionic polymerization, having molecular weight distributions (polydispersity index, or 

PDI) approaching 1.  Block copolymer phase behavior theory predicts that an increased 

polydispersity—as seen with controlled free-radical polymerizations, having PDIs 
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usually in the 1.1 – 1.4 range—can change these volume fraction windows.34  The 

increase in PDI indicates a greater distribution in the chain lengths of the block 

copolymers, allowing for more freedom during ordering.  In particular, this feature 

destabilizes the large amount of curvature present in the bicontinuous gyroid 

morphology, shrinking the window in which this morphology is seen.34   

The synthesis and characterization of PPFS/PMMA block copolymers was 

discussed in Chapter 3.  Specifically, the SEM micrograph in Figure 3.3 and the SAXS 

profile in Figure 3.4a of PMMA/PPFS 11.1/21.2 indicate that this sample forms 

hexagonally-packed cylinders of PMMA in a continuous matrix of PPFS.  As such, we 

chose this block copolymer to investigate the UV degradation of PMMA to form 

nanoporous PPFS films.  Previously, exposure to 254 nm light has been shown to fully 

degrade PMMA homopolymer at a dose of approximately 3.4 J/cm2.35  Recently, several 

reports from Hawker and Russell indicate that PMMA can be fully degraded and 

extracted when thin films (~40 nm) of PS/PMMA block copolymers are exposed to 254 

nm UV irradiation at a dose of 25 J/cm2 (10 mW/cm2 for 45 min) and subsequently 

soaked in glacial acetic acid.19,20  At this UV exposure, the PS matrix also becomes 

crosslinked, rendering the film insoluble.  Another study demonstrated that a methanol 

soak after irradiation can also effectively remove degraded PMMA from the nanoporous 

block copolymer films.36   

For our PMMA degradation studies, we prepared films approximately 5 microns 

thick of PMMA/PPFS 11.1/21.2 via spin-coating from a 15 wt% solution in THF at 1000 

rpm onto silicon substrates.  We then exposed these films to 254 nm light at varying 

doses to explore the degradation efficacy of PMMA in films of PMMA/PPFS 11.1/21.2.  

Figure 4.1 shows the 1H NMR spectra of PMMA/PPFS 11.1/21.2 before and after after 

UV irradiation.  The chemical structure of PPFS/PMMA with its proton contributions 
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labeled for reference is shown as an inset in Figure 4.1.   Figure 4.1a is the 1H NMR 

spectrum of PMMA/PPFS 11.1/21.2 before UV exposure.  Figures 4.1b and c are the 1H 

NMR spectra of PMMA/PPFS 11.1/21.2 after exposure to 254 nm irradiation for a total 

of 12 hours at 13 mW/cm2 (total dose = 560 J/cm2) and a 24 hour soak in either glacial 

acetic acid (Figure 4.1b) or methanol (Figure 4.1c).  All of these spectra have been 

normalized to the area of the peak C at 3.6 ppm, corresponding to the methoxy protons in 

PMMA.  As seen from this figure, a significant amount of PMMA is still present in the 

block copolymer films after UV irradiation and exposure to both solvents, for peak C is 

still prominent in both Figures 4.1b and c.  By comparing peak C to the area of peaks B 

(1.5 – 2.8 ppm; backbone protons of PMMA and PPFS), an enrichment of the PPFS 

protons in relation to PMMA is evident in the two samples after UV degradation, 

indicating that some of the PMMA has been degraded.  Using the 1H NMR spectrum in 

Figure 4.1b, we calculated a molar fraction of 44.9 mol% PMMA in the film after UV 

exposure and acetic acid soak, which is an 11% reduction from the original molar 

fraction of 50.5 mol% PMMA obtained from Figure 4.1a.  A methanol soak after UV 

exposure is more effective at extracting the degraded products; the 1H NMR spectrum in 

Figure 4.1c indicates a molar fraction of 32.8 mol% PMMA in the film after UV 

exposure and methanol soak, a 35% reduction in the PMMA content.  1H NMR analysis 

indicates, however, that additional time in methanol does not reduce the PMMA content 

any further.  The degraded PMMA is thus extracted from the films after 24 hours in 

methanol, indicating that the complete removal of PMMA is hindered by the 

degradation—and not the extraction—process.   

Our UV exposure dose was 165 times that shown to degrade PMMA 

homopolymer35 and 22 times that used in the published reports of the complete removal 

of PMMA from thin films of oriented PS/PMMA block copolymers.19,20  The length of 
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exposure thus should have been adequate to degrade the PMMA block.  To test this 

theory, we increased the UV exposure dose by 50%.  This dosage was high enough to 

crosslink the PPFS matrix, preventing the dissolution of the irradiated films for 1H NMR 

analysis.  The absorbance of PPFS at 254 nm therefore must be strong enough to induce 

its crosslinking after prolonged UV exposure.  Figure 4.2 contains the UV absorption 

spectrum of PPFS from 210 – 340 nm.  This figure indicates that PPFS strongly absorbs 

UV light at 254 nm.  PPFS is therefore similar to PS and other styrenic derivatives that 

significantly absorb light in the 200 – 350 nm range.37  The strong absorbance by PS was 

not problematic in the aforementioned published reports of degradation in films of 

PS/PMMA because these studies dealt with very thin films of block copolymers (20 – 40 

nm thick) with PMMA cylinders oriented perpendicular to the surface.  The PMMA 

domains were thus exposed at the surface, allowing for PMMA degradation unhindered 

by the UV absorption of PS.  Our degradation studies dealt with thicker films (~5 

microns thick) with randomly oriented domains, as seen in the SEM micrograph provided 

in Figure 3.3.  In addition, due to the low surface energy of fluorinated polymers, a PPFS 

wetting layer several nanometers thick is present on the air-polymer interface.38   Because 

of the presence of this wetting layer, the PMMA domains are not directly exposed to UV 

light during irradiation of PPFS/PMMA block copolymers.   

In fact, the absorption of UV light at 254 nm is much higher for PPFS and other 

styrenic derivatives than for PMMA.  For instance, the molar extinction coefficient, ε, is 

188 M-1cm-1 for styrene-based polymers but only 2.5 M-1cm-1 for PMMA at 254 nm.39  

PMMA thus absorbs only 1.3% of the intensity of 254 nm light that styrene-based 

polymers absorb at the same concentrations.  The large extinction coefficient of the PPFS 

matrix is thus too high for UV light to penetrate through bulk films to completely degrade 
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PMMA.  Because of the complications associated with the UV absorption of PPFS, we 

investigated two other sacrificial polymers that are degradable by a different mechanism. 

Synthesis and Characterization of PCL/PPFS 

To pursue a hydrolytic degradation mechanism, we synthesized PCL/PPFS block 

copolymers where PCL replaces PMMA as the degradable component.  Because ε-

caprolactone, CL, is a nonolefinic monomer, it cannot be directly polymerized by 

ATRP.40  It can, however, be synthesized by a ring-opening mechanism to make PCL 

with narrow molecular weight distributions.41  These polymers can subsequently be end-

functionalized with a halogen-containing moiety to become suitable macroinitiators for 

the growth of PPFS.42  Figure 4.3a schematically illustrates the synthetic route for 

making PCL macroinitiators for the subsequent ATRP of PFS.  The PCL/PPFS block 

copolymers used in this study were synthesized by Dr. Sally Peng Li.  Figure 4.4 shows 

the GPC traces of a PCL homopolymer before and after end-functionalization; this 

particular PCL has an absolute number-average molecular weight of 6.9 kg/mol and is 

thus referred to as PCL 7.  The GPC traces of PCL 7 before and after end-

functionalization are identical, confirming that the polymer maintains its narrow 

molecular weight distribution during the functionalization process.  The absolute 

molecular weights of the PCL macroinitiators were determined from their GPC traces 

using a dn/dc value of 0.0795 for PCL.43 

GPC can also be used to monitor the efficient initiation of functionalized PCL.  

Figure 4.5 shows the GPC traces of functionalized PCL 7 and PCL/PPFS 7/25.  The 

block copolymer GPC trace shows a clear shift to shorter elution times, signaling an 

increase in polymer molecular weight.  This GPC trace also remains monomodal and 

narrow, indicating the quantitative initiation of the second block by functionalized PCL 7 

as well as the controlled addition of PPFS.  Knowing the absolute molecular weight of 
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the macroinitiator from GPC, the absolute molecular weight of the second block can be 

determined using compositional analysis from 1H NMR spectroscopy.  Figure 4.6 shows 

the 1H NMR spectrum of PCL/PPFS 7/25.  The chemical structure of PCL/PPFS with the 

proton contributions labeled is provided in the inset for reference.  The molar fraction of 

PCL present in the block copolymer can be calculated using the relative peak areas.  

From the calculated molar composition of 32.1 mol% PCL, the volume fractions of the 

two blocks in the copolymer can be calculated using a PCL density44 of 1.20 g/cm3 (at 25 

°C) and a measured PPFS density of 1.55 g/cm3.  For PCL/PPFS 7/25, the volume 

fraction was determined to be 25.0 vol% PCL.  Table 4.1 combines the pertinent 

information from GPC and NMR analysis of the PCL/PPFS block copolymers discussed 

in this chapter. 

Before using PCL/PPFS in degradation studies, the solid-state morphologies had 

to be determined.  To determine the solid-state morphologies, SAXS was carried out on 

0.5 mm thick solid films annealed at 160 °C for 48 hours, well above the glass transition 

temperature of PPFS and the melting temperature of PCL (Tg,PPFS = 105 °C,45 Tm,PCL = 56 

°C46).  Figure 4.7 shows the one-dimensional SAXS profiles obtained at 65 °C of two 

representative block copolymers after thermal treatment.  These SAXS profiles were 

obtained at a temperature above the melting temperature of PCL to avoid scattering from 

the presence of PCL crystallites.  The SAXS profile of PCL/PPFS 5/24 in Figure 4.7a 

shows an intense primary peak at q* = 0.397 nm-1, followed by higher-order reflections at 

q/q* ratios of √2 and √3.  The relative peak spacings indicate that PCL/PPFS adopts a 

body-centered cubic spherical morphology.47  On the basis of the primary peak position 

and a PCL volume fraction of 20.0 vol%, we calculated the characteristic lattice spacing 

to be 15.8 nm and the average PCL sphere radius to be 6.4 nm using Equations 2.7 and 

2.10.  As mentioned previously and shown in Figure 1.2, the classical mean-field block 
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copolymer phase diagram indicates that the body centered cubic spherical morphology is 

expected at volume fractions up to approximately 15% of the minor component.15  The 

fact that PCL/PPFS 5/24 exhibits the spherical morphology with a volume fraction of 20 

vol% PCL suggests that the phase diagram of PCL/PPFS is skewed towards PCL-rich 

block copolymers, analogous to the skewing of the PPFS/PMMA experimental phase 

diagram towards PMMA-rich block copolymers in Figure 3.5.  Figure 4.7b contains the 

SAXS profile of PCL/PPFS 7/25, showing a primary peak at q* = 0.296 nm-1 and higher-

order reflections at q/q* ratios of √3, √4, √7, and √9.  This spacing of the peaks 

corresponds to a hexagonally-packed cylindrical morphology.47  From the primary peak 

position, the characteristic spacing of the (10) planes of the hexagonal lattice is found to 

be 21.2 nm using Equation 2.7.  Given that the volume fraction of PCL is 25.0 vol%, the 

average PCL cylinder radius is estimated to be 6.4 nm from Equation 2.9.   

Acid-Catalyzed Hydrolytic Degradation of PCL in PCL/PPFS 

The presence of an acidic solution can catalyze the main-chain cleavage of the 

aliphatic ester in the backbone of PCL.48  Fluorinated polymers, however, are known to 

be inert upon exposure to a wide variety of chemicals, including acids.49  The chemical 

stability of PPFS therefore allows the presence of an acid to selectively etch and remove 

the PCL from PCL/PPFS block copolymers, resulting in a nanoporous fluorinated matrix.  

The degradation of PCL can be monitored by GPC.  Figure 4.8 shows the GPC traces of 

PCL/PPFS 7/25 before and after exposure to a 10:1 v:v of methanol:2M HCl solution at 

50 °C for 9 days.  The polymer after degradation (solid line) elutes at longer times 

compared to the parent block copolymer of PCL/PPFS 7/25, indicating a decrease in the 

overall molecular weight.  The removal of PCL from PCL/PPFS block copolymers can 

also be seen by DSC.  Figure 4.8 shows the DSC scans for PCL/PPFS 7/25 before and 

after degradation.  The DSC scan before degradation (Figure 4.9a) shows two thermal 
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transitions.  The first is a large endothermic peak at T ≈ 50 °C, arising from the melting 

of the semicrystalline PCL block (Tm, PCL = 56 °C).46  The second transition is a smaller 

endothermic step at T ≈ 100 °C associated with the glass transition temperature of PPFS 

(Tg, PPFS = 105 °C).45  The DSC trace of PCL/PPFS 7/25 after degradation (Figure 4.9b) 

no longer shows a peak from the melting of PCL, signifying that PCL has been 

significantly degraded, such that any remaining PCL is so low in molecular weight that it 

is unable to crystallize.  The Tg of PPFS, however, is unchanged and thus indicates that 

the thermal properties of PPFS are unaffected by the acid-catalyzed degradation process.   

After verifying the degradation of PCL using an acid-catalyzed procedure, we 

utilized TEM to image the nanopores that result from the degradation process.  Figure 

4.10 shows a TEM micrograph of PCL/PPFS 7/25 after degradation of PCL block.  The 

cylindrical microdomains are preferentially oriented due to induced shear during high-

temperature molding.  The varying shades of grey are due to thickness nonuniformities in 

the film introduced during microtoming.  This image was obtained in collaboration with 

Dr. Sally Peng Li.  In this micrograph, the dark regions are the PPFS matrix, and the light 

regions are the pores created by the degradation and extraction of PCL.  This specimen is 

unstained; the imaging contrast arises purely from the electron density difference 

between the pores and the polymer matrix.  We were not able to image PCL/PPFS 7/25 

prior to degradation without staining.  This micrograph demonstrates that the cylindrical 

morphology of PCL/PPFS 7/25 is maintained during the degradation process, as cylinders 

are visible running in-plane.   

The preservation of the hexagonally-packed cylindrical structure can be 

confirmed by SAXS.  Figure 4.11 shows the one-dimensional SAXS profiles of 

PCL/PPFS 7/25 before and after degradation.  The SAXS profiles have been normalized 

against the scattered intensity of the primary peak from a silver behenate standard 
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collected for the same length of time and on the same day.  This normalization accounts 

for drifts in the incident X-ray intensity over time.  As seen in this figure, the SAXS 

profile acquired on PCL/PPFS 7/25 after degradation (Figure 4.11a) has the same 

primary peak position (0.296 nm-1) as the SAXS profile acquired on the same specimen 

before degradation (Figure 4.11b).  The preservation of the primary peak position 

indicates that the characteristic lattice spacing is unchanged.  The higher-order reflections 

at q/q* ratios of √3, √4, √7, and √9 are identical as well, demonstrating that the 

hexagonally-packed cylindrical structure is maintained.  In fact, these higher-order 

reflections are even more pronounced in the degraded sample (Figure 4.11a), as evinced 

by the appearance of a higher-order reflection at √13.  The overall normalized intensity is 

also significantly higher in the SAXS profile acquired on PCL/PPFS 7/25 after 

degradation.  Both of these phenomena are further evidence of an increased electron 

density contrast in the degraded sample upon removal of PCL; the electron density 

contrast is now between that of PPFS and vacuum rather than PPFS and PCL in the 

parent diblock copolymer.  Our observations are consistent with a previous study using 

PLA/PS block copolymers, showing an increase in SAXS scattering intensity after 

extraction of the PLA block.50  Figure 4.11 thus indicates that the lattice dimensions of 

the PCL/PPFS parent block copolymers are preserved during the degradation of PCL; the 

size and spacing of the resultant nanopores are thus dictated by the molecular weight 

characteristics of the parent block copolymers.   

The degree of PCL removal in PCL/PPFS 7/25 can be quantified using 1H NMR 

spectroscopy.   Figure 4.12 shows the 1H NMR spectra of PCL/PPFS 7/25 before and 

after degradation.  The chemical structure of PCL/PPFS with proton contributions labeled 

is provided for reference.  As shown in Figure 4.12a, the backbone protons of PPFS 

appear as three broad peaks in the range 1.8 to 2.9 ppm.  The methylene protons from the 
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interior three carbons in the PCL repeat unit appear as multiplets at 1.4 and 1.5 ppm.  The 

methylene protons adjacent to the carbonyl in PCL appear as a triplet at 2.3 ppm, and the 

methylene protons adjacent to the ether oxygen in PCL appear as a triplet at 4.0 ppm.  In 

Figure 4.12a, the peak at 1.5 ppm is clearly visible in the block copolymer spectrum.  

After degradation, this peak is significantly reduced in intensity but is still visible in 

Figure 4.12b.  The inset to this figure highlights the region where those particular PCL 

methylene protons appear, illustrating that this peak is still discernible.  Based on the 

relative peak areas, we calculated that 95% of the PCL has been removed from 

PCL/PPFS 7/25 after our degradation process.   

The reduction in the PCL peaks in the 1H NMR spectrum after degradation 

indicates that the acidic solution is able to diffuse into the films to catalyze the 

degradation of PCL despite the presence of the glassy PPFS matrix.  Additionally, the 

degradation products from PCL are able to diffuse through PPFS to yield a nanoporous 

film.  These diffusion rates are understandably slow, which explains why PCL is still not 

completely degraded after 9 days.  Degradation experiments on PCL/PPFS 5/24 also 

indicate that the degradation of PCL is incomplete after 9 days.  1H NMR analysis thus 

consistently revealed the presence of residual methylene peaks associated with PCL after 

PCL/PPFS block copolymers spent 9 days in a 10:1 v:v methanol:2M HCl solution at 50 

°C. There are two possible reasons for this phenomenon.  The first one is that PCL is not 

fully degraded in the films, meaning that some PCL polymer or oligomer is still present.  

It has been shown that the presence of crystallinity in degradable polyesters, such as PCL, 

significantly retards the hydrolysis reaction and rate of extraction.51  DSC analysis of 

PCL/PPFS 7/25 after degradation in Figure 4.9b, however, shows no thermal transition 

from the melting of PCL, so any PCL left must not be crystalline.  The other possibility is 

that the PCL degradation products (6-hydroxyhexanoic acid)52 become partially trapped 
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in the glassy PPFS matrix and are unable to diffuse out completely.  This option is less 

likely, however, since the residual methylene peaks associated with PCL appear as a 

broad peak in Figure 4.12b; 1H NMR peaks from small molecules appear sharper and 

more resolved than those from polymers.  This phenomenon is known as chemical shift 

anisotropy and is due to the restricted mobility of the polymer chains in solution 

compared to small molecules.53     

Because of the incomplete removal of PCL in PCL/PPFS block copolymers after 

9 days of acid-catalyzed hydrolysis, we investigated analternative hydrolytically 

degradable polyester (PLA).  Because PLA is amorphous, its acid-catalyzed degradation 

rate should be faster than PCL.51  Its degradation products (2-hydroxypropanoic acid, or 

lactic acid) are also smaller compared to those of PCL,52 allowing for easier diffusion 

through the glassy PPFS matrix.  The use of PLA/PPFS block copolymers to form 

nanoporous PPFS films is discussed in the following sections. 

Synthesis and Characterization of PLA/PPFS 

Due to the incomplete degradation of PCL, we synthesized PLA/PPFS block 

copolymers where PLA replaces PCL as the sacrificial component.  D,L-Lactide (LA) is 

also a nonolefinic monomer, so the direct synthesis of PLA by ATRP is not possible.39  

As with PCL, the synthesis of PLA by a ring-opening mechanism and subsequent end-

functionalization creates PLA macroinitiators for ATRP with narrow molecular weight 

distributions.54  Figure 4.3b highlights the formation of PLA macroinitiators for ATRP.  

PLA/PPFS block copolymers used in this study were synthesized by Dr. Sally Peng Li.  

Figure 4.13 shows the GPC traces of PLA 9 before and after the end-functionalization 

reaction to convert PLA into a macroinitiator for ATRP.  These GPC traces overlap 

exactly, indicating that the functionalization process does not affect the molecular weight 

characteristics of PLA.  The absolute molecular weights of the PLA macroinitiators were 
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determined from their GPC traces using a dn/dc value of 0.054 for PLA.55  

Functionalized PLA is also an efficient macroinitiator for the synthesis of PPFS, as seen 

from the GPC traces of PLA 9 and PLA/PPFS 9/37 in Figure 4.14.   The GPC trace of 

PLA/PPFS 9/37 remains monomodal and narrow, indicating a controlled polymerization 

of PPFS and its efficient initiation by functionalized PLA.  Knowing the absolute 

molecular weight of the macroinitiator from GPC, the absolute molecular weight of the 

PPFS block can be calculated using compositional analysis from 1H NMR spectroscopy.  

Figure 4.15 shows the 1H NMR spectrum of PLA/PPFS 9/37.  The chemical structure of 

PLA/PPFS with the proton contributions labeled is also provided in this figure.  The 

molar fraction of PLA present in the block copolymer is determined using the relative 

peak areas.  The molar fraction (24.7 mol% PLA) is in turn converted into a PLA volume 

fraction using a PLA density56 of 1.25 g/cm3
 and the aforementioned PPFS density of 

1.55 g/cm3.   The volume fraction of PLA/PPFS 9/37 was determined to be 21.5 vol% 

PLA.  Table 4.1 contains the physical characteristics of the PLA/PPFS block copolymers 

discussed in this chapter.   

As with PCL/PPFS block copolymers, the solid-state morphologies of PLA/PPFS 

must be determined before performing degradation experiments.  As such, SAXS was 

carried out on 0.5 mm thick solid films annealed at 160 °C for 48 hours, the same 

preparation used for PCL/PPFS block copolymers.  Figure 4.16 shows the one-

dimensional SAXS profiles obtained at room temperature for the three PLA/PPFS block 

copolymers used in this chapter.  The SAXS profile of PLA/PPFS 9/37 in Figure 4.16a 

has an intense primary peak at q* = 0.289 nm-1 with higher-order reflections at q/q* ratios 

of √3, √4, √7, and √9, indicative of a hexagonally-packed cylindrical morphology.47  

Based on the primary peak position and the determined volume fraction of 21.5 vol% 

PLA, the characteristic spacing of the (10) planes of the hexagonal lattice is 21.7 nm with 
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an average cylinder radius of 6.1 nm (using Equations 2.7 and 2.9).  The SAXS profile of 

PLA/PPFS 5/18 in Figure 4.16b shows an intense primary peak at q* = 0.437 nm-1 with 

higher-order reflections at q/q* ratios of √3, √4, √7, and √9.  These relative peak spacings 

are again consistent with the hexagonally-packed cylindrical morphology.47  PLA/PPFS 

5/18 is estimated to have a characteristic spacing of the (10) planes of 14.4 nm from 

Equation 2.7 and an average cylinder radius of 4.6 nm from Equation 2.9, based on its 

volume fraction of 27.6 vol% PLA.  The SAXS profile of PLA/PPFS 7/15 in Figure 

4.16c shows a primary peak at q* = 0.479 nm-1 and higher-order reflections at √4/3, 

√11/3, √12/3, √19/3, √20/3, and √21/3.  The characteristic lattice spacing for this sample 

is 13.1 nm, based on the primary peak position and using Equation 2.7.  The peak 

intervals seen in PLA/PPFS 7/15 are indicative of a bicontinuous gyroid structure.57  We 

were initially surprised by the appearance of the gyroid morphology in an ATRP-derived 

block copolymer, given that its PDI (1.22) is higher than that typical of anionically-

derived block copolymers (PDI < 1.1).  As mentioned previously, mean field theory 

predicts that an increased PDI destabilizes the high degree of curvature seen in the 

bicontinuous gyroid morphology, shrinking or even eliminating its volume fraction 

window in the block copolymer phase diagram.34  Recent work by the Hillmyer group, 

however, has dispelled this notion, demonstrating that block copolymers with PDIs as 

high as 1.36 can exhibit an equilibrium gyroid morphology.58     

Acid-Catalyzed Hydrolytic Degradation of PLA in PLA/PPFS 

As with PCL, an acidic solution will catalyze the main-chain cleavage of the 

aliphatic ester moiety in the PLA backbone.48  The degradation of PLA in PLA/PPFS 

block copolymers can be monitored with GPC.  Figure 4.17 shows the GPC traces of 

PLA/PPFS 9/37 before and after exposure to a 10:1 v:v methanol:2M HCl solution at 50 

°C for 7 days.  Upon exposure to the acid solution, the polymer GPC trace shifts to longer 
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elution times and hence lower molecular weights.  This shift indicates that PLA has been 

removed from PLA/PPFS block copolymer films.   

After confirming degradation of PLA, TEM was used to directly image the 

resulting nanoporous films.  Figure 4.18 contains TEM micrographs of PLA/PPFS 9/37 

after the removal of PLA.  These images were obtained in collaboration with Dr. Sally 

Peng Li.  As with the TEM image of PCL/PPFS 7/25 in Figure 4.10, the observed 

cylindrical alignment seen in these micrographs results from induced shear during high-

temperature molding.  The varying shades of grey are due to thickness nonuniformities in 

the film introduced during microtoming, also analogous to Figure 4.10.  In Figure 4.18, 

the PPFS matrix appears dark, while the nanopores created by the removal of PLA appear 

light.  As with Figure 4.10, sufficient electron density contrast is created by the removal 

of the sacrificial block from these films, providing clear images without staining.  These 

micrographs clearly show that the cylindrical morphology is maintained upon extraction 

of PLA, as cylinders are visible running both in-plane (Figure 4.18a) and out-of-plane 

(Figure 4.18b).  Figure 4.18b also indicates that the hexagonal packing of these cylinders 

is retained, as evinced by the honeycomb pattern of the nanopores resulting from their 

hexagonal packing arrangement.  The nanopores in these TEM images appear more 

distinct (i.e., more defined boundaries) than those derived from PCL/PPFS 7/25 shown in 

Figure 4.10, suggesting a more complete removal of the sacrificial block.   

The preservation of the hexagonally-packed cylindrical structure during 

degradation can be verified using SAXS.  Figure 4.19 contains the one-dimensional 

SAXS profiles of PLA/PPFS 9/37 before and after degradation.  As with Figure 4.11, 

these SAXS profiles were normalized to account for drifts in the incident X-ray intensity.  

The SAXS profile of PLA/PPFS 9/37 after degradation (Figure 4.19a) has the same 

primary peak position (0.289 nm-1) as that of the same specimen before degradation 
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(Figure 4.19b).  The higher-order reflections are also identical, indicating that the 

hexagonal-packed cylindrical structure is perfectly maintained during degradation.  In 

fact, the higher-order reflections are more visible in the SAXS trace of the degraded 

sample (Figure 4.19a), as seen by a better resolution in the higher-order reflection at a 

q/q* ratio of √13.  The overall normalized intensity of PLA/PPFS 9/37 is also 

significantly higher in the sample after degradation, comparable to the results from 

PCL/PPFS 7/25 in Figure 4.11. This result again indicates that the electron density 

contrast is greater in the sample after PLA degradation.  As with PCL/PPFS block 

copolymers, the lattice dimensions of the PLA/PPFS parent block copolymers dictate the 

size and spacing of the resulting nanopores.  Changing the molecular weight 

characteristics such as overall molecular weight and relative volume fractions therefore 

provides precise control over the shape and distribution of the nanopores embedded in the 

PPFS film.   

The degree of PLA removal in PLA/PPFS block copolymers can be quantified 

using 1H NMR analysis.  Figure 4.20 contains the 1H NMR spectra of PLA/PPFS 9/37 

before and after degradation.  The chemical structure of PLA/PPFS with proton 

contributions labeled is provided for reference.  As in Figure 4.12 for PCL/PPFS 7/25, 

the backbone protons of PPFS appear as three broad peaks in the 1.8 – 2.9 ppm region.  

The methyl protons of PLA appear as a multiplet at 1.55 ppm.  The methyne backbone 

proton of PLA also appears as a multiplet centered at 5.2 ppm.  In Figure 4.20a, this 

methyne proton peak is clearly visible in the block copolymer spectrum.  After exposure 

to a 10:1 v:v methanol:2M HCl solution at 50°C for 7 days, the 1H NMR spectrum in 

Figure 4.20b no longer shows a discernible peak in this area; the inset to this figure 

highlights the region where the PLA methyne proton would appear.  1H NMR analysis 

thus indicates that PLA is quantitatively removed from PLA/PPFS block copolymers 
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following our acid-catalyzed degradation procedure.  In contrast to PCL degradation—

which was still incomplete after 9 days using the same degradation conditions—PLA 

removal is complete after 7 days.  PLA is thus the most effective and efficient sacrificial 

block that we examined to create nanoporous PPFS films.  As such, we utilized 

PLA/PPFS 9/37, PLA/PPFS 5/18, and PLA/PPFS 7/15 in the dielectric constant 

measurements detailed below. 

Dielectric Measurements of PLA/PPFS Before and After PLA Degradation 

Lichtenecker’s rule is an empirical logarithmic mixing rule that has been used to 

predict the composite dielectric constant of a material based on the individual dielectric 

constants and volume fractions of its components:59 

)ln()ln()ln( 2211 κκκ vvC +=         Equation 4.1 

where κc is the dielectric constant of a composite material comprising i components and 

κi and vi are the dielectric constants and volume fractions of the individual components in 

the composite.  We measured the capacitances and extracted the dielectric constants of 

PPFS and PLA homopolymers according to Equation 2.12.  Samples were prepared by 

spin-coating a 13 wt% polymer solution in ethyl acetate at 1000 rpm on 5 nm/100 nm 

Ti/Au-coated silicon wafer.  For the capacitance measurements of the degraded films, 

prepared samples were then immersed in a 10:1 v:v methanol:2M HCl solution in a 

screw-cap vial, which was sealed and placed in an oil bath preheated to 50 °C for 7 days.  

These films were rinsed with methanol and dried under vacuum prior to electrical 

characterization.  Gold top contacts 50 nm thick (1 mm2 in area) were evaporated through 

a shadow mask on these spin-coated films to complete the metal-insulator-metal (MIM) 

structure.  From this analysis, we determined the dielectric constants of PPFS and PLA to 

be 2.28 ± 0.06 and 2.95 ± 0.09, respectively, which are in agreement with previously 

published values.16,60  Table 4.2 summarizes the predicted composite dielectric constants 
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of PLA/PPFS before degradation using these homopolymer values in Equation 4.1.  It 

also lists the predicted composite dielectric constants of PLA/PPFS after degradation 

using a dielectric constant of 1.0 for air.  Since PLA is quantitatively extracted from these 

films, the volume fraction of air in the nanoporous PPFS films is identical to the volume 

fraction of PLA present in the parent block copolymers.    

Table 4.2 also includes the experimentally determined dielectric constants for 

PLA/PPFS block copolymers before and after degradation.  As seen from this table, the 

experimentally determined dielectric constant of the parent block copolymer increases 

from 2.39 to 2.46 to 2.50 as the PLA volume fraction increases from 21.5 vol% to 27.6 

vol% to 34.8 vol%.  These values are in agreement with the composite dielectric 

constants predicted by Lichtenecker’s rule.  After degradation and extraction of PLA, the 

resulting nanoporous PPFS films have significantly lower dielectric constants compared 

to those of their parent block copolymers as well as PPFS homopolymer.  In fact, their 

dielectric constants are all below 2.0 and thus extend into the ultra-low-κ regime.  As 

seen from Table 4.2, the dielectric constant of the degraded films depends on the 

porosity; higher PLA content results in a higher porosity in the degraded sample and 

hence a lower dielectric constant.  The resulting dielectric constants for the nanoporous 

PPFS films thus range from 1.90 for a porosity of 21.5 vol% to 1.66 for a porosity of 34.8 

vol%.  These values are also in agreement with those predicted using Equation 4.1.  This 

approach to ultra-low-κ materials thus provides tunability over the resulting dielectric 

constant through the manipulation of the PLA volume fraction in the parent block 

copolymer.  Adjusting the molecular weight characteristics (total molecular weight, 

relative volume fraction) of PLA/PPFS block copolymers therefore provides control over 

both the size and spacing of the nanopores in the PPFS films as well as their overall 

dielectric constants.   
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CONCLUSIONS 

In this chapter, we explored three different degradable polymers as sacrificial 

blocks for the creation of nanoporous PPFS films.  Our results indicate that PMMA is 

UV-degradable, but the strong UV absorption of PPFS prevents the complete degradation 

of PMMA in bulk films of PPFS/PMMA.  Due to UV absorption of PPFS, we 

investigated polymers that utilize an alternative degradation process; we demonstrated 

that PCL is hydrolytically degradable via an acid-catalyzed mechanism in films of 

PCL/PPFS.  1H NMR analysis, however, consistently revealed proton contributions from 

PCL after degradation, indicating an incomplete degradation of PCL.  As such, we 

investigated PLA as a sacrificial block because of its faster degradation and smaller 

degradation products.  Our results indicate the PLA can be quantitatively removed from 

PLA/PPFS to yield nanoporous PPFS films.   

During the degradation and extraction of the sacrificial PLA block, the original 

morphologies of the parent block copolymers are maintained exactly.  As such, the shape 

and distribution of the resultant nanopores can be manipulated via the molecular weight 

characteristics of the parent block copolymers, governed by block copolymer phase 

behavior.  Dielectric constant measurements indicate that these nanoporous fluorinated 

films all have dielectric constants less than 2.0, making these materials promising 

candidates for interlayer metal insulators in next-generation microelectronics.  The 

resulting dielectric constant of these nanoporous PPFS films can be directly tuned by 

adjusting the PLA volume fraction in the parent block copolymers.   
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Table 4.1. Physical Characteristics of PCL/PPFS and PLA/PPFS Block Copolymers. 

 
Nomenclature Mn,macro

a 

(kg/mol) 

PDImacro Mn, total
b 

(kg/mol) 

PDIblock vPCL/PLA
c Morphology 

PCL/PPFS 5/24 5.0 1.03 28.9 1.05 20.0 BCC spheres 

PCL/PPFS 7/25 6.9 1.06 31.7 1.10 25.0 HCP cylinders of 
PCL 

PLA/PPFS 9/37 9.0 1.05 46.0 1.11 21.5 HCP cylinders of 
PLA 

PLA/PPFS 5/18 5.1 1.05 23.0 1.09 27.6 HCP cylinders of 
PLA 

PLA/PPFS 7/15 6.8 1.05 21.9 1.22 34.8 cubic gyroid 

aNumber-average molecular weight of the PCL-Br or PLA-Br macroinitiator; measured by GPC using a 
dn/dc value of 0.0795 for PCL43 and 0.054 for PLA,55 respectively.   

bNumber-average molecular weight of the block copolymer; calculated using molar compositions from 1H 
NMR and the macroinitiator Mn from column 2.   

cVolume fraction of the PCL or the PLA block; calculated using molar compositions from 1H NMR and 
polymer densities of ρPPFS = 1.55 g/cm3, ρPCL

44 = 1.20 g/cm3 (at 25 °C), and ρPLA 56 = 1.25 g/cm3.   
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Table 4.2. Dielectric Constants of the Parent and Degraded Block Copolymers of 
PLA/PPFS. 

 
Nomenclature vPLA

a Predicted κc 
before 

degradationb 

Experimental κc 
before 

degradation 

Predicted κc 
after 

degradationb 

Experimental κc 
after degradation

PLA/PPFS 9/37 21.5 2.41 2.39 ± 0.02 1.91 1.90 ± 0.05 

PLA/PPFS 5/18 27.6 2.45 2.46 ± 0.02 1.82 1.84 ± 0.02 

PLA/PPFS 7/15 34.8 2.49 2.50 ± 0.02 1.71 1.66 ± 0.07 

aVolume fraction of PLA; calculated using molar compositions from 1H NMR and polymer densities ρPPFS 
= 1.55 g/cm3 and ρPLA

56 = 1.25 g/cm3.   

busing Lichtenecker’s rule with κPPFS = 2.28, κPLA = 2.95, and κair = 1.0. 
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Figure 4.1. 1H NMR spectrum of PMMA/PPFS 11.1/21.2 in deuterated chloroform 
(a) as-synthesized; (b) after 12 hours UV irradiation and 24 hours of 
glacial acetic acid soak; (c) after 12 hours UV irradiation and 24 hours 
of methanol soak.  The asterisk denotes residual acetic acid in the film.  
The proton contributions are labeled for clarity.  The chemical structure 
of PPFS/PMMA is provided in the inset for reference. 
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Figure 4.2. UV-vis absorption spectrum of PPFS.   

220 240 260 280 300 320 340
0.0

0.2

0.4

0.6

0.8

1.0

1.2
A

bs
or

ba
nc

e 

Wavelength (nm)



 122

 

Figure 4.3. Synthetic route for synthesizing and converting (a) poly(ε-caprolactone), 
PCL, and (b) poly(D,L-lactide), PLA, into macroinitiators for the addition 
of a polypentafluorostyrene  (PPFS) second block.  
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Figure 4.4. Gel permeation chromatography traces with tetrahydrofuran as the 
eluent at 1 mL/min of PCL 7 before functionalization (dashed line; 6.9 
kg/mol, PDI = 1.06) and after bromine functionalization to become a 
macroinitiator for ATRP (solid line; 6.9 kg/mol, PDI = 1.06). 

 

 

 

 

 

 

 

 
 
 
 

Figure 4.5. Gel permeation chromatography traces with tetrahydrofuran as the 
eluent at 1 mL/min of PCL-Br 7 (dashed line; 6.9 kg/mol, PDI = 1.06) 
and PCL/PPFS 7/25 (solid line; PDI = 1.10). 
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Figure 4.6. 1H NMR spectrum of PCL/PPFS 7/25 in deuterated chloroform.  The 
proton contributions are labeled for clarity.  The chemical structure of 
PCL/PPFS is provided in the inset for reference. 
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Figure 4.7. Small-angle X-ray scattering profiles obtained at 65 °C of (a) PCL/PPFS 
5/24 and (b) PCL/PPFS 7/25 after thermal annealing.  The traces have 
been shifted along the y-axis for clarity.  PCL/PPFS 5/24 is plotted as I 
and adopts a body-centered cubic morphology (PCL spheres), while 
PCL/PPFS 7/25 is plotted as qI and adopts a hexagonally-packed 
cylindrical morphology (PCL cylinders).  The triangles represent the 
expected reflections based on the primary peak position for the body-
centered cubic (1, √2, √3) and hexagonal-packed cylindrical (1, √3, √4, 
√7, √9) morphologies.   
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Figure 4.8. Gel permeation chromatography traces with tetrahydrofuran as the 
eluent at 1 mL/min of PCL/PPFS 7/25 before degradation (dashed line; 
PDI = 1.10) and after degradation of PCL in a 10:1 v:v methanol:2M 
HCl solution at 50 °C for 9 days (solid line; PDI = 1.05). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9. Differential scanning calorimetry scans acquired on heating at 10 
°C/min of PCL/PPFS 7/25 (a) before degradation and (b) after 
degradation of PCL in a 10:1 v:v methanol:2M HCl solution at 50 °C for 
9 days.  The traces have been shifted along the y-axis for clarity. 
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Figure 4.10. Transmission electron micrograph of PCL/PPFS 7/25 after degradation 
of PCL in a 10:1 v:v methanol:2M HCl solution at 50 °C for 9 days 
illustrating pores running in-plane.  The dark regions are PPFS, and the 
light regions are the pores left after the PCL has been degraded and 
extracted.  The varying shades of grey are due to thickness 
nonuniformities in the film introduced during microtoming.  The 
cylinder alignment is an artifact of the induced shear from the high-
temperature molding process during sample preparation.   
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Figure 4.11. Small-angle X-ray scattering profiles obtained at 65 °C of PCL/PPFS 
7/25 (a) after degradation of PCL in a 10:1 v:v methanol:2M HCl 
solution at 50 °C for 9 days and (b) before degradation.  The profiles 
have been normalized against the scattered intensity of the primary peak 
from a silver behenate standard collected for the same length of time and 
on the same day.   This normalization accounts for drifts in the incident 
X-ray intensity over time.  The triangles represent the expected 
reflections based on the primary peak positions for the hexagonally-
packed cylindrical (1, √3, √4, √7, √9, √13) morphology.   
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Figure 4.12. 1H NMR spectrum of PCL/PPFS 7/25 in deuterated chloroform (a) after 
degradation of PCL in 10:1 v:v methanol:2M HCl solution at 50 °C for 9 
days and (b) before degradation.  The proton contributions have been 
labeled for clarity.  The chemical structure of PCL/PPFS is provided in 
the inset for reference. 
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Figure 4.13. Gel permeation chromatography traces with tetrahydrofuran as the 
eluent at 1 mL/min of PLA 9 before (dashed line; 9.0 kg/mol, PDI = 
1.05) and after bromine functionalization to become a macroinitiator for 
ATRP (solid line; 9.0 kg/mol, PDI = 1.05). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.14. Gel permeation chromatography traces with tetrahydrofuran as the 
eluent at 1 mL/min of PLA macroinitiator (dashed line; 9.0 kg/mol, PDI 
= 1.05) and PLA/PPFS 9/37 (solid line; PDI = 1.10).  The large peak in 
the dashed trace at 20 min is from residual solvent in the PLA sample.  
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Figure 4.15. 1H NMR spectrum of PLA/PPFS 9/37 in deuterated chloroform.  The 
proton contributions are labeled for clarity.  The chemical structure of 
PLA/PPFS is provided in the inset for reference. 
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Figure 4.16. Room-temperature small-angle X-ray scattering profiles of (a) 
PLA/PPFS 9/37, (b) PLA/PPFS 5/18, and (c) PLA/PPFS 7/15.  The 
traces have been shifted along the y-axis for clarity.  PLA/PPFS 5/18 
and PLA/PPFS 9/37 are plotted as qI and they adopt a hexagonally-
packed cylindrical morphology (PLA cylinders), while PLA/PPFS 7/15 
is plotted as I and adopts a bicontinuous gyroid morphology.  The 
triangles represent the expected reflections based on the primary peak 
position for the cylindrical (1, √3, √4, √7, √9) and gyroid (√3, √4, √11, 
√12, √19, √20, √21) morphologies.   
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Figure 4.17. Gel permeation chromatography traces with tetrahydrofuran as the 
eluent at 1 mL/min of PLA/PPFS 9/37 before degradation (dashed line; 
PDI = 1.10) and after degradation of PLA in a 10:1 v:v methanol:2M 
HCl solution at 50 °C for 7 days (solid line; PDI = 1.06). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.18. Transmission electron micrographs of PLA/PPFS 9/37 after degradation 
of PLA in a 10:1 v:v methanol:2M HCl solution at 50 °C for 7 days with 
cylinders organized on a hexagonal lattice running (a) in-plane and (b) 
out-of-plane.  The dark regions are PPFS, and the light regions are the 
pores left after the PLA has been degraded and extracted.  The varying 
shades of grey are due to thickness nonuniformities in the film 
introduced during microtoming.  The cylinder alignment is an artifact of 
the induced shear from the high-temperature molding process during 
sample preparation.  
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Figure 4.19. Room-temperature small-angle X-ray scattering profiles of PLA/PPFS 
9/37 (a) after degradation of PLA in a 10:1 v:v methanol:2M HCl 
solution at 50 °C for 7 days and (b) before degradation.  The profiles 
have been normalized against the scattered intensity of the primary peak 
from a silver behenate standard collected for the same length of time and 
on the same day.   This normalization accounts for drifts in the incident 
X-ray intensity over time.  The triangles represent the expected 
reflections based on the primary peak positions for the hexagonally-
packed cylindrical (1, √3, √4, √7, √9, √13) morphology.   
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Figure 4.20. 1H NMR spectrum of PLA/PPFS 9/37 in deuterated chloroform (a) after 
degradation of PLA in 10:1 v:v methanol:2M HCl solution at 50 °C for 
7 days and (b) before degradation.  The proton contributions have been 
labeled for clarity.  The chemical structure of PLA/PPFS is provided in 
the inset for reference. 

6 5 4 3 2 1

 

5.4 5.2 5.0 4.8
 

D
C

B

A

*

D
C

B

A

(b)

(a)

Chemical shift (ppm)



 136

REFERENCES 

1. Moore, G.E. Electron.  1965, 38, 114. 

2. Shamiryan, D.; Abell, T.; Iacopi, F.; Maex, K. Mater. Today 2004, 7, 34. 

3. Xu, Y.; Zheng, D.W.; Tsai, Y.; Tu, K.N.; Zhao, B.; Liu, Q.-Z.; Brongo, M.; Ong, 
C.W.; Choy, C.L..; Sheng, G.T.T.; Tung, C.H. J. Electron. Mater. 2001, 30, 309. 

4. Jin, C.; Lin, S.; Wetzel, J.T. J. Electron. Mater. 2001, 30, 284. 

5. The International Technology Roadmap for Semiconductors, Semiconductor 
Industry Association, San Francisco, CA, 2007. 

6. Maier, G. Prog. Polym. Sci. 2001, 26, 3. 

7. Carter, K.R.; Dipietro, R.A.; Sanchez, M.I.; Swanson, S.A. Chem. Mater. 2001, 
13, 213. 

8. Fu, G.-D.; Zhang, Y.; Kang, E.-T.; Neoh, K.-G. Adv. Mater. 2004, 16, 839. 

9. Wang, W.-C.; Vora, R.H.; Kang, E.-T.; Neoh, K.-G.; Ong, C.K.; Chen, L.-F. Adv. 
Mater. 2004, 16, 54. 

10. Chen, Y.W.; Wang, W.-C.; Yu, W.H.; Kang, E.-T.; Neoh, K.-G.; Vora, R.H.; 
Ong, C.K.; Chen, L.-F. J. Mater. Chem. 2004, 14, 1406. 

11. Fu, G.-D.; Shang, Z.; Hong, L.; Kang, E.-T.; Neoh, K.-G. Adv. Mater. 2005, 17, 
2622. 

12. Pai, R.A.; Humayun, R.; Schulberg, M.T.; Sengupta, A.; Sun, J.-N.; Watkins, J.J. 
Science 2004, 303, 507. 

13. Hillmyer, M.A. Adv. Polym. Sci. 2005, 190, 137. 

14. Hermans, T.M.; Choi, J.; Lohmeijer, G.G.; Dubois, G.; Pratt, R.C.; Kim, H.-C.; 
Waymouth, R.M.; Hedrick, J.L. Angew. Chem., Int. Ed. 2006, 45, 6648. 

15. Matsen, M.W.; Bates, F.S. Macromolecules 1996, 29, 1091. 

16. Han, L.M.; Timmons, R.B.; Lee, W.W.; Chen, Y.; Hu, Z. J. Appl. Phys. 1998, 84, 
439. 

17. Wochnowski, C.; Shams Eldin, M.A.; Metev, S. Polym. Degrad. Stab. 2005, 89, 
252. 



 137

18. Anderson, C.C.; Krasicky, P.D.; Rodriguez, F.; Namaste, Y.; Obendorf, S.K.; In 
Polymers in Electronics; Davidson, T., Ed.; American Chemical Society: New 
York, 1984. 

19. Xu, T.; Kim, H.-C.; DeRouchey, J.; Seney, C.; Levesque, C.; Martin, P.; Stafford, 
C.M.; Russell, T.P. Polymer 2001, 42, 9091. 

20. Bang, J.; Kim, S.H.; Drockenmuller, E.; Misner, M.J.; Russell, T.P.; Hawker, C.J. 
J. Am. Chem. Soc. 2006, 128, 7622. 

21. Eschbach, F.O.; Huang, S.J.; Cameron, A.J. J. Bioact. Compat. Polym. 1994, 45, 
347. 

22. Huang, M.-H.; Li, S.; Hutmacher, D.W.; Schantz, J.-T.; Vacanti, C.A.; Braud, C.; 
Vert, M. J. Biomed. Mater. Res. A 2004, 69A, 417. 

23. Geng, Y.; Discher, D.E. Polymer 2006, 47, 2519. 

24. Ho, R.-M.; Wang, T.-C.; Lin, C.-C.; Yu, T.-L. Macromolecules 2007, 40, 2814. 

25. Li, S.; McCarthy, S. Biomater. 1999, 20, 35. 

26. Grabovac, V.; Bernkop-Schnuerch, A. Drug Dev. Ind. Pharm. 2007, 33, 767. 

27. Zhou, S.; Song, B.; Li, X. J. Mater. Sci., Mater. Med. 2007, 18, 1623. 

28. Ip, W.-K.; Gogolewski, S. Macro. Symp. 2007, 253, 139.  

29. Wan, Y.; Fang, Y.; Wu, H.; Cao, X. J. Biomed. Mater. Res., A 2007, 80A, 776. 

30. Crossland, E.J.W.; Ludwigs, S.; Hillmyer, M.A.; Steiner, U. Soft Matter 2007, 3, 
94. 

31. Chen, L.; Phillip, W.A.; Cussler, E.L.; Hillmyer, M.A. J. Am. Chem. Soc. 2007, 
129, 13786. 

32. Bailey, T.S.; Rzayev, J.; Hillmyer, M.A. Macromolecules 2006, 39, 8772. 

33. Rzayev, J.; Hillmyer, M.A. Macromolecules 2005, 38, 3. 

34. Matsen, M.W. Eur. Phys. J. E 2006, 21, 199. 

35. Thurn-Albrecht, T.; Steiner, R.; DeRouchey, J.; Stafford, C.M.; Huang, E.; Bal, 
M.; Tuominen, M.; Hawker, C.J.; Russell, T.P. Adv. Mater. 2000, 12, 787. 

36. Fu, G.-D.; Yuan, Z.; Kang, E.-T.; Neoh, K.-G.; Lai, D.M.; Huan, A.C.H. Adv. 
Funct. Mater. 2005, 15, 315. 



 138

37. Li, T.; Zhou, C.; Jiang, M. Polym. Bull. 1991, 25, 211. 

38. Borkar, S.; Jankova, K.; Siesler, H.W.; Hvilsted, S.  Macromolecules 2004, 37, 
788. 

39. Mori, S. Anal. Sci. 1990, 6, 27. 

40. Matyjaszewski, K.; Xia, J. Chem. Rev.  2001, 101, 2921. 

41. Jacobs, C.; Jerome, D.R.; Teyssie, P. Macromolecules 1991, 24, 3027. 

42. Meng, F.; Xu, Z.; Zheng, S. Macromolecules 2008, 41, 1411. 

43. Polymer Handbook, 4th ed.; Brandrup, J., Immergut, E.H., Grulke, E.A., Eds.; 
Wiley-Interscience: New York, 1999; p VII-598. 

44. Polymer Data Handbook; Mark, J.E., Ed.; Oxford University Press: New York, 
1999; p 362. 

45. Granville, A.M.; Boyes, S.G.; Akgun, B.; Foster, M.D.; Brittain, W.J. 
Macromolecules 2005, 38, 3263. 

46. Nojima, S.; Kiji, T.; Ohguma, Y. Macromolecules 2007, 40, 7566. 

47. Shibayama, M.; Hashimoto, T.; Hiromichi, K. Macromolecules 1983, 16, 16. 

48. Jung, J.H.; Ree, M.; Kim, H. Catal. Today 2006, 115, 283. 

49. Hougham, G.; Cassidy, P. E.; Johns, K.; Davidson, T., Eds. Fluoropolymers 2: 
Properties; Plenum Publishers: New York, 1999. 

50. Zalusky, A.S.; Olayo-Valles, R.; Taylor, C.J.; Hillmyer, M.A. J. Am. Chem. Soc. 
2001, 123, 1519. 

51. Chen, D.R.; Bei, J.Z.; Wang, S.G. Polym. Degrad. Stab. 2000, 67, 455. 

52. Ikada, Y.; Tsuji, H. Macromol. Rapid Commun. 2000, 21, 117. 

53. Hunt, B.J.; James, H.I. Polymer Characterization; Springer Press: New York, 
1993. 

54. Dayananda, K.; Pi, B.S.; Kim, B.S.; Park, T.G.; Lee, D.S. Polymer 2007, 48, 758. 

55. Nouvel, C.; Dubois, P.; Dellacherie, E.; Six, J.-L. J. Polym. Sci. A, Polym. Chem. 
2004, 42, 2577. 



 139

56. Polymer Data Handbook; Mark, J.E., Ed.; Oxford University Press: New York, 
1999; p 628. 

57. Mao, H.; Hillmyer, M.A. Soft Matter 2006, 2, 57. 

58. Lynd, N.; Hillmyer, M.A. Macromolecules 2005, 38, 8803. 

59. Lichtenecker, K. Phys. Z. 1926, 27, 115. 

60. Nakagawa, T.; Nakiri, T.; Hosoya, R.; Tajitsu, Y. Proceeding for the 7th 
International Conference on Properties and Applications of Dielectric Materials, 
IEEE 2003, 2, 499. 



 140

Chapter 5.  Microphase Separation in Double Hydrophilic Block 
Copolymers 

INTRODUCTION 

A double hydrophilic block copolymer (DHBC) is a block copolymer consisting 

of two water-soluble segments with different chemical funcationalities.1  DHBCs have 

generated much scientific research in the past few decades1 due to their unique properties, 

such as biocompatibility,2 adjustable amphilicity,3,4 and self assembly in solution5.  

DHBCs have been shown to be effective templates for growing inorganic compounds 

with unique crystalline morphologies,6 drug- and protein-delivery systems,7,8 and 

templates for developing organic-inorganic colloids.9,10  For these applications, one block 

of the DHBC promotes aqueous dissolution but is otherwise inert, while the other block 

contains functional moieties that not only improve the water solubility of the DHBC but 

also interacts with an additive (e.g., inorganic salts, proteins, drug compounds) in the 

solution.  For instance, the Hadjichristidis group recently reported the use of DHBCs of 

poly(ethylene oxide-b-2-(dimethylamino)ethyl methacrylate), PEO/PDMAEMA, block 

copolymers as templates for drug delivery vesicles.7  After synthesis, the PDMAEMA 

block was converted into a zwitterionic (i.e., containing both positive and negative 

charges located on different atoms) polymer via the addition of 2-ethoxy-2-oxo-1,3,2-

dioxaphospholane to its tertiary amine groups.  The addition of a zwitterionic 

phospholipid drug to aqueous solutions of this DHBC induced the aggregation of the 

drug compound with the functionalized PDMAEMA block.  This self assembly in turn 

resulted in bilayer vesicles 150 – 400 nm in diameter, having a biocompatible PEO outer 

corona and a drug-containing inner core.  Figure 5.1 shows a cartoon representation of 
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the self assembly of these DHBCs after the addition of the antiparasitic molecules to 

create vesicles. 

Another example involves the self assembly of DHBCs containing PEO and 

poly(methacrylic acid), PMAA, in the presence of calcium chloride and sodium 

carbonate to induce the crystallization of calcium carbonate (CaCO3).6  Typically, CaCO3 

forms rhombohedral crystals when sodium carbonate is mixed with calcium chloride in 

water.1  Figure 5.2 includes a cartoon representation of this rhombohedral crystal when x 

= 0 (i.e., no block copolymer present).  In the presence of PEO/PMAA at basic pHs, 

however, these salts react to form CaCO3 crystals with unusual morphologies, including 

rods, ellipsoids, spheres, twinned superstructures, and dummbells, due to the interactions 

of the calcium ions with the negatively-charged PMAA block.  Figure 5.2 schematizes 

these crystal morphologies as a function of solution pH and concentration of 

PEO/PMAA.6  Since many of the properties of inorganic crystals are dictated by their 

shapes,11 this facile synthesis of complex and unusual CaCO3 crystal structures can 

significantly expand their applications.  For instance, monodisperse CaCO3 spheres have 

the potential to be effective fillers for the production of defect-free ceramics at low-

sintering temperatures.12  The use of DHBC solutions to grow unusual crystal 

morphologies has been shown with a variety of other inorganic compounds, including 

barium sulfate,13 zinc oxide,14 and calcium phosphate.15 

A limitation to using DHBCs has been their controlled synthesis.  While not all 

applications require well-defined DHBCs, the reproducibility and effectiveness of 

applications, such as drug- and protein-delivery micellar systems, can be improved by the 

use of monodisperse DHBCs because monodisperse DHBCs form micelles with narrow 

size distributions and consequently more uniform drug and protein loading.16  

Additionally, monodisperse DHBCs are able to template crystals with more uniform size 
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distributions.17,18  The polar functional groups previously mentioned that impart an 

aqueous solubility to DHBCs, however, prevent their direct synthesis by traditional living 

polymerizations (anionic and cationic).  Specifically, the presence of polar functional 

groups in water-soluble monomers is too destabilizing for the anionic and cationic 

propagation sites in traditional living polymerization.19  The first attempt to overcome 

this challenge relied on post-polymerization hydrolysis reactions of anionically-

synthesized polymers to convert them into DHBCs; monomers with their hydroxyl and 

acidic groups protected via substitution of a tert-butyl group for the O-H proton can be 

polymerized directly via an anionic mechanism and converted to their water-soluble acid 

or alcohol forms using a post-polymerization acidic hydrolysis step.20-22  For example, the 

Pispas group synthesized poly(p-tert-butoxystyrene-b-tert-butyl methycrylate), 

PtBOS/PtBMA, via anionic polymerization.23  After synthesis, this block copolymer was 

converted to poly(p-hydroxystyrene-b-methacrylic acid), a DHBC, via acidic hydrolysis 

of the tert-butyl groups, which converted PtBOS into an alcohol-containing polymer and 

PtBMA into an acid-containing polymer.  Another approach to synthesizing well-defined 

DHBCs involves the coupling of commercially-available end-functionalized water-

soluble polymers, such as PEO, with polysaccharides, such as dextran.23  

These approaches, however, are still restricted to certain types of polar functional 

groups; they allow the creation of DHBCs containing carboxylic acids, alcohols, tertiary 

amines, and ether moieties.1  The advent of controlled free-radical polymerizations, such 

as atom transfer radical polymerization (ATRP) and reversible addition-fragmentation 

chain transfer polymerization (RAFT), have expanded the library of monomers that are 

directly polymerizable to create DHBCs, including primary amines, imidazoles, and 

amides.24-27  In addition, both RAFT and ATRP can be used to directly polymerize 

monomers containing these functionalities, eliminating the need for complicated 
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protecting chemistry or post-polymerization functionalization.  As mentioned in Chapter 

1, RAFT, however, is complicated by its need for chain transfer agents that are not often 

commercially available.28  As such, ATRP is the most facile polymerization method to 

directly synthesize a wide variety of DHBCs using commercially-available starting 

materials.1,26,27   

While many applications involving the self assembly of ATRP-derived DHBCs in 

solution have been explored,1,24-27 applications involving their self assembly in the solid 

state have been hindered by the lack of microphase separation in these DHBCs.  In many 

cases, the polar functional groups in DHBCs that promote solubility in an aqueous 

environment also facilitate interblock interactions, the most common of which is 

hydrogen bonding between polymeric acids and the ether oxygens in PEO-containing 

polymers.29-31  The presence of such interblock hydrogen bonding in DHBCs indicates 

strong attractive interactions between the two blocks, signifying a low χ.  These block 

copolymers are therefore frequently homogenous melts in the solid state.  Previous work 

to eliminate hydrogen bonding between these two types of polymers and to effectively 

increase χ has relied on neutralization of the polymer acid to eliminate the interpolymer 

interactions in blends of polyacrylic acid (PAA) and PEO.32,33  The neutralization of PAA 

results in macroscopic phase separation of the two polymers.  While this approach 

effectively disrupts hydrogen bonding between the two polymer types, it necessitates the 

removal of the acid functionality of PAA.  Another study noted a decrease in the degree 

of complexation between blends of PEO and PAA in aqueous solutions upon addition of 

dioxane, but the presence of hydrogen bonding was still detected at all dioxane solvent 

percentages investigated (up to 40 vol% dioxane).34  This study suggested that dioxane 

was able to reduce the interblock hydrogen bonding between PEO and PAA by hydrogen 

bonding to the acrylic acid groups in PAA.   
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The Watkins group recently reported the addition of low molecular weight 

polymeric acids, such as PAA, to commercially-available triblock copolymers of PEO 

and poly(propylene oxide), PPO, PEO/PPO/PEO, to induce microphase separation.35  

These triblock copolymers are typically disordered in the solid state due to their low 

molecular weights (≤14.5 kg/mol) and their inherently low interblock segregation 

strength (χPEO/PPO ~ 0.10 at 25 °C).36  The addition of a polymeric acid that selectively 

hydrogen bonds with the PEO block increases the effective χ between PEO and PPO and 

thereby promoting microphase separation.  This approach for creating microphase-

separated DHBCs in the solid state, however, is limited in its scope.  It is only effective 

with DHBCs with no intrinsic interblock hydrogen bonding; additionally, these DHBCs 

must be able to selectively accept hydrogen bonds (from the added polymeric acid) with 

only one block of the DHBC to increase its effective χ.   

In this chapter, we report the controlled synthesis of poly(oligoethylene oxide 

methyl ether methacrylate), PEGMA, a methacrylate-based polymer with PEO pendant 

chains 8-9 units long, and poly(2-acrylamido-2-methyl-1-propanesulfonic acid), 

PAAMPSA, an acrylamide-based polymer with a sulfonic acid moiety via ATRP.  

Because PEGMA/PAAMPSA contains sulfonic acid groups in PAAMPSA and ether 

oxygens in PEGMA, this DHBC is subject to interblock hydrogen bonding.  We then 

demonstrate that we can disrupt this inherent interblock hydrogen bonding by solvent 

casting the block copolymer from solvents that are strong hydrogen bond acceptors to 

create periodic, ordered nanostructures in the solid state.     

Synthesis of PEGMA/PAAMPSA 

In order to make well-defined block copolymers of PEGMA/PAAMPSA, 

monomodal PEGMA macroinitiators with narrow molecular weight distributions were 

synthesized by ATRP.  Their synthesis and use as macroinitiators for the addition of 
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AAMPSA was characterized by GPC.  We started with the sodium salt form of the 

AAMPSA monomer instead of polymerizing the acid form directly because acids can 

protonate the amine coordinating ligands, thereby interfering with the propagation step of 

ATRP.37  After polymerization and cleanup, the PAAMPSA-Na block was converted to 

its acid form via ion exchange.  This conversion was monitored by pH measurements.  

Figure 5.3 shows the GPC traces of PEGMA/PAAMPSA 19/22 (solid line) and its 

PEGMA macroinitiator, PEGMA 19 (dashed line).  The GPC traces of both the block 

copolymer and the macroinitiator are monomodal and narrow, indicating that both are 

products of controlled polymerizations.  The GPC trace of PEGMA/PAAMPSA 19/22 

shows a clear shift to lower elution times compared to that of PEGMA 19, indicating an 

increase in the polymer molecular weight.  Because PEGMA is not soluble in THF, it had 

to be analyzed on the aqueous GPC system, which is not equipped with a light scattering 

detector.  The absolute molecular weight of the PEGMA macroinitiators thus cannot be 

determined in the same absolute manner as the other macroinitiators, as described 

previously in Chapters 3 and 4.  As such, the PEGMA macroinitiator molecular weights 

are PEO-equivalent molecular weights extracted from calibration curves of PEO, 

described in more detail in Chapter 2.   

The molecular weight of the PAAMPSA block is then determined using 1H NMR 

compositional analysis based on the PEGMA molecular weight.  Because the PEGMA 

molecular weight is not an absolute molecular weight, the PAAMPSA molecular weight 

is not absolute either.  Figure 5.4 shows the 1H NMR spectrum of PEGMA/PAAMPSA 

19/22; the chemical structure of PEGMA/PAAMPSA with the proton contributions 

labeled is provided for reference.  Peaks A (δ = 0.6-2.1 ppm) correspond to the methylene 

and methyl backbone protons in PEGMA (5 protons) as well as the methylene backbone 

protons, the methyne backbone proton, and the two methyl groups and methylene 
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adjacent to the amide functionality in PAAMPSA (11 protons).  Peak C (δ = 3.1-3.4 

ppm) corresponds to both the methoxy protons at the end of the PEO side chains in 

PEGMA, as well as the methylene protons immediately adjacent to the sulfonic acid 

functionality in PAAMPSA.  Peak D (δ = 4.0 ppm) is small and represents the methylene 

protons immediately adjacent to the carboxyl functionality of the first PEO repeat unit in 

the pendant chains of PEGMA.  The remaining PEO methylene protons appear as the 

large peak B (δ = 3.4-3.6 ppm).  Knowing the individual proton contributions, the molar 

composition of this block copolymer was determined to be 72.2 mol% PAAMPSA.  

Using a density of 1.32 g/cm3 for PAAMPSA and 1.25 g/cm3 for PEGMA, the volume 

fraction of this polymer was calculated to be 51.7 vol% PAAMPSA.  The PAAMPSA 

density was determined using a pycnometer with hexanes as the nonsolvent according to 

ASTM Test D-153-84 Method C.38  Because PEGMA is a liquid at room temperature 

(Tg,PEGMA = -65 °C),39 the PEGMA density was determined via gravimetric measurements 

performed on a known volume of polymer (using a volumetric flask).  Table 5.1 

combines the pertinent information from GPC and NMR results for the 

PEGMA/PAAMPSA block copolymers that are discussed in this chapter.   

Despite the use of PEO-equivalent molecular weights for PEGMA to determine 

the molecular weights of the PAAMPSA blocks, they allow us to compare their relative 

sizes.  For example, PEGMA 19 is larger than PEGMA 11.  The absolute molecular 

weight of PEGMA 19, however, may not be twice the size of its smaller counterpart, for 

the absolute size depends on how the hydrodynamic volume of PEGMA scales as a 

function of molecular weight as compared to that of the PEO standards used to create the 

calibration curve.  The hydrodynamic volume (Vh) for a given polymer is defined by the 

following equation:40 

A
M

V v
h 5.2

][η
=          Equation 5.1 
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In Equation 5.1, Mv is the viscosity-average molecular weight, A is Avogadro’s number, 

and [η] is the intrinsic viscosity.  The intrinsic viscosity is defined by the following 

equation:40 
a

vKM=][η        Equation 5.2 

In the above equation, K and a are the Mark-Houwink constants for a given polymer.  

These constants depend on the specific chemical structure of the polymer and its 

architecture, as well as the solvent and temperature employed during GPC analysis.40  For 

instance, it is well known that branched polymers have a smaller hydrodynamic volume 

than their linear counterparts at comparable molecular weights.41  Branched polymers 

therefore have lower values of Mark-Houwink constants compared to their linear 

counterparts.  For example, a study performed on a series of poly(methyl methacrylate), 

PMMA, homopolymers with varying degrees of branching determined a values ranging 

from 0.56 for the least branched PMMA to 0.26 for the most branched PMMA (compared 

to 0.72 for linear PMMA) in chloroform at 25 °C.42  Since PEGMA has a methacrylate 

backbone with PEO (avg. n = 8.5) pendant chains, it is therefore unlikely that its 

hydrodynamic volume would scale the same way with increasing molecular weight as 

linear PEO.   

Use of Selective Solvents to Induce Microphase Separation of PEGMA/PAAMPSA 

The solid-state morphologies of PEGMA/PAAMPSA can be obtained through 

structural characterization via SAXS.  Because the window between the Tg (~175 °C)43 

and the beginning decomposition temperature of the sulfonic acids (~190 °C)44 of 

PAAMPSA is small, melt processing of PEGMA/PAAMPSA is not possible.  We have 

therefore solvent-cast our polymers into films for SAXS.  To prepare these samples, 

PEGMA/PAAMPSA block copolymers were dissolved in the solvents of interest 

(methanol, water, DMSO, and DMF) at a 10 wt% concentration.  These solutions were 
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then placed in teflon dishes and the solvent left to evaporate either at room temperature 

(for methanol and water) or at 50 °C for DMF and DMSO.  Once the films were dried, 

they were placed in a vacuum oven at 50 °C overnight to remove any residual solvent 

from the films before performing SAXS.   

Figure 5.5 shows the SAXS profiles acquired on PEGMA/PAAMPSA 19/22 cast 

from all four of these solvents.  The SAXS profiles in Figures 5.5a and b are featureless, 

indicating that PEGMA/PAAMPSA 19/22 forms a single-phase, homogeneous melt 

when cast from methanol and water.  This observation is not surprising, given that the 

ether oxygens on the PEO side chains of PEGMA can complex with the sulfonic acid 

groups of PAAMPSA through hydrogen bonding.29-31  This intermolecular hydrogen 

bonding prevents microphase separation by contributing to a low χ in 

PEGMA/PAAMPSA.  The one-dimensional SAXS profiles of PEGMA/PAAMPSA 

19/22 cast from DMSO and DMF (Figures 5.5c and d), however, are drastically different.  

Specifically, the SAXS profiles exhibit a narrow and intense primary peak at q* = 0.12 

cm-1 and higher-order reflections at q/q* ratios of 2, 3, 4, 5, 6, 7, 8.  Figures 5.5c and d 

therefore indicate that PEGMA/PAAMPSA 19/22 is microphase separated when cast 

from both DMF and DMSO.  Given the positions of the higher-order reflections, 

PEGMA/PAAMPSA 19/22 readily adopts an alternating lamellar morphology cast from 

either DMF or DMSO.45  From the primary peak position, the characteristic lamellar 

repeat spacing is found to be 52.4 nm from Equation 2.7.  Given that the volume fraction 

of PAAMPSA is 51.7 vol%, the average thickness of the PAAMPSA lamellae is 

estimated to be 27.1 nm using Equation 2.8.   

The fact that eight orders of reflection are observed in PEGMA/PAAMPSA 19/22 

points to the high degree of order of the lamellar microdomains.  This observation is 

atypical in block copolymers with polydispersity indices (PDIs) ≥ 1.1.  For instance, the 
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Hillmyer group showed that the resolution of the higher-order peaks in SAXS profiles 

were markedly reduced for poly(ethylene-alt-propylene-b-D,L-lactide), PEP/PLA, block 

copolymers as the PDI of PEP/PLA increased from 1.16 to 1.34.46  In addition, the 

standard deviation in the lamellae thickness—extracted by analyzing the deviation of the 

SAXS primary peak position from that of its theoretical value derived from the form and 

structure factor curves using Scatter™ software—increased 30%, indicating that the 

increased PDI of the block copolymer introduces more disorder to the system.47  Despite 

having a PDI of 1.42, the SAXS trace of PEGMA/PAAMPSA 19/22 cast from either 

DMSO or DMF clearly shows a narrow primary peak and higher-order reflections, 

suggesting an unexpectedly well-ordered lamellar morphology.  This result implies that a 

sharp interface exists between the PEGMA and PAAMPSA microdomains when the 

interblock hydrogen bonding can be effectively eliminated.48 

That PEGMA/PAAMPSA 19/22 microphase separates when cast from DMSO is 

not unique to that particular block copolymer.  Figure 5.6 shows the one-dimensional 

SAXS profiles for PEGMA/PAAMPSA 11/33, PEGMA/PAAMPSA 59/17, 

PEGMA/PAAMPSA 9/17, and PEGMA/PAAMPSA 31/29 cast from DMSO.  The 

SAXS profile of PEGMA/PAAMPSA 11/33 seen in Figure 5.6a shows an intense 

primary peak at q* = 0.139 nm-1 with higher-order reflections at q/q* ratios of √3, √4, √7, 

and √9.  This spacing of the peaks corresponds to a hexagonally-packed cylindrical 

morphology (cylinders of PEGMA).45  Based on the primary peak position and a volume 

fraction of 74.0 vol% PAAMPSA, the characteristic spacing of the (10) planes of the 

hexagonal lattice is determined to be 45.2 nm (from Equation 2.7), and the average 

PEGMA cylinder radius is estimated to be 14.0 nm (from Equation 2.9).  The SAXS 

profile of PEGMA/PAAMPSA 59/17 seen in Figure 5.6b shows a primary peak at q* = 

0.115 nm-1 with higher-order reflections at q/q* ratios of √3, √4, √7, and √9.  These 
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relative peak positions indicate that PEGMA/PAAMPSA 59/17 adopts a hexagonally-

packed cylindrical structure (cylinders of PAAMPSA).45  Based on the primary peak 

position and a volume fraction of 21.7 vol% PAAMPSA, the characteristic spacing of the 

(10) planes is calculated to be 54.6 nm with an average PAAMPSA cylinder radius of 

15.4 nm (using Equations 2.7 and 2.9).  The SAXS profile of PEGMA/PAAMPSA 9/17 

in Figure 5.6c shows a primary peak at q* = 0.115 nm-1 with higher-order reflections at 

q/q* ratios of 2, 3, 4, 5, 6, 7, and 8.  These peak positions indicate that 

PEGMA/PAAMPSA 9/17 adopts an alternating lamellar morphology45 with a 

characteristic lattice spacing of 54.6 nm (from Equation 2.7).  Using a volume fraction of 

64.5 vol% PAAMPSA, the average thickness of the PAAMPSA lamellae is determined 

from Equation 2.8 to be 35.2 nm.  The SAXS profile of PEGMA/PAAMPSA 31/29 in 

Figure 5.6d shows a primary peak at q* = 0.115 nm-1 with higher-order reflections at q/q* 

ratios of 3, 5, and 7, also indicative of an alternating lamellar morphology.45  As seen 

from this figure, the even-order peaks (2, 4, 6) are suppressed.  The reduction in the 

intensity of the even-order structure factor peaks is a feature of symmetric block 

copolymers (~50 vol%) and is consistent with the calculated volume fraction of 46.8 

vol% PAAMPSA for PEGMA/PAAMPSA 31/29.49  This phenomenon can be explained 

by examining the form factor equation for the alternating lamellar morphology shown in 

Equation 2.11.  Substituting the expression for the lamellae thickness in Equation 2.8 into 

this form factor equation, we see that the lamellar form factor is proportional to 

sin(πqv/q*), where v is the volume fraction of the block copolymer and q is reciprocal 

spacing.  For symmetric block copolymers, this expression reduces to sin (0.5nπ).  The 

form factor is therefore reduced to zero at even values of n.  Given that the SAXS profile 

is a composite of the structure factor and form factor, the intensities at these positions are 

greatly suppressed for symmetric block copolymers.  The characteristic spacing of 
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PEGMA/PAAMPSA 31/29 is estimated to be 54.6 nm with an average PAAMPSA 

lamellae thickness of 25.6 nm, derived from its volume fraction and using Equations 2.7 

and 2.8.   

Similar to the SAXS profiles of PEGMA/PAAMPSA 19/22 cast from DMF and 

DMSO in Figures 5.5c and d, the SAXS profiles for PEGMA/PAAMPSA 9/17 and 

PEGMA/PAAMPSA 31/29 cast from DMSO also exhibit a large number of higher-order 

reflections, indicative of well-ordered lamellar microdomains.  This phenomenon 

suggests that DMSO and DMF are able to effectively disrupt the interblock hydrogen 

bonding between the ether oxygens of PEGMA and the sulfonic acid groups of 

PAAMPSA.    

While solvent casting PEGMA/PAAMPSA block copolymers from DMSO and 

DMF yielded highly-ordered microphase-separated structures, solvent casting the same 

block copolymers from methanol and water consistently yielded disordered melts.  

DMSO and DMF are polar aprotic solvents; they are known to be strong hydrogen-bond 

acceptors (HBA), with the highest HBA basicities among common organic solvents 

(0.710 for DMF and 0.752 for DMSO).50,51  In contrast, water and methanol are both 

protic solvents with lower HBA basicities (~0.2 for water and ~0.6 for methanol;  these 

values are less precise and more difficult to determine given that these solvents can 

hydrogen bond to themselves).51,52  In this standardized HBA basicity scale, the HBA 

basicity value for hexamethylphosphoramide is taken to be unity.50,51  Given the higher 

HBA basicities, DMF and DMSO can more readily accept hydrogen bonds from the 

sulfonic acid groups of PAAMPSA.  As opposed to hydrogen bonding with the ether 

oxygens of PEGMA (HBA basicity ~0.4; estimated based on alkyl ethers),50,51  the 

introduction of DMSO and DMF provides more favorable hydrogen-bonding sites for the 

sulfonic acid groups of PAAMPSA.52  Using DMSO and DMF as casting solvents thus 
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enabled the disruption of the interblock hydrogen bonding that would otherwise be 

present in PEGMA/PAAMPSA, promoting microphase separation.  On the other hand, 

methanol and water are not capable of disrupting the interblock hydrogen bonding 

between PEGMA and PAAMPSA because their HBA basicities are not sufficiently high.  

This observation is consistent with a study that revealed that small-molecule organic 

sulfonic acids, such as CH3SO3H and CF3SO3H, readily form hydrogen bonds with both 

DMF and DMSO, but they merely protonate water and methanol.53   

Fourier-transform infrared (FTIR) spectroscopy can be used to evaluate bond 

environments in PEGMA/PAAMPSA cast from different solvents.  The FTIR spectra are 

significantly different between homogeneous polymer melts and phase-separated 

polymers and can be used to assess hydrogen bonding between polymers in the solid 

state, as the interactions between miscible polymers (e.g., hydrogen bonding) can shift 

and broaden the vibrational band intensities compared to the spectra of pure 

components.54 Figure 5.7 shows the FTIR spectra acquired on PEGMA/PAAMPSA 

19/22 films cast from methanol and DMSO.  These spectra were acquired by casting       

1 wt% solutions of PEGMA/PAAMPSA 19/22 in their respective solvents on KBr salt 

pellets.  Samples were dried, first at room temperature, and then in a vacuum oven at     

50 °C overnight to drive off residual solvent.  As seen from this figure, there is no 

evidence of residual solvents in any of the FTIR spectra.  The dotted lines in Figure 5.7 

highlight key peaks that show differences between the two spectra.  For ease of 

comparison, only the spectra of PEGMA/PAAMPSA 19/22 cast from methanol and 

DMSO are shown; the FTIR spectrum of PEGMA/PAAMPSA 19/22 cast from water is 

identical to that of methanol (comparison shown in Figure 5.8a).  Additionally, its FTIR 

spectrum from DMF is identical to that from DMSO (comparison shown in Figure 5.8b).  

In Figure 5.7, the broad shoulder at 3460 cm-1 and the peak at 3300 cm-1 are associated 



 153

with the free OH and the NH stretch of the acrylamide groups of PAAMPSA, 

respectively.55  The peak at 1670 cm-1 is attributed to the carbonyl stretch of PAAMPSA, 

while the broad absorbance at 1180 cm-1 is associated with the sulfonic acid groups of 

PAAMPSA.55  

We observe considerable differences between the FTIR spectrum of 

PEGMA/PAAMPSA 19/22 cast from methanol compared to that of the same block 

copolymer cast from DMSO.  For instance, the FTIR spectrum of PEGMA/PAAMPSA 

19/22 cast from methanol at 3460 cm-1 is suppressed compared to that of the block 

copolymer cast from DMSO.  This comparison indicates a reduction in the free OH 

groups of PEGMA/PAAMPSA 19/22 cast from methanol, suggestive that these groups 

are hydrogen-bonded.55  Additionally, the peak at 3300 cm-1 is broader and shifted to 

lower wavenumbers for PEGMA/PAAMPSA 19/22 cast from methanol compared to that 

cast from DMSO.  The broadening and shift of this NH stretch indicate that the 

acrylamide protons in the methanol-cast film are hydrogen bonded.54,55  The same 

broadening is observed for the carbonyl peak at 1670 cm-1 in sample cast from methanol, 

suggesting multiple bonding environments for the carbonyl, presumably due to hydrogen 

bonding.31  Finally, we also observe an increase in intensity of the sulfonic acid peak at 

1180 cm-1 relative to the carbonyl peak at 1670 cm-1 in the methanol-cast film compared 

to that of the DMSO-cast film.  This increased intensity is attributed to the molecular 

associations of the sulfonic acid groups,55 presumably with the ether oxygens of the PEO 

side chains of PEGMA.  Collectively, these differences in the FTIR spectra between the 

cast PEGMA/PAAMPSA 19/22 films implicate the presence of interblock hydrogen 

bonding in the water- and methanol-cast films but not the DMF- and DMSO-cast films, 

consistent with our SAXS results shown in Figure 5.5.   
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Figure 5.9 compares the SAXS profiles of PEGMA/PAAMPSA 11/33 and the 

sodium salt form of the same block copolymer, PEGMA/PAAMPSA-Na 11/33, both 

from water.  While PEGMA/PAAMPSA 11/33 is homogeneous when cast from water 

(Figure 5.9a), PEGMA/PAAMPSA-Na 11/33 cast from water is microphase separated 

with a primary peak at q* = 0.139 nm-1 with higher-order reflections at q/q* ratios of √3, 

√4, √7, and √9 (Figure 5.9b).  In fact, this q* is identical to that of PEGMA/PAAMPSA 

11/33 cast from DMSO, previously described but shown again in Figure 5.9c for 

comparison.  Since the q* and higher-order reflections are the same for these two block 

copolymers, their lattice dimensions are identical.  The absence of the sulfonic acid 

functionality in PEGMA/PAAMPSA-Na 11/33 therefore allows the block copolymer to 

microphase separate when cast from water, similar to the work previously described with 

blends of PAA and PEO in which the PAA was neutralized to induce macroscopic phase 

separation.32,33  This observation demonstrates that interblock hydrogen bonding in 

PEGMA/PAAMPSA requires the presence of both the sulfonic acid groups of 

PAAMPSA and the ether oxygens of PEGMA to occur.  

CONCLUSIONS 

In this chapter, we demonstrated the controlled synthesis of PEGMA/PAAMPSA 

DHBCs via ATRP.  Because of hydrogen bonds between the ether oxygen atoms of 

PEGMA and the sulfonic acid groups of PAAMPSA, these polymers typically exist as 

single-phase homogenous melts in the solid state.  We showed that the use of strong 

hydrogen bond accepting solvents, such as DMF and DMSO, can disrupt this interblock 

hydrogen bonding and induce microphase separation into well-ordered nanostructures.  In 

the next chapter, we will investigate PEGMA/PAAMPSA block copolymers as templates 

for the synthesis of conductive polyaniline.  
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Table 5.1. Physical Characteristics of PEGMA/PAAMPSA Block Copolymers. 

Nomenclature Mn,PEO of 

PEGMAa 

(kg/mol) 

Mn of 

PAAMPSAb 

(kg/mol) 

PDI vPAAMPSA
c Morphology 

when cast 
from 

H2O/MeOH 

Morphology 
when cast 

from 
DMSO/DMF 

PEGMA/PAAMPSA 
19/22 

19.2 21.8 1.42 51.7 Disordered lamellar 

PEGMA/PAAMPSA 
11/33 

10.9 32.7 1.33 74.0 Disordered HCP cylinders 
of PEGMA 

PEGMA/PAAMPSA 
59/17 

59.0 17.2 1.37 21.7 Disordered  HCP cylinders 
of PAAMPSA 

PEGMA/PAAMPSA 
9/17 

9.1 17.4 1.45 64.5 Disordered lamellar 

PEGMA/PAAMPSA 
31/29 

31.2 29.4 1.34 47.2 Disordered lamellar 

aPEO-equivalent number-average molecular weight from aqueous GPC. 

bCalculated based on the PEO-equivalent molecular weight of the PEGMA macroinitiator and with molar 
compositions from 1H NMR analysis. 

cVolume fraction of PAAMPSA; calculated using polymer densities of ρPAAMPSA = 1.32 g/cm3 and ρPEGMA
 = 

1.25 g/cm3.   



 156

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1. Cartoon representation of the formation of drug-containing bilayer 
vesicles 150 – 400 nm in diameter upon the addition of a zwitterionic 
antiparasitic drug to a solution of poly(ethylene oxide-b-2-
(dimethylamino)ethyl methacrylate), PEO/PDMAEMA, in which the 
PDMAEMA block is modified by the addition of a zwitterionic 
phosphorous compound to its tertiary amine groups.7 
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Figure 5.2. Morphology map of calcium carbonate (CaCO3) crystals in the presence 
of poly(ethylene oxide-b-methacrylic acid), PEO/PMMA, showing the 
morphology dependence of CaCO3 on the pH and relative polymer 
concentration.  The observed structures include rods, ellipsoids, spheres, 
twinned superstructures, and dumbbells.  The rhombohedral crystal 
structure of CaCO3 formed in the absence of PEO/PMMA is also 
shown.6 
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Figure 5.3. Gel permeation chromatography traces with a 4:1 mixture of 0.1M 
aqueous sodium nitrate to acetonitrile as the eluent at 1 mL/min of 
PEGMA 19 (dashed line; Mn,PEO = 19.2 kg/mol, PDI = 1.20) and 
PEGMA/PAAMPSA 19/22 (solid line; PDI = 1.42). 
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Figure 5.4. 1H NMR spectrum of PEGMA/PAAMPSA 19/22 in deuterium oxide.  
The asterisk denotes the D2O solvent peak.  The proton contributions are 
labeled for clarity.  The chemical structure of PEGMA/PAAMPSA is 
provided in the inset for reference.   
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Figure 5.5. Room-temperature small-angle X-ray scattering profiles of 
PEGMA/PAAMPSA 19/22 cast from (a) methanol, (b) water, (c) DMF, 
and (d) DMSO.  The traces have been shifted along the y-axis for clarity.  
The SAXS traces of PEGMA/PAAMPSA 19/22 cast from methanol and 
water are plotted as I and reveal a homogenous, single-phase melt.  The 
SAXS traces of PEGMA/PAAMPSA 19/22 cast from DMSO and DMF 
are plotted as q2I and indicate an alternating lamellar morphology.  The 
triangles represent the expected reflections based on the primary peak 
position for the lamellar (1, 2, 3, 4, 5, 6, 7, 8) morphology.   
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Figure 5.6. Room-temperature small-angle X-ray scattering profiles of (a) 
PEGMA/PAAMPSA 11/33, (b) PEGMA/PAAMPSA 59/17, (c) 
PEGMA/PAAMPSA 9/17, and (d) PEGMA/PAAMPSA 31/29 cast from 
DMSO.  The traces have been shifted along the y-axis for clarity.  The 
SAXS traces of PEGMA/PAAMPSA 11/33 and PEGMA/PAAMPSA 
59/17 are plotted as qI and reveal cylindrical morphologies (cylinders of 
PEGMA and PAAMPSA, respectively).  The SAXS traces of 
PEGMA/PAAMPSA 9/17 and PEGMA/PAAMPSA 31/29 are plotted as 
q2I and reveal alternating lamellar morphologies.  The triangles 
represent the expected reflections based on the primary peak positions 
for the cylindrical (1, √3, √4, √7, √ 9) and lamellar (1, 2, 3, 4, 5, 6, 7, 8) 
morphologies.   
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Figure 5.7. Fourier-transform infrared spectroscopy spectra of PEGMA/PAAMPSA 
19/22 cast from (a) methanol and (b) DMSO.  The spectra have been 
shifted along the y-axis for clarity.  The dotted lines indicate peaks that 
denote differences between the two spectra. 
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Figure 5.8. Fourier-transform infrared spectroscopy spectra of PEGMA/PAAMPSA 
19/22 cast from different solvents, comparing (a) DMF (i) and DMSO 
(ii); and (b) methanol (i) and water (ii).  The spectra have been shifted 
along the y-axis for clarity.   
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Figure 5.9. Small-angle X-ray scattering profiles of (a) PEGMA/PAAMPSA 11/33 
cast from water, (b) PEGMA/PAAMPSA-Na 11/33 cast from water, and 
(c) PEGMA/PAAMPSA 11/33 cast from DMSO.  The traces have been 
shifted along the y-axis for clarity.  The SAXS trace of 
PEGMA/PAAMPSA 11/33 cast from water is plotted as I and reveals a 
homogenous, single-phase melt.  The SAXS traces of 
PEGMA/PAAMPSA-Na 11/33 cast from water and 
PEGMA/PAAMPSA 11/33 cast from DMSO are plotted as qI and reveal 
hexagonally-packed cylindrical morphologies (cylinders of PEGMA).  
The triangles represent the expected reflections based on the primary 
peak positions for the cylindrical (1, √3, √4, √7, √ 9) morphology.   
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Chapter 6.  Templating Polyaniline Synthesis with Hydrophilic Block 
Copolymers Containing PAAMPSA  

INTRODUCTION 

One of the most widely researched conductive polymers for organic electronic 

applications is polyaniline (PANI).1  First reported in 1862, PANI is one of the oldest 

known synthetic organic polymers.2  As synthesized, PANI consists of alternating 

reduced (amine) and oxidized (imine) repeat groups (the top structure in Figure 6.1), 

known as the emeraldine base form.3  In the presence of an acid dopant, the electrons 

along the PANI aromatic backbone become delocalized, enabling PANI to conduct 

holes.3  The conductive form of the polymer is known as the emeraldine salt form of 

PANI and is schematically shown in Figure 6.1 (bottom structure).  The presence of the 

rigid aromatic backbone of PANI promotes regular π stacking of its chains in the solid 

state, making PANI a semicrystalline polymer.4  Dubbed a “synthetic metal”, PANI is a 

good candidate for wiring in organic electronics because of its environmental stability, 

low cost, and facile synthesis by both chemical and electrochemical oxidation 

techniques.5   

PANI is typically synthesized by the oxidative polymerization of aniline in an 

acidic aqueous solution.4,5  The most common oxidizing agent used to initiate PANI 

synthesis is ammonium peroxydisulfate (APS).4,5  A variety of acid dopants, including 

HCl and n-dodecylbenzene sulfonic acid (DBSA), have been explored, with HCl being 

the most widely utilized.5  During the aniline polymerization, this solution becomes dark 

green, indicating that the conductive emeraldine salt form of PANI has been synthesized.  

After synthesis, this conductive PANI can be dedoped and consequently returned to its 

nonconductive emeraldine base form through the addition of a base, such as ammonium 
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hydroxide.  The emeraldine base form of PANI is dark blue in solution.  Because both the 

synthesis and dedoping of PANI involve changes in color, these processes can be 

monitored by UV-vis spectroscopy.4,5 

One of the main obstacles with the commercial viability of PANI is its limited 

processability.  PANI doped with small molecule acids, such as HCl, is conductive (10-1 

– 104 S/cm)6 but considered an intractable material because it decomposes before melting 

and is insoluble in most common organic solvents.6   PANI doped with small-molecule 

acids is therefore not melt or solution processible.  Its processability can be improved, 

however, by using polymeric acids to dope PANI.7-10  By using water-soluble polymeric 

acids, only some of the acid moieties in the polymer participate in the PANI doping 

process.  The presence of the remaining acid groups improves the aqueous dispersibility 

of the PANI-polymer acid complex.  The conductive polymer is therefore rendered 

water-dispersible through the use of polymeric acid dopants.  Typical conductivities for 

PANI doped with polymeric acids are in the range of 10-5 – 1 S/cm.7  The conductivities 

are lower for PANI doped with polymer acids, as compared to PANI doped with small-

molecule acids, because it has a limited crystallinity; PANI crystallinity is directly 

correlated to its resultant conductivities since more crystalline samples enable better 

charge transport through the film.6  The presence of the amorphous polymer acid dopant 

prevents large extents of regular π stacking, significantly reducing the crystallinity.6,7  In 

recent years, much of PANI research has focused on expanding its applications through 

the development of three-dimensional structures.  The past few decades has seen major 

growth in the area of nanostructured PANI, which includes nanotubes, nanofibers, 

nanorods, and nano- and microspheres.11-16   

For instance, one area of nanostructured PANI research has focused on creating 

nanometer-sized PANI channels in a nonconductive substrate.14,17-21  These embedded 
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conductive PANI nanowires are individually confined in a nonconductive matrix and can 

be utilized as isolated charge carriers in nanoelectronic devices.14,17  An interesting 

approach to creating PANI nanowires in a nonconductive polymer film is to take 

advantage of the long-range periodic ordering of block copolymers as templates.  In order 

to be successful, this technique requires PANI to preferentially associate with one of the 

blocks.  As such, the PANI-block copolymer complex can microphase separate in the 

solid state and self assemble into periodic nanostructures on the order of 5-50 nm, 

governed by the block copolymer phase behavior.18   

A recent attempt to template nanostructured PANI involved the polymerization of 

aniline in triblock copolymer films of polystyrene and polybutadiene, PS/PB/PS.19,20  In 

this approach, aniline and its dopant, DBSA, were added to PS/PB/PS that had been 

swollen with toluene.  The added aniline preferentially associates with the PS blocks.  

Upon addition of the APS oxidant, aniline is polymerized within the swollen film. SAXS 

performed on a film of PS/PB/PS (70 wt% PB) revealed no microphase separation in the 

solid state prior to PANI synthesis.  Ideally, the association of PANI with the PS block 

should increase the interblock segregation strength and induce microphase separation in 

the film after aniline polymerization.  The SAXS profile obtained on this film after 

aniline polymerization, however, reveals only a broad peak due to the correlation hole 

effect seen in disordered block copolymers.21  This peak arises from local concentration 

fluctuations in the homogenous melt.22  This result was attributed to PANI only weakly 

associating with PS,20 which did not sufficiently raise the effective χ between PS and PB 

to induce microphase separation.  Electrical measurements of these films after toluene 

evaporation indicated that their conductivities depended on PANI loading, with highest 

conductivity being 3 x 10-3 S/cm at 44 wt% PANI.  While these films were conductive, 

the formation of PANI nanostructures in the solid state was unsuccessful.   
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The Matjaszewski group also recently attempted to create conductive PANI 

nanowires in bulk polymer films using a template of a poly(methyl acrylate-b-2-

acrylamido-2-methyl-1-propanesulfonic acid), PMA/PAAMPSA, block copolymer.23  

PANI was first oxidatively synthesized separately using APS as the oxidant and HCl as 

the dopant.  This PANI was then dedoped after synthesis by stirring in an ammonium 

hydroxide solution.  PANI was then returned to its conductive emeraldine salt form 

through doping with AAMPSA monomer.  This AAMPSA-doped PANI was then 

blended with PMA/PAAMPSA block copolymers in dichloroacetic acid.  Bulk films (30 

– 50 μm) were obtained via solvent casting.  In solution, PANI hydrogen-bonds with 

PAAMPSA,24 resulting in PANI associating with the PAAMPSA block in the solid state.  

Atomic force microscopy (AFM) and SAXS performed on the PMA/PAAMPSA block 

copolymer template (16 wt% PAAMPSA) revealed no microphase separation in the solid 

state before blending.   Because of complexation between PANI and PAAMPSA,24 the 

addition of PANI to PMA/PAAMPSA block copolymers resulted in microphase-

separated morphologies with separate PMA domains and PANI-PAAMPSA domains 

upon solvent casting.  Specifically, AFM and SAXS showed an alternating lamellar 

morphology in these films upon addition of tetrameric aniline, an oligomer composed of 

4 phenyl rings in the backbone (analogous to the top structure in Figure 6.1 with x = 1).  

AFM performed on blends with longer PANI chains, however, showed that they formed a 

complex branched structure consisting of PANI/PAAMPSA-rich areas and PMA-rich 

areas.  This branched structure, however, did not correspond to any of the expected block 

copolymer morphologies.  SAXS performed on this film also showed only a broad peak 

from the correlation hole effect,22,23 indicating the absence of any long-range order.  

These films exhibited conductivities that also depended on PANI loading and were as 

high as 10 S/cm (at 15 wt% PANI) for blends with PANI; the conductivities of 
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PMA/PAAMPSA blended with tetrameric aniline were not determined.  This approach of 

forming PANI nanostructures in the solid state through blending with PMA/PAAMPSA 

therefore had limited success and depended on the length of the added PANI.   

In this chapter, we discuss the use of PEGMA/PAAMPSA block copolymers to 

template conductive, nanostructured PANI.  As seen from the study using blends of 

PMA/PAAMPSA with PANI and tetrameric aniline,23 PANI strongly associates with 

PAAMPSA in the solid state.24  Additionally, our group has shown that PAAMPSA is an 

effective polymer acid dopant and thus complexes with PANI during aniline 

polymerizations.7  As such, PANI should preferentially segregate into the PAAMPSA 

domains of PEGMA/PAAMPSA films.  As seen in Chapter 5, solvent casting 

PEGMA/PAAMPSA block copolymers from strong polar aprotic solvents, such as 

DMSO and DMF, results in well-ordered nanostructures in the solid state.  As opposed to 

the previous examples of PS/PB/PS and PMA/PAAMPSA,19,23 PEGMA/PAAMPSA is 

microphase separated and forms ordered structures in the solid state.  The use of a more 

ordered block copolymer to as a template for nanostructured PANI could improve the 

microphase separation of the PANI-block copolymer complex.   

An alternative research effort in developing nanostructured PANI is the synthesis 

of conductive spherical PANI nanoparticles.  Such PANI nanoparticles have been used as 

additives for electrorheological fluids,25,26 catalysts,27 and sensors for ammonia 

detection.28   Conductive PANI particle solutions have been used in inkjet printing 

operations to produce high-resolution conductive patterns for low-cost sensors28 and 

electrochromic devices.29  Several techniques for making spherical PANI nanoparticles 

have been employed thus far, including emulsion polymerization,30 interfacial 

polymerization,31,32 graft polymerization of aniline directly onto a spherical substrate,33,34 

and template polymerization of aniline using a micellar substrate.35-37  Of these 



 173

approaches, the most facile method for consistently synthesizing spherical nanoparticles 

is the use of a micellar template.  With this approach, amphiphilic block copolymers—

containing both a hydrophobic and a hydrophilic segment—self assemble in aqueous 

solutions to form micelles with a hydrophobic core and a hydrophilic corona.  When 

aniline is introduced to the micellar solution, it hydrogen-bonds with the hydrophilic 

corona of the micelles.36  During the subsequent aniline polymerization, PANI should 

ideally only deposit in the hydrophilic micellar corona.  The use of micelles to template 

PANI thus relies on the solution properties of the block copolymer template to create 

nanostructured PANI.  Analagous to the solid-state examples, this approach requires 

PANI to selectively associate with one of the blocks in solution (i.e., the hydrophilic 

corona) to create PANI nanoparticles 20 – 400 nm in diameter.35-37  The use of block 

copolymer micellar templates in solution, however, has proven to be more successful at 

synthesizing three-dimensional PANI nanoparticles than the use of block copolymer 

templates in the solid state.   

Previous examples that use block copolymer micellar templates for PANI 

synthesis have required the use of a small-molecule acid dopant, such as HCl, to produce 

conductive PANI.35-37  Because these small-molecule acid dopants are not physically or 

chemically attached to the micelles, they can freely diffuse throughout the solution upon 

addition.  In reality, aniline polymerization in the presence of a micellar substrate thus 

often occurs both within the micellar corona, as well as in the surrounding solution.35  

Though successful, the use of micellar substrates to template aniline polymerization has 

thus far not provided control over the size and size distribution of the resulting 

conductive particles.   

For instance, Sapurina and coworkers used a block copolymer of hydrophobic 

polystyrene, PS, and hydrophilic poly(ethylene oxide), PEO, as a micellar template for 
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PANI synthesis in an aqueous environment.35  Upon addition, aniline associates with the 

PEO corona via hydrogen bonding.36  Because HCl was used as the dopant, however, 

aniline polymerization occurs both in the hydrophilic micellar corona as well as in the 

surrounding solution.  Conductive PANI was therefore present in two forms—spherical 

nanoparticles that were template synthesized on the micelles, and larger PANI globules 

that resulted from the aggregation of PANI nanoparticles with PANI that had formed 

freely in solution.   

A similar study was conducted by Kim and coworkers where hydrophobically-

capped PEO were used to form micelles with a PEO corona in aqueous solutions.  A 

range of PEO molecular weights were explored so the thickness of the hydrophilic 

corona, and thus the micellar template size, could be altered.36  The broad molecular 

weight distribution of PEO—which ultimately resulted in a broad size distribution of 

micelles and, accordingly, PANI nanoparticles—prevented the quantitative interpretation 

of how micellar template size influences PANI synthesis.  The presence of HCl as the 

small-molecule acid dopant further complicated PANI synthesis, resulting in ill-

characterized nanoparticles.     

Cheng and coworkers reported using narrow molecular weight triblock 

copolymers of PEO and hydrophobic polycaprolactone, PCL, (PCL/PEO/PCL) to 

template aniline polymerization in an aqueous environment.37  The size of the hydrophilic 

PEO block was also adjusted to vary the size of the micellar template.  Typical of 

micelles formed from well-defined block copolymers, these micelles have a narrow size 

distribution.35,38  The resulting PANI nanoparticles, however, have broad size 

distributions, as these experiments were again plagued by the use of a freely diffusing 

small molecule acid dopant, which was ineffective at limiting PANI synthesis to the 

micellar corona alone.   
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In the latter half of this chapter, we describe the use of PMA/PAAMPSA micellar 

template to simultaneously template and dope conductive PANI nanoparticles in aqueous 

solutions.  PMA is the hydrophobic segment that forms the micellar core when the block 

copolymer aggregates in aqueous solutions.  The micellar corona is composed of 

PAAMPSA, a hydrophilic polymer that contains sulfonic acid moieties capable of doping 

and complexing with PANI.24  This approach restricts the polymerization of conductive 

PANI to the micellar PAAMPSA corona alone.  As such, we demonstrate excellent 

control over the PANI nanoparticle size while maintaining a narrow size distribution 

upon adjusting the micellar corona thickness.  We also show that the conductivities of 

cast PANI films are influenced by the PANI loading.   

Template Synthesis and Characterization of PANI-PEGMA/PAAMPSA 

The synthesis and microphase separation of PEGMA/PAAMPSA was discussed 

in Chapter 5.  Specifically, we showed that solvent casting PEGMA/PAAMPSA from 

either DMSO or DMF resulted in microphase separation in the solid state in both 

PAAMPSA- and PEGMA-rich block copolymers.  We used these films as templates for 

the formation of nanostructured PANI (e.g., when PANI preferentially associates with 

only one block in a microphase separated film) through the polymerization of aniline in 

films swollen with solvent, similar to the previous attempt using PS/PB/PS triblock 

copolymers.   

To accomplish this task, we added DMSO to a microphase-separated film of 

PEGMA/PAAMPSA.  Figure 6.2a shows the SAXS profile of PEGMA/PAAMPSA 

23/38 upon addition of 10 wt% DMSO (with respect to the dry polymer weight).  All of 

the SAXS profiles in Figure 6.2 were collected in a SAXS cell designed for liquids, so 

these profiles result from the direct analysis of the swollen film.  The profile in 6.1a has a 

primary peak at q* = 0.075 nm-1 with higher-order reflections at q/q* ratios of 2, 3, 4, 5, 
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6, 7, and 8.  The primary peak is not actually visible in any of the profiles in Figure 6.2 

because we cannot distinguish peaks less than 0.1 nm-1 due to contributions from the 

main x-ray beam in our SAXS setup.  As such, the primary peak position is determined 

from the locations of the higher-order peaks.  The relative peak spacing in Figure 6.2a 

corresponds to an alternating lamellar morphology.39  PEGMA/PAAMPSA 23/38 

therefore maintains its lamellar morphology when swollen with DMSO.  We then added 

20 wt% aniline (with respect to the dry polymer weight) to the film swollen with DMSO.  

This quantity of aniline corresponds to a 1:1 ratio of aniline to sulfonic acid groups,7 

previously shown by our group to be the optimum ratio of aniline to PAAMPSA sulfonic 

acid groups to produce the highest conductivity.  Figure 6.2b contains the SAXS profile 

of the swollen PEGMA/PAAMPSA 23/38 film after the addition of 20 wt% aniline.  This 

SAXS profile has a primary peak at q* = 0.080 nm-1 and higher-order reflections at q/q* 

ratios of 2, 3, 4, 5, 6, and 7, again indicative of the alternating lamellar morphology.39  

PEGMA/PAAMPSA 23/38 thus maintains its microphase-separated structure upon 

addition of aniline.  Finally, we introduced an oxidant to initiate the polymerization of 

aniline within the swollen film.  As mentioned previously, APS is the typical oxidant to 

initiate the polymerization of aniline in aqueous solutions.4,5  APS, however, is a salt and 

must be dissolved in water to be effective.  We cannot introduce water to microphase-

separated films of PEGMA/PAAMPSA without eliminating the order in the film.  As 

such, we utilized a different oxidant, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), 

that has been shown to successfully polymerize aniline in organic solvents.40,41  Figure 

6.2c shows the SAXS profile of this film after the addition 15 wt% (with respect to the 

dry polymer weight) of a DDQ solution (0.5 g/mL in DMSO).  This quantity of DDQ 

corresponds to a ratio of 1:1 DDQ to aniline, previously shown to yield the most 

conductive PANI.40  This profile has a primary peak at q* = 0.084 nm-1 and higher-order 
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reflections at q/q* ratios of 2, 3, 4, 5, and 6, also indicating an alternating lamellar 

morphology.39  PEGMA/PAAMPSA 23/38 therefore maintains its lamellar morphology 

upon addition of DMSO, aniline, and the DDQ/DMSO solution.  The resolution of the 

higher-order peaks, however, is not as pronounced after aniline and DDQ/DMSO 

addition, indicating that the sample is not quite as well-ordered as it was when swollen 

with DMSO only.  Once the film was dried, we measured its conductivity as 4.8 x 10-11 

S/cm.  This conductivity is much lower than those from the in-situ polymerization of 

aniline in swollen PS/PB/PS films discussed previously (10-8 – 10-3 S/cm).19  

Additionally, this conductivity is considerably lower than those obtained from the 

template synthesis of PANI using PEGMA/PAAMPSA in solution (1 – 6 S/cm), 

discussed below.   

We speculate that the reason for this reduced conductivity is that aniline strongly 

complexes with the sulfonic acid groups in PAAMPSA24 but can also interact with the 

ether oxygens of the PEO pendant groups in PEGMA.36,42  As such, aniline can be 

located in both blocks through hydrogen bond interactions.  The addition of the DDQ 

oxidant would thus initiate aniline polymerization in both blocks, preventing a selective 

segregation of PANI in PAAMPSA.  PANI is therefore dispersed throughout the film but 

only doped, and hence conductive, when located in the PAAMPSA block, contributing to 

the low conductivity seen in this film.   

As such, we investigated using these hydrophilic PEGMA/PAAMPSA block 

copolymers to template the polymerization of aniline in aqueous solutions with the hope 

that subsequent solvent casting these PANI-polymer complexes from DMSO will induce 

microphase separation in the solid state.  For these template polymerizations, 

PEGMA/PAAMPSA block copolymers were dissolved in water.  Because both PEGMA 

and PAAMPSA are water-soluble, this block copolymer does not form micelles in 
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solution.  As such, this PANI synthesis is not procedurally different from our group’s 

previous efforts to synthesize PANI in the presence of PAAMPSA homopolymer.7,44  To 

the PEGMA/PAAMPSA aqueous solution, aniline was added at a 1:1 molar ratio with the 

sulfonic acid moiety in PAAMPSA.  Upon addition, aniline associates with the 

hydrophilic PAAMPSA corona.24  The addition APS starts the oxidative polymerization 

of aniline, resulting in a dark green solution.  This PANI will be referred to as PANI-

PEGMA/PAAMPSA x/y, where PEGMA/PAAMPSA x/y refers to the specific block 

copolymer that was used during template synthesis.  PANI-PEGMA/PAAMPSA was 

collected via precipitation and drying (the detailed templating procedure is available in 

Chapter 2).  The pertinent characteristics of the PANI-PEGMA/PAAMPSA samples used 

in this study are provided in Table 6.1. 

Conductivity measurements were performed on PANI-PEGMA/PAAMPSA by 

dropcasting 5 wt% aqueous dispersions onto glass substrates with predefined gold 

electrodes.  These films were left out overnight to dry before electrical measurements.  

Figure 6.3 shows the conductivities of PANI-PEGMA/PAAMPSA samples with 

changing PAAMPSA block length for both PAAMPSA-rich templates (squares) and 

PEGMA-rich templates (circles).  As seen both from this figure and from Table 6.1, the 

conductivities of these films (1 – 6 S/cm) are comparable to those obtained from PANI 

doped with PAAMPSA homopolymers (0.5 – 3 S/cm).7,43  Additionally, the 

conductivities of PANI-PEGMA/PAAMPSA scales inversely with PAAMPSA molecular 

weight, as seen with PANI doped with PAAMPSA homopolymers.7,43  This phenomenon 

has been studied by Joung Eun Yoo in our group; it stems from the average PANI-

PAAMPSA aggregate sizes formed in solution during PANI synthesis in the presence of 

PAAMPSA.  Specifically, the larger molecular weight PAAMPSA templates result in 

larger PANI aggregates in solution.  When these aggregates are solvent-cast into films for 
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conductivity measurements, larger particles produce a lower particle density and 

consequently a lower overall PANI surface area in a film of equal volume, as compared 

to smaller ones.  Joung Eun has thus demonstrated that PANI conductivity scales with 

both particle density and surface area per unit volume of the film (specific surface area).  

These results are consistent with a previous report indicating that PANI conductivity is 

proportional to its specific surface area.44 As such, PANI synthesized using lower 

molecular weight PAAMPSA resulted in more conductive films because of the higher 

particle density and resulting higher specific surface area in the film. 

Figure 6.3 also shows that the conductivities of PANI templated with PEGMA-

rich samples are significantly lower than PANI templated using PAAMPSA-rich 

samples.  This reduction in conductivities likely stems from differences in PANI loading.  

Previous research on PANI blended with nonconductive polymers has shown that the 

PANI loading has a significant impact on the resulting conductivity.45-47  Because aniline 

is kept at a 1:1 molar ratio with sulfonic acid groups during template synthesis, the 

samples with more PAAMPSA thus have a higher PANI loading after PANI synthesis.  

Table 6.1 lists the PANI weight fractions in these PANI-PEGMA/PAAMPSA samples.  

The PAAMPSA-rich samples thus have a PANI loading approximately twice that of the 

PEGMA-rich samples.   

SAXS was used to ascertain the morphology of PANI-PEGMA/PAAMPSA films.  

To prepare samples for SAXS, 5 wt% solutions of PANI-PEGMA/PAAMPSA were 

prepared in DMSO.  These solutions were then placed in teflon dishes and left to 

evaporate the solvents at 50 °C.  Once the films were dry, they were placed in a vacuum 

oven at 50 °C overnight to remove any residual solvent from the films before performing 

SAXS characterization.  Figure 6.4a shows the one-dimensional SAXS profile of PANI-

PEGMA/PAAMPSA 59/17 cast from DMSO.  The SAXS profile of 
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PEGMA/PAAMPSA 59/17 cast from DMSO was discussed in Chapter 5 and is provided 

in Figure 6.4b for reference.  As seen in Figure 6.4a, this profile only exhibits a broad 

peak arising from concentration fluctuations (i.e., the correlation hole effect).21,22  This 

profile does not exhibit the sharp primary peak and higher-order reflections seen the 

SAXS profile of its PEGMA/PAAMPSA template in Figure 6.4b.  SAXS therefore 

indicates that PANI-PEGMA/PAAMPSA 59/17 has no long-range periodicity.  We 

speculate two possible reasons for this phenomenon.  The first reason stems from Joung 

Eun Yoo’s DLS results with PANI-PAAMPSA, which have shown that the addition of 

PANI to PAAMPSA during aniline polymerization arrests the structure of these 

aggregates.  The size of these PANI-PAAMPSA aggregates remains unchanged after 

PANI synthesis, meaning that PANI-PAAMPSA can be dried and suspended again in 

water to yield the same sizes of aggregates by DLS.  The addition of PANI to the 

disordered PEGMA/PAAMPSA template in solution may therefore lock the template into 

its disordered state, preventing microphase separation upon solvent casting.  

Additionally, the incorporation of semicrystalline PANI chains48 could significantly 

reduce the mobility of the PANI-PEGMA/PAAMPSA complex and consequently hinder 

microphase separation, analogous to the report by the Matyjaszewski group showing 

better microphase separation in blends of oligomers of PANI with PMA/PAAMPSA than 

in blends with longer PANI chains.23  

The elimination of the microphase-separated morphology in PEGMA/PAAMPSA 

upon addition of PANI was also seen in PEGMA/PAAMPSA 19/22.  Figure 6.5a is the 

one-dimensional SAXS profile of PANI-PEGMA/PAAMPSA 19/22 cast from DMSO.  

The SAXS profile of PEGMA/PAAMPSA 19/22 cast from DMSO was discussed in 

Chapter 5 and is provided in Figure 6.5b for reference.  As seen in this figure, the SAXS 

profile of PANI-PEGMA/PAAMPSA 23/26 is featureless and indicates that this sample 
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exists as a homogeneous melt.  In fact, the SAXS profile of every PANI-

PEGMA/PAAMPSA sample investigated revealed that these samples formed disordered 

melts in the solid state. 

The use of a more ordered block copolymer template therefore does not improve 

the formation of nanostructured PANI in the solid state (e.g, PANI segregated into only 

one block of a microphase-separated film).  PEGMA/PAAMPSA can thus be used to 

template conductive PANI but not to form three-dimensional PANI nanostructures in the 

solid state.  As such, we investigated an alternative block copolymer also containing 

PAAMPSA whose self assembly properties can be utilized to create nanostructured PANI 

in solution (e.g., robust nanoparticles).  Specifically, we synthesized the amphiphilic 

block copolymer PMA/PAAMPSA, which spontaneously forms micelles in aqueous 

solutions.  It is these micelles that we used as templates for PANI synthesis.  The 

synthesis of PMA/PAAMPSA and its use as a template for PANI synthesis is discussed 

below. 

Synthesis and Micellization of PMA/PAAMPSA 

We also used ATRP to synthesize the PMA/PAAMPSA block copolymers used in 

this study.  As with the synthesis of PEGMA/PAAMPSA discussed in Chapter 5, we 

started with the sodium salt form of the AAMPSA monomer instead of polymerizing the 

acid form of the monomer directly because acids can protonate the catalysts, thereby 

interfering with propagation via ATRP.49  The PAAMPSA-Na block within the block 

copolymer was converted to its acid form via ion exchange after polymerization and 

cleanup.  Figure 6.6 contains the GPC traces of PMA/PAAMPSA 10/11 (solid line) and 

the macroinitiator from which it was synthesized, PMA 10 (dashed line).   The GPC 

traces are monomodal, indicating the controlled addition of PAAMPSA.  The GPC trace 

of PMA/PAAMPSA 10/11 is shifted to lower elution times as compared to PMA 10, 
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signaling an increase in polymer molecular weight.  The absolute molecular weight of the 

PMA macroinitiator was determined from its GPC trace in THF using a dn/dc value of 

0.0548 for PMA.50  The polydispersity indices (PDIs) of PMA/PAAMPSA block 

copolymers are consistently higher than those of the semifluorinated block copolymers in 

Chapters 3 and 4.  This phenomenon results from the faster kinetics of ATRP 

polymerizations in polar solvents reducing the control over these polymerizations.51 

Using the absolute molecular weight of PMA obtained from GPC results, the 

molecular weight of the PAAMPSA block can be determined using 1H NMR 

compositional analysis.  Figure 6.7 shows the 1H NMR spectrum of PMA/PAAMPSA 

10/11; the chemical structure of PMA/PAAMPSA with the proton contributions labeled 

is provided for reference.  The peaks A (δ = 0.6 – 2.1 ppm) correspond to the methylene 

and methyne backbone protons in PMA (3 total protons) as well as the methylene 

backbone protons, the methyne backbone proton, and the two methyl groups and the 

methylene adjacent to the amide functionality in PAAMPSA (11 total protons).  The 

large peak B (δ = 3.5 ppm) corresponds to both the methoxy protons of PMA.  The broad 

peak C (δ = 6.0 – 6.7 ppm) represents the amide proton of PAAMPSA.  The smaller 

broad peak D (δ = 7.1 – 8.0 ppm) correspond to the sulfonic acid proton of PAAMPSA.  

Knowing these proton contributions, the molar composition of this block copolymer was 

determined to be 30.6 mol% PAAMPSA.  Using a density of 1.32 g/cm3 for PAAMPSA 

and 1.24 g/cm3 for PMA,50 the volume fraction of this polymer was calculated to be 51.2 

vol% PAAMPSA.  The PAAMPSA density was determined using a pycnometer with 

hexane as the nonsolvent according to ASTM Test D-153-84 Method C.52  Table 6.2 

contains the pertinent information for the PMA/PAAMPSA block copolymers discussed 

in this chapter.  Because PMA is hydrophobic and rubbery at room temperature (Tg = 13 

°C),53 these block copolymers readily form micelles with a PMA core and a PAAMPSA 
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corona in water.54,55  We first investigated the characteristics of these PMA/PAAMPSA 

micelles in solution before using them to template PANI synthesis.      

These micelles can be imaged by transmission electron microscopy (TEM). 

Figure 6.8 shows TEM micrographs of PMA/PAAMPSA 10/11 cast from a 0.1M NaCl 

solution.  Figure 6.8a shows multiple PMA/PAAMPSA micelles.  Figure 6.8b shows one 

of these micelles at higher magnification, highlighting the core/corona-structure 

evidenced by its dark outer ring and lighter core.  The lighter region represents the 

hydrophobic PMA core, whereas the darker exterior represents the hydrophilic 

PAAMPSA corona.  The exterior of the micelles has a higher electron density compared 

to the interior because NaCl complexes with PAAMPSA.56  The electron density contrast 

for these micelles thus arises from the preferential segregation of NaCl to the corona.  No 

additional staining was required to image these micelles.  Assuming that the micelles that 

are observed by TEM is reflective of the micelles in 0.1M NaCl solution,56 the average 

diameter of PMA/PAAMPSA 10/11 micelles is 36 ± 3 nm.  A minimum of 20 particles 

from TEM micrographs were used to determine the average size and standard deviation 

of the particles using ImageJ software.57  These micelles have a rather narrow size 

distribution, as seen in Figure 6.8a.  Table 6.3 lists the average diameters determined by 

TEM for micelles of PMA/PAAMPSA 10/6 (30 ± 4 nm) and PMA/PAAMPSA 10/23 

(51 ± 1 nm) in 0.1M NaCl solution.   

For this study, we intentionally kept the molecular weight of the PMA segment 

constant so we can determine the influence of changing the hydrophilic PAAMPSA block 

length on the overall micelle size.  It appears that increasing the molecular weight of the 

PAAMPSA block increases the overall size of the micellar templates. In fact, the increase 

in hydrodynamic diameter (Dh) with molecular weight of PAAMPSA can be described by 

a power law relationship that had been previously reported for other polyelectrolyte block 
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copolymer micelles, 2/1
Bh ND ∝ , where NB is the degree of polymerization of the 

hydrophilic block.55 The exponent of ½ is indicative of a corona that is composed of a 

strongly ionized polyelectrolyte, such as PAAMPSA.58 

Dynamic light scattering (DLS) was conducted on the same solutions from which 

TEM specimens were cast to confirm their sizes and size distributions.  Figure 6.9 

compares the intensity distributions for 0.1M NaCl micellar solutions of 

PMA/PAAMPSA 10/6 (triangles), PMA/PAAMPSA 10/11 (squares), and 

PMA/PAAMPSA 10/23 (circles) by DLS.  This graph indicates that the micelles become 

larger as we increase the PAAMPSA block length.  Table 6.3 includes the Z-average 

hydrodynamic diameter (Dh) and polydispersity index (PDI) extracted from DLS studies 

for each PMA/PAAMPSA block copolymer used in this study.  These values were 

determined using a cumulants analysis fit of the natural log of the correlation function 

(G(τ)); the details were provided in Chapter 2.  The variations in 7 individual DLS runs 

were used to determine the standard deviation of the hydrodynamic diameter and PDI.   

The PDIs for PMA/PAAMPSA micelles (in Table 6.3) are comparable to those 

reported for other micellar solutions that are formed with well-defined block 

copolymers.35,37,38  As seen in Table 6.3, the PDIs are comparable for all of the 

PMA/PAAMPSA block copolymers in 0.1M NaCl (ranging from 0.201 to 0.222).  

Because these block copolymers were synthesized by ATRP and thus all have narrow 

molecular weight distributions, the size distribution of the micelles remains narrow, 

regardless of the mean micelle size.  This fact is better illustrated in Figure 6.9.  In this 

figure, the Gaussian distribution fit (solid line) to the intensity distribution of 

PMA/PAAMPSA 10/6 micelles is plotted.  This same Gaussian distribution (solid line) 

has been shifted along the x-axis and superimposed upon the experimentally obtained 

intensity distributions of PMA/PAAMPSA 10/11 (squares) and PMA/PAAMPSA 10/23 
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(circles) micelles.  The fact that all three intensity distributions can be adequately 

described by a single Gaussian fit indicates that the micellar size distribution is constant 

across all three solutions.  Increasing the PAAMPSA block length only serves to increase 

the mean size of the micelles without influencing its size distribution.   

For completeness, we have listed in Table 6.3 the Dh for the PMA/PAAMPSA 

micelles measured in both DI water and a 0.1M NaCl aqueous solution by DLS.  The 

average size of PMA/PAAMPSA micelles in DI water is consistently larger than that 

measured in 0.1M NaCl solution.  Because the sulfonic acid groups along PAAMPSA are 

ionized in water, electrostatic repulsion between sulfonic acid groups in the corona can 

cause these micelles to occupy a larger apparent volume in DI water.  In contrast, the 

presence of salt ions can effectively screen these repulsive forces.56  The size of the 

micelles measured in salt solutions is thus smaller than that measured in DI water.  Figure 

6.10 shows the variation in the Dh value of PMA/PAAMPSA 10/11 with changing NaCl 

concentration.  As seen from this figure, the measured micelle size of PMA/PAAMPSA 

is constant above a salt concentration of 0.01M.  At this salt concentration, the 

electrostatic repulsion is effectively screened in the PAAMPSA corona.  Our 

experimental observations are consistent with those reported by Schmidt and 

coworkers.59  Their results indicate that the Dh of micellar solutions of poly(n-butyl 

acrylate-b-(1-ethoxycarbonyl)vinylphosphonic diacid), PnBA/PECVPD, decreased with 

increasing NaCl in aqueous salt solutions.61  Above a threshold salt concentration of 

0.001M, however, Dh remained constant because the electrostatic repulsion between acid 

groups in the corona of PECVPD was sufficiently screened by the added salt.  

PAAMPSA is a stronger acid compared to PECVPD (pKa,PAAMPSA = -2.061; pKa1,PECVPD = 

2.0 – 3.060).  It can consequently become more ionized in DI water and thus requires a 

higher salt concentration to fully screen the repulsive forces in the acidic corona.  The Dh 
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values reported in Table 6.3, however, were measured in a 0.1M NaCl solution, well 

above the threshold salt concentration, because we wanted to determine the actual size of 

the PMA/PAAMPSA micelles for aniline polymerization during which 0.1M of APS salt 

is added.7  As seen in Table 6.3, the Z-average hydrodynamic diameters of 

PMA/PAAMPSA micelles in 0.1M NaCl are in strong agreement with the average 

diameter measured by TEM analysis. 

Template Synthesis and Characterization of PANI-PMA/PAAMPSA 

Upon characterization, these PMA/PAAMPSA micelles were used to template 

synthesize PANI.  The synthesis of PANI nanoparticles is not procedurally different from 

our previous efforts to template synthesize PANI with PAAMPSA homopolymer7,44 and 

PEGMA/PAAMPSA block copolymers.  A micellar solution was formed by stirring 

PMA/PAAMPSA in water.  To the PMA/PAAMPSA aqueous solution, aniline was 

added at a 1:1 molar ratio with the sulfonic acid moiety in PAAMPSA.  Upon addition, 

aniline associates with the hydrophilic PAAMPSA corona.24  The addition of the APS 

oxidant starts the oxidative polymerization of aniline, resulting in a dark green solution.  

The dark green color indicates that PANI is in its conductive form.1  This PANI will be 

referred to as PANI-PMA/PAAMPSA x/y, where PMA/PAAMPSA x/y refers to the 

specific block copolymer that was used during template synthesis.  PANI-

PMA/PAAMPSA was collected via precipitation and drying (the detailed templating 

procedure is available in Chapter 2).  The pertinent characteristics of the PANI-

PMA/PAAMPSA nanoparticles used in this study are provided in Table 6.4. 

The use of PMA/PAAMPSA micelles to template PANI synthesis, however, is 

different from previous synthesis of PANI nanoparticles using micellar substrates and 

small-molecule acid dopants.35-37  In our system, PAAMPSA serves two roles: it forms 

the hydrophilic corona in which aniline will polymerize and also serves as the polymer 
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acid dopant to render PANI electrically conductive.  As such, we do not need to introduce 

a small-molecule acid dopant for the synthesis of PANI.   

The PANI nanoparticles that result can be directly imaged by TEM.  Figure 6.11a 

contains a TEM micrograph of PANI-PMA/PAAMPSA 10/23, showing multiple 

nanoparticles.  The average size of PANI-PMA/PAAMPSA 10/23 was determined to be 

356 ± 26 nm from ImageJ analysis57 of TEM micrographs.  Figure 6.11b shows one of 

the PANI-PMA/PAAMPSA 10/23 nanoparticles at higher magnification.  Figures 6.11c 

and d show nanoparticles of PANI-PMA/PAAMPSA 10/11 (288 ± 12 nm) and PANI-

PMA/PAAMPSA 10/6 (210 ± 17 nm), respectively, at the same higher magnification.  

Figures 6.11b, c, and d thus demonstrate that altering the micellar template size provides 

the ability to tune the size of the resulting PANI nanoparticles. 

The fact that PANI particle size is tunable is further demonstrated in Figure 6.12, 

in which the intensity distributions from DLS of PANI-PMA/PAAMPSA 10/6 

(triangles), PANI-PMA/PAAMPSA 10/11 (squares), and PANI-PMA/PAAMPSA 10/23 

(circles) in DI water are plotted.  We observe that the intensity distribution of PANI-

PMA/PAAMPSA shifts to larger sizes as the template micelle size increases.  In this 

figure, we have superimposed the Gaussian distribution fit of PMA/PAAMPSA 10/6 

(solid line) from Figure 6.9 onto the intensity distributions of PANI-PMA/PAAMPSA in 

Figure 6.12.  The Gaussian distribution from micellar PMA/PAAMPSA 10/6 solution 

also describes the intensity distributions of PANI-PMA/PAAMPSA nanoparticles, 

suggesting the preservation of the size distribution during PANI particle formation.  

Table 6.4 also lists the PDIs for the PANI nanoparticles both in DI water and in 0.1M 

NaCl.  The PDIs are comparable for all of the PANI-PMA/PAAMPSA particle solutions, 

both in DI water and in 0.1M NaCl.  This result also indicates that changing the micellar 

template size does not affect the size distribution of the resulting PANI nanoparticles.   
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Table 6.4 lists the Dh values of the PANI-PMA/PAAMPSA nanoparticles 

measured in both DI water and a 0.1M NaCl aqueous solution by DLS.  In contrast to the 

PMA/PAAMPSA micellar solutions, the PANI-PMA/PAAMPSA nanoparticles show no 

discernible size differences with ionic strength of the solution.  This trend is better 

illustrated in Figure 6.13.  This figure shows the Dh value of PANI-PMA/PAAMPSA 

10/11 with changing NaCl concentration.  Unlike that of its micellar template shown in 

Figure 6.10, the hydrodynamic diameter of PANI-PMA/PAAMPSA 10/11 remains 

constant at all salt concentrations investigated.  This observation is not surprising, as the 

synthesis of PANI onto the PMA/PAAMPSA micelles introduces an electrostatic 

attraction between PANI and the PAAMPSA corona.  The ionic interactions between 

PANI and PAAMPSA effectively lock in the particle size, preventing further response to 

changes in ionic strength.  This effect is analogous to the chemical crosslinking of the 

coronas of block copolymer micelles, after which responses to ionic strength were 

completely eliminated.62   

The synthesis of PANI on PMA/PAAMPSA micelles thus does not affect their 

size distribution because the polymerization of aniline is restricted to the micellar corona, 

where the acid dopant is located.  This feature has not previously been observed in 

templating PANI nanoparticles using well-defined block copolymer micelles.  In the case 

of PCL/PEO/PCL triblock copolymers previously described, PANI synthesis can occur 

both in the micellar corona and freely in solution due to the freely diffusing small-

molecule acid dopant.37  As such, a large size distribution in the resulting PANI 

nanoparticles was observed, which underscored attempts to control the size of the PANI 

nanoparticles by manipulating the size of the micellar template.  In contrast, the use of 

PMA/PAAMPSA micelles—in which the acid dopant is tethered to the micellar core—to 

template spherical PANI nanoparticles provides better control over the size and size 
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distribution of the resultant nanoparticles.  Increasing the molecular weight of the 

PAAMPSA block in the PMA/PAAMPSA template thus results in a discernible increase 

in the PANI particle size without affecting the size distribution in the solution.   

The direct correlation between the average size of PANI-PMA/PAAMPSA and 

that of its PMA/PAAMPSA template is better illustrated in Figure 6.14, which shows that 

PANI particle size scales linearly with the micellar template size.  The template synthesis 

using PMA/PAAMPSA micelles thus allows for precise control over the size of the 

resulting conductive nanoparticles via manipulation of the template size.  Additionally, 

the size distribution of the micellar solution is maintained during PANI addition because 

the aniline polymerization is restricted to the acidic micellar corona.  The use of 

PMA/PAAMPSA micelles to template and simultaneously dope conductive PANI 

nanoparticles therefore allows for unprecedented control over the size and size 

distribution of these PANI nanoparticles.      

Table 6.4 also includes the conductivities of films of PANI-PMA/PAAMPSA.  

The conductivities of PANI-PMA/PAAMPSA increase with increasing PANI loading.  

The differences in PANI loading stem from maintaining a 1:1 molar ratio of aniline to 

sulfonic acid groups during PANI synthesis.  Micelles with larger PAAMPSA block 

lengths thus contain more PANI.  The conductivities shown in Table 6.3 are an order of 

magnitude lower than PANI synthesized via a traditional oxidative aqueous 

polymerization of aniline in the presence of PAAMPSA homopolymer dopant.7,43  These 

conductivities in Table 6.4, however, are comparable to the conductivities of 

nanoparticles templated by micelles and doped with HCl.36,37  This result is somewhat 

surprising since the conductivity of PANI synthesized by a traditional oxidative 

polymerization in the presence of a small-molecule acid dopant63,64  is usually several 

orders of magnitude higher than PANI oxidatively synthesized in the presence of 
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polymeric acids.7,43  Because PAAMPSA is restricted to the corona, our use of 

PMA/PAAMPSA to template PANI nanoparticles thus eliminates the possibility of PANI 

synthesis outside the micellar coronas without sacrificing conductivity.   

Figure 6.15 illustrates the conductivity enhancement with PANI loading.  A 

similar trend has been observed in blends of PANI with non-conductive 

homopolymers45,65 and block copolymers,46 after the percolation threshold was exceeded.  

Increasing the PANI loading is expected to improve the surface coverage of PANI in the 

micellar corona,35 which improves the conductivity.   

CONCLUSIONS 

In this chapter, we explored the use of two different block copolymers containing 

PAAMPSA as templates for conductive nanostructured PANI.  Our results indicate that 

PEGMA/PAAMPSA can be used to dope conductive PANI, but its utility to create 

nanostructured PANI is limited.  The addition of PANI to PEGMA/PAAMPSA 

suppresses the formation of long-range order in these solid films.  We speculate that this 

phenomenon is due to the complexation of PANI with the disordered 

PEGMA/PAAMPSA template in solution, arresting the structure of the PANI-polymer 

aggregates and preventing microphase separation upon solvent casting. 

In contrast, the use of PMA/PAAMPSA micelles to template PANI created well-

defined spherical PANI nanoparticles.  The use of these micelles in which the acid dopant 

is chemically tethered allows for the synthesis and simultaneously doping PANI 

nanoparticles with controlled size and narrow size distribution.  By controlling the 

molecular weight of the PAAMPSA block, we demonstrated the tunability of both the 

size of the micellar template and the size of the resulting PANI nanoparticles.  We also 

showed that the conductivities of these nanoparticles are influenced by the weight loading 

percentage of PANI.   
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Table 6.1. Physical Characteristics of PANI-PEGMA/PAAMPSA.  

 
Nomenclature vPAAMPSA

a WPANI
b σ 

(S/cm) 
PANI-PEGMA/PAAMPSA19/22 51.7 16.5 5.90 ± 0.20 

PANI-PEGMA/PAAMPSA 23/38 60.5 19.2 2.88 ± 0.04 

PANI-PEGMA/PAAMPSA 32/45 56.8 18.0 1.70 ± 0.10 

PANI-PEGMA/PAAMPSA 59/17 21.7 7.0 1.80 ± 0.30 

PANI-PEGMA/PAAMPSA 32/19 36.9 11.9 1.14 ± 0.08 

PANI-PEGMA/PAAMPSA 59/24 28.0 9.0 1.17 ± 0.07 
aVolume fraction of PAAMPSA in PEGMA/PAAMPSA template; calculated from 1H compositional 
analysis using the experimentally determined polymer densities of ρPAAMPSA = 1.32 g/cm3 and ρPEGMA

 = 1.25 
g/cm3.   

bWeight fraction of PANI in PANI-PEGMA/PAAMPSA.   
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Table 6.2. Physical Characteristics of PMA/PAAMPSA Block Copolymers. 

Nomenclature PDI vPAAMPSA
a 

PMA/PAAMPSA 10/23 1.42 67.7 

PMA/PAAMPSA 10/11 1.40 51.2 

PMA/PAAMPSA 10/10 1.48 48.2 

PMA/PAAMPSA 10/9 1.48 44.5 

PMA/PAAMPSA 10/7 1.40 37.2 

PMA/PAAMPSA 10/6 1.40 35.0 
aVolume fraction of PAAMPSA in PMA/PAAMPSA template; calculated from 1H compositional analysis 
using polymer densities of ρPAAMPSA = 1.32 g/cm3 and ρPMA

50 = 1.24 g/cm3.   
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Table 6.3. Physical Characteristics of PMA/PAAMPSA Micelles.   

 
Nomenclature Dh in DI 

watera 
(nm) 

PDI in DI 
watera 

Dh in 
0.1M 
NaCla 
(nm) 

PDI in 0.1M 
NaCla 

DTEM
b (nm) 

PMA/PAAMPSA 10/23 229 ± 3 0.258 ± 0.02 50.0 ± 6.0 0.222 ± 0.019 51 ± 1 

PMA/PAAMPSA 10/11 55 ± 3 0.266 ± 0.019 36.4 ± 0.7 0.207 ± 0.017 36 ± 3 

PMA/PAAMPSA 10/10 53 ± 3 0.285 ± 0.018 34.4 ± 0.4 0.213 ± 0.018 not performed 

PMA/PAAMPSA 10/9 56 ± 4 0.304 ± 0.030 31.7 ± 1.9 0.216 ± 0.016 not performed 

PMA/PAAMPSA 10/7 50 ± 3 0.265 ± 0.020 30.8 ± 0.2 0.201 ± 0.015 not performed 

PMA/PAAMPSA 10/6 53 ± 1 0.258 ± 0.020 29.1 ± 1.0 0.215 ± 0.017 30 ± 4 
aStandard deviation determined from the variation in the Z-average hydrodynamic diameter reported for the 
7 individual DLS runs.  

bStandard deviation determined from the measurement spread from a minimum of 20 micelles.   
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Table 6.4. Physical Characteristics of PANI-PMA/PAAMPSA Nanoparticles. 

 
Nomenclature Dh in DI 

watera 
(nm) 

PDI in DI 
watera 

Dh in 0.1M 
NaCla (nm) 

PDI in 
0.1M 
NaCla 

DTEM
b 

(nm) 
σ  

(S/cm) 

PANI-PMA/PAAMPSA 
10/23 

361 ± 9 0.208 ± 
0.013 

364 ± 4 0.217 ± 
0.018  

356 ± 26 0.373 ± 
0.019 

PANI-PMA/PAAMPSA 
10/11 

274 ± 6 0.246 ± 
0.016 

273 ± 9 0.239 ± 
0.020 

288 ± 12 0.240 ± 
0.020 

PANI-PMA/PAAMPSA 
10/10 

269 ± 8 0.222 ± 
0.019 

267 ± 7 0.214 ± 
0.019 

not 
performed 

0.210 ± 
0.030 

PANI-PMA/PAAMPSA 
10/9 

254 ± 2 0.236 ± 
0.014 

256 ± 5 0.237 ± 
0.017 

not 
performed 

0.180 ± 
0.020 

PANI-PMA/PAAMPSA 
10/7 

222 ± 20 0.233 ± 
0.020 

218 ± 3 0.241 ± 
0.015 

not 
performed 

0.095 ± 
0.012 

PANI-PMA/PAAMPSA 
10/6 

209 ± 5 0.208 ± 
0.016 

204 ± 7 0.215 ± 
0.016 

210 ± 17 0.091 ± 
0.004 

aStandard deviation determined from the variation in the Z-average hydrodynamic diameter reported for the 
7 individual DLS runs.  

bStandard deviation determined from the measurement spread from a minimum of 20 nanoparticles.   
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Figure 6.1. The addition of an acid dopant to the emeraldine base form of 
polyaniline (PANI) results in the emeraldine salt form of PANI where 
charges are delocalized along its backbone, enabling conduction.   
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Figure 6.2. Small-angle X-ray scattering profiles of (a) PEGMA/PAAMPSA 23/38 
cast from DMSO and swollen with 10 wt% DMSO, (b) after the 
subsequent addition of 20 wt% aniline, (c) after the final addition of 15 
wt% DDQ in DMSO solution (0.5 g/mL).  The traces have been shifted 
for clarity.  The SAXS profiles of these three samples are plotted as q2I 
and adopt an alternating lamellar morphology.  The triangles represent 
the expected reflections based on the primary peak position of the 
lamellar (1, 2, 3, 4, 5, 6, 7) morphology. 
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Figure 6.3. The conductivities of PANI-PEGMA/PAAMPSA with increasing 
PAAMPSA block length.  PAAMPSA molecular weights were 
determined using 1H NMR compositional analysis and PEO-equivalent 
molecular weights of the PEGMA macroinitiators.  The squares 
represent PANI templated using PAAMPSA-rich samples, and the 
circles are PANI using PEGMA-rich templates.  The error bars represent 
the standard deviation from a minimum of 10 conductivity 
measurements.   

 
 
 
 
 
 

15 20 25 30 35 40 45 50

1

2

3

4

5

6
C

on
du

ct
iv

ity
 (S

/c
m

)

PAAMPSA Mn (kg/mol)



 198

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.4. Small-angle X-ray scattering profiles of (a) PANI-PEGMA/PAAMPSA 
72/21 and (b) PEGMA/PAAMPSA 72/21 cast from DMSO.  The traces 
have been shifted along the y-axis for clarity.  The SAXS profile of 
PANI-PEGMA/PAAMPSA 72/21 is plotted as I and reveals only a 
correlation hole peak.  The SAXS profile of PEGMA/PAAMPSA 72/21 
is plotted as qI and adopts a hexagonally-packed cylindrical morphology 
(cylinders of PAAMPSA).  The triangles represent the expected 
reflections based on the primary peak position of the cylindrical (1, √3, 
√4, √7, √ 9) morphology. 
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Figure 6.5. Small-angle X-ray scattering profiles of (a) PANI-PEGMA/PAAMPSA 
23/26 and (b) PEGMA/PAAMPSA 23/26 cast from DMSO.  The traces 
have been shifted along the y-axis for clarity.  The SAXS profile of 
PANI-PEGMA/PAAMPSA 23/26 is plotted as I and is disordered.  The 
SAXS profile of PEGMA/PAAMPSA 23/26 is plotted as q2I and adopts 
an alternating lamellar morphology.  The triangles represent the 
expected reflections based on the primary peak position of the lamellar 
(1, 2, 3, 4, 5, 6, 7, 8) morphology. 
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Figure 6.6. Gel permeation chromatography traces with DMF with 0.01M LiBr as 
the eluent at 1 mL/min of PMA 10 (dashed line; PDI = 1.11) and 
PMA/PAAMPSA 10/11 (solid line; PDI = 1.40). 
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Figure 6.7. 1H NMR spectrum of PMA/PAAMPSA 10/11 in deuterated DMSO.  
The proton contributions have been labeled for clarity.  The asterisk 
denotes the d-DMSO solvent peak.  The two small peaks at 2.8 and 2.9 
ppm (‡) are residual DMF from PAAMPSA synthesis.  The chemical 
structure of PMA/PAAMPSA is provided in the inset for reference. 
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Figure 6.8. Transmission electron micrographs of PMA/PAAMPSA 10/11 in 0.1M 
NaCl (a) at low magnification, showing multiple micelles, and (b) at 
higher magnification, showing the core/corona-structure of these 
micelles.   
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Figure 6.9. Intensity distributions measured by dynamic light scattering at 25 °C of 
aqueous salt solutions (0.02 wt%; 0.1M NaCl) of PMA/PAAMPSA 10/6 
(triangles), PMA/PAAMPSA 10/11 (squares) and PMA/PAAMPSA 
10/23 (circles).  For each trace, the Gaussian distribution fit of 
PMA/PAAMPSA 10/6, shifted along the x-axis accordingly, is 
superimposed with the DLS intensity distributions.   
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Figure 6.10. Hydrodynamic diameter measured by dynamic light scattering at 25 °C 
of PMA/PAAMPSA 10/11.  The error bars represent the standard 
deviation from the measurement spread of 7 DLS measurements.   
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Figure 6.11. Transmission electron micrographs of PANI-PMA/PAAMPSA 10/23 (a) 
at low magnification, showing multiple nanoparticles, and of (b) PANI-
PMA/PAAMPSA 10/23, (c) PANI-PMA/PAAMPSA 10/11, and (d) 
PANI-PMA/PAAMPSA 10/6 at the same magnification as (b). 
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Figure 6.12. Intensity distributions measured by dynamic light scattering at 25 °C of 
aqueous solutions (0.02 wt%) of PANI-PMA/PAAMPSA 10/6 
(triangles), PANI-PMA/PAAMPSA 10/11 (squares) and PANI-
PMA/PAAMPSA 10/23 (circles).  For each trace, the Gaussian 
distribution fit of PMA/PAAMPSA 10/6, shifted along the x-axis, is 
superimposed with the DLS intensity distributions.   
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Figure 6.13. Hydrodynamic diameter measured by dynamic light scattering at 25 °C 
of PANI-PMA/PAAMPSA 10/11 with changing salt concentration.  The 
error bars represent the standard deviation from the measurement spread 
of 7 DLS measurements.   
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Figure 6.14. The hydrodynamic diameter of PANI-PMA/PAAMPSA as a function of 
the hydrodynamic diameter of the PMA/PAAMPSA template.  The error 
bars represent the standard deviation from the measurement spread of 7 
DLS measurements.   
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Figure 6.15. The conductivities of PANI-PMA/PAAMPSA with increasing PANI 
loading.  The error bars represent the standard deviation from a 
minimum of 10 conductivity measurements.   
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Chapter 7.  Conclusions and Future Work 

This thesis documents the controlled synthesis via ATRP of functional block 

copolymers containing either fluorinated or hydrophilic segments.  We demonstrated that 

these functional block copolymers form well-ordered nanostructures in the solid state.  

We also investigated the utility of this solid-state self assembly for use as templates for 

nanoporous fluorinated films and nanostructured polyaniline (PANI).  Additionally, we 

investigated the self assembly behavior of amphiphilic block copolymers in solution.  We 

then utilized their self assembly behavior in solution to template conductive spherical 

PANI nanoparticles of controlled size and narrow size distribution.   

Specifically, we demonstrated the controlled synthesis and microphase separation 

of semifluorinated block copolymers containing PPFS.  Semifluorinated block 

copolymers, such as PPFS/PMMA, are not necessarily strongly segregated.  Their 

interblock segregation strength depends on polarity differences between the two blocks 

rather than the absolute fluorine content.  Due to the symmetric placement of fluorine in 

the benzene ring of PPFS, the majority of the C-F bond polarities cancel, leaving only the 

C-F bond at the para position to contribute to an increased polarity in the PPFS block.  

As such, PPFS/PMMA has an interblock segregation strength only approximately twice 

that of its nonfluorinated counterpart, PS/PMMA.  

Using PPFS/PMMA, we investigated the degradation and removal of PMMA via 

UV irradiation to create nanoporous PPFS films for ultra-low dielectric constant 

applications.  The strong UV absorption of PPFS, however, prevented the complete 

extraction of PMMA from films of this block copolymer.  As such, we pursued two 

alternative degradable polymers, PCL and PLA, as sacrificial blocks for making 

nanoporous PPFS films.  We showed that PCL is degradable via acid-catalyzed 
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hydrolysis, but its degradation was slowed by the semicrystalline nature of PCL and was 

consequently incomplete after 9 days of hydrolysis.  In contrast, PLA was shown to fully 

degrade and can be extracted from PLA/PPFS films after 7 days of hydrolysis, resulting 

in nanoporous ultra-low dielectric constant films.  The size and shape of these pores were 

determined from the molecular weight characteristics of the parent block copolymers.  

Furthermore, the dielectric constants of these films were tunable by adjusting the PLA 

volume fraction in the parent block copolymer.   

In addition to semifluorinated polymers, we also demonstrated the controlled 

synthesis of block copolymers containing hydrophilic segments via ATRP.  The use of 

strong hydrogen bond accepting solvents, such as DMF and DMSO, disrupted the 

interblock hydrogen bonding of PEGMA/PAAMPSA and induced its microphase 

separation in the solid state.  Lamellar samples of PEGMA/PAAMPSA showed a high 

degree of order in the solid state.  This work is the first demonstration of microphase 

separation in the solid state from hydrophilic block copolymers with intrinsic interblock 

hydrogen bonding. 

Finally, we also demonstrated that PEGMA/PAAMPSA is an effective template 

in solution for the synthesis of conductive PANI.   Due to the complexation of aniline 

with the disordered PEGMA/PAAMPSA template in solution during PANI synthesis, 

however, PANI-PEGMA/PAAMPSA does not form periodic microphase-separated 

structures upon solvent casting from DMSO.  Its usefulness for creating nanostructured 

conductive PANI is thus limited.  In contrast, we showed that PMA/PAAMPSA micelles 

were effective at templating aniline polymerization and simultaneously doping PANI, 

creating robust conductive PANI nanoparticles.  Because the polymer acid dopant is 

restricted to the micellar corona, the physical characteristics of these nanoparticles, such 

as size and PDI, were dictated by the micellar template.   
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We thus demonstrated that ATRP can be used to synthesize a wide range of well-

defined functional block copolymers.  Additionally, the self-assembly characteristics of 

these block copolymers in the solid state and in solution can be utilized to improve the 

formation of a variety of functional materials, including ultra-low-κ films and conductive 

spherical PANI nanoparticles that we discussed in this thesis.  Below, we propose 

suggestions of future research directions that use functional block copolymers containing 

either fluorinated or hydrophilic segments for additional applications.   

FUTURE WORK 

Semifluorinated Block Copolymers for Anti-Fouling Coatings 

It has been shown that biofouling by marine organisms on surfaces, such as ship 

hulls, occur when these organisms secrete an adhesive protein that is either hydrophobic 

or hydrophilic, depending on the specific organism.1  For example, the marine mussel 

Mytilus edulis secretes a hydrophilic polyphenolic protein to adhere to surfaces.2  As 

such, developing surfaces that contain heterogeneities (i.e., both hydrophobic and 

hydrophilic areas) can hinder the interactions between the secreted proteins and the 

surface.   

Recent work by the Wooley group has explored the preparation of 

semifluorinated films for marine anti-fouling applications through the co-deposition and 

crosslinking of PPFS and PEO homopolymers on marine surfaces.3  After deposition and 

crosslinking, these films possess hydrophobic and hydrophilic domains on the order of 

several microns in size.2,3  These films successfully limited the adherence of proteins, 

such as bovine serum albumin, as well as marine organisms, such as green marine algae, 

compared to films of the homopolymer constituents.  The actual hydrodynamic diameters 

of proteins (1 – 50 nm)4, however, are much smaller than the micron-sized 
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heterogeneities in these crosslinked films.  For instance, the diameter of bovine serum 

albumin is approximately 5 nm.5  The biofouling improvement that these films offer is 

most likely derived from the reduction in the exposed hydrophilic surface area, as 

compared to the PEO homopolymer, as well as the reduction in the exposed hydrophobic 

surface area, as compared to the PPFS homopolymer.  Any film that can offer both 

hydrophilic and hydrophobic surface domains would thus show this improvement.  The 

reduction in the size of these hydrophilic and hydrophobic domains to that of the 

adhering proteins should greatly therefore improve the biofouling resistance of these 

films.    

The use of block copolymers containing PPFS and PEO would allow for the 

formation hydrophobic and hydrophilic domains on the order of 5-50 nm, dictated by the 

block copolymer characteristics.6  As with PCL and PLA in Chapter 4, PEO can be 

converted into an effective macroinitiator for ATRP.7  In fact, Dr. Sally Peng Li in our 

group demonstrated the controlled synthesis via ATRP of PEO/PPFS block copolymers.  

Figure 7.1 contains the GPC trace of PEO/PPFS 5/2 (solid line) and the macroinitiator 

from which it was synthesized, PEO 5 (dashed line).  The GPC trace of PEO/PPFS 5/2 

shows a clear shift to shorter elution times, signaling an increase in polymer molecular 

weight.  The GPC trace of PEO/PPFS 5/2 also remains monomodal and narrow, 

indicating the efficient initiation of the second block by PEO 5.  Small-angle x-ray 

scattering (SAXS) performed on this block copolymer demonstrated that it forms ordered 

nanostructures in the solid state.  Figure 7.2 shows the one-dimensional SAXS profile of 

PEO/PPFS 5/2 with an intense primary peak at q* = 0.569 nm-1, followed by higher-order 

reflections at q/q* ratios of √3, √4, √7, and √9.  This SAXS profile was obtained at 100 

°C, above the melting temperature of PEO (Tm = 70 °C),8 to avoid scattering from the 

presence of PEO crystallites.  The relative peak spacings indicate that PEO/PPFS 5/2 
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adopts a hexagonally-packed cylindrical morphology.9  On the basis of the primary peak 

position and a PPFS volume fraction of 24 vol%, we calculated the characteristic (10) 

lattice spacing to  be 11.0 nm and the average PPFS cylinder radius to be 5.8 nm using 

Equations 2.7 and 2.9.   

As such, PEO/PPFS block copolymers can be easily synthesized by ATRP, and 

they form ordered nanostructures in the solid state.  The use of PEO/PPFS block 

copolymers can thus provide hydrophilic and hydrophobic domains on the order of tens 

of nanometers, instead of several microns seen in crosslinked films of PPFS and PEO 

homopolymers.2,3  The use of PEO/PPFS block copolymers in antifouling coatings will 

therefore be more efficient than their crosslinked linear counterparts at disrupting the 

adherence of proteins secreted by marine organisms.  These PEO/PPFS films could also 

be crosslinked after deposition via UV irradiation, as mentioned in Chapter 3 with 

PPFS/PMMA films, improving their mechanical integrity upon exposure to aqueous 

environments.   

As such, we propose the investigation of PEO/PPFS block copolymers as marine 

antifouling coatings.  The deposition and crosslinking of these films can be studied to 

determine their mechanical integrity with varying volume fractions in the block 

copolymers.  The surface morphology can be investigated via atomic force microscopy 

(AFM) to determine the hydrophilic and hydrophobic domain sizes.  Finally, these films 

can be used in biofouling studies to access their resistance to protein and marine 

organism absorption.   

Since ATRP allows for the introduction of functional moieties, the utility of these 

anti-fouling coatings can be expanded by introducing functionalities that kill bacteria 

(bactericidal).  Instead of using PEO as the hydrophilic component, we can design 

functional block copolymers that contain moieties that specifically inhibit the growth of 
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bacteria on their surfaces.  For instance, a recent study has shown that polymers 

containing a quarternary ammonium salt (QAS) moiety are effective batericides.10  

Polymers containing QASs are usually generated by N-alkylation of tertiary amine 

groups with an alkyl halide having 4-12 carbons.11  The direct synthesis of monomers 

containing tertiary amine groups, such as (2-dimethylamino)ethyl methacrylate 

(DMAEMA) and 2-vinyl pyridine (2VP), is possible via ATRP.12,13  The subsequent 

quarternization of the tertiary amine groups in these monomers converts these polymers 

into bacterial growth inhibitors.14,15 

These block copolymers containing PPFS and either PDMAEMA or P2VP can 

then be converted to QAS-containing materials through a simple N-alkylation step.  

Films prepared using these functional block copolymers would not only limit the 

adsorption of proteins secreted by marine organisms but also hinder the growth of any 

bacteria that come into contact with it.  As such, we propose using block copolymers of 

PPFS and a QAS-containing block as an alternative marine antifouling coating.  Similar 

experiments can be performed on these films as with the PEO/PPFS block copolymers 

described previously, including mechanical integrity testing and AFM to determine 

domain sizes.  These films can also be used in biofouling studies to access if the presence 

of the bactericidal QAS-containing block provides a better resistance to biofouling.   

Flexible Conductive PANI Films 

One limitation to using PANI doped with PAAMPSA homopolymers in flexible 

organic electronics16,17 is the highly brittle nature of the PANI-polymer complex.18  

Recent attempts to overcome this limitation involved blending PANI with rubbery 

materials, but the resulting conductivities are often very low (10-7 – 10-4 S/cm) due to the 

insulating nature of the rubbery polymers used.19,20  As seen in Figure 6.3, however, the 

conductivities of PANI-PEGMA/PAAMPSA films are much higher (1 – 6 S/cm).  If a 
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block copolymer is microphase-separated in the solid state, the glass transitions of each 

of its blocks will be apparent in differential scanning calorimetry (DSC) experiments.21  

If the block copolymer is homogeneous in the solid state, however, DSC reveals only one 

composite Tg for the material that depends on the relative weight fractions of the two 

components.21  As mentioned in Chapter 5, casting PEGMA/PAAMPSA block 

copolymers from water results in a single homogeneous phase in the solid state, thus 

resulting in one composite Tg for the material. Since PEGMA has a Tg well below room 

temperature (-65 °C),22 while PAAMPSA has a Tg of ~185 °C,23 the composite Tg for 

PEGMA/PAAMPSA single phase melts should thus be significantly affected by the 

weight fraction of PEGMA present in the block copolymer. 

Our experience with these materials has shown that PEGMA-rich 

PEGMA/PAAMPSA block copolymers are rubbery when cast from water, indicating that 

their composite Tg is below room temperature.  As seen in Chapter 5, the incorporation of 

PANI into these films does not induce microphase separation, so PANI-

PEGMA/PAAMPSA is also a single phase melt upon solvent casting.  While the 

presence of semicrystalline PANI chains would raise the composite Tg of the conductive 

polymer complex, templating PANI with rubbery PEGMA/PAAMPSA block copolymers 

would improve the flexibility of these conductive PANI films, as compared to PANI 

templated with PAAMPSA homopolymers, without sacrificing conductivity.   

As such, we propose the investigation of PANI-PEGMA/PAAMPSA films for use 

as the conductive wiring in flexible organic electronics.  DSC analysis of 

PEGMA/PAAMPSA cast from water before and after templating PANI is therefore 

necessary.  Additionally, mechanical testing of PANI templated with 

PEGMA/PAAMPSA block copolymers with varying PEGMA contents can be performed 

to determine their strength and flexibility. 
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More Conductive PANI Electrodes Templated with PEGMA/PAAMPSA 

As seen from Figure 6.1, the presence of PEGMA has little effect on the resulting 

conductivities of PANI-PEGMA/PAAMPSA, as compared to the conductivities of PANI 

templated with PAAMPSA homopolymers.25,26  The presence of PEGMA, however, 

improves the solubility of the water-dispersible PANI complex as well as increases the 

viscosity of the resulting solution.  Both of these features improve the spin-coating ability 

of PANI templated with PEGMA/PAAMPSA compared to a PAAMPSA homopolymer 

of similar molecular weight.  Previous work in our group has shown that the best solution 

for making PANI electrodes is PANI doped with a very high molecular weight 

PAAMPSA homopolymer (Mn,PEO = 724 kg/mol) due to its superior spin-coating 

ability.25  PANI templated with this PAAMPSA homopolymer, however, yielded the 

lowest conductivities because of the large PANI aggregates formed in solution during the 

aniline polymerization.  These large PANI particles produce the smallest particle density 

and hence smallest overall PANI surface area per unit volume of the film, resulting in the 

lowest conductivity.  The improved spin-coating ability of PANI templated with 

PEGMA/PAAMPSA would thus facilitate the formation of more conductive PANI 

electrodes for organic electronic applications.  We thus propose the investigation of 

PANI-PEGMA/PAAMPSA solutions to spin-coat conductive electrodes.  As such, the 

viscosity of PANI solutions templated with both PAAMPSA homopolymers and 

PEGMA/PAAMPSA block copolymers can be measured for comparison purposes.  

These solutions can then be used to spin-coat PANI electrodes to determine which 

solutions provide the best PANI coverage and film continuity for improved PANI 

electrode performance.   
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Figure 7.1. Gel permeation chromatography traces with tetrahydrofuran as the 
eluent at 1 mL/min of PEO 5 (dashed line; PDI = 1.03) and PEO/PPFS 
5/2 (solid line; PDI = 1.05). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.2. Small-angle X-ray scattering profile of PEO/PPFS 5/2 obtained at 100 
°C.  It is plotted as qI and adopts a hexagonally-packed cylindrical 
morphology (PPFS cylinders).  The triangles represent the expected 
reflections based on the primary peak position for the cylindrical (1, √3, 
√4, √7, √9) morphology.  
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