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ABSTRACT 

Analogous to small molecule lipids and surfactants, amphiphilic block 

polymers self-assemble into well-defined nanostructures in aqueous solutions such as 

spherical micelles, cylindrical micelles, and vesicles.  Their macromolecular 

architecture leads to several advantages compared to small molecule amphiphiles, 

including increased chemical versatility, explicit control over the size and structure of 

solution assemblies, extremely low critical aggregation concentrations, and 

exceptionally slow chain exchange.  These attractive advantages have motivated 

significant research efforts towards developing polymeric surfactants for emerging 

nanotechnologies including aqueous nanoreactors and drug delivery vehicles.  To take 

full advantage of block polymer materials in these applications, a comprehensive 

understanding of the factors that influence self-assembly behavior as well as robust 

methods for controlling the chemical functionality of polymeric assemblies must 

continue to be developed.  Accordingly, this dissertation demonstrates the synthesis, 

solution assembly, and characterization of amphiphilic block polymers towards the 

goal of creating well-defined nanoassemblies.  The first objective of this dissertation 

was to systematically investigate the effects of common processing conditions on the 

structure, dynamics, and long-term stability of block polymer micelles.  The 

pronounced effects of organic cosolvent addition and subsequent removal were 

studied using a combination of cryogenic transmission electron microscopy and small 

angle neutron scattering.  Notably, solution agitation was found to have unexpected 

consequences on the dynamics and stability of the resulting assemblies.  A growing 
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number of works indicate that in addition to the structure, the chemical functionality 

of polymeric assemblies plays a critical role in determining the in vivo fate of drug 

delivery vehicles.  Thus, the second objective of this research was to establish a 

tunable method for controlling the display of peptide groups within polymeric 

assemblies to target specific diseased tissues.  A modular synthetic strategy was 

developed for creating well-defined polymer-peptide conjugates that allowed control 

over both the peptide sequence and peptide location within the polymer backbone.  

Together, the efforts in this dissertation provide the foundation for the rational design 

of novel materials by enabling greater control over both the structure and functionality 

of polymer-based nanoassemblies. 
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Chapter 1 

INTRODUCTION 

Amphiphilic molecules play an important role in everyday life.  The cell 

membrane is composed of more than 100 structurally unique amphiphilic lipids that 

self-assemble into a well-defined bilayer which separates the cell from its surrounding 

environment and maintains a delicate balance of nutrients essential to life.1  In fact, 

some theories hypothesize that this compartmentalization by self-assembled 

amphiphiles was essential to the origins of life.2  Synthetic amphiphiles, also referred 

to as surfactants, are integral components in diverse chemical products ranging from 

motor oils in cars, drilling muds used to recover petroleum, and personal care and 

cleaning products in our homes.3  There is also growing interest in developing these 

versatile materials for applications in nanotechnologies including biosensors, medical 

imaging, drug delivery, and aqueous nanoreactors.4-8  Innovate macromolecular 

amphiphiles have a distinct advantage over small molecules for these applications 

given their synthetic versatility, tunable self-assembly, and favorable solution 

properties.  Accordingly, the aims of this work were to improve the fundamental 

understanding of factors that influence macromolecular solution assembly and to 

develop robust methods for controlling the surface functionality of polymeric 

nanostructures.  Together the results in this dissertation enable control of the structure 

and surface chemistry of polymeric assemblies and advance the development of these 

promising materials for emerging nanotechnologies. 
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1.1 Amphiphiles  

The versatility of amphiphilic materials comes from their unique chemical 

structure and associated self-assembly behavior.  Amphiphilic molecules are 

composed to two chemically distinct regions: a hydrophilic (water-loving) portion and 

a hydrophobic (water-hating) portion.  As a result of this dual nature, amphiphilic 

molecules spontaneously self-assemble in aqueous solutions as depicted in Figure 1.1.  

In these nanoscale structures, the hydrophobic portions of the molecules (usually 

hydrocarbon chains) aggregate and are shielded from the aqueous environment by the 

hydrophilic portions of the molecules, which form a protective outer layer that is 

referred to as a corona.   

 

Figure 1.1 Schematic representation of nanoscale structures formed by 
amphiphilic molecules in aqueous solutions.  The hydrophobic 
portions of the molecule (red) aggregate and are shielded from the 
aqueous environment by the hydrophilic portions of the molecule 
(blue).  Adapted from reference 9. 

cylindrical micelle

inverted micellespherical micelle

bilayer vesicle
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Thermodynamics of Micelle Formation  

The tendency for hydrophobic regions of a molecule to avoid contact with the 

water is termed the hydrophobic effect.9,10  While this effect is driven in part by the 

enthalpically unfavorable interactions between the hydrophobic portion of the 

molecule and water, solution self-assembly is primarily an entropically driven process.  

In the absence of salts or organic molecules, hydrogen-bonding leads to a tetrahedral 

arrangement of water molecules.10  Adding unassociated hydrocarbon chains to water 

disrupts this hydrogen-bonding and forces a local ordering in the water molecules that 

is entropically unfavorable.9-11  Subsequent assembly of the amphiphiles reduces the 

order of the water molecules and therefore is energetically favorable.   

Because of the hydrophobic effect, amphiphilic molecules form a variety of 

nanoscale structure in aqueous solutions.  The amphiphiles spontaneously 

self-assemble above a critical concentration, referred to as the critical micelle 

concentration (CMC) or more generally as the critical aggregation concentration 

(CAC), as depicted in Figure 1.2.9-11  The amphiphiles are dispersed in solution below 

the CMC, and the unassociated molecules are often referred to as unimers.  Above this 

concentration, further addition of amphiphiles leads to the formation of new 

assemblies, and the concentration of unimers in solution remains essentially constant 

at the CMC value.   
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Figure 1.2 Schematic representation of unimer and micelle concentration as a 
function of total amphiphile concentration in solution.  At the CMC, 
the unimers assemble into micelles.  Above this concentration, 
further addition of amphiphile leads to the formation of new micelles 
and the concentration of free unimers in solution is equal to the 
CMC value.  Adapted from reference 9. 

The CMC is an important characteristic of amphiphilic molecules, and 

knowing this value is crucial to understanding the self-assembly and solution 

properties.  Many solution properties, such as the surface tension12,13  and electrical 

conductivity,13 show an abrupt change at the CMC and provide a convenient means of 

determining the CMC.  Other techniques to measure the CMC, such as dynamic light 

scattering (DLS)14 and diffusion-ordered nuclear magnetic resonance spectroscopy 

(DOSY),15 are sensitive to the diffusion of the amphiphilic molecules.  Another 

common method for determining the CMC relies on changes in the spectroscopic 

properties of dyes, as these measurements are readily made using common equipment 
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in most laboratories; however, a downside of this approach is that the presence of the 

dye also may influence the self-assembly behavior.14,16-18   

In general, the CMC is a function of the amphiphile structure and solvent 

selectivity. 3,9,11  For a spherical assembly, the CMC is described by  

 

 𝐶𝑀𝐶 = exp − 4𝜋𝑟!𝛾 𝑘𝑇  (1) 

 

in which r is the effective radius of the molecule and γ is the interfacial tension 

between the hydrophobe and the solvent.9  Consequently, increasing the molecular 

weight of the hydrophobic portion of the molecule or altering the solvent selectively 

(increasing γ) decreases the CMC.  The CMC also depends on the hydrophilic portion 

of the molecule and the addition of salts.  Ionic surfactants typically have higher 

CMCs compared to nonionic surfactants, as electrostatic interactions between the 

headgroups must be overcome to form a micelle from ionic surfactants.3,11  

Accordingly, adding salts decreases the CMC of ionic surfactants by shielding the 

headgroup repulsions.  The CMC is affected by temperature; however, these effects 

are quite complex.3  Increasing the temperature decreases the hydration of the 

hydrophilic portion of the molecule, which favors micelle formation; however, higher 

temperatures also disrupt the water structure around the hydrophobic portion of the 

molecule, which decreases the driving force for micellization.   

Micelle formation above the CMC can be described as a cooperative process, 

as it requires simultaneous participation of numerous amphiphilic molecules.10  The 

hydrophobic effect dictates a lower size limit, as an assembly formed by two or three 

amphiphilic molecules cannot eliminate the unfavorable hydrophobic/water interface.  
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Accordingly, several molecules must come together to create a stable assembly.  At 

the same time, repulsive interactions between the amphiphilic molecules impose an 

upper size limit and restrict the micelle growth.  These opposing interactions 

ultimately dictate the resulting size and structure of the aggregate, and the number of 

molecules per assembly is referred to as the aggregation number. 

 

Equilibrium Structures  

As suggested in Figure 1.1, amphiphiles form a variety of structures in aqueous 

solutions ranging from spherical micelles to elongated rod-like or cylindrical micelles 

to bilayer vesicles.  Understanding these morphologies requires an understanding of 

not only the self-assembly process described above, but also the intramolecular forces 

within the structure.  Unfavorable interactions between the hydrocarbon chain and the 

solvent minimize the interfacial area per molecule, while steric repulsions between the 

hydrophilic head groups tend to increase the interfacial area (Figure 1.3).  

Consequently, the final morphology is dictated by a delicate balance between these 

opposing interactions, which is described by the packing parameter,𝑃 

 

 𝑃 =   
𝑣
𝑙!𝑎!

 (2) 

 

in which 𝑣   is the volume of the hydrophobic tail, 𝑙!   is the maximum hydrophobic tail 

length, and 𝑎! is the area between the hydrophobic tail and hydrophilic head group.  

Amphiphiles with small packing parameters (i.e. large interfacial areas) form 

structures with large interfacial curvature such as spheres, whereas amphiphiles with 
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large values of the packing parameter (small interfacial areas) form structures with 

less curvature such as cylinders or bilayers.   

 

Figure 1.3 Schematic representation of the amphiphilic packing parameter that 
dictates the self-assembled structure.  The drive to reduce the 
hydrophobic interface area favors growth of the assembly, while 
repulsions between the hydrophilic headgroups limit the micelle size.  
The balance between these opposing interactions determines the 
optimal interfacial area, a0. 

At higher amphiphile concentrations, intermolecular interactions between 

assemblies further influences the assembled structure.3,11  Depending on the shape of 

the individual assemblies, they pack together into three-dimensional structures that are 

referred to as liquid crystals.  For example, spherical micelles form cubic structures 

while cylindrical micelles from hexagonal structures.9,11  The long-range order of 

headgroup
repulsions

hydrophobic  
interface

headgroup
area, a0

hydrophobic 
volume, v

R < lc

P = v/lca0
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these assemblies is appealing for applications in templating inorganic materials for 

catalysis and molecular separations.19-21 

 

Equilibrium Dynamics  

The field of solution assembly originates from the study of small molecule 

surfactants and lipids.  As suggested by Figure 1.2, free unimers coexist with the 

micelles in solution, and the constituent molecules are redistributed continuously 

between equilibrium surfactant assemblies on time scales ranging from µs to ms.22  

However, accessing the necessary length scales and time scales to understand these 

rapid equilibrium dynamics in small molecule amphiphiles is experimentally 

challenging.  Early studies indirectly probed the dynamics by perturbing the system 

using a temperature or pressure jump and watching the system relax back to 

equilibrium.  In the 1970s, Aniansson and Wall first theoretically described, and later 

experimentally demonstrated, that these near equilibrium dynamics are dominated by 

single exchange events, in which an individual surfactant molecules transfers from one 

micelle to another,23-26   

Sn + Sm ↔ Sn-1 + Sm+1 

The relaxation was described by two time constants.  The first time constant was used 

to fit the fast relaxation due to changes in the unimer concentration, and did not 

account for changes in the number density of micelles.  The second, slower time 

constant then was associated with the change in the number of micelles due to 

exchange of chains between the micelles. Importantly, this chain exchange between 

assemblies allows amphiphilic small molecules to achieve an equilibrium structure. 
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1.2 Block Polymer Amphiphiles 

An amphiphilic block polymer consists of covalently bonded hydrophobic and 

hydrophilic polymer segments.  Akin to small molecule amphiphiles, these 

macromolecules also self-assemble into classic nanostructures in aqueous solutions, 

such as spherical micelles, cylindrical micelles, and vesicles.  The resulting 

morphology can be controlled by varying the molecular curvature, and specific 

nanostructures and sizes can be targeted by controlling the block polymer molecular 

weight and composition as suggested in Figures 1.4 and 1.5.  Moreover, the seemingly 

limitless combinations of polymer chemistries, chain architectures, and block polymer 

compositions provide access to complex morphologies not attainable with small 

molecule systems.  For example, the solution self-assembly of an ABC triblock 

terpolymer in which block A is hydrophilic and blocks B and C are different 

hydrophobic blocks leads to elaborate multicompartment nanostructures with 

segregated B and C domains within the hydrophobic core.27,28  While the synthetic 

versatility block polymer systems creates a wealth of elegant nanostructures, it also 

introduces a complex parameter space for controlling their self-assembly.  The 

self-assembly of many block polymer amphiphiles is characterized in literature; 

however, certain aspects of their intricate self-assembly have remained elusive and the 

ability to take full advantage of these promising materials requires a comprehensive 

understanding of the factors that influence their structure, dynamics, and long-term 

stability. 
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Figure 1.4 Representation of structures formed by block polymer amphiphiles.  
The structure depends on the molecular curvature, as described by 
the packing parameter (P). The scale bar in cryogenic transmission 
electron microscopy images (cryo-TEM) is 100 nm, and the image of 
cylindrical micelles was reproduced from Jain and Bates, Science, 
2003, 300, 460-464.  The image was reprinted with permission from 
AAAS. 
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Figure 1.5 Phase diagram for dilute solutions of poly(butadiene-b-ethylene 
oxide) block polymer amphiphiles.  The polymer forms various 
morphologies including bilayer vesicles (B), cylindrical micelles (C), 
spherical micelles (S), and networks (N), depending on the molecular 
curvature of the amphiphile.  The molecular curvature is controlled 
by the degree of polymerization of the hydrophobic block (NPB) and 
hydrophilic weight fraction (wPEO), and the desired solution 
morphology can be targeted by tuning the block polymer molecular 
weight and composition.  The figure was reproduced from Jain and 
Bates, Science, 2003, 300, 460-464.  The figure was reprinted with 
permission from AAAS. 

Structure and Thermodynamics  

Decades of fundamental research provide a framework for understanding and 

controlling several factors that influence the self-assembled morphology in polymeric 

amphiphiles.29  Many of the early studies focused on the solution assembly of the 

commercially available ‘Pluronics’ (BASF), which are amphiphilic diblock and 
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triblock copolymers based on poly(ethylene oxide) and poly(propylene oxide). 30-41  

Growing interest in macromolecular surfactants has inspired synthesis of numerous 

other amphiphilic block polymer systems.42,43  Of particular interest are spherical 

block polymer micelles, which are composed of a well-defined hydrophobic core 

surrounded by a hydrophilic corona.  Small molecule hydrophobic cargoes readily are 

loaded into the micelle cores, which has inspired the development of these materials 

for applications in drug delivery, templating metal nanoparticles, separation processes, 

and aqueous nanoreactors.42  Controlling the properties of polymeric micelles is 

especially desirable because their loading capacity and performance in the 

abovementioned applications is directly correlated to their size.  The following 

sections describe theoretical efforts to relate the block polymer properties, such as the 

overall molecular weight, relative composition, and polymer-solvent interactions, to 

the resulting micelle structure.43-45 

As in small molecule systems, the final morphology of a block polymer 

assembly is dictated by a balance of hydrophobic interactions and intramolecular 

interactions within the structure.  In general, the micelle free energy (Fmicelle) is 

composed of three terms: 

 

 𝐹!"#$%%$   =   𝐹!"#$%&'($ +   𝐹!"#$ + 𝐹!"#"$% (3) 

 

in which Finterface, Fcore  and Fcorona are the free energy contributions of the interface, 

core, and corona, respectively.  The balance of these terms in a block polymer micelle 

at equilibrium is described by two classes of theories in literature: mean-field theories 

and scaling theories.44,45  
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Mean field theories reduce a multibody problem into simplified, effective 

interaction terms by replacing the local potentials with an effective field.44  Using this 

approach, several works have provided insights into the dependence of the micelle 

aggregation number, core size, and corona dimensions on the degree of polymerization 

of the hydrophobic and hydrophilic blocks, as well as the polymer-polymer and 

polymer-solvent interaction parameters in the equilibrium assemblies.45-55  Mean field 

theories support that a narrow interface exists between the core and corona of the 

micelle, and this interfacial profile was used in subsequent theoretical analyses.45  

Mean field theories are in reasonably good agreement with experimental data;56 

however, these theories work best for systems with weak polymer-solvent interactions 

and excluded volume interactions.44   

Systems with strong excluded volume interactions are better described by 

scaling theories that take into account the spatial correlations within the structure.44,45  

In these theories, complicated structural and thermodynamic features in the micelle are 

described by simple geometrical and physical arguments.45,57-60  Scaling theories for 

polymer micelles describe the corona density profile in terms of correlation blobs,45 as 

pioneered by de Gennes.61 

In all theories, micelle formation is driven by the minimization of the 

interfacial free energy, Finterface, which is proportional to the interfacial area per chain, 

 

 𝐹!"#$%&'($ =   
4𝜋𝑅!!𝛾
𝑄           ~          𝑄!!/!𝛾 (4) 

 

in which Rc is the micelle core radius, γ is the interfacial tension, and Q is the micelle 

aggregation number.   
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In scaling theories, Fcore is due chain stretching in the micelle core to maintain 

a constant melt density if the micelle radius is greater than the root-mean-square 

end-to-end distance of the hydrophobic block, 

 

 
𝐹!"#$
𝑘!𝑇

=   
𝑅!!

𝑁!𝑙!
!     ~    𝑄

!/! (5) 

 

in which lB segment length of the hydrophobic monomer.  

Finally, Fcorona is due to stretching of the chains that are attached to the curved 

surface of the core, 

 

 
𝐹!"#"$%
𝑘!𝑇

  ~  𝑄!/! ln𝑅/𝑅!"#$ (6) 

 

in which R is the overall micelle radius. 

Scaling theories distinguish between the two limiting cases of micelle 

structures formed by block polymers presented in Figure 1.6.  Crew-cut micelles are 

characterized by having the degree of polymerization of the hydrophobic block (NB) 

greater than that of the hydrophilic block (NA) (i.e. NB >> NA), while the opposite case 

is considered for star-like micelles (NA >> NB).44,58 
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Figure 1.6 Schematic representation of crew-cut and star-like micelles as 
considered by scaling theories.  In crew-cut micelles, the degree of 
polymerization of the hydrophobic block (NB) >> degree of 
polymerization of the hydrophilic block (NA).  Micelle at the opposite 
limit, NA>>NB, are referred to as star-like. 

In crew-cut micelles, the free energy contributions from the corona are 

assumed to be negligible compared to the free energy contributions from the core.  

Thus, substituting the expressions for Fcore  (Equation  5) and Finterface  (Equation  4)  

into the overall micelle free energy expression (Equation 3) and minimizing with 

respect to aggregation number yields44,58 

 

 𝑄     ≈      𝛾𝑙!
! 𝑘𝑇 𝑁! (7) 

 

and 

 𝑅!     ≈     𝑁!!/!𝑙! (8) 

 

Finally, because the corona thickness is small compared to the core radius, the overall 

micelle size scales as 

 𝑅     ≈   𝑅!   ≈   𝑁!!/!𝑙!, (9) 

star-likecrew-cut
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In the opposite limit for star-like micelles, the dominant free energy 

contribution is from the corona chain stretching.  Substituting Fcorona and Finterface into 

Fmicelle and minimizing with respect to aggregation number as above yields  

 

 𝑄     ≈       𝛾𝑙!
! 𝑘𝑇

!/!
𝑁!!/! (10) 

 

and 

 𝑅!     ≈     𝑁!!/!𝑙! (11) 

 

and the overall micelle radius scales with the corona thickness:  

 

 𝑅     ≈     𝑁!!/!𝑁!!/!𝑙! (12) 

 

These scaling analyses highlight several important parameters for controlling 

the block polymer micelle size.  In the case of both crew-cut and star-like micelles, the 

aggregation number and size are highly dependent on the degree of polymerization of 

the core block (NB), which is in qualitative agreement with experimental studies of 

several block polymer systems.62,63  The scaling analyses further suggest that the 

micelle aggregation number and size are highly sensitive to the interfacial tension, 

implying that the micelle structure can be tuned by controlling the solvent selectivity, 

as reported in Chapter 5 of this dissertation.64-67  The analyses described above provide 

basic guidelines for tuning the size and structure of equilibrium assemblies; however, 

as discussed below, many block polymer solution assemblies are not at equilibrium 

and instead are long-lived metastable structures.  Thus, achieving control over the 
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block polymer solution assembly requires a detailed understanding of both the 

thermodynamic and kinetic driving forces in these systems. 

 

Extremely Low Critical Micelle Concentration  

In contrast to small molecule amphiphiles, macromolecular amphiphiles 

consist of tens to hundreds of hydrophobic repeat units.  Equation 1 implies that the 

CMC exponentially decreases with increasing length of the hydrophobic block.  

Consequently, the CMC in polymeric amphiphiles is much lower than that in small 

molecule amphiphiles (Table 1.1) and oftentimes is experimentally inaccessible by 

common measurement techniques.17,68  

The extremely low CMC values of block polymer amphiphiles are an attractive 

advantage of these materials for certain applications, motivating theoretical and 

experimental research into the effects of polymer structure on the CMC.  For example, 

studies by Eisenberg and coworkers demonstrated that increasing the molecular 

weight of the hydrophobic block at a constant corona block molecular weight 

decreased the CMC due to the increasing hydrophobicity of the material, 69,70 whereas 

keeping the core block molecular weight constant and increasing the hydrophilic block 

molecular weight slightly increased the CMC. 39,40,70  Theoretical predictions suggest 

that the block polymer architecture55 and molecular weight distribution (dispersity)71,72 

also affect the CMC of these materials.  For example, adding a third polymer block 

and creating an ABA triblock copolymer decreases the CMC of the material.17,73  

These reports demonstrate that the CMC of the material is effectively tuned by 

controlling the polymer molecular weight, composition, and chain architecture, 

providing an additional level of control over the self-assembly behavior.  However, 



 18 

these results also highlight the complex parameter space for exploring and 

understanding block polymer solution assembly.  

Table 1.1 CMC of common small molecule and macromolecular amphiphiles  

amphiphile* CMC (g L-1) 
SDS74,75 2 to 2.7 

Brij nonionic surfactants76 ~ 1× 10-3 to 0.7  
PEP-PEO-PEO (Pluronic)77 ~ 10 to 20  

PS-PEO17,78 1× 10-3 to 6× 10-3  
PB-PEO14,68 < 10-3 to 4× 10-3  

*SDS = sodium dodecyl sulfate;  
PEP-PEO-PEO = poly(propylene oxide-b-ethylene oxide-b-propylene oxide);  
PS-PEO = poly(styrene-b-ethylene oxide); 
PB-PEO = poly(butadiene-b-ethylene oxide) 
 

Arrested or ‘Frozen’ Dynamics  

Another consequence of the macromolecular hydrophobic block is the 

extremely high energy barrier to dynamic exchange processes.  Over the past decade, 

it has become increasing apparent that these processes are exceedingly slow and 

seemingly non-existent in block polymer assemblies.29,44,79-83  Because of the 

extraordinarily slow dynamics, the self-assembled structure depends on the assembly 

pathway, and the “final” morphology is often a kinetically-trapped or long-lived 

metastable state.83  Therefore, a single block polymer can form multiple structures 

depending on the solution preparation method, and careful optimization of the 

preparation conditions as well as an understanding of the driving forces for structural 

rearrangement are necessary to produce well-defined, uniform, and reproducible 

solution assemblies.83 
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To take full advantage of block polymer amphiphiles and intelligently use 

them in desired applications, the assembly kinetics and pathways must be understood.  

A great deal of theoretical,84-89 computational,85,90-93 and experimental18,66,81,94-101 

research over the past decade has been devoted to understanding these phenomena.  

Small angle scattering methods, in particular, have provided valuable insights into the 

assembly processes98 and equilibrium chain exchange18,66,81,94-101 in these materials.  

However, a cohesive understanding of polymeric micelle dynamics is still lacking and 

the dominant dynamic processes during micelle formation and structural transitions 

remain unclear.  Gaining this understanding is complicated further by the complex 

dependence of micelle dynamics on numerous coupled factors that can depend upon 

how far removed the assemblies are from their equilibrium configuration (e.g. 

aggregation number, size, and shape).84,102-104  Accordingly, it is important to 

distinguish between the different types of kinetic processes in polymer assemblies.  

The phrase ‘relaxation kinetics’ is used to describe micelle-to-micelle relaxation 

processes in response to a perturbation (i.e. solvent switch or pressure/temperature 

jump), while ‘equilibrium dynamics’ or ‘equilibrium chain exchange’ refers to 

dynamic processes in an assembly that has not been perturbed.  Finally, ‘micellization 

kinetics’ refers to micelle formation (i.e. unimer to micelle formation).   

In general, two mechanisms are considered key for facilitating changes in 

micelle size and structure in all of the scenarios described above: single chain 

exchange and micelle fusion/fission (Figure 1.7).  In single chain exchange, a chain is 

expelled from one micelle, diffuses through solution, and then reinserts into another 

micelle.  A fusion event occurs when two micelles collide, leading to a deformation of 

their coronas, and the cores subsequently merge to form a larger micelle.  A fission 
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event is the reverse process in which a larger micelle divides into two smaller 

micelles. 

 

Figure 1.7 Schematic representation of dynamics processes in block polymer 
micelles.  (a) Single chain exchange and (b) fusion/fission events are 
both thought to contribute to micelle formation and relaxation.   

Near equilibrium, single chain exchange events dominate the dynamics in both 

small molecule surfactant and block polymer micelles.81,89,95-97  However, the 

energetic barrier to chain exchange in macromolecular systems normally is much 

higher due to the long-chain hydrophobic block, and this barrier is highly dependent 

on the solvent selectivity for each of the polymer blocks.82,83,89  Chain exchange events 

are imperceptibly slow in highly selective solvents,79,81,82 yet occur readily in mildly 

selective solvents.95-97 

a

b
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Meanwhile, far from equilibrium, the dominant dynamic process in 

macromolecular assemblies is unclear.102,104-107  Dormidontova used scaling analysis 

to suggest that fusion is the preferred growth mechanism in micelles during 

micellization, as opposed to the single chain events that are prevalent near 

equilibrium.84  Fusion events also have been noted during micelle relaxation and 

sphere-to-cylinder morphological transitions.108-110  However, recent experimental 

work by Rharbi suggested that fusion events also may occur in equilibrium 

assemblies, although these events are much slower than single chain exchange.106  

In contrast, other reports argue that the energetic barrier to deform block 

polymer micelle coronas is too high to permit fusion in macromolecular systems, and 

therefore that only single chain events are favored.89,92  Thus, despite the growing 

importance of understanding dynamics in macromolecular assemblies, the 

mechanisms governing structural evolution in highly perturbed systems remain 

unresolved.  Decoupling the thermodynamic and kinetic constraints in block polymer 

assemblies is an essential step in the successful application of these materials.     
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1.3 Emerging Applications of Solution Assemblies  

The flexibility in molecular architecture and block polymer composition allow 

the properties of macromolecular surfactants to be tailored to the specific application.  

As a result, several amphiphilic block polymers are produced on an industrial scale 

and are widely used as emulsifiers, detergents, and stabilizers in personal care and 

cosmetic products, inks, separation processes, and oil recovery.38,41  The well-defined 

and tunable self-assembly coupled with the synthetic versatility of these materials also 

has motivated significant research efforts towards developing block polymer 

assemblies for emerging nanotechnologies including aqueous nanoreactors7,8,111 and 

drug delivery vehicles.4,6,112-114  The work presented in this dissertation explores 

polymeric materials for both of these emerging applications in which macromolecular 

amphiphiles have a distinct advantage over small molecules given their synthetic 

versatility, tunable self-assembly, and low CMC values.  Described below is the 

detailed motivation and background for developing designer amphiphilic 

macromolecules and controlling their self-assembly behavior.   

1.3.1 Aqueous Nanoreactors 

Organic solvents constitute the majority of waste in the chemical environment; 

thus, there are both economic and environmental incentives for performing organic 

reactions in water.115  However, most industrially-used organic reactions are not 

possible in water due to the limited solubility of the reagents and the decomposition 

and/or deactivation of the substrates in aqueous environments.7,115  Amphiphile 

self-assembly presents an attractive solution to these contradictory needs in waste 

management vs. reagent solubility.  Hydrophobic substrates and catalysts can be 

efficiently encapsulated into the hydrophobic cores of polymeric assemblies, 
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solubilizing the reagents while protecting them from degradation.  These novel 

nanoreactors combine the benefits of both homogeneous and heterogeneous catalysis 

by increasing the local concentrations of reagents while also simplifying product 

recovery.7,8,111   

The synthetic versatility of amphiphilic macromolecules allows for the direct 

incorporation of transition metal catalysts111,116-119 into the micelle core or the 

polymerization of organocatalysts.120-122  Recent work by O’Reilly and coworkers 

developed polymeric nanoreactors based on the organocatalyst 

4-dimethylaminopyridine (DMAP), in which the catalytic DMAP functionality was 

immobilized within the polystyrene core of self-assembled micelles.120,121  The 

tethered catalyst improved the reactions rates up to 100-fold compared to the rates 

when using unsupported catalysts in organic solvents,120 and the tethered catalyst also 

improved the selectivity of the reaction towards the hydrophobic substrate.121  

Moreover, the hydrophilic block of these materials was made from a thermoresponsive 

polymer, poly(N-isopropylacrylamide) (PNIPAM), and hence the catalyst could be 

recovered by simply heating the solution to cause the polymer to precipitate.  The 

catalytic performance of these nanoreactors was not affected by multiple recycling 

steps, demonstrating the immense potential for polymeric nanoreactors for not only 

improved reaction rates and selectivity, but also simplified catalyst recovery.120  

In addition to the synthetic versatility afforded by polymeric systems, the low 

CMC and slow chain exchange inherent to macromolecular assemblies is 

advantageous in nanoreactor applications.  Work by Thayumanavan and Ramamurthy 

demonstrated that the arrested chain exchange in polymeric nanoreactors reduced the 

hydrolysis of the substrate and improved the product selectivity compared to small 
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molecule surfactant assemblies.123  Moreover, water often is not present in the core of 

highly hydrophobic polymer-based assemblies, which further improves the selectivity 

of aqueous nanoreactors.124   

 

Remaining Challenges in Nanoreactor Development 

Amphiphilic macromolecules have tremendous potential for developing 

aqueous nanoreactors to reduce the use of organic solvents in industrial processes, 

increase reaction yields and selectivity, and simplify product and catalyst recovery.  

However, further advancing these technologies requires not only developing new 

materials, but also understanding the effects of the nanoreactor structure on its 

catalytic properties.  For example, studies of nanoreactors assembled from small 

molecule surfactants demonstrated that the nanoreactor structure influences the 

reaction rates and that the optimal nanoreactor morphology may depend on the type of 

the reaction.115,125,126  The exact relationships between the nanoreactor structure and 

catalytic efficiency are not well understood in small molecule systems and have not 

been explored at all in polymeric nanoreactors.  Developing these relationships 

requires detailed in situ characterization of the nanoscale structure and a strong 

fundamental understanding of the factors that influence the structure and dynamics of 

macromolecular assemblies.  The tunable self-assembly, slow dynamic process, and 

synthetic versatility inherent to polymeric amphiphiles are key to further 

developments of nanoreactor technologies.   
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1.3.2 Nanomedicines  

Over 100 years ago, Nobel Laureate Paul Ehrlich coined the phrase ‘magic 

bullet’ to describe an idealized therapeutic that went specifically to diseased cells and 

did not affect the surround tissues.127  The past 100 years have seen great advances in 

identification of therapeutics to treat devastating diseases113,114 as well as development 

of nanodelivery structures with improved targeting potential, both fueling progress 

towards the creation of these magic bullets.6,112,127  Today, more than 40 

nanomedicines are used clinically to treat diseases such as anemia, chronic pain, 

cancer, and hepatitis.6 

 Some of the earliest nanomedicines were based on self-assembled liposomes, 

in which proteins and drugs were encapsulated within the hydrophilic core.  

Encapsulating therapeutics within liposomes increased their circulation times and 

improved their pharmacokinetic profiles while also reducing toxic side effects, and 

today liposomal-based chemotherapeutics are routinely used to treat cancer.6  

Pioneering work by Kabanov and Kataoka extended the use of amphiphilic block 

polymers to the development of drug delivery vehicles.5,6,128-134  These polymeric 

systems combined the advantages of nanoscale self-assembly with the synthetic 

versatility of polymeric materials.  However, despite their promise, no block polymer-

based therapeutics have advanced to clinical use.6  Multiple research efforts have 

begun to reveal the complex and sometimes contradictory design requirements for 

developing these materials for use in biomedical applications such as drug delivery, 

summarized in Figure 1.8.  The unique advantages of polymeric assemblies in drug 

delivery and the current understanding of the physicochemical properties that affect 

their performance in biomedical applications are discussed in more detail below.   
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Figure 1.8 Design requirements for an idealized polymeric drug delivery 
vehicle.  Adapted from review by Allen et al.5  
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Block Polymer Assemblies  

The exquisite control over the size and structure of amphiphilic block polymer 

assemblies as well as the slow chain exchange inherent to these materials are 

particularly attractive for drug delivery.  The synthetic versatility of macromolecular 

assemblies enables the design of specific nanocarrier sizes and shapes while the 

kinetic stability ensures that the nanocarrier is stable upon injection into the body.  

These advantageous properties of block polymer assemblies and examples from 

literature are described in the following section.   

Literature suggests the optimal nanoparticle size range for cancer treatment is 

10 – 100 nm, length scales readily achieved by block polymer assemblies.135,136  The 

lower size limit is set by the need to avoid renal clearance, as particles <10 nm are 

rapidly filtered by the kidneys.135,137  The upper size limit is governed by multiple 

factors, as nanoparticle size affects biodistribution (e.g. partitioning/filtration by the 

liver and/or spleen vs. tumors), diffusion through solid tumors, and cellular 

internalization.138-143   

A major advantage of nanomedicines for the treatment of cancer is the concept 

of ‘passive targeting’ due to the enhanced permeability and retention (EPR) effect.  

The EPR effect is a phenomenon unique to solid tumors and is caused by defects in 

the vasculature surrounding a tumor that lead to extensive leakage of blood and 

plasma components, including nanoparticles, into the tumor.138-140  As a result, 

nanoparticles administered intravenously have been found to selectively accumulate in 

tumors.  While the size of the assemblies allows passive targeting of tumors by the 

EPR effect, it also limits their transport through the tumor due to their low 

diffusivity.141,142  Accordingly, the ideal assembly must be large enough to selectively 
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accumulate within tumors, but not so large that that it cannot effectively diffuse 

through the tumor interstitium.  Once within the tumor, the drug carrier must be 

internalized by the cancer cells, and carrier size also influences the cellular 

internalization pathway.  Large particles (>1 µm) are taken up by phagocytosis 

whereas particles ranging from ~10 to 300 nm typically are internalized by clathrin 

mediated endocytosis.143  Together, these coupled and demanding size effects suggest 

that nanoparticles on the order of <100 nm are able to selectively accumulate in 

tumors, effectively diffuse through the tumor, and be internalized by cells. 

 

Figure 1.9 Schematic representative of passive and active targeting in 
nanomedicine, adapted from a review by Farokhzad and Langer.113  
In passive targeting, nanoparticles pass through the leaky 
vasculature and selectively accumulate in solid tumors due to the 
EPR effect.  In active targeting, targeting groups interact with cell 
surface receptors and facilitate cellular internalization of the drug 
carrier. 

passive targeting active targeting
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In addition to enabling improved control of the assembly size as compared 

with small molecule amphiphiles, amphiphilic block polymers provides access to a 

variety of nanostructure morphologies simply by tuning the block polymer 

composition.5,43,144  Literature reports have demonstrated that the nanoparticle 

structure is also very important in designing materials for biomedical applications.  

For example, studies of polystyrene nanoparticles showed that rigid, elongated 

particles were not recognized by macrophages due to their large surface area.145  Work 

by Discher et al. expanding on these finding and showed that flexible cylindrical 

micelles (also referred to as filomicelles) also were not internalized by macrophages, 

thereby enhancing their circulation times in vivo for up to 1 week.146  The elongated 

micelles showed unprecedented circulation times that were 10-fold longer than the 

times reported for spherical micelles.146  These results demonstrate that the shape of 

nanoparticles can be tuned to further influence the pharmacokinetic profile of the 

therapeutics.   

Another important advantage of macromolecular assemblies is their larger 

payload capacity compared to small molecule assemblies, enabling the encapsulation 

of greater amounts of therapeutics.  Also, their low CMC and exceptionally slow chain 

exchange helps retain encapsulated cargoes in vivo.  There are approximately 5 L of 

blood in the human body.  Accordingly, the drug delivery vehicles are diluted by 

approximately 1000-fold upon injection.  Most small molecule assemblies are not 

stable upon these dilutions, as their CMCs are typically ~1 g L-1; however, the low 

CMCs inherent to polymeric assemblies (Table 1.1) ensure that these nanocarriers are 

more stable and retain their encapsulated cargo upon extreme dilution.37,54,55,147  

Moreover, studies of block polymer assemblies also suggest that physically 
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encapsulating a hydrophobic drug within a micelle can increase the kinetic stability of 

the assembly.133 

 

Hydrophobic Core 

A key function of a drug delivery vehicle is to encapsulate and protect a 

therapeutic within the hydrophobic core.  However, even with the larger core volumes 

in polymeric assemblies, the total hydrophobic volume within a micelle formulation is 

small.  Assuming a typical micelle formulation contains ~1 vol% polymer in solvent, 

and the core constitutes <0.5 vol% of the micelle, the total core volume in 1 mL of 

solution is ~5 µL.5  Accordingly, maximizing the drug loading capacity and efficiency 

is crucial to the successful development of delivery vehicles.   

Interactions between the core block and the hydrophobic cargo have been 

shown to influence both the drug encapsulation efficiency and release profile.148-150  

For example, nuclear magnetic resonance spectroscopy studies suggested that the core 

block dynamics affect the encapsulation efficiency of hydrophobic compounds, and 

hydrophobic polymers with a lower glass transition temperature (Tg) were able to 

solubilize more drugs.151  Also, fluorescence studies revealed that dye release from a 

glassy core (high Tg) was very slow.150  Polymer-drug interactions also are important 

for determining the encapsulation efficiency as well as release profile.  For example, 

studies of pyrene solubilization in block polymer micelles demonstrated that the 

pyrene partition coefficient was two orders of magnitude higher in polystyrene 

cores5,78,152 [poly(styrene-b-ethylene oxide) and poly(styrene-b-acrylic acid)] as 

compared to the hydrophobic poly(propylene oxide) core in Pluronics.129  These 

results suggest that the more hydrophobic polystyrene cores are better able to 
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solubilize the aromatic dye and indicate that tuning the specific drug-polymer 

interactions increases both the encapsulation efficiency and loading-capacity.153  

Similarly, studies by Ansell et al. showed that drug release kinetics could be tuned by 

varying the hydrophobicity of paclitaxel and therefore its partition coefficient in 

aqueous lipid assemblies.148  Increasing the hydrophobicity of the drug by 

incorporating an alkane tail increased its partition coefficient and significantly 

improved its pharmacokinetic profile.148   

The physical state of the drug as well as its distribution within the micelle core 

further affects the encapsulation efficiency, drug release kinetics, and pharmacokinetic 

profile.148,149,154  For example, work by Langer and coworkers demonstrated that 

crystalline drugs were released more slowly from polymeric nanoparticles.154  Studies 

of the release kinetics of hydrophobic dyes suggested that the molecules were 

uniformly distributed throughout the core.150  This result is consistent with recent 

anomalous small angle X-ray scattering (ASAXS) experiments that directly 

demonstrated that hydrophobic small molecules were uniformly distributed throughout 

the micelle core.155  In contrast, release studies by Eisenberg et al. indicated that 

amphiphilic small molecule dyes containing both hydrophobic and hydrophilic regions 

were solubilized at the micelle core-corona interface and that the encapsulation 

efficiency was a function of the surface area of the micelle core.156  These studies 

further suggest that the drug release profile is a complex function of the polymer-drug 

interactions and that the drug carrier may need to be optimized for the therapeutic of 

interest.   

The majority of drug delivery vehicles rely on physically incorporating the 

hydrophobic molecule within the nanocarrier.  An alternative strategy is to covalently 
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attach the drug to the hydrophobic polymer in an effort to overcome the limitations to 

drug loading efficiency of physical encapsulation approaches.133,134,157-159  Pioneering 

work by Kataoka and coworkers covalently attached the anticancer drug Adriamycin 

to the hydrophobic block in poly(aspartic acid-b-ethylene glycol) micelles. 133,134,157  

Subsequent work has extended this approach to other chemotherapeutics such as 

doxorubicin158 and paclitaxel.160  Moreover, polymer drugs developed by Uhrich and 

coworkers are promising materials for drug delivery, in which therapeutics such as 

morphine,161 aspirin,162 and coumaric acid163 are directly incorporated into the 

polymer backbone.  Using these polymer drugs in amphiphilic block polymer 

architectures could increase the drug loading within the assemblies compared to 

physical encapsulation approaches and eliminate the need for complex drug-loading 

procedures.  The synthetic versatility in polymer chemistry and continued advances in 

new materials present exciting opportunities for effectively incorporating therapeutic 

molecules into polymeric nanocarriers.   

 

Hydrophilic Corona  

The micelle corona serves as a protective barrier for the therapeutic cargo, and 

along with carrier size, is a key determinant of the biodistribution.  Importantly, the 

micelle corona must reduce nonspecific interactions with serum components, referred 

to as opsonization, which leads to rapid clearance of the delivery vehicle from the 

body.164  This ability to avoid immune system recognition and prolong circulation 

times is referred to as ‘stealthiness.’   A growing number of studies have demonstrated 

the extreme influence of the surface chemistry and charge on the performance of 

polymeric materials in biological applications.5,113,114,135,136   
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Materials with a positive surface charge have a high affinity for the negatively 

charged proteoglycans expressed on the cell surface, but also are highly toxic.143,165-172  

For example studies by Millili et al. showed that removing excess polyethylenimine 

(PEI), a cationic polymer, from PEO functionalized gene delivery vehicles both 

improved the cellular internalization efficiency and reduced the cytotoxicity of the 

materials.171  Similarly, studies by Blanazs et al. showed that polymersomes that were 

surface-functionalized with the cationic polymer 

poly[2-dimethylamino)ethylmethacrylate] (PDMA) showed rapid cellular 

accumulation in vitro at short time scales (e.g. < 1 h).173  The authors also noted 

reduced uptake after longer exposures (e.g. 48 h) due to increasing toxic effects of the 

cationic polymer.173  Anionic polymers have been shown to be significantly less toxic 

than cationic polymers, as they are repelled by negatively charged cellular membranes 

as well as negatively charged residues within extracellular matrix; however, their use 

on the surface of biomedical materials is limited due to significant protein binding that 

occurs under physiological conditions.143,165  Nonionic or zwitterionic polymers such 

as poly(ethylene oxide) (PEO) or poly(ethylene glycol) (PEG), polysaccharides, and 

poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) have found the most 

success in biomedical applications.143,174-176  Work by Reineke and coworkers 

demonstrated that polymer micelles containing polysaccharides were stable in full 

serum conditions for more than 14 h with minimal protein interactions.177  

PEO (which is structurally equivalent to PEG) is by far the most commonly 

used hydrophilic polymer in biomedical applications.164,178,179  PEO has been shown to 

increase the in vivo circulation times of peptides, proteins, inorganic nanoparticles, 

liposomes, and polymeric assemblies,164,178,179 and is a key component of several 
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nanomedicines used clinically.6,112  In fact, the first polymer-based therapeutics to 

reach the clinic were PEO-protein conjugates.112 

The widespread use of PEO is due to its well-known ability to increase the 

colloidal stability of nanoparticles in physiologically relevant conditions as well as 

decrease protein binding in vivo.164,178,179  PEO is highly water soluble and several 

reports show that 3 water molecules can associate with each PEO unit.180-184  SAXS 

studies by Smart et al. revealed that the PEO corona in polymersomes were fully 

stretched and maintained their highly hydrated nature.180  The steric repulsions that 

result from this dense chain configuration prevents foreign objects from absorbing 

onto the nanoparticle due to the unfavorable loss of conformation entropy of the PEO 

chains.132  This extraordinary physiological advantage of PEO, coupled with its other 

benefits including non-toxicity, nonimmunogenicity, and FDA-approval have led to its 

widespread use in numerous biomaterials.   

 

Targeting Groups   

The first ‘targeted’ drug delivery vehicles were developed in the early 

1980’s.185,186  Antibody fragments were incorporated into liposomes and these systems 

showed significantly enhanced binding to specific cell types. 185,186  The potential 

benefits in cellular specificity of these targeted systems motivated significant research 

interest in attaching targeting ligands to various other nanocarriers to create Ehrlich’s 

magic bullets.  However, the past 30 years of research has revealed that attaching 

targeting groups often does not alter the biodistribution of the carrier, although in 

some cases, it can enhance phagocytic clearance.  The main benefit of most 
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ligand-targeted carriers is that they can stimulate enhanced cellular uptake in target 

cells by receptor-mediated endocytosis.136   

 

Remaining Challenges in Delivery Vehicle Development 

Despite challenges in the development of delivery vehicles, these systems 

continue to command attention due to the pressing clinical need for improved drug 

targeting.  Literature precedent clearly demonstrates that both the nanocarrier structure 

and surface functionality are essential determinants of the in vivo performance of 

delivery vehicles, and block polymer assemblies enable exquisite control over both of 

these design requirements.  Fundamentally understanding the effects of drug-loading 

procedures and solution processing conditions on the resulting assembly is essential to 

controlling both the structure and stability of the nanocarrier.  Moreover, an effective 

drug delivery vehicle must balance the stealthiness required for prolonged circulation 

and bioaccumulation with the display of targeting ligands.  Work by Gu et al. 

elegantly demonstrated that a delicate balance between ligand display and stealth 

properties achieves maximal drug carrier uptake in vitro and in vivo.187  However, 

achieving this balance is challenging and robust chemistries that allow control over the 

ligand display clearly are needed.  Optimizing both the structure and surface chemistry 

of block polymer assemblies will meet the demanding design requirements for holistic 

drug delivery vehicles. 
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1.4 Thesis Overview 

This dissertation presents the synthesis, self-assembly, and solution 

characterization of amphiphilic block polymers.  The first aim of this work was to 

develop complementary methods for characterizing block polymer solution assemblies 

and subsequently use these methods to understand the effects of common processing 

condition on the structure, dynamics, and long-term stability of block polymer 

assemblies.  Specifically, key results demonstrated that cosolvent addition led to a 

marked decrease in micelle size and increased the rate of chain exchange in the 

assemblies, while subsequent cosolvent removal had unforeseen consequences on the 

micelle stability.  Following cosolvent removal, the micelles grew through a distinct 

bimodal pathway separated by multiple fusion events, and detailed investigation into 

the growth mechanism revealed that this unexpected growth critically depended on 

solution agitation.  Most notably, this work demonstrated that solution agitation led to 

dynamic processes not seen in the bulk solution and emphasized the importance of 

selecting and controlling processing conditions when preparing block polymer 

solution assemblies.  The improved understanding of factors that influence block 

polymer solution assembly are applicable to materials design for emerging 

applications such as nanoreactors and drug delivery vehicles, leading to significant 

synergies in, and streamlined optimization of, the development of these 

nanotechnologies.   

A growing number of works demonstrate that both the structure and surface 

functionality of nanomaterials dictate their performance in biomedical applications.  

Thus, second aim of this work was to develop a method to control the surface 

functionality of polymeric assemblies for drug delivery applications.  A modular 

synthetic strategy was developed for creating well-defined polymer-peptide conjugates 
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that allowed control over both the peptide sequence and peptide location within the 

polymer backbone.  This level of control over conjugate architectures is not possible 

with common polymer-peptide conjugation strategies in literature, yet is essential to 

understand the intimate structure-property relationships inherent to polymeric 

materials in biological environments.  Altogether, the results presented in this 

dissertation will enable greater control over the structure and functionality of 

polymeric assemblies for applications in emerging nanotechnologies.   

Descriptions of the synthesis and chemical characterization techniques used to 

create the well-defined macromolecules necessary for this work are described in 

Chapter 2.  Chapter 3 presents an overview of in situ characterization techniques for 

solution assemblies, and Chapter 4 demonstrates the powerful combination of 

cryogenic transmission electron microscopy (cryo-TEM) and small angle neutron 

scattering (SANS) for obtaining detailed structural information on nanometer length 

scales.  The effects of cosolvent addition on the structure and dynamics of block 

polymer micelles are explored in Chapters 5 and 6, respectively, and Chapter 7 

investigates the unexpected consequences of cosolvent removal on the long-term 

stability of these assemblies.  The effects of routine laboratory mixing on chain 

exchange in block polymer assemblies are examined Chapter 8.  Chapter 9 develops a 

modular and highly tunable synthetic strategy for controlling the display of targeting 

ligands within polymeric assemblies.  Finally, Chapter 10 summarizes the main results 

of this dissertation and recommends future work towards the rational design and 

detailed characterization of designer amphiphilic block polymers.   
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Chapter 2 

MATERIAL SYNTHESIS AND CHARACTERIZATION 

This chapter describes experimental procedures for the synthesis of 

well-defined block polymers and peptides as well as techniques to characterize the 

resulting materials.  These procedures allow for the accurate control over the polymer 

and peptide composition that is necessary to develop these materials for drug delivery 

applications.   

2.1 Macromolecule Synthesis 

Development and optimization of macromolecular assemblies requires 

materials with well-defined compositions, controlled molecular weights, low 

dispersities, and high purities.  The following sections describe synthetic approaches 

for creating block polymers and peptides that meet these demands.   

2.1.1 Anionic Polymerization 

Introduction  

In the 1950’s, Michael Szwarc demonstrated that ‘living’ carbanionic polymers 

could be synthesized under carefully controlled conditions.1,2  Today, anionic 

polymerization is used on an industrial scale to synthesize materials for tires, shoe 

soles, and adhesives.3-5  An important advantage of anionic polymerization is the 

absence of an inherent termination mechanism, meaning that the polymer chains will 

continue to grow until all of the available monomer is consumed or the reaction is 
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intentionally terminated.  This ‘living’ nature of the polymerization allows for precise 

control over the polymer molecular weight and composition.   

There are two kinetically controlled steps in anionic polymerization: initiation 

and propagation, 

Initiation:    𝐼 +𝑀  
!! 𝑃!∗   

Propagation:   𝑃!∗ +𝑀
!!
𝑃!∗ 

                                                                                                                      𝑃!∗ +𝑀
!!
𝑃!!!∗  

in which ki  and kp are the initiation and propagation rate constants, respectively.  As 

suggested by the propagation expression, the reaction will continue to proceed until 

the monomer is consumed.  Subsequently, the reaction is terminated by adding a 

proton donor (in this work, acidic methanol).   

 Typically, the initiation step is fast (i.e.  ki > kp) and hence the concentration of 

active chain ends is equal to the initiator concentration.  Assuming all of the monomer 

is consumed, then the number average degree of polymerization (Nn) is given by  

 

 𝑁! = 𝐾
𝑀 !

𝐼 !
 (1) 

 

in which 𝑀 ! and 𝐼 ! are the initial monomer and initiator concentrations, 

respectively, and K is the functionality of chain growth (K = 1 for organometallic 

compounds used in this dissertation).   

 For a living polymerization, the distribution of chain lengths (dispersity, Ð) is 

described by a Poisson distribution, 

 

 Ð =
𝑁!
𝑁!

=   1+
1
𝑁!

 (2) 
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Accordingly, the dispersity approaches unity as the degree of the degree of 

polymerization increases, and narrow molecular weight distributions are achieved 

even at low molecular weights.5,6 

When used under appropriate reaction conditions, living anionic 

polymerization is a powerful synthetic approach; however, it is important also to be 

aware of the limitations of this technique.  The high reactivity and low concentration 

of active chain ends makes anionic polymerization highly sensitive to trace impurities 

(e.g. H2O and O2).6  Accordingly, all reactions must be carried out under inert 

conditions and all reagents must be meticulously purified.  The organometallic 

reagents used to initiate the polymerization reactions and purify the monomers also are 

also highly sensitive to air and must be handled with extreme care.  Finally, anionic 

polymerization of polar or functional monomers often is not possible due to side 

reactions.5,6  Polar groups, such as the carbonyl group found in methyl methacrylate, 

are reactive toward the nucleophilic chain end, which leads to chain termination and 

complex polymer structures.5,6  Despite these challenges, the ability to produce 

well-defined polymers, and more importantly block polymers, makes anionic 

polymerization ideal for synthesizing carefully designed and well-defined materials 

needed in this dissertation.  

The following sections describe the reagents, polymerization conditions, and 

protocols used to synthesize the polymers studied throughout this dissertation.  The 

two-step synthesis of poly(butadiene-b-ethylene oxide) (PB-PEO) is based on the 

method described by Hillmyer and Bates.7 
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Materials  

Anionic polymerizations require rigorously purified reagents to avoid 

termination.  Accordingly, all reagents were purified extensively using the air-free 

techniques described below. 

 

Initiator  

In this work, two different initiators were used.  Anionic polymerization of 

butadiene was initiated with commercially available sec-butyllithium (1.4 M in 

cyclohexane, Sigma Aldrich).  The anionic ring opening polymerization of ethylene 

oxide (EO) was accomplished using potassium naphthalenide synthesized in-house.  

Prior to use, the naphthalene (99%, Sigma Aldrich) was purified by recrystallization 

from ethanol.  Potassium naphthalenide was prepared by mixing potassium (98%, 

chunks in mineral oil, Sigma Aldrich) with a 10% molar excess of naphthalene (99%, 

Sigma Aldrich) in anhydrous tetrahydrofuran (THF) under argon.  This dark green 

mixture was stirred for at least 24 h before use.  The initiator degrades over time; 

however, knowing the exact concentration is not crucial because the polymerization is 

initiated by a colorimetric titration (see below).  The starting concentrations typically 

ranged from 0.03 to 0.06 M.  Note that potassium naphthalenide reacts with Teflon, 

and hence glass stir bars must be used during initiator preparation and all subsequent 

reactions.   
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Solvent  

Choosing the appropriate solvent is essential to a successful anionic 

polymerization.  The solvent must be able to dissolve the growing chain while 

remaining unreactive as a monomer, chain termination agent or chain transfer 

agent.5,6,8  Moreover, the solvation of the counterion significantly affects the 

polymerization kinetics.5,6  The ionic species are insoluble in apolar solvents, and the 

counterion is strongly associated with the carbanion.  The separation between the 

counterion and the carbanion increases with counterion size, and as a result, the 

kinetics are faster for larger counterions (K+> Li+).  The opposite trend is seen in polar 

solvents (e.g. THF used in this dissertation).  The smaller counterions (e.g. Li+) are 

more solvated than the larger counterions, increasing the distance between the chain 

end and the counterion and thereby increasing the polymerization kinetics.   

Especially important in this dissertation, the resulting polymer structure from 

polymerization of 1,3 dienes (e.g. 1,3-butadiene) depends on the solvent used during 

the reaction.  Shown in Figure 2.1 are the two regioisomers of PB, and the relative 

composition of these structures influences the chemical and physical properties of the 

polymer.9-11  The anionic polymerization of butadiene in apolar solvents results in high 

1,4 addition, whereas the polymerization in polar solvents favors 1,2 addition.5,12  In 

polar solvents, the anionic center is localized on carbon 2 and the polymerization 

occurs across carbons 1 and 2.5  The resulting polymer contains carbons 1 and 2 in the 

backbone with a pendant double bond.5,12  In this dissertation, the polymerization of 

butadiene was carried out in THF, resulting in >90% 1,2 addition.  Anionic ring 

opening polymerizations of EO also were performed in THF. 
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Figure 2.1 Regioisomers of polybutadiene.  1,2 addition is favored in polar 
solvents, while 1,4 addition is favored in apolar solvents.   

Solvents for polymerization reactions were purified on an SG Waters solvent 

purification system.  THF (Optima HPLC grade, Fisher Scientific) was degassed by 

sparging with argon for 30 min and then dried by passage through two alumina 

columns.  The solvent was collected in a flask that was first heated with a gas torch 

(flame-treated) to remove any moisture and then evacuated and backfilled with argon 

5 times.   

 

Monomer  

Inhibitors and trace impurities in the monomers were removed by rigorous 

air-free purification methods.  Butadiene (> 99%, Sigma Aldrich) was purified by 

distillation over n-butyllithium salts.  Note butadiene monomer can contain trace 

butene impurities that will terminate the polymerization; therefore it is essential to 

purchase high purity monomers from the manufacturer.  The n-butyllithium salts 

(2.5 M in heptane, Acros Organics) were dried under reduced pressure.  Typically 

~ 0.15 to 0.20 mL of purification agent were used per gram of monomer.  The 

butadiene monomer was vacuum distilled into the flask containing the purification 

agent, which was kept on liquid nitrogen.  The flask was warmed to ~0 °C on an ice 

n n

1,4 polybutadiene1,2 polybutadiene
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bath and stirred for 10 min.  Then, the monomer was vacuum distilled into a second 

salt flask. Again, the monomer was stirred over the purification agent for ~10 min on 

an ice bath.  Finally, the desired amount of purified butadiene was distilled into a 

flame-treated burette.  The monomer was stored in liquid nitrogen until use.  EO 

( > 99.5%, Sigma Aldrich) was purified in a similar manner.  Specifically, EO was 

purified by successive distillations over butylmagnesium chloride salts (2.0 M in THF, 

Sigma Aldrich).  Typically ~ 0.10 to 0.20 mL of purification agent were used per gram 

of EO.  The desired amount of EO monomer was transferred to a flame-treated burette 

and stored in liquid nitrogen until use.   

 

Extreme care must be taken when working with butadiene and ethylene 

oxide monomers.  Both monomers are highly toxic and exist as gasses at room 

temperature.  All distillations must be performed cold and the purified monomers 

must be stored below 0 °C.  The volumetric size of the burettes should be at least 

twice the volume of monomer.  All purification flasks must be equipped with a 

pressure relief valve as the heat of reaction with the purification reagents can cause 

a sufficient increase in temperature to lead to an explosion.  Excess monomer 

should only be vented into the chemical fume hood after all work is complete, and 

venting should be performed for at least 2 h.   

 

Synthesis 

The PB-PEO diblock copolymers studied in this dissertation were synthesized 

via two sequential anionic polymerizations.7  First, a hydroxyl-terminated 

polybutadiene (PB-OH) was synthesized and then used as a macroinitiator of EO to 
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create PB-PEO (Figure 2.2).  The two-step synthesis is necessary because PB-PEO 

cannot be polymerized in a single step, as the living EO chain ends strongly associate 

with lithium counterions in polar solvents which prevents chain propagation.13-15  

However, a major advantage of the two-step synthesis was that multiple PB-PEO 

block copolymers and their deuterated analogs [(polybutadiene-b-ethylene oxide-d4) 

(PB-dPEO)] could be synthesized from the same macroinitiator, allowing for direct 

comparison between the different polymers.  The synthesis of PB-OH and PB-PEO are 

described in the following sections. 

 

Figure 2.2 Synthetic scheme for synthesis of poly(butadiene-b-ethylene oxide) 
(PB-PEO) 

 

 

+

sec butyl 
lithium 1,3 butadiene living 1,2 polybutadiene hydroxyl-terminated

polybutadiene

PB-OH PB macroinitiator PB-PEO

potassium naphthalenide

Step 2

Step 1
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Hydroxyl-terminated Polybutadiene (PB-OH) Synthesis  

Polymerization of butadiene was performed in THF using sec-butyl lithium as 

an initiator.  In this reaction, the strong association in lithium alkoxides was exploited 

to quantitatively react the PB chain ends with a single EO repeat unit, yielding a fully 

hydroxyl-functionalized polymer.   

Before starting the polymerization, the custom-built glass reactor was 

flame-treated to remove any residual moisture and then evacuated and backfilled with 

argon 5 times.  After the last purge, the reactor was pressured to ~3 psi with argon.  

The reactor also was equipped with a pressure gauge and a pressure relief valve to 

monitor the pressure as the gaseous monomers were added to the reactor and to 

prevent an explosion.  THF (~ 20 to 30 mL solvent/g of polymer) was added to the 

reactor and then cooled to - 65°C using a dry ice/isopropanol bath.  The reactor 

pressure was maintained at ~1 psi by adding argon.  The desired amount of sec-butyl 

lithium was then injected into the reactor, upon which the solvent turned pale yellow.  

The amount of monomer required to initiate all the chain ends was calculated and 

added to the reactor to begin the polymerization.  Subsequently, the remaining 

monomer was slowly added to ensure that the pressure in the reactor did not exceed 

6 psi.  The reaction was allowed to proceed for 8 h.  The reaction progress also was 

determined by monitoring the reactor pressure to ensure that all of the butadiene was 

consumed.  At the end of the reaction, the dry ice was removed from the bath and the 

reactor pressure was reduced to <1 psi before adding 10 molar equivalents of EO per 

living chain end.  Upon EO addition, the reaction mixture turned clear and was 

allowed to stir for an additional 2 h.  After 2 h, the reaction was terminated by adding 
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acidic methanol (~1 M, 25 mL total).  The reaction was stirred for an additional 30 

min and then the reactor was vented for 2 h to remove the excess EO.   

The reaction solvent was removed by rotary evaporation and the polymer was 

redissolved in methylene chloride.  Subsequently, the polymer was washed with a 

saturated sodium bicarbonate solution to neutralize the excess acid from the 

termination step, and then the polymer was washed with water until the aqueous phase 

was neutral.  The methylene chloride was removed by rotary evaporation and the 

polymer was freeze-dried from benzene.  The PB-OH polymer was characterized 

using size exclusion chromatography (SEC), matrix-assisted laser 

desorption/ionization mass spectrometry (MALDI-TOF MS) and proton nuclear 

magnetic resonance (1H NMR) spectroscopy before use in subsequent reactions.  

Importantly, the molecular weights determined from MALDI-TOF MS and end-group 

analysis in 1H NMR were compared to ensure all of the chain ends were 

functionalized with a hydroxyl group before the PB-OH was used as a macroinitiator 

in PB-PEO synthesis.   

 

Poly(butadiene-b-ethylene oxide) (PB-PEO) Synthesis  

PB-PEO was synthesized by anionic ring opening polymerization of EO 

(Figure 2.2).  Note that the same procedures were used for EO and deuterated EO 

(ethylene oxide-d4).  Before the start of the reaction, the reactor was flame-treated and 

purged as described above.  After the last purge, the reactor was pressured to ~ 2 psi.  

The desired amount of PB-OH macroinitiator was dissolved in anhydrous THF in the 

glovebox (typically 1 to 3 g of PB-OH in ~300 mL of THF).  The PB-OH solution was 

then added to the reactor, and the reactor was heated to 40 °C in a water bath.  The 
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PB-OH polymer was reinitiated using potassium naphthalenide which acts as a strong 

base.7,13,16  The PB-OH was titrated slowly with the potassium naphthalenide until a 

light green color persisted for at least 15 min.  The large molar absorptivity of the 

potassium naphthalenide enabled precise determination of the titration end point.7  

Then, the amount of EO required to initiate all of the chains was calculated and added 

to the reactor, upon which the reaction mixture turned clear.  The remaining EO was 

added slowly to ensure that the reactor pressure did not exceed 6 psi.  Then, the 

reaction was allowed to proceed for 22 h and the reaction progress was determined by 

monitoring the reactor pressure.  At the end of the reaction, the reaction mixture 

typically was light blue/gray in color.  The reaction was terminated by adding acidic 

methanol (~1 M, 25 mL total), upon which the reaction mixture turned colorless.  The 

reaction was stirred for an additional 30 min and then the reactor was vented for 2 h to 

remove any residual EO.   

The resulting polymer was purified as described above and then characterized 

by SEC and 1H NMR.  Note that the residual naphthalene in the polymer was not 

removed by the washes, but could be removed during the freeze-drying process as 

naphthalene sublimes.  The polymers studied in this dissertation are summarized in 

Table 2.1.   
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Table 2.1 Summary of PB-OH and PB-PEO polymers 

Polymer Mn (g mol-1)a NPB
b NPEO

c wEO
d Ðe 

PB-OH 1,600 30 1 - 1.10 
PB-OH 3,200 59 1 - 1.06 
PB-PEO 11,200 59 178 0.71 1.06 
PB-dPEO 11,100 59 163 0.71 1.05 

a number average molecular weight determined by MALDI-TOF MS for the PB-OH 
precursors and calculated using the block polymer composition from 1H NMR for the 
PB-PEO polymers 
b number average degree of polymerization of the PB block 
c number average degree of polymerization of the PEO block 
d hydrophilic weight fraction determined from 1H NMR spectroscopy 
e dispersity determined from SEC with polystyrene standards 

2.1.2 Fmoc Solid Phase Peptide Synthesis (SPPS) 

Introduction  

In 1963, Bruce Merrifield published his seminal work on the synthesis of a 

tetrapeptide using an innovative solid phase approach.17  Within 10 years, more than 

500 papers were published on solid phase peptide synthesis,18 and Merrifield was 

awarded the 1984 Nobel Prize in chemistry for ‘..his development of a simple and 

ingenious method for obtaining peptides and proteins.’19 

SPPS has revolutionized peptide chemistry.  This approach enables exquisite 

control over the amino acid sequence while facilitating facile synthesis of peptides and 

small proteins.  Excess reagents can be used to drive the reactions to completion, and 

then residual reagents are easily removed from by washing the solid support.18  

Moreover, the chemistries are amenable to automation technologies, which are now 

routinely used in industry for the development of new peptide therapeutics.20-22 

The principles of SPPS are outlined in Figure 2.3.  First, the C-terminal amino 

acid is attached to an insoluble resin via its carboxyl group.  Then, a temporary 

protecting group is removed from the α-amino group.  The second amino acid then is 
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coupled to the first amino acid via amide bond formation.  After the coupling, all 

excess reagents are washed away from the resin.  These general steps are repeated, 

building the desired peptide sequence one amino acid at a time.  Finally, the 

completed peptide is removed from the resin. 

 

Figure 2.3 Schematic representation of solid phase peptide synthesis (SPPS) 
principle. 
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While SPPS is incredibly powerful, it is important also to be aware of its 

limitations.  As a consequence of the sequential amino acid additions, the final peptide 

purity is significantly affected by the efficiency of each coupling step.  For example, if 

each coupling step were 95% efficient (as is typical in the case of amide bond 

formation), the overall yield of a 10 amino acid peptide would be only ~65% and the 

yield of a 20 amino acid peptide would be <40%.  Obviously, these low yields are 

undesirable, and hence care must be taking to minimize side reactions and ensure high 

coupling efficiencies.  

Merrifield’s original SPPS method utilized tert-butoxycarbonyl (Boc) groups 

to temporarily protect the α-amine and relied on side chain protecting groups with 

different sensitivities to acidolysis.17,23,24  While Merrifield SPPS creates well-defined 

peptides, it requires hydrofluoric acid (HF) and a specially designed vessel to cleave 

the final peptide product from the resin.  Fortunately, developments in fully 

orthogonal protecting group chemistries that require mild cleavage conditions have 

made SPPS more accessible to both academic and industrial labs alike.18  Most 

peptides, including the peptides employed in this dissertation, are now synthesized 

using fluorenylmethyloxycarbonyl (Fmoc)-based protection chemistries.  The α-amino 

group is protected with a base-labile Fmoc group, while the amino acid side chain 

groups are protected with acid labile-protecting groups and the peptide is attached to 

the resin via and acid-sensitive linker.18  Using this approach, the Fmoc group can be 

removed from the α-amino group during the synthesis without affecting any of the 

side chain protecting groups, and the final peptide (and all side chain protecting 

groups) is removed from the resin with an acidic cleavage ‘cocktail’.18   
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The following sections describe in detail the reagents and protocols used in the 

Fmoc SPPS reported in Chapter 9.  

 

Materials and Reagents 

High purity Fmoc-protected amino acids and 2-(1H-benzotriazole-1-yl)-1, 1, 3, 

3-tetramethyluronium hexafluorophosphate (HBTU) were purchased from 

NovaBiochem (EMD Biosciences).  A series of standard side chain protecting groups 

were used for amino acids with functional side chains (Table 2.2).  Low loading 

H-Rink Amide ChemMatrix resin (0.27 mmol/g) was purchased from PCAS 

BioMatrix Inc.  Note that the rink amide linker yields a peptide with C-terminal 

amide.  Piperidine (ReagentPlus, 99%) and 4-methylmorpholine (ReagentPlus, 99%) 

were purchased from Sigma Aldrich.  All other reagents were purchased from Sigma 

Aldrich and used as received.   

Table 2.2 Standard side chain protecting groups used in SPPS 

Amino acid 
(abbreviation) 

Side chain protecting group 
(abbreviation)  

arginine (R) 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) 
aspartic acid (D) t-butyl ester (OtBu) 

glutamine (Q) triphenylmethyl (Trt) 
glutamic acid (E) t-butyl ester (OtBu) 

lysine (K) tert-butyl carbonyl (Boc) 
serine (S) t-butyl ether (tBu) 

tryptophan (W) tert-butyl carbonyl (Boc) 
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All SPPS reagents were prepared before beginning each synthesis.  The Fmoc 

deprotection solution contained 20 vol% piperidine in dimethylformamide (DMF) and 

the amino acid dissolution solvent contained 0.4 M methylmorpholine in DMF.  The 

amino acid and HBTU for each coupling step were weighed into a vial and sealed with 

a septum.   

 

Synthesis   

Peptides were synthesized on a 0.1 mmol scale using Fmoc SPPS using a 

Protein Technologies, Inc. Tribute Automated Peptide Synthesizer.  At the start of the 

synthesis, the resin was weighed into the reaction vessel, rinsed with 

dimethylformamide (DMF), and then swelled with dichloromethane (DCM) for 

30 min.  Note that the resin must be handled carefully to prevent the beads from 

fracturing.  The Fmoc protecting group on the amine-functionalized resin then was 

cleaved using the standard deprotection reaction conditions as depicted in Figure 2.4. 

Importantly, the cleaved Fmoc group forms an adduct with piperidine that 

strongly absorbs UV light, and the progress of the deprotection reaction can be 

monitored by measuring the UV absorbance of this adduct.18  The Tribute synthesizer 

is equipped with inline UV-monitoring and a feedback control system to ensure 

efficient Fmoc removal.  Typically the Fmoc group was removed after 5 min of 

treatment with the piperidine solution; however, the deprotection step was repeated 

until the UV absorbance dropped below a threshold value.  Following Fmoc removal, 

the resin was rinsed with DMF. 
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Figure 2.4 Reaction scheme for Fmoc removal using piperdine. 

After removing the Fmoc group from the resin, the first amino acid was 

coupled to the resin using standard HBTU/methylmorpholine coupling conditions.  

Amino acid couplings were performed using 6 equivalents of both the amino acid and 

HBTU dissolved in 3 mL of DMF containing 0.4 M methylmorpholine.  The solids 

were allowed to dissolve for 2 min to activate the carboxylic acid group (Figure 2.5), 

and then the amino acid solution was added to the resin.  The coupling reaction was 

mixed for 2 h, and the reagents were removed.  Finally, the resin was rinsed 

thoroughly with DMF, and the Fmoc group was removed from the α-amine group as 

described.  The coupling and deprotection steps were repeated until the desired 

sequence was complete. 

 

Figure 2.5 Reaction scheme for amino acid coupling via carboxylic acid 
activation using HBTU and subsequent amide bond formation. 

+ +

strong	  UV	  absorbanceFmoc
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Following addition of the final amino acid, the N-terminal Fmoc protecting 

group was removed using the standard conditions.  The resin was rinsed with DMF 

and then DCM, and subsequently, the resin was dried under a nitrogen stream.  If the 

peptide was not going to be used immediately, the dried resin was stored at 4 °C.  

Otherwise, the final peptide was removed from the resin using a trifluoroacetic acid 

(TFA)-based cleavage ‘cocktail’.18  This final step also removes the acid-labile side 

chain protecting groups.  Water and triisopropylsilane (TIS) were added as scavengers 

to quench the highly reactive cations produced during the cleavage reaction.18  The 

final cleavage mixture contained 95:2.5:2.5 v/v TFA: TIS: H2O.  The cleavage was 

performed for 3 h and the cleaved product was separated from the resin beads by 

filtration.  Then, the solution was concentrated under a nitrogen stream and peptide 

was precipitated into cold diethyl ether to remove the cleaved side chain protecting 

groups.  The peptide was recovered by centrifugation at 4000 rpm for 5 min at 4 °C, 

and the resulting pellet was dissolved in H2Oand lyophilized.  The synthesized peptide 

then was characterized using reverse phase high performance liquid chromatography 

(RP-HPLC) and mass spectrometry as described in subsequent sections. 

2.2 Chemical Characterization 

Methods used to determine the molecular weight, purity, and chemical 

composition of the synthesized macromolecules are described in the following 

sections.  Polymers were characterized using SEC, MALDI-TOF MS, and 1H NMR 

spectroscopy.  Peptides were characterized using a combination of RP-HPLC and 

MALDI-TOF MS.   
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2.2.1 Chromatography Techniques 

Chromatography techniques are an important tool for characterizing synthetic 

macromolecules and provide essential information on their distribution and purity.  In 

general, the macromolecule is dissolved in a solvent (mobile phase) and then passed 

over a porous stationary phase.  Separation is based on the differential partitioning of 

the molecules between the stationary and mobile phases.25  There are several types of 

chromatography that exploit different types of interactions between the 

macromolecules and the stationary phase, and it is important to utilize the appropriate 

technique that provides the best separation of the sample.  Two different types of 

chromatography were used in this dissertation.  The distribution and purity of the 

polymers were determined with SEC and the purity of synthetic peptides was 

characterized with RP-HPLC.  These techniques are described in more detail in the 

following sections. 

2.2.1.1 Size Exclusion Chromatography (SEC) 

SEC is a powerful technique routinely used to characterize synthetic 

polymers.6,8  SEC provides information on the complete molecular weight distribution 

and can be used to calculate the polymer molecular weight, confirm successful block 

polymer synthesis, and  monitor the purity of the polymeric sample.8   

 

Theory  

As the name implies, SEC separates molecules based on their size (i.e. 

hydrodynamic volume).6  A dilute polymer solution (mobile phase) flows through a 

column packed with beads of a porous gel (stationary phase) with pore sizes ranging 

from 50 – 106 Å.6  The solvent carries the polymer molecules through the pores and 
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the smallest polymers are able to pass through most of the pores.  As a result, the 

smallest polymer chains have the longest flow path the column, while the largest 

chains cannot fit through most of the pores and have a shorter flow path.  Accordingly, 

the polymer chains elute from the column in order of decreasing size. 

The concentration of polymer in the eluent is monitored continuously using a 

differential refractive index detector, giving a quantitative indication of the polymer 

molecular weight distribution.  However, the polymers are separated based on their 

hydrodynamic volume and not molecular weight; therefore, the columns must be 

calibrated with polymer standards of known molecular weight.  Typically, a series of 

low dispersity polystyrene standards are run to calibrate the SEC columns.  A 

calibration curve is constructed by plotting the standard molecular weight (M) as a 

function of elution volume (𝑉! = 𝑉!×𝑓𝑙𝑜𝑤𝑎𝑡𝑒),  which correlates the time spent on the 

column with the polymer molecular (Figure 2.6).  Note that log(M) is linear with Ve, 

which is consistent with theoretical predications for the size-based separation.6 



 69 

 

Figure 2.6 SEC chromatogram and corresponding calibration curve for four 
low dispersity polystyrene standards. 

The number average (Mn) and weight average (Mw) molecular weight also can 

be directly calculated from the SEC chromatogram.  The measured differential 

refractive index (DRI) is proportional to the mass concentration of polymer in solvent 

(g L-1),26 and thus 

 
𝑀! =

𝐷𝑅𝐼!
𝐷𝑅𝐼!
𝑀!

 
(3) 

 

 𝑀! =
𝐷𝑅𝐼!𝑀!

𝐷𝑅𝐼!
 (4) 
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in which the Mi is the molecular weight and DRIi is the corresponding measured 

intensity.  The molecular weight dispersity (Ð) then can be calculated as Ð = Mw/Mn. 

It is important to note that unless the unknown sample is the same polymer as 

the standards, the Mn and Mw calculated from SEC are not the absolute molecular 

weights of the sample and instead are referred to as the relative molecular weight and 

dispersity.   

 

Application 

In this dissertation, SEC was used to determine the dispersity of all synthesized 

polymers, confirm successful block polymer synthesis, and ensure that any 

post-polymerization modification chemistries did not degrade or crosslink the 

polymers.  All experiments were run with THF as the mobile phase at a flow rate of 

1 mL min-1.  The polymers were analyzed using Styragel HR1 and HR4 columns, 

which are packed with cross-linked poly(styrene-co-divinylbenzene) particles.  Some 

of the more polar polymers (such as PEO homopolymers or PB-PEO) interacted with 

the divinylbenzene-based column packing, as evidenced by the tail that was seen at 

longer elution times as well as the artificially broadened SEC chromatograms.  The 

reported relative dispersities were calculated based on polystyrene standards.   

Shown in Figure 2.7 are representative SEC chromatograms for a PB-PEO 

block polymer and corresponding PB-OH macroinitiator.  Both polymers showed a 

single low dispersity peak (Ð = 1.05 for both polymers).  The PB-PEO peak shifted to 

shorter retention times compared to the PB-OH macroinitiator, consistent with the 

diblock polymer having a higher molecular weight.  Also, there was no peak 
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corresponding to the PB-OH macroinitiator in the PB-PEO trace, confirming that the 

PB-PEO polymer was a pure diblock.   

 

Figure 2.7 Representative SEC chromatogram for a PB-PEO block polymer 
and corresponding PB-OH macroinitiator.  Both polymers show a 
single low dispersity peak.  Importantly, there is no peak 
corresponding to the PB-OH homopolymer in the PB-PEO trace. 

2.2.1.2 Reverse Phase High Performance Liquid Chromatography (RP-HPLC) 

RP-HPLC is the standard method for both determining and controlling the 

purity of synthetic peptides.18   

 

Theory   

Reverse phase chromatography is a form of partition chromatography in which 

the separation is based on differential analyte partitioning between the mobile and 

stationary phase.  The column packing is hydrophobic, and the samples are eluted off 
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of the column with a solvent gradient that increases in hydrophobicity over time 

(Figure 2.8).  The more hydrophobic the sample, the later it will elute off of the 

column.  

 

Figure 2.8 Schematic representation of RP-HPLC separation.  The analyte 
adsorbs to the hydrophobic column and remains there until the 
mobile phase is hydrophobic enough to elute the peptide.  The more 
hydrophobic the analyte, the later it elutes off of the column. 

Application  

RP-HPLC analysis was used in this dissertation to determine the purity of 

synthesized peptides, confirm synthesis of PEO-peptide conjugates, and separate 

PEO-peptide conjugates from unreacted peptide (Chapter 9).  All analyses were 

performed using an octadecyl silica column (i.e. C18, silica gel packing decorated 

with 18 carbon chains).18,27  The mobile phase consisted of a linear gradient between 

solvent A and solvent B, in which A is 0.1 vol% trifluoroacetic acid (TFA) in water, 

and B is 0.1 vol% TFA acetonitrile.  The TFA was added to the solvents to increase 

hydrophobic column surface

mobile phase

hydrophilichydrophobic

analyte

solvent gradient
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the affinity of the analyte to the mobile phase.  The elution of the peptides of the 

column was monitored by UV-Vis absorbance at 210 nm and 280 nm, corresponding 

to the intrinsic absorbance of the peptide backbone and tryptophan residues, 

respectively.  The purity of the crude peptides was determined using an analytical 

column, and larger quantities of material were purified using a semi-prep C18 column, 

as the greater amounts of material could be loaded onto the larger column.  The 

purified peptide was recovered by collecting fractions of the eluent. 

Shown in Figure 2.9 is the standard solvent gradient used in this dissertation.  

The solvent gradient was a linear AB gradient from 5 vol% B to 65 vol% B over 

48 min.  At the end of each run, the solvent composition was increased to 95 vol% B 

to flush the column and then decreased to 5 vol% B to equilibrate the column before 

starting the next sample run.  Also shown in Figure 2.9 are representative RP-HPLC 

traces for a peptide, PEO-peptide conjugate, and PEO, in which the retention time 

increased with hydrophobicity of the material (PEO > PEO-peptide > peptide).  
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Figure 2.9 Representative RP-HPLC data for characterization of PEO-peptide 
conjugates.  (a) The standard solvent gradient used for analysis of 
peptides and PEO-peptides in this dissertation in which solvent B is 
0.1 vol% TFA in acetonitrile.  (b) Representative RP-HPLC traces 
for peptide, PEO-peptide conjugates, and PEO.  The retention time 
increase with the hydrophobicity of the material, 
PEO > PEO-peptide > peptide. 

2.2.2 Matrix-Assisted Laser Desorption/Ionization Time of Flight 
(MALDI-TOF) Mass Spectrometry 

MALDI-TOF mass spectrometry has become an important tool in 

characterizing both polypeptides/proteins and synthetic polymers.28-35  In particular, 

MALDI-TOF MS is a powerful method for determining the absolute molecular weight 

of the sample as well as providing valuable information on the molecular weight 

distribution, composition, and end-group functionality of polymers.29,31-33,35,36 
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Theory  

MALDI is referred to as a ‘soft’ ionization method because it does not 

fragment the polymer upon ionization.  To prepare samples for analysis, the sample is 

mixed with a large excess of matrix and the mixture is co-crystallized onto a sample 

target (Figure 2.10).  Matrices are usually an organic acid with a chromophore that 

absorbs the majority of energy from the laser pulse and then transfers a proton to the 

sample.37  The matrix is essential for both the desorption and ionization processes, and 

finding the appropriate matrix for a polymer sample is key for obtaining a good mass 

spectrum.37  Many polymer samples also require a cationizing agent, such as Na+ or 

Ag+ salt, to help ionize the sample.30  Matrices and cationizing salts used for common 

polymers are summarized in Table 2.3.38   

 

Figure 2.10 Schematic representation of matrix-assisted laser 
desorption/ionization (MALDI) process. 

analyte
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Time of flight 
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Table 2.3 MALDI ‘recipes’ for common polymers 

Polymer* Matrix Cationizing salt Recipe 

 
PEO 

 

α-Cyano-4-
hydroxycinnamic 

acid (HCCA) 
 

- 

30 mg mL-1 matrix in 
1:1 (v/v) 

acetonitrile/water 
 

1 mg mL-1 polymer in 
H2O 

 
spot layer of matrix 

and dry, then polymer 
and dry, then matrix 

 
PB, PS, PI, PMMA 

 

 
dithranol 

 

silver 
trifluoroacetate 

(AgTFA) 
 

20 mg mL-1 matrix 
10 mg mL-1 salt 

10 mg mL-1 polymer 
 

all solutions in THF 
 

mix 10:1:2 (v/v) 
matrix: salt: polymer 

and spot on target 
*poly(ethylene oxide) [PEO], polybutadiene [PB], polystyrene [PS], polyisoprene 
[PI], and poly(methyl methacrylate) [PMMA] 
 

Following ionization, the ions are accelerated down the time-of-flight (TOF) 

mass analyzer by an electric potential.  Importantly, MALDI primarily produces singly 

charged species; therefore, all of the ions have the same kinetic energy and the 

velocity only depends on the sample mass.37  The lighter ions hit the detector at the 

end of the mass analyzer before the heavier ions, and hence recording the intensity as 

a function of time gives the mass spectrum.   

A representative mass spectrum for a 3.2 kg mol-1 PB-OH polymer is shown in 

Figure 2.11.  Note that the x-axis is the mass to charge (m/z) ratio; however, for this 

ionization method m/z corresponds directly to mass because the polymers are singly 
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charged.  The peak-to-peak spacing corresponds to the repeat unit molecular weight, 

and the recorded mass (M) is given by 

 

 𝑀 = 𝑀!"#$%& +𝑀!"#!!"#$%& + 𝑛𝑀! (5) 

 

in which Mcation, Mend-group, and Mo are the masses of the cation, chain end-groups, and 

repeat unit, respectively, and n is the degree of polymerization.  The measured signal 

is proportional to the number concentration of chains; therefore, the number average 

(Mn) and weight average (Mw) molecular weights can be calculated according to 

 

 𝑀! =
𝐼𝑀!

𝐼  (6) 

 

 

 𝑀! =
𝐼𝑀!

!

𝐼𝑀!
 (7) 

 

in which I and Mi are the measured intensity and mass, respectively. 
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Figure  2.11  Representative MALDI-TOF MS trace for a 3.2 kg mol-1 PB-OH 
polymer.  The peak-to-peak spacing corresponds to the PB repeat 
unit molecular weight. 

Application  

Throughout this dissertation, MALDI-TOF MS was used to determine the 

molecular weight of end-functionalized polymers, peptides, and polymer-peptide 

conjugates.   

Importantly, MALDI-TOF MS was used to determine the absolute molecular 

weight of all PB-OH precursors, both to confirm that all of the chains were 

successfully end-capped with hydroxyl groups and to calculate the absolute molecular 

weight of the block polymers studied.  While the literature reports the successful 

ionization of polymer samples with molecular weights on the order of 100 kg mol-1,28 

in practice it is difficult to obtain a mass spectrum for polymers with molecular 

weights >10 kg mol-1.  There also are two different modes of operation for 

MALDI-TOF MS, as compared in Figure 2.12.  Linear mode is more sensitive, 

making it better for analysis of high molecular weight polymers; however, linear mode 
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has a lower resolution (~ 100 m/z).  Conversely, reflectron mode (also referred to as 

reflector mode) is less sensitive but has much higher mass resolution, making it ideal 

for characterizing low molecular weight polymers and peptides. 

 

Figure 2.12 Comparison of different operation modes in MALDI-TOF MS (a) 
linear mode is more sensitive but has a lower resolution compared to 
(b) reflectron mode.  Both spectra are for a 9.6 kg mol-1 PB-OH. 

 In
te

ns
ity

 (a
.u

.)

14x103121086

 m/z

 In
te

ns
ity

 (a
.u

.)

14x103121086

 m/z

a

b



 80 

MALDI-TOF MS is also an invaluable technique for characterizing 

synthesized peptides and polymer-peptide conjugates.  It is essential to confirm the 

molecular weight of the desired peptides and identify any potential impurities.  

Accordingly, it is important to note that peptides often interact with cations (most 

often Na+ and K+) or the matrix, resulting in additional high molecular weight peaks in 

the mass spectrum (Figure 2.13).  These peaks readily are distinguished from other 

impurities by using a different matrix or performing salt doping experiments, in which 

a saturated salt solution is added to the analyte solution before depositing the samples 

onto the target.  As seen in Figure 2.13, specific high molecular weight peaks were 

more pronounced after salt addition, confirming that these peaks were due to salt 

association with the sample. 

 

Figure 2.13 Representative mass spectra from salt doping experiments.  Either 
sodium chloride (Na+) or potassium chloride (K+) was added to the 
sample to confirm which higher molecular weight peaks due to 
cations associating with the peptide. 
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2.2.3 Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy  

Nuclear magnetic resonance spectroscopy is an invaluable technique for 

determining the chemical composition, structure, and end-functionality of polymers.   

 

Theory 39,40  

Nuclear magnetic resonance spectroscopy relies on the magnetic properties of 

atomic nuclei.  In particular, nuclei with a spin quantum number I = ½, such as 1H, 
13C, 9F and 31P, are important for NMR spectroscopy.  When placed in an external 

magnetic field, these nuclei align either with or against the magnetic field.  Nuclei 

aligned with the magnetic field are in a low-energy state while nuclei aligned against 

the magnetic field are in a high-energy state.  The fundamental resonance frequency 

(υo) of a nucleus is proportional to the strength of the magnet and corresponds to the 

amount of energy required to flip a nucleus from the low-energy state to the high-

energy state,  

 

 𝜐! =
𝛾𝐵!
2𝜋    (8) 

 

in which γ is the strength of the nuclear magnet (magnetogyric ratio) and 𝐵! is the 

strength of the applied magnet.  The resonant frequency not only depends on the type 

of nucleus, but also on the position of the nucleus within the molecule.  Adjacent 

nuclei locally modify the magnetic field, giving rise to unique resonant frequencies for 

each nucleus in the molecule and providing detailed information on the molecular 

structure.  

In a 1H NMR experiment, the nuclei are subjected to strong pulse of radio 

frequencies near υo that aligns all of the nuclei with the magnetic field.  The nuclei are 
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then allowed to relax back to their low energy state and this process is recorded over 

time.  The resulting signal as a function of time is called the free induction decay 

(FID) and is subjected to a Fast Fourier Transform to convert the data from the time 

domain to a plot of intensity as a function of frequency (frequency domain).  The 

resulting spectrum contains a peak for each resonant frequency (nucleus) in the 

sample.  Importantly, the measured intensity in a 1H NMR spectrum directly 

corresponds to the number of protons, allowing for accurate calculations of the 

molecular composition.   

The individual resonant frequencies are described by a chemical shift (δ),  

 

 𝛿 = 10! 𝜈!"#$%& − 𝜈!"# 𝜈!"#   (9) 

 

in which 𝜈!"#$%& and 𝜈!"# are the resonant frequencies of the sample and reference, 

respectively.  The value for δ has units of ppm and is independent of the spectrometer 

used in the experiment, allowing all data to be compared.  Typically, chemical shifts 

are reported relative to the reference compound tetramethylsilane (TMS).   

From an application standpoint, note that the signal-to-noise ratio (S/N) in an 

NMR spectrum is a function of the number of sample scans (NS  ) [𝑆 𝑁   ∝   𝑁𝑆!/!]  and 

the magnetic field strength (B0), [𝑆 𝑁   ∝   𝐵!
!
!].  Therefore, increasing either of 

these experimental parameters can improve the signal-to-noise ratio in the resulting 

spectrum.   
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Application  

In this dissertation, 1H NMR spectroscopy was used to determine the 

composition of the PB-OH homopolymer and PB-PEO block polymer, as well as to 

determine the efficiencies of chain-end functionalization reactions (Chapter 9).  
1H NMR spectroscopy samples were prepared at a concentration of ~10 mg mL-1 in 

deuterated chloroform containing 0.03 vol% TMS.  Proton spectra typically were 

averaged over 16 scans; however, more scans were used when necessary to increase 

the signal-to-noise ratio.   

Shown in Figure 2.14 is an example 1H NMR spectrum for a PB-OH 

macroinitiator.  The peaks between 4.8 and 5.0 ppm correspond to the protons 

adjacent to the double bonds.  Based on the peak assignments in Figure 2.14, the 

relative composition of the 1,2 and 1,4 PB regioisomers can be determined.  Also, the 

peak at ~3.6 ppm corresponds to the protons adjacent to the hydroxyl end-group, and 

often overlaps with trace amounts of THF in the sample.  To reliably integrate this 

peak for end-group analysis, PB-OH was treated with trifluoroacetic anhydride 

(TFAA), which shifts the peak to 4.4 ppm.41-43  The degree of polymerization 

calculated from 1H NMR was compared with the results from MALDI-TOF MS to 

confirm that the hydroxyl end-capping reaction was essentially 100% efficient.   
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Figure 2.14 Representative 1H NMR spectra for PB-OH homopolymer.  (a) Full 
spectra showing protons used to determine the relative ratios of 1,2 
and 1,4 PB regioisomers and (b) zoomed in spectra showing the 
downfield shift of protons adjacent to the hydroxyl group after 
treating the samples with TFAA.   

1H NMR spectroscopy also was used to determine the composition of the 

PB-PEO polymers (Figure 2.15) by comparing the peak integrations at ~3.6 ppm 

corresponding to the PEO backbone with the peak integrations corresponding to 

double bonds within the PB.  The composition of the PB-dPEO polymer could not be 

directly determined from 1H NMR, so a known mass of the block polymer was 

blended with a known mass of PEO homopolymer and the PB-dPEO composition was 

back-calculated from the composition of the blend measured by 1H NMR.   
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Figure 2.15 1H NMR spectrum for a poly(butadiene-b-ethylene oxide) (PB-PEO) 
block polymer, with the peak assignments shown above.  Note that 
the PEO peak at 3.7 ppm was clipped vertically. 

2.3 Summary 

This chapter provided an overview of macromolecular synthesis techniques to 

create well-defined block polymers and peptides with controlled compositions and 

high purities.  These materials were characterized using complementary analysis 

methods to ensure accurate determinations of the molecular compositions and purities.  

The ability to control the block polymer molecular weight and composition with such 

accuracy was essential for synthesizing PB-PEO and corresponding PB-dPEO 

polymers necessary for studying the structure and dynamics of solution assemblies 

described in the following chapters (Chapters 5 through 8).  Moreover, the synergistic 

use of the synthesis and chemical characterization methods described here provided 

the foundation for synthesizing novel polymer-peptide conjugates with controlled 

chain architectures presented in Chapter 9.   
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Chapter 3 

CHARACTERIZATION TECHNIQUES 

This chapter describes the characterization techniques used to study the 

solution assembly of amphiphilic block polymers.  The concepts underlying these 

techniques are described here and the detailed results are presented in the following 

chapters.  Importantly, the complementary use of the techniques described in this 

chapter provided valuable insights into the structure and dynamics of block polymer 

solution assemblies.   

3.1 Scattering Techniques 

Scattering techniques are an invaluable tool for characterizing solution 

assemblies.1-3  Scattering methods describe a change in the direction of a traveling 

wave due to a change in the properties of the surrounding medium.4  The changes in 

the surrounding medium may be due to changes in refractive index (light), electron 

density (X-rays), or nuclei (neutrons) of the sample; however, the basic principles of 

scattering apply to all types of radiation.  This dissertation utilized two main scattering 

methods:  dynamic light scattering (DLS) and small angle scattering.  DLS was 

accessible in the laboratory and quickly provided quantitative information on the 

micelle sizes and size distributions.5  DLS was a crucial technique for screening the 

effects of processing techniques on block polymer assemblies and was used to select 

samples for more in-depth studies.  More detailed nanostructure characterizations then 

were performed using both small angle X-ray scattering (SAXS) and small angle 
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neutron scattering (SANS) experiments completed at several national laboratories 

including the Advanced Photon Source at Argonne National Laboratory (APS in 

Lemont, IL), the National Institute of Standards and Technology Center for Neutron 

Research (NCNR in Gaithersburg, MD), and the High Flux Isotope Reactor at Oak 

Ridge National Laboratory (HFIR in Oak Ridge, TN).  

 

The Scattering Vector (q)  

When an incident beam of radiation (light, X-rays, or neutrons) interacts with 

an ordered crystal lattice, two phenomena occur: (1) scattering of the incident 

wavevectors and (2) interference among the waves caused by the scattering events.3  

These events are illustrated by the classic Bragg diffraction experiment (Figure 3.1a).  

The wave scattered from the bottom plane (B), has to travel further to the detector than 

the wave scattered from the top plane (A).3,4  Based on geometry, this extra distance is 

2d sin (θ/2).  The scattered waves will only be in phase if the extra distance traveled is 

an integer number of wavelengths, nλ, a phenomenon referred to as constructive 

interference (Figure 3.1b).  If the waves are out of phase, their scattered amplitudes 

will cancel and thus not contribute to the measured scattering, which is referred to as 

destructive interference.  Accordingly, the measured scattering must be related to the 

spacing between the planes, 

 

 𝑛𝜆 =   2𝑑 sin 𝜃/2    (1) 
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in which n is an integer and θ is the scattered angle.  Equation 1 also directly 

illustrates how scattered waves can be related to a structural property of the sample, 

i.e. the crystal lattice spacing. 

 

Figure 3.1 Schematic representation of (a) Bragg scattering and (b) constructive 
and deconstructive wave interference.  Adapted from Higgins and 
Benoit.3 

The Bragg scattering event in Figure 3.1 is presented in the form of 

wavevectors in Figure 3.2, in which an incident wavevector, ki, with magnitude 2π/λ 

is scattered by the sample.  Assuming elastic scattering (i.e. the radiation wave does 

not exchange energy with the sample), the magnitude of the wavevector is unchanged 

and only the direction is altered.  Accordingly, the final wavevector, kf, has the same 
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magnitude as ki.  The wavevector change, q  =  kf  –  ki, is referred to as the scattering 

vector or momentum transfer and can be described by, 

 

 𝒒 = 𝑞 =   
4𝜋
𝜆 sin 𝜃 2  (2) 

 

 

Figure 3.2 Relationship between wavevectors and scattering vector (q) in elastic 
scattering. 

Substituting the expression for q into the Bragg’s law (Equation 1) illustrates that the 

scattering vector is inversely related to the spacing of the planes, 

 

 2𝜋 𝑞 = 𝑑 𝑛   (3) 

 

meaning larger objects scatter at smaller q.  Accordingly, the length scales probed by 

the scattering experiment are dictated by the choice of q (which is determined by 

choice of λ and θ  ), and all scattering equations are described in terms of q.  Scattering 

that is independent of q is referred to as incoherent scattering, while scattering that 

θ

ki

kf

θ

ki

kf q=	  kf-‐ ki
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depends on q is referred to as coherent scattering (i.e. the scattering waves are in 

phase) and provides information on the spatial correlations within the sample.4   
 

3.1.1 Dynamic Light Scattering (DLS) 

Theory   

The instantaneous scattered intensity is a function of the particle arrangement 

in solution.  As the particles diffuse through solution, the scattered intensity fluctuates 

over time (Figure 3.3).  These fluctuations in intensity are mathematically related 

through the intensity autocorrelation function G2(τ),  

 

 𝐺! 𝜏 =   
1
𝑡′ 𝐼 𝑡 𝐼 𝑡 + 𝜏   𝑑𝜏

!!

!
   (4) 

 

 

Figure 3.3 Schematic representation of a dynamic light scattering (DLS) 
experiment.  The diffusive motions of the particles lead to 
fluctuations in the measured intensity (It) about its average (<It>).  
These fluctuations are related mathematically through the time 
autocorrelation function.   

time
<It>

-‐0.05

0.15

0.35

0.55

0.75

0.95

1.15

0 2 4 6 8 10 12 14

It G2(τ)

τ

autocorrelation function



 94 

The experimentally measured intensity correlation function [G2(τ)] can be 

related to the electric field correlation function, G1(τ) by the Siegert relationship 

 

 𝐺! 𝜏 = 𝐵 1+ 𝛽 𝐺! !  (5) 

 

in which B is the baseline and β is an instrument-specific constant.6  The electric field 

correlation function [G1(τ)] describes the correlation particle movements, and decays 

exponentially in time with a decay constant, Γ 

 

 𝐺! 𝜏 = exp −Γ𝑡  (6) 

 

For particles undergoing Brownian motion, the decay constant is related to the 

diffusivity (𝒟) according to 

 

 Γ =   −𝒟𝑞!   (7) 

 

in which q2 is the scattering vector modulus and is reflective of the distance traveled 

by the particles.  In light scattering, the scattering vector accounts for solvent-induced 

changes in the wavelength by incorporating the refractive index of the solvent as  

 

 𝑞 =   
4𝜋𝑛
𝜆 sin 𝜃 2  (8) 

 

in which n is the refractive index of the solvent.4   
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Assuming the particles are monodisperse and spherical, the diffusivity is then 

related to the particle radius according to the Stokes-Einstein equation 

 

 𝒟 =   
𝑘𝑇
6𝜋𝜂𝑅 (9) 

 

in which k is the Boltzmann constant, T is temperature, η is the solvent viscosity and 

R is the particle radius.  Accordingly, larger particles diffuse more slowly and the 

correlation function decays more slowly, as depicted in Figure 3.4. 

 

Figure 3.4 Comparison of correlation functions for small and large particles.  
The larger particles diffuse slower, leading to longer correlation 
times and a slower decay of the correlation function.    
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However, in most experimental systems, the particles are not perfectly 

monodisperse and the measured decay is the intensity-weighted sum of the individual 

particle decay functions, 

 

 
𝐺! 𝜏 =    𝐴! exp −Γ!𝜏

!

 
(10) 

 

in which 𝐴! is the intensity-weight coefficient, and 𝐴! ∝ 𝑐!𝑀!𝑃! in which ci and Mi are 

the concentration and molecular weight of the species, respectively, and Pi is the form 

factor of the particle (related to the shape; see Section 3.1.2).  There are several 

models to account for polydispersity in DLS data  One of the simplest models is the 

cumulant expansion which assumes that there is a monomodal distribution of particles 

that can be described by a Gaussian-like distribution,7,8 

 

 𝐺! 𝜏 = exp −Γ𝜏 1+   
𝜇!
2! 𝜏

! +⋯  (11) 

 

in which Γ is the average decay constant (used to calculate the average hydrodynamic 

radius <Rh>) and the second term is related to the polydispersity of the sample.  While 

higher order terms can be included into the cumulant expansion, the second order 

expansion usually captures the decay in a correlation function and provides valuable 

information on the size and size distribution of particles in solution. 

For samples with a broad distribution of sizes or multimodal distributions, 

more complex fitting functions are required.  One function is the CONTIN method 

available in commercial DLS software packages which selects the distribution that 

best fits the correlation function through numerical methods.9-11 While this fitting 
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method can be very powerful, it is an ill-posed problem meaning that there is not a 

unique solution and multiple distributions can provide the same quality of fit to the 

data.  As a result, the fitted size distribution does not always provide an accurate 

representation of the actual size distribution of the particles in solution.5  

 

Application  

DLS was used throughout this dissertation to understand the effects of 

common processing conditions on the size and size distribution in block polymer 

micelles.  Experiments were performed using either a 488, 513, or 633 nm (blue, 

green, or red, respectively) laser coupled with a goniometer (Figure 3.5).  The 

temperature of the sample was maintained at 25 °C.  Data were typically collected at a 

scattering angle of 90°.  In some experiments, the scattering angle was varied from 20° 

to 140° to determine whether or not the particles in a given sample were spherical 

(Equation 7).   
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Figure 3.5 Schematic representation of laser light scattering instrument. 

In properly designed experiments, DLS provides reliable quantitative 

information on the micelle size; however, there are several things to consider during 

sample preparation as well as data collection and analysis.  The DLS theory described 

above assumes that all of the scattering events are independent (i.e. no multiple 

scattering); accordingly, DLS analyses were always performed on dilute samples.  

Also, it is important to note that the theories described above are for Rayleigh 

scattering, which assumes that the particles are much smaller than the wavelength of 

light.  DLS does not provide accurate size information for large particles with radii 

approaching the wavelength of the laser R ≈ λ.1   

As depicted in Figure 3.4, a correlation function should plateau at short and 

long correlation times.  Accordingly, the range of correlation times (τ) was selected to 

capture the entire relaxation function during the DLS experiment.  The measured 

correlation functions were analyzed with either the second order cumulant or CONTIN 
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method described above.  Both analysis methods provided the average hydrodynamic 

radii <Rh> of the micelles; however, the exact size distributions could not be 

determined using DLS.  Importantly, DLS measured the intensity-weighted size, which 

made the results highly sensitive to a small number of large particles or aggregates in 

solution.  This sensitivity further complicated efforts to determine the exact size 

distribution from DLS, particularly in Chapter 7 that studied a bimodal distribution of 

micelle sizes.  DLS analysis was not sufficiently sensitive to the bimodal distribution 

and necessitated additional characterization methods to effectively capture the 

changing sizes in the micelle population. 

3.1.2 Small Angle X-ray and Neutron Scattering (SAXS and SANS) 

Theory   

Probing the detailed structural characteristics of block polymer assemblies on 

length scales ranging from 1 to 100 nm requires very small scattering angles (θ < 5°), 

making small angle scattering methods an ideal tool for probing solution 

assemblies.2,3,12  The measured scattered intensity is a function of 

 

 𝐼 𝑞 =     𝜙Δ𝜌!𝑃 𝑞 𝑆 𝑞  (12) 

 

in which 𝜙 is the volume fraction of scatterer, Δρ is the scattering contrast, P(q) is the 

form factor, and S(q) is the structure factor.  The form factor describes scattering 

interference between different parts of the same particle and hence provides 

information on the shape of that particle, whereas the structure factor describes 

scattering interference between different particles and hence provides information on 
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the particle-particle interactions in the system.  In dilute solution with no interparticle 

interactions, such as the samples studied in this dissertation, S(q) = 1. 

The basic scattering and interference effects apply to both X-ray and neutron 

scattering; however, the way radiation interacts with a material, and consequently, the 

scattering contrast (Δρ) is different for the two methods.   

 

Contrast in Scattering   

X-rays interact with individual electrons and the scattering is due to the 

electron density distribution within the material.  The X-ray scattering length density 

𝜌!    of a material can be calculated according to  

 

 𝜌! =   
𝑍!𝑟!!

!!!

𝑣!
   (13) 

 

in which Zi is the atomic number of the ith element, re = 2.81 × 10-13 cm is the radius 

of the electron, and vm is the molecular volume of the sample.2  Accordingly, the 

scattering length density of a material increases with its atomic number.  The X-ray 

scattering contrast is defined as the scattering length density difference between the 

sample and the surrounding solvent, Δρ  =  ρe,  sample  -‐  ρe,  solvent.  

Neutrons interact with the nucleus of the atom and the scattering is due to the 

distribution of nuclei within the sample.2  Similar to above, the neutron scattering 

length density, 𝜌!, can be calculated by 

 

 𝜌! =   
𝑏!!

!!!

𝑣!
   (14) 
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in which bc is the coherent nuclear scattering length.  The nuclear scattering length 

varies randomly across the periodic table and also varies between isotopes of the same 

element.  A particularly useful example of these isotopic variations is the difference 

between hydrogen and deuterium, which have coherent scattering lengths of – 3.74 × 

10 -5 Å and 6.67 × 10 -5 Å, respectively.  These vastly different scattering lengths mean 

that the contrast in the system can be tuned by varying the hydrogen and deuterium 

content in the sample, a method referred to as contrast variation.  Using this approach, 

parts of the structure can be matched to the surrounding solvent (Figure 3.6), proving 

detailed structural information on specific nanoscale features.  The ability to hone in 

on specific structural details through contrast variation is a key advantage to neutron 

scattering vs. X-ray- or light-based methods.3,12   

 

Figure 3.6 Schematic representation of the effects of contrast variation on the 
measured structure of a core-shell particle in a SANS experiment. 
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Experimental Set-up  

A typical small angle scattering instrument is schematically represented in 

Figure 3.7.  A monochromatic beam from the radiation source (either X-rays or 

neutrons) is collimated by a series of apertures.  The incident beam then is scattered by 

the sample, and the scattered X-rays or neutrons are collected by a 2-D detector.  

Often times, the detector position can be moved to capture the scattering at different 

angles (e.g. length scales) of interest.  Longer detector distances measure smaller 

scattering angles, which correspond to smaller q values (or larger structures).  The 2-D 

scattering pattern then is azimuthally integrated, giving a 1-D scattering pattern that is 

plotted as the scattered intensity as a function of q.   
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Figure 3.7 Schematic representation of a small angle scattering experiment.  (a) 
Diagram of instrument in which the incident beam is scattering by 
the sample and the scattering is measured by a 2-D detector.  (b) The 
2-D scattering data are reduced and integrated azimuthally to yield 
the 1-D scattered intensity vs. q.   

Data Analysis  

The 1-D scattering data is analyzed to extract information regarding the 

sample’s structure.  There are two basic categories of scattering data analysis: 

model-independent and model-dependent.  In model-independent analysis, the data are 

directly manipulated to yield structural information regarding the sample, while in 

model-dependent analysis, mathematical models that describe the sample structure are 

constructed and then used to fit the data.2,3  In this dissertation, scattering data were 
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first analyzed with model-independent methods to obtain basic information on the size 

and structure of the sample, and this information was used to guide model-dependent 

analyses.  It is important to obtain as much structural information about the sample as 

possible before beginning model-dependent analysis to ensure the fitting results are 

physically reasonable and to extract the most information from the scattering 

experiments.  

A representative 1-D scattering plot for a sphere is presented in Figure 3.8 and 

discussed in the context of model-independent and model-dependent analyses.  
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Figure 3.8 Representative scattering data for a solid sphere with a radius, 
R = 5 nm. 
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Model-independent Analysis 

The Guinier and Porod analyses can be used to obtain information on the large 

and small length scales of the scattering object, respectively, as depicted in Figure 3.8.   

The Guinier approximation applies at low q in which the scattering is characteristic of 

the entire object, 

 

 𝐼 𝑞 =    𝐼! exp −
𝑞!𝑅!!

3  (15) 

 

 ln 𝐼 𝑞 = ln 𝐼! −   
𝑞!𝑅!!

3    (16) 

 

in which I0 is the absolute intensity extrapolated to q ! 0 and 𝑅!  is the radius of 

gyration of the scatterer.  Accordingly, 𝑅!  can be determined directly by plotting the 

ln[I(q)] vs. q2.  Note that this assumption is only valid at qRg << 1, such that the entire 

length scale of the object was probed by the scattering experiment.   

 

According to the Porod Law, the scattering at high q is a function of the surface of the 

sample, 

 

 𝐼 𝑞 ∝ 𝑞!! (17) 

 

in which n is the Porod exponent.  A Porod exponent of n = 1 corresponds to a 1-D 

object such as rigid cylinders, whereas n = 2 corresponds to a 2-D object such as large 

vesicles and n = 4 corresponds to a 3-D object such as spheres.  A Porod plot is 
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constructed by plotting log[I(q)  –  B] vs. log(q), in which B is the incoherent 

background and the slope corresponds to the Porod exponent.   

Model-dependent Analysis2 

The amplitude of the scattered X-rays or neutrons [A(q)] is related to the 

distribution of scatters within the sample and can be described in terms of the 

scattering length density distribution 𝜌 𝑟  

 

 𝐴 𝑞 =    𝜌 𝑟 𝑒!"#𝑑𝑟
!

!
   (18) 

 

For the solid sphere presented in Figure 3.8, the real-space radial scattering length 

density profile is defined as 

 

 
𝜌 𝑟 =   𝜌!          𝑓𝑜𝑟  𝑟   ≤ 𝑅 

𝜌 𝑟 =   0          𝑓𝑜𝑟  𝑟   > 𝑅 
(19) 

 

Substituting the expression for the scattering length density distribution into Equation 

18 and then evaluating the three-dimensional Fourier transform to transform from 

real-space to reciprocal space yields 

 

 

𝐴 𝑞 =   
𝜌!
𝑞 𝜌 𝑟 4𝜋𝑟!

sin 𝑞𝑟
𝑞𝑟 𝑑𝑟

!

!
 

 

𝐴 𝑞 = 𝜌!𝜈
3 sin 𝑞𝑅 − 𝑞𝑅 cos 𝑞𝑅

𝑞𝑅 !  

(20) 
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in which 𝜈 is the volume of the sphere, and R is the sphere radius.  The scattering 

intensity, 𝐼 𝑞 , is given by the square of the scattering amplitude 

 

 𝐼 𝑞   =    𝐴 𝑞 !   =     𝜌!
!𝜈!

9 sin 𝑞𝑅 − 𝑞𝑅 cos 𝑞𝑅 !

𝑞𝑅 !  (21) 

 

As seen in by Equation 21, the scattered intensity is a periodic function of q.  The 

sphere radius then can be determined by the intensity minima in the 1-D scattering 

pattern (Figure 3.8), qR = 4.493, 7.725, 10.90…, which correspond to the zeroes of the 

𝐼 𝑞  function.  The general method for calculating the scattering amplitude described 

for a sphere can be extended to more complex scattering length density profiles, 

making model-dependent data analysis a powerful method for probing the structure of 

solution assemblies.  A form factor model for spherical block polymer micelles is 

discussed in more detail in Chapters 4 and 5.   

 

Application 

 

SAXS 

SAXS experiments were performed at the APS on either the 12-ID-C or 

DND-CAT beamlines.  Samples were prepared in thin quartz capillaries (diameter = 

1.5 mm), and scattering data were collected for 60 s.  Micelle sizes were determined 

from the location of the first maxima in the scattering curve using the relationship 

qR = 5.763, in which R is the micelle radius derived from Equation 21.2 
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SANS 

SANS experiments were performed at the NCNR on both the NG-3 and NG-7 

30 m SANS lines.  Samples generally were prepared in D2O to minimize the 

incoherent background scattering from the solvent.  Samples were loaded into 1 mm 

path length demountable cells for the scattering experiments.  Typically, data were 

collected at three detector distances to cover an approximate q-range of 0.004 Å-1 < q 

< 0.4 Å-1.  Before running each experiment, data were collected for 5 min at the 

longest sample-to-detector distance determine the scattering count rate.  The total run 

time for each detector distance was calculated based on the count rates, such that the 

total number of counts was approximately 106, 5×105, and 2.5×105  for the short, 

middle, and long detector distance, respectively.  The transmission of each sample also 

was measured at the longest detector distance, as this value was needed to reduce the 

data. 

All scattering data were reduced and converted to absolute intensity using the 

standard procedures provided by NIST.13  The sample data were corrected for the 

background and empty cell scattering: 

 

 𝐼!"##$!%$&   =   𝐼!"#$%& − 𝐼!"#$ −   
𝑇!"#$%&
𝑇!"#$%

𝐼!"#$%   −   𝐼!"#    (22) 

 

in which Icorrected, Isample,  Ibkgd, and Iempty were the scattering data for the corrected 

sample, raw sample, background, and empty cell, respectively, and Tsample and Tempty 

were the measured transmission for the sample and empty cell, respectively.  The data 

were further corrected for the detector sensitivity, converted to an absolute intensity 

based on the scattering from the attenuated open beam, and then azimuthally 
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integrated to yield the 1-D scattering patterns.  Data were analyzed using the general 

methodology described above, and more detailed information on the form factor 

models are described in the following chapters.   

3.2 Cryogenic Transmission Electron Microscopy (cryo-TEM) 

Transmission electron microscopy (TEM) provides unparalleled insights into 

block polymer morphologies by enabling direct visualization of the nanoscale 

structures.  TEM has long been used to visualize bulk block polymer morphologies on 

nanometer length scales, and the development of cryogenic transmission electron 

microscopy (cryo-TEM) has made this technique central to characterizing solution 

assemblies as well.  Cryo-TEM provides detailed information on individual 

nanostructures, making it an invaluable technique for understanding coexisting 

structures or capturing short-lived intermediate structures that cannot be resolved with 

other characterization methods.14-16   

 

Theory   

In TEM, a monochromatic electron beam is focused onto the sample under 

high vacuum conditions to prevent scattering of the beam by air or other 

contaminants.17  The beam is refined by a series of lenses and apertures, and the lenses 

control the focus and magnification.  As the electron beam passes through the sample, 

some of the electron are scattered by the atoms in the sample.  The scattered electrons 

are blocked by the objective aperture inserted below the focal plane of the sample, 

allowing only the direct beam to pass through.17,18  More electrons are scattered by 

heavier atoms (based on atomic number) or by a thicker sample, resulting in a darker 

image.  The contrast due to variations in the sample electron density or thickness is 
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referred to as mass-thickness or amplitude contrast.  In polymeric samples, the 

mass-thickness contrast is usually low as the samples are composed of low molecular 

weight elements (H, C, O, and N).  To improve the contrast in polymeric systems, 

bulk samples often are stained with heavy metal stains (OsO4 or RuO4);19-21 however, 

the image contrast in cryo-TEM is enhanced by exploiting phase contrast.14,15  Phase 

contrast is caused by interference between the electron waves from unscattered and 

elastically scattered electrons and is enhanced by imaging the sample at an 

underfocus.14,18  However, imaging at an underfocus can change the contrast transfer 

function (CTF), which reduces the image resolution and leads to image artifacts.22,23  

Accordingly, most cryo-TEM imaging is performed at a nominal underfocus (2 –

 10 µm) to enhance the phase contrast without distorting the image.24-28   
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Figure 3.9 Schematic of the important optical components in a conventional 
TEM instrument.  The condenser lenses and aperture focus and align 
the beam.  The objective lens and aperture refocus and filter the 
beam after it passes through the sample.   

Sample Preparation The high vacuum conditions required for TEM imaging are not 

directly amenable to liquid samples, and obtaining accurate images representative of 

the solution structure requires careful sample preparation.  Most often, solution 

assembled structures are dried onto a TEM grid and then stained to enhance the 

contrast.  However, the resulting images are not necessarily representative of the 

structure in solution.  Drying and staining can influence the resulting morphology and 

in some cases, can even lead to misinterpretation of TEM-based data describing 

electron gun

first condenser lens

condenser aperture

second condenser lens

sample

objective lens

objective aperture

image plane
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solution assemblies.14,15,29-31  Recent developments in the use of graphene oxide 

(GO)-based TEM supports facilitate the imaging of polymeric materials without the 

need for heavy staining agents.32  These grids are an attractive alternative to heavy 

metal staining and enabled the discovery of a drying-induced phenomena in block 

polymer assemblies.33 

Ideally, solution assemblies should be imaged in their native environment 

without compromising their structure.  While developments in in situ liquid cell TEM 

holders have enabled direct imaging of block polymer micelles in solution, the 

polymers need to be covalently labeled with a heavy metal to provide sufficient 

contrast.34  Cryo-TEM allows direct visualization of the solution assemblies without 

the need for a heavy metal stain.  Cryo-TEM preserves the solution structure by 

ultra-fast freezing of the sample and enables direct visualization of the vitrified liquid 

sample.  A droplet of the sample (~ 2 – 10 µL) is pipetted onto a perforated TEM grid.  

Excess solution then is removed by blotting the grid with a piece of filter paper, 

resulting in a thin liquid film (~100 to 300 nm) spanning the holes of the grid.  The 

grid is plunged into liquid ethane, cooling the sample at a rate of 105 K s-1 and 

vitrifying the liquid.14,15,35  The sample then is stored in liquid nitrogen until it is 

transferred to a cryo-holder for examination.  The sample is imaged at cryogenic 

temperature (< -160 °C) and using a low accelerating voltage (typically 120 kV) to 

enhance the contrast.14 
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Application  

Cryo-TEM was used throughout this dissertation to characterize block polymer 

assemblies and provide structural information that complemented the scattering 

methods described above.  A powerful strategy is to use information extracted from 

cryo-TEM micrographs as the foundation for more quantitative analysis by SANS, 

described in Chapters 4 and 7.   

Successful grid preparation is crucial to cryo-TEM; however grid preparation 

is a very tedious and delicate process.  In this dissertation, all grids were prepared 

using an FEI Vitrobot to control the temperature and humidity during sample 

preparation.  The Vitrobot also automates the grid blotting and then plunges the 

sample into the liquid ethane.  Blotting is the most important step in grid preparation 

and automating this step helps improve the grid reproducibility.  Typically, grids were 

blotted twice for 30 s each.  If necessary, the blot number or blot time was adjusted to 

change the grid thickness.  Thinner grids were obtained by increasing the blot number 

or the blot time.  After blotting the sample, the sample was allowed to relax for 30 s 

(drain time on the Vitrobot) before plunging the grid into liquid ethane to mitigate any 

potential shear effects.14 

Two types of grids were used in sample preparation: Quantifoil R2/1 and 

Quantifoil S7/2.  The R2/1 grids have smaller grid holes and often were easier to 

vitrify, making them ideal for small (<100 nm) structures.  The S7/2 have larger grid 

openings, which was better for imaging large (>200 nm) structures.  Also, all grids 

were plasma cleaned before use to remove any contaminants and to increase the 

hydrophilicity of the grid.   
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Grids were transferred to a Gatan cryo holder and then imaged on a Tecnai G2 

12 Twin TEM instrument operating at 120 kV.  The microscope was allowed to 

thermally equilibrate for ~20 min after loading a new grid to prevent thermal drift 

while examining the sample.  Initially, the grids were examined at low intensities to 

prevent beam damage to the sample.  For imaging, the intensity was increased and the 

exposure time was set to 3 - 5 s to improve the image contrast.   

There are several potential artifacts to be aware of while imaging cryo-TEM 

samples, and representative images are presented in Figure 3.10.  Poorly vitrified grids 

(Figure 3.10 a-c) or ethane crystals (Figure 3.10 d) often are seen.  Interactions 

between the electron beam and the sample can lead to radiolysis of the sample (also 

referred to as beam damage; see Figure 3.10 e).  The grid preparation process 

produces a biconcave film which can lead to packing of the micelles (Figure 3.10 f) or 

size segregation (Figure 3.11) in which the largest particles are located at the edge of 

the hole where the ice is the thickest.     
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Figure 3.10 Common artifacts in cryogenic transmission electron microscopy 
(cryo-TEM): (a-c) poorly vitrified samples (d) ethane crystals (e) 
beam damage to the sample and (f) hexagonally-packed spherical 
structures. 

 

Figure 3.11 Schematic representation of size segregation of particles due to 
sample preparation, with larger particles at the edges of the holes 
and smaller particles in the center. 

a b

c d

e f
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3.3 Summary 

The complementary use of scattering and microscopy techniques described in 

this chapter provided valuable insights into the structure and dynamics of block 

polymer micelles not attainable through other methods.  DLS was readily accessible 

and provided a rapid measure of the micelle sizes.  Interesting samples identified using 

DLS were analyzed further with cryo-TEM to obtain particle-specific structural 

information.  Finally, the structural information obtained from the DLS and cryo-TEM 

experiments provided the framework for detailed analysis of SAXS and SANS data.  

This powerful methodology was used to follow dynamic processes occurring over 

days or even months while simultaneously obtaining key structural information on 

nanometer length scales.   
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Chapter 4 

COMPLEMENTARY METHODS FOR CHARACTERIZING SOLUTION 
ASSEMBLED STRUCTURES 

This chapter demonstrates the complementary use of scattering and 

microscopy techniques to characterize nanostructures in aqueous solutions.  

Specifically, cryogenic transmission electron microscopy (cryo-TEM) image analysis 

and small angle neutron scattering (SANS) data modeling were used to determine the 

radial density profiles of amphiphilic homopolymer micelles.  The structural analysis 

techniques described in this chapter provide the foundation for in situ nanostructure 

characterization used throughout this dissertation.  Part of text and figures are 

reproduced and adapted with permission from Patterson, J. P., Kelley, E. G., et al. 

Macromolecules 2013, 46, 6319-6325.  Copyright 2013 American Chemical Society. 

4.1 Introduction 

As discussed in Chapter 1, the solution assembly of amphiphilic block 

polymers has attracted significant research attention given their utility in application 

including drug and gene delivery systems,1,2 nanoreactors in separation science,3 and 

nanoelectronics.4  The solution self-assembly of another class of amphiphiles, 

so-called ‘associative polymers’ or ‘amphiphilic homopolymers’, also has been 

studied extensively.5-26  Examples of these systems include homopolymers in which 

the monomer units contain both hydrophilic and hydrophobic moieties6-8 or 

homopolymers end-functionalized with ionic head groups12 or small hydrophobic 

groups, such as alkyl chains.8,10,11,14,17,23-25  Like amphiphilic diblock or triblock 
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polymers, these amphiphilic homopolymers have been shown to self-assemble into 

well-defined structures, making them promising materials for applications that 

necessitate aqueous solution assembly.10,22 

Cryo-TEM is a powerful tool for characterizing solution assembled 

nanostructures and has provided unique insights into nanoscale morphologies as well 

as self-assembly processes and phase transition behavior.27-29  While cryo-TEM is 

used throughout literature to study solution assembled structures,27-29 fewer reports 

have demonstrated the utility of this technique for analyzing the radial density 

distribution of polymeric nanoparticles.30,31  The detailed density distribution of 

nanostructures is investigated more often using small angle neutron or X-ray scattering 

(SANS or SAXS) experiments.30,32-36  However, as highlighted by Ballauff et al., both 

cryo-TEM and small angle scattering methods are sensitive to the local density 

distribution of the sample.30  By using both SAXS and cryo-TEM micrograph 

analysis, Ballauff et al. showed that quantitative structural information can be 

determined from cryo-TEM micrographs of colloidal particles.30  Herein, a similar 

approach is used and both cryo-TEM micrograph analysis and SANS experiments are 

exploited to study the solution assembled structure of amphiphilic homopolymers. 

This chapter reports a detailed study on the solution assembly behavior of a 

series of poly(N-isopropylacrylamide) amphiphilic homopolymers using a 

combination of scattering techniques and cryo-TEM.  Importantly, these 

sulfur-carbon-sulfur (SCS) pincer-functionalized amphiphilic homopolymers are 

potential precursors to solution-assembled nanoreactors exhibiting catalytic activity.  

The current work focuses on characterizing the aqueous solution assembly of 

pincer-functionalized homopolymers with different molecular weights, as the ability to 
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understand and tailor the self-assembly of these materials will allow for more detailed 

studies of the effects of nanoreactor nanostructure on catalytic properties. 

4.2 Experimental 

4.2.1 Materials 

Amphiphilic homopolymers end-functionalized with reactive centers for 

potential catalytic applications were prepared as described in literature.37,38  The 

polymers examined in this chapter were synthesized by Dr. Joseph P. Patterson and 

Prof. Rachel K. O’Reilly at the University of Warwick and are summarized in 

Table 4.1.  

Table 4.1. Amphiphilic homopolymer characterization data  

Sample Mn
a
 

(kDa) 

Mn
b 

(kDa) 
Mw

c 
(kDa) 

NPNIPAM
d Ða fhydrophobic

e 
4a 11.8 14.2 15.8 120 1.12 0.04 
4b 20.3 21.0 25.3 180 1.21 0.03 
4c 23.8 30.6 38.5 270 1.24 0.02 

a From SEC based on poly(methyl methacrylate) standards   
b Based on end-group analysis from 1H NMR spectroscopy    
c Calculated from 1H NMR and SEC according to 
 𝑀! = (𝑁!"#!$%𝑀! +   𝑀!"#$%&) ∗ Ð   
d Degree of polymerization of PNIPAM block from 1H NMR end-group analysis  
e Hydrophobic weight fraction calculated from 1H NMR 

4.2.2 Micelle Preparation 

Micelle solutions were prepared by adding H2O to the dried polymer powder 

and stirring overnight.  The resulting solutions were filtered through a 0.45 µm nylon 

filter. 
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4.2.3 Micelle Characterization 

4.2.3.1 Dynamic Light Scattering (DLS) 

DLS experiments were performed using a Lexel Laser Inc. 488 nm, 100 mW 

laser coupled with a Brookhaven Instruments Corporation goniometer.  The 

correlation function was recorded at 90° and analyzed using the quadratic cumulant 

method.  All measurements were performed at 25 °C. 

4.2.3.2 Cryogenic Transmission Electron Microscopy (cryo-TEM) 

Micelle solutions for cryo-TEM experiments were prepared at concentrations 

ranging from 2.0 mg mL-1 to 5.0 mg mL-1.  Samples for cryo-TEM were prepared at 

25 °C in a constant humidity environment using a FEI 110 Vitrobot.  A 2 - 10 µL 

droplet of micelle solution was applied to a holey carbon-coated copper grid, and the 

grid was blotted to remove excess solution.  Subsequently, the sample was vitrified by 

plunging the grid into liquid ethane.  Grids were transferred to a Gatan cryo stage and 

imaged using a Tecnai G2 12 Twin TEM at an accelerating voltage of 120 kV.  The 

temperature of the cryo stage was maintained below -170 °C while imaging the 

samples. 

4.2.3.3 Cryo-TEM Image Analysis  

The cryo-TEM micrographs were analyzed using methods adapted from 

literature.30 The gray values, 𝐺 𝑟 , were determined using the Radial Profile Plot 

plugin in ImageJ,39 which azimuthally integrates the image intensity as a function of 

distance, r, from the center of the micelle.  Profiles of multiple micelles were averaged 

together from different images (total sample size = 50 micelles).  Error bars represent 

the 95% confidence interval for the averaged gray value at a given r.  Images for the 



 125 

profile analysis were acquired close to focus, thus contributions from the contrast 

transfer function (CTF) were assumed to be negligible.30   

The profiles were fit according to Equation 1,  

 

 
𝐺 𝑟
𝐺!

= 𝑒𝑥𝑝 −2𝐾𝜌!"#"$% 𝑟 𝑅! − 𝑟!  (1) 

 

in which G0  is the background gray value, K is a fitting constant, 𝜌!"#"$% 𝑟  is the 

radial density distribution of polymer in the micelle corona, R is the micelle radius, 

and r is the distance from the center of the micelle.  The radially decreasing corona 

profile, 𝜌!"#"$% 𝑟 , was described by a linear combination of 2 b splines,34,40  

 

 𝜌!"#"$% 𝑟 =
𝜌! 𝑟 + 𝑎𝜌! 𝑟

1+ 𝑎  (2) 

 
in which 𝑎 is a fitting parameter and ρ1 and ρ2 are given below, 
 

 𝜌! 𝑟
=
4 𝑟 − 𝑅! − 𝑠 ! − 𝑟 − 𝑅! − 2𝑠 !

4𝑠!  
 
 

𝜌! 𝑟 =
− 𝑟 − 𝑅! − 2𝑠 !

4𝑠!   
  
  

𝜌! 𝑟 = 0  

𝑓𝑜𝑟  𝑅! ≤ 𝑟 < 𝑅! + 𝑠 
 
 
 

𝑓𝑜𝑟  𝑅! + 𝑠 ≤ 𝑟 < 𝑅! + 2𝑠 
 
 
 

𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒 

(3) 
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and 
 
 𝜌! 𝑟 =

− 𝑟 − 𝑅! − 𝑠 !

4𝑠!  
 
 

𝜌! 𝑟 = 0  

𝑓𝑜𝑟  𝑅! ≤ 𝑟 < 𝑅! + 𝑠 
 
 
 

𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒 
 

(4) 

 

in which r is the distance from the center of the micelle, Rc is the core radius, and s 

controls the width of the profile.  Four parameters were fit during the cryo-TEM 

micrograph analysis: R,  K,  s, and the weighting of the b splines, 𝑎.  The core radius 

was fixed at 2 nm. 

 Then, the gray values were scaled according to the total expected PNIPAM 

volume per micelle, 

 

 𝛼 4𝜋
𝐺! − 𝐺 𝑟

𝐺!
𝑟!𝑑𝑟 =   𝑄𝜈!"#"$%   (5) 

 

𝛼 is the scaling constant, 𝐺! is the background gray value, r is the distance from the 

center of the particle, Q is the aggregation number, and 𝜈!"#"$%  is the volume of the 

PNIPAM block.   

4.2.3.4 Small Angle Neutron Scattering 

SANS experiments were performed at the National Institute of Standards and 

Technology (NIST), Center for Neutron Research (NCNR, Gaithersburg, MD) on the 

NG-7 30 m SANS beamline.  An incident wavelength of 6.0 Å with a wavelength 

spread (Δλ/λ) of 0.12 was used with sample-to-detector distances of 1.0 m, 4.0 m, and 
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13.5 m to access a scattering vector (q) range of 0.004 Å-1 < q < 0.6 Å-1.  The 

scattering vector modulus is defined as q = 4π/λ sin (θ/2), in which θ is the scattering 

angle.  All measurements were performed at ambient temperature (20 ± 1 °C).  SANS 

data were reduced using standard procedures provided by NIST,41 and background 

scattering from D2O was subtracted from the data.   

4.2.3.5 SANS Form Factor Model and Data Analysis 

The SANS data were fit with a form factor model for spherical micelles that 

considered four terms: the self-correlation of the core, the self-correlation of the 

corona chains, the cross-term between the core and corona, and the cross-term 

between different corona chains, 32-34,42 

 

 

𝑃!"#$%%$   𝑞 =   𝑄!𝛽!"#$! 𝐴!"#$! 𝑞 +   𝑄𝛽!"#"$%! 𝑃!!!"# 𝑞  

                                                  +  2𝑄!𝛽!"#$𝛽!"#"$%𝐴!"#$ 𝑞 𝐴!"#"$% 𝑞  

                                                        +  𝑄 𝑄 − 1 𝛽!"#"$%! 𝐴!"#"$%! (q)    

(6) 

 

in which q is the scattering vector, Q is the aggregation number, and βcore  and βcorona  

are the total excess scattering lengths of the core and corona, respectively.  The total 

excess scattering lengths were defined as βcore  =  υcore(ρcore  -‐  ρsolvent) and 

βcorona  =    υcorona(ρcorona  -‐  ρsolvent), in which υcore  and υcorona are the volumes of the core 

and corona blocks, and ρcore,  ρcorona, and ρsolvent are the scattering length densities of 

the core, corona, and solvent, respectively.  The scattering length densities (ρ) were 

calculated using the density of PNIPAM,43 and the molecular volume (V) and 

scattering length (Σb) for the pincer end-group, in which ρ = Σb/V.44,45  Because of the 

small contribution of the pincer end-group to the overall scattered intensity, the fits 
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were not affected by slight changes in the scattering length density of the end-group, 

(e.g. whether or not the aromatic group was included in the calculation).   

The scattering amplitude of the core with radius, Rc, was described by the hard 

sphere form factor 

 

 𝐴!"#$ 𝑞 = 3 sin 𝑞𝑅! − 𝑞𝑅! cos 𝑞𝑅! / 𝑞𝑅! !   (7) 

 

The self-correlation of the corona chains was described by a Debye function, in 

which the chains are assumed to be Gaussian with a radius of gyration,  𝑅!. 

 

 𝑃𝑐ℎ𝑎𝑖𝑛 𝑞 = 2 exp −𝑞2𝑅𝑔2 − 1+ 𝑞2𝑅𝑔2 / 𝑞2𝑅𝑔2
2

 (8) 

 

The scattering contribution from the corona chains was calculated as the 

normalized Fourier transform of the radial density distribution of corona chains, 

ρcorona(r),  

  

 𝐴!"#"$% 𝑞 =   
4𝜋 𝜌!"#"$% 𝑟 𝑠𝑖𝑛 𝑞𝑟 /𝑞𝑟 𝑟!𝑑𝑟

4𝜋 𝜌!"#"$% 𝑟 𝑟!𝑑𝑟
 (9) 

  

in  which  ρcorona(r) was modeled as a linear combination of 2 b splines, as originally 

developed by Pedersen and coworkers and presented in Equations 2 - 4 above.  This 

model independently fits the width of the corona profile and the relative weighting of 

the 2 b splines, allowing the model to capture differences in corona profiles between 

samples.  Another important advantage of this model is that there is an analytical 

solution for the Fourier transform of the b splines, reducing the computation required 
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while fitting the data.  The Fourier transforms of the corona profile are given in 

Appendix A. 

A Schulz distribution of core radii was included to account for polydispersity 

in micelle size, 

 

 𝐺 𝑅! =   
𝑅!!

Γ 𝑍 + 1
𝑍 + 1
𝑅!

!!!

exp − 𝑍 + 1 𝑅!/ 𝑅!  (10) 

 

In which 𝑅!  is the mean core radius, and Z is related to the polydispersity, σ, by 

σ2 = 1/(Z+1).  The distribution was truncated at Rc = 0.  The fit quality was not 

affected significantly by the polydispersity; therefore, the value was fixed at 0.2. 

Then, the coherent scattered intensity was given by, 

 

 𝐼 𝑞 =   
c

𝑀!"#$%%$
𝑃!"#$%%$(𝑞)𝐺 𝑅! 𝑑𝑅! (11) 

 

in which c is the polymer concentration, and 𝑀!"#$%%$  is the average micelle mass. 

Scattering contributions from a structure factor were not included in the SANS 

data model, as the inclusion of the structure factor did not significantly affect the fits 

to the data.   

The calculated scattered intensity was corrected for instrument resolution, and 

all data were fit using the procedures provided by NIST.41  Five parameters were fit 

during the data analysis: Q,  Rc,  Rg, the width of the corona profile, and the weighting of 

the b splines.  The SANS data fits, in particular for the aggregation number (Q  ), were 

highly dependent on the input concentration; therefore, all filtered samples were dried 

following the SANS experiments to determine the exact concentration.  The error 
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reported in Table 4.2 was due to the uncertainty in polymer concentration in the 

solution. 

The corona profiles obtained from the SANS data modeling were rescaled 

using Equation 12,  

 

 4𝜋𝜌!"#"$% 𝑟 𝑟!𝑑𝑟 =   𝑄𝜈!"#"$%   (12) 

 

in which 𝜌!"#"$% 𝑟     is the rescaled corona profile and represents the volume fraction 

of the corona chains, r is the distance from the center of the micelles, Q is the 

aggregation number, and νcorona is the volume of the PNIPAM block.32,33  The micelle 

radius from the SANS data analysis was defined as the radius at which the volume 

fraction of PNIPAM in the corona profile was less than 0.02.33,46 

4.3 Results  

4.3.1 Radial Density Profile Analysis Using Cryo-TEM 

The solution assembly of the amphiphilic homopolymer sample 4c was 

investigated using cryo-TEM.  While polymeric coronas often are not visible in 

cryo-TEM due to their hydrated nature; the direct visualization of micelle coronas 

(including PNIPAM) has been reported previously.30,47-51  As seen in Figure 4.1, 

cryo-TEM suggested that the amphiphilic homopolymer formed spherical micelles in 

aqueous solutions.  Moreover, assuming mass-thickness contrast dominates (i.e. small 

contribution from the phase contrast),30,52 the gray scale profile extracted from 

cryo-TEM micrographs should be related to the electron density profile of the 

micelles.  The profile was fit assuming a radially decreasing density profile that was 
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modeled as a linear combination of 2 b splines.  This functional form for the corona 

profile gave a good fit to the gray scale profile and suggested that the micelle radius 

was ~ 20 nm, which was consistent with sizes determined using light scattering 

experiments (Table 4.2).38 

Table 4.2 Summary of amphiphilic homopolymer micelle characterization data 

 
 
 
 

 
*Micelle radius determined from SANS data modeling 

 

Sample RH  (nm)  
DLS 

R  (nm)* 
SANS 

𝑹𝒈,𝒄𝒐𝒓𝒐𝒏𝒂(nm) 
SANS 

Q  
SANS 

4a 12 ± 1 15 ± 1 4.5 ± 0.9 48 ± 2 
4b 16 ± 1 17 ± 1 5.1 ± 0.4 43 ± 2 
4c 19 ± 1 18 ± 1 6.2 ± 0.5 34 ± 3 
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Figure 4.1 Characterization of micelles formed by sample 4c using cryo-TEM.  
(a) Cryo-TEM micrograph and (b) corresponding gray scale 
profile from cryo-TEM micrograph analysis and fit for sample 4c, 
supporting the PNIPAM chains form a diffuse, hydrated corona.  
Contrast shown in (a) was enhanced by 5% in ImageJ for clarity; 
the contrast was not adjusted for the profile analysis.  Scale bar is 
100 nm.  The gray scale profile in (b) was averaged over 50 
micelles. 
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4.3.2 Micelle Density Profile Analysis Using SANS 

To further investigate the structural profile of the micelles, SANS experiments 

were performed on micelle solutions prepared in D2O.  The SANS data were fit with a 

form factor model for spherical polymer micelles with a homogenous core and radially 

decreasing corona density profile, also modeled as a linear combination of 2 b 

splines.32,33,35,42  Accounting for the corona density profile resulted in good fits to the 

SANS data, shown in Figure 4.2.  A slight upturn in the low q data for sample 4a 

deviated from the model fit, suggesting there may be aggregates in solution.  

Similarly, Winnik et al., reported an increase in scattered intensity at low q upon 

heating their telechelic-PNIPAM flower micelles, which they fit with a model for 

micellar aggregates.11  Here, accounting for the scattering contributions from micellar 

aggregates did not significantly affect the fit results for the individual micelles and 

therefore was not included while modeling the SANS data.   
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Figure 4.2 Characterization of the amphiphilic homopolymer micelles using 
SANS.  (a) SANS data (symbols) and fits with a spherical micelle 
form factor (lines) for 4a, 4b, and 4c in D2O and (b) micelle corona 
profiles from the SANS data fits. 
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The results of the SANS data modeling are summarized in Table 4.2 and 

Figure 4.2b.  The analysis suggested that the micelle core radius was between 1 nm 

and 2 nm, which was consistent with the length of a fully extended C12 chain.53,54  

However, the fits were not sensitive to values within this range due to the small 

contribution of the core block to the overall scattered intensity.  The micelle cores 

were surrounded by a diffuse, hydrated corona characteristic of star-like micelles, as 

seen in the corona profiles in Figure 4.2b.  As expected, the 𝑹𝒈 of the corona chains 

and overall micelle size increased with PNIPAM molecular weight (Table 4.2).  

Additionally, the SANS data suggested that the aggregation number decreased with 

increasing PNIPAM molecular weight, consistent with scaling theories for block 

polymer micelles.55   

4.4 Discussion 

The results presented here clearly indicate that the pincer functionalized 

polymers self-assembled into well-defined micelles.  Additionally, the amphiphilic 

homopolymers studied here followed trends similar to those reported for block 

polymers.  As seen in Table 4.2, the DLS and SANS data indicated that the micelle 

radius increased with increasing NPNIPAM.  The overall size of star-like micelles, 

particularly those with small cores, depends on the dimensions of the hydrophilic 

block.  Accordingly, the micelle radius, R, should scale with the degree of 

polymerization of the hydrophilic block, Nphilic, as R  ~  Nphilicδ.5,56,57  Fitting the data in 

Table 4.2 suggests that the NPNIPAM scaling exponent for micelle radius  is within the 

range of literature values for δ, with a value between 0.5 and 1.56,58  However, 

additional data points would be needed to definitively assign the scaling dependence, 

as these fits were based on only 3 samples.  Q weakly decreased with increasing 
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NPNIPAM (Table 4.2), consistent with experimental studies of block polymer micelles in 

which  Q  ~  Nphilic–β and β ranged from 0.0 to 0.51.58  Scaling theories for star-like 

block polymer micelles also predicted that Q  should weakly decrease, in a logarithmic 

fashion, with increasing Nphilic.57,59  

Comparing the corona thickness to the root-mean-square end-to-end distance 

of PNIPAM in solution60 suggests that the corona chains are moderately stretched in 

the micelles studied here (Table 4.3).  Stretching of the corona chains has been 

reported for both amphiphilic homopolymer54 and block polymer micelles58 and is 

attributed to the crowding and associated stretching of the chains near the micelle 

core.  As indicated in Figure 4.2b, sample 4a has the highest polymer volume fraction 

near the core, corresponding to the most crowded and therefore the most stretched 

chains.  Likewise, the degree of corona chain stretching increases with aggregation 

number (i.e., 4a > 4b > 4c), which is in agreement with trends reported for block 

polymer micelles.58  The extent of corona chain stretching for the amphiphilic 

homopolymer micelles is comparable to literature results for block polymer micelles 

with similar aggregation numbers.58 
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Table 4.3 Corona chain stretching in amphiphilic homopolymer micelles 
calculated using dimensions from SANS data modeling 

Sample NPNIPAM
(a) 

 
R0

(b) 
(nm) 

H(c) 
(nm) 

Corona chain stretching 
H/R0 

4a 120 8.9 12.6 1.4 
4b 180 10.9 14.6 1.3 
4c 270 13.4 15.8 1.2 

a NPNIPAM from 1H NMR (Table 4.1)  
b Calculated root mean square end-to-end distance for PNIPAM in H2O assuming an 
average monomer length of 0.25 nm and characteristic ratio, C∞ = 10.6, from Kubota 
et al.60  
c Corona thickness, H, defined as H = R – Rc, in which R is the micelle radius from 
SANS and Rc is the core radius.  The calculations above are based on Rc = 2 nm.  
 

Modeling the corona profile as a linear combination of 2 b splines resulted in 

good fits to both the cryo-TEM gray scale profile and the SANS data (Figures 4.1 and 

4.2).  Similarly, previous scattering studies of telechelic-PNIPAM11 and 

hydrophobically-modified PEO44,54 also reported a radially decreasing corona profile.  

Though the corona profile extracted from cryo-TEM suggests that the corona chains 

extend to a smaller r than the profiles from SANS, the relative shape of the corona 

profiles was very similar, as illustrated by the normalized profiles in Figure 4.3.  These 

results showed that corona profiles can be extracted from cryo-TEM micrographs, and 

highlighted the complementary use of scattering and cryo-TEM in the structural 

characterization of solution assemblies.  
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Figure 4.3 Comparison of normalized corona profiles for sample 4c from 
cryo-TEM micrograph analysis and SANS data modeling.  Shaded 
area represents the range of dimensionless volume fraction profiles 
that gave similar fits to the gray scale profile from cryo-TEM.  
Solid line is the dimensionless profile from the SANS data 
modeling.  R is the radius at which the respective corona profile 
decreased to 0. 

4.5 Conclusions 

The amphiphilic homopolymers studied here self-assembled into well-defined 

spherical micelles, in which the micelle radius, aggregation number, and corona 

density profile were dependent on the degree of polymerization of the PNIPAM block.  

Importantly, detailed information about the micelle density profiles was extracted 

from the cryo-TEM micrographs and was comparable to the SANS result, 

demonstrating the immense potential of the complementary use of these two 
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techniques to characterize nanoscale solution-assemblies.  These micelles are 

promising precursors to solution-assembled nanoreactors and the detailed 

understanding of the micelle structure will facilitate future investigations into the 

effects of nanoreactor structure on catalytic performance. 

The work presented here highlights the complementary use of cryo-TEM and 

scattering to elucidate structural details of macromolecular nanoassemblies.  The 

following chapters utilize the powerful combination of cryo-TEM and SANS 

demonstrated here to understand the effects of cosolvent addition and removal on the 

structure and dynamics of block polymer micelles.  These methods provided unique 

insights into the nanoscale structures that were unattainable with other techniques and 

facilitated investigations into the effects of common processing condition on 

macromolecular assemblies.    
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Chapter 5 

STRUCTURAL CHANGES IN BLOCK POLYMER MICELLES INDUCED BY 
COSOLVENT MIXTURES 

This chapter describes the effects of cosolvent addition on the structure of 

diblock copolymer micelles.  The complementary use of cryo-TEM and SANS 

presented in Chapter 4, along with additional characterization techniques, were used to 

provide a detailed understanding of the micelle structures in cosolvent mixtures.  Text 

and figures are reprinted and adapted from Kelley, E. G., Smart, T. P., et al. Soft 

Matter 2011, 7, 7094-7102 by permission of The Royal Society of Chemistry.   

5.1 Introduction 

Although amphiphile self-assembly produces a diverse array of structures, 

access to this range of structures requires the synthesis of multiple polymers.  

Fortunately, non-synthetic methods such as the manipulation of solvent conditions can 

be used to control the core-corona interfacial free energy for various block polymer 

systems, and thereby more easily manipulate solution assembly.1-11  For example, 

Eisenberg et al. demonstrated the reversible transition from spherical micelles to 

cylindrical micelles to vesicles when the solvent quality for the core block was altered 

using cosolvent mixtures.7,12  Additionally, Lund et al. studied the effects of 

water/N,N-dimethylformamide (H2O/DMF) cosolvent mixtures on poly(ethylene-co-

propylene-b-ethylene oxide) [PEP-PEO] spherical micelles by small angle neutron 

scattering (SANS).2  They reported a decrease in micelle size with increasing DMF 

content due to the reduction in core-corona interfacial tension and noted that the 
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decrease in aggregation number was in good agreement with the scaling relationship 

for star-like micelles by Halperin.13  While their study demonstrated the effects of 

interfacial tension on micelle size, they were unable to characterize the effect of 

interfacial tension on the core-corona interfacial profile due to minimal scattering 

contributions from the PEP core.   

Building on the study of Lund et al.,2 this chapter investigates the effects of 

interfacial tension on micelle structures, and in particular, on the core-corona 

interface.  Theoretical and experimental studies of immiscible polymer interfaces in 

bulk materials have shown that decreasing the interfacial energy between the polymers 

broadens the interface.14-16  Extending these studies to the solution assembly of 

amphiphilic block polymers, the effects of interfacial tension on the core-corona 

interface in poly(1,2-butadiene-b-ethylene oxide) (PB-PEO) micelles are presented 

here.  The interfacial tension was controlled using water/tetrahydrofuran (H2O/THF) 

mixtures.  THF and H2O are miscible solvents, in which THF is a good solvent for 

PB-PEO, while H2O is selective for the PEO block.  Thus, the THF content in the 

cosolvent mixture could be used to manipulate the core-corona interfacial tension.  

Upon increasing the THF content and thus reducing the interfacial tension, the 

core-corona interface evolved from a sharp, well-defined interface in pure H2O,17-22 to 

a diffuse interface at higher THF contents.   

The changes in micelle composition profile were quantified primarily through 

contrast variations in SANS experiments and detailed SANS data modeling.  The 

scattering contributions from the corona were minimized by selectively deuterating the 

corona of the micelles, allowing for the characterization of the micelle core and 

core-corona interface.  The SANS studies were complemented by small angle X-ray 
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scattering (SAXS), dynamic light scattering (DLS), cryogenic transmission electron 

microscopy (cryo-TEM), and proton nuclear magnetic resonance (1H NMR) 

spectroscopy experiments.  Moreover, the experimentally determined micelle sizes 

were compared to theoretical scaling relationships for the dependence of micelle size 

on core-corona interfacial tension.   

5.2 Experimental 

5.2.1 Materials and Polymer Synthesis 

Ethylene oxide and 1,3-butadiene were purchased from Sigma Aldrich.  

Ethylene oxide-d4 (EO-d4, 99.7% D), deuterium oxide (D2O, 99.9% D), and 

tetrahydrofuran-d8 (THF-d8, 99.6% D) were purchased from Cambridge Isotopes.  All 

other chemicals were purchased from Fisher Scientific.  Monomers were purified by 

distillation from butylmagnesium chloride (EO and EO-d4) or n-butyllithium (1,3-

butadiene).  THF for the polymerizations and solution preparation was degassed with 

argon and further purified by passage through two neutral alumina columns prior to 

use.  Ultrapure H2O for micelle solution preparation was obtained from a Milli-Q 

water purification system.  D2O and THF-d8 were used without further purification.   

PB-PEO and PB-dPEO [poly(butadiene-b-ethylene oxide-d4)] were 

synthesized by anionic polymerization using established protocols described in detail 

in Chapter 2.23  The PB-PEO and PB-dPEO diblock copolymers in this study were 

synthesized from the same PB precursor.  The PB precursor (Mn=3.2 kg mol-1, 

Ð = 1.06, 92±1% 1,2-PB units) was characterized by gel permeation chromatography 

(GPC), matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS),24 and 1H NMR.  PB-PEO (Mn=11.2 kg mol-1, Ð=1.03) and PB-
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dPEO (Mn=11.1 kg mol-1, Ð = 1.05) block polymers were analyzed using GPC and 
1H NMR, and the diblock copolymers had hydrophilic weight fractions of 0.72 and 

0.71, respectively.   

5.2.2 Solution Preparation  

Micelle solutions were prepared by adding H2O to dry polymer powder and 

stirring the solutions for 3 days.  Next, THF was added to achieve the desired solvent 

composition, and the solutions were stirred for an additional 3 days before analysis.  

All solutions contained a final concentration of 2.4 mg mL-1 polymer in cosolvent 

solution.  Solvents used to prepare the solutions were passed through a 0.2 µm filter to 

ensure that the samples were dust free.   

5.2.3 Micelle Characterization 

5.2.3.1 Contact Angle 

A thin film of the PB precursor (~100 nm) was prepared by flow coating a 

polymer solution in THF onto a silicon substrate.25  Contact angle measurements of 

H2O/THF cosolvent mixtures on the PB thin film were carried out on a First Ten 

Ångstroms (FTÅ) 125 contact angle measuring system.  Liquid drops (3 µL) were 

dispensed and placed on the PB film with a Distriman pipette.  Contact angle analysis 

was performed by using the FTÅ software and the drop shape method to determine the 

contact angle.  Each contact angle was measured <0.5 s after the droplet first came 

into contact with the PB surface; therefore, measurements were acquired prior to any 

PB solubilization in the cosolvent mixture.  A minimum of five contact angles per 

sample were measured.  The average value of these angles was used in interfacial 

tension calculations.  The interfacial tension (γ) between PB and the H2O/THF 
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mixtures was calculated from the measured contact angles according to Young's 

equation10 

 

 𝛾 =   𝛾!" − 𝛾!"#$%!" cos𝜃   (1) 

 

in which γPB is the surface tension of PB,26 γsolvent is the surface tension of the 

H2O/THF mixture,27 and θ is the measured contact angle.   

5.2.3.2 Dynamic Light Scattering (DLS) 

DLS experiments were performed using a Lexel Laser Inc. 488 nm, 100 mW 

laser, coupled with a Brookhaven Instruments Corporation goniometer.  The intensity 

autocorrelation function was recorded at angles from 20°-140° and analyzed using the 

CONTIN algorithm.28  All measurements were performed at 25 °C.  Literature values 

for the viscosity and refractive index of the H2O/THF cosolvent mixtures used to 

analyze the DLS data are given in Table 5.1.29 
  



 149 

Table 5.1 Viscosity and refractive index values for water/THF cosolvent 
mixtures used to analyze DLS data 

% by volume 
THF 

viscosity 
[cP] 

Refractive 
index 

0 0.891 1.3314 
2.5 1.186 1.3411 
5 1.398 1.3493 
10 1.665 1.3624 
15 1.702 1.3723 
20 1.651 1.3791 
30 1.394 1.3879 
40 1.129 1.3935 
50 0.916 1.3972 
60 0.763 1.4001 

5.2.3.3 Cryogenic Transmission Electron Microscopy (cryo-TEM) 

Samples for cryo-TEM were prepared at 25 °C using a FEI Vitrobot to 

maintain a constant humidity environment.  A droplet of 2-4 µL of micelle solution 

was added to a holey carbon-coated copper grid, and the grid was blotted to remove 

excess solution.  Subsequently, the grid was plunged into liquid ethane to vitrify the 

sample.  Grids were transferred to a Gatan cryo stage and imaged at 120 keV using a 

Tecnai G2 12 Twin TEM equipped with a Gatan CCD camera.  The temperature of the 

cryo stage was maintained below -170 °C during imaging.  Images were analyzed 

using Gatan DigitalMicrograph software.  The cryo-TEM micrographs presented in 

this chapter were collected by Dr. Thomas P. Smart. 

5.2.3.4 Small Angle X-ray Scattering (SAXS) 

SAXS data were obtained on the DND-CAT beamline at the Advanced Photon 

Source (APS).  Data were collected for 60 s using an incident beam wavelength of 

0.73 Å and a sample-to-detector distance of 4 m, which gave a scattering vector (q) 

range of 0.007 Å-1 < q < 0.2 Å-1.  The scattering vector modulus (q) is defined as 
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q=(4π/λ)sin(θ/2), in which  θ is the scattering angle.  Micelle sizes were calculated 

from the first maximum in the scattering curve by using the relationship for spherical 

scatterers qR=5.763, where R is the micelle radius.30   

5.2.3.5 Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy  

Solutions of PB-PEO for 1H NMR spectroscopy experiments in D2O and 

THF-d8 were prepared as described above.  1H NMR spectra were obtained at 

400 MHz on a Bruker-DRX400 Spectrometer.  256 scans with a 1 s relaxation delay 

were collected for each spectrum.   

5.2.3.6 Small Angle Neutron Scattering (SANS) 

Solutions of PB-PEO and PB-dPEO were prepared in D2O and THF-d8 

according to the procedure described above.  SANS experiments were performed on 

the NG-7 30 m SANS instrument at the National Institute of Standards and 

Technology, Center for Neutron Research (NIST-CNR).  An incident wavelength of 

6.0 Å with a wavelength divergence (Δλ/λ) of 0.11 was used with sample-to-detector 

distances of 1.0 m, 4.0 m, and 13.5 m to cover scattering vectors ranging from 0.004 

Å-1 < q < 0.4 Å-1.  SANS data were reduced to 1D data in IGOR Pro with reduction 

procedures provided by NIST.31   

5.2.3.7 SANS Form Factor Model and Data Fitting 

SANS data were fit with a form factor model for spherical block polymer 

micelles described in Chapter 4; however, an additional term was incorporated into the 

scattering amplitude terms for the core and corona to account for the core-corona 

interfacial width (Figure 5.1).32-35   
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Figure 5.1 Schematic representation of (a) block polymer micelle and (b) 
micelle density profile used to model SANS data. 

Four correlation terms were considered: self-correlation of the core, self-

correlation of the corona chains, the cross-term between the core and corona chains, 

and the cross-term of different corona chains, 

 

 

 

𝑃!"#$%%$   𝑞 =   𝑁!""! 𝛽!"#$! 𝐴!"#$! 𝑞 +   𝑁!""𝛽!"#"!"! 𝑃!!!"# 𝑞  

                                  +  2𝑁!""! 𝛽!"#$𝛽!"#"$%𝐴!"#$ 𝑞 𝐴!"#"$% 𝑞  

                                                                    +  𝑁!"" 𝑁!"" − 1 𝛽!"#"$%! 𝐴!"#"$%! (q) 

 

(2) 

 

in which q is the scattering vector, Q is the aggregation number, and βcore and βcorona 

are the total excess scattering lengths of the core and corona blocks, respectively.  The 

total excess scattering lengths are defined as 𝛽!"#$ =   𝜐!"#$ 𝜌!"#$ − 𝜌!"#$%&'  and 

σint

Rc

a b
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𝛽!"#"$% =   𝜐!"#"$% 𝜌!"#"$% −   𝜌!"#$%&' , where υcore and υcorona are the volumes of the 

core and corona blocks, and ρcore, ρcorona, and ρsolvent are the scattering length densities 

of the core, corona, and cosolvent mixtures, respectively.  The volumes of the core and 

corona blocks were calculated according to 𝜐! =   𝑁!𝑀!,! 𝑑!𝑁!, in which 𝑁! is the 

degree of polymerization, 𝑀!,! is the repeat unit molecular weight, 𝑑! is the density of 

the polymer and 𝑁! is Avogadro’s number.  The scattering length density values used 

in this work are summarized in Table 5.2 

Table 5.2 Density and scattering length density values for the materials used in 
this study 

material density  
(g/cm3) 

neutron scattering length density 
(Å-2) 

D2O 1.10 6.33  × 10-6  
THF-d8 0.95 6.35  × 10-6  

PB 0.87 4.11  × 10-7 
PEO 1.13 6.22  × 10-7  

PEO-d4 1.20 7.10  × 10-6 

 

The scattering amplitude for a spherical homogeneous core, with radius Rc, is  

 

 𝐴!"#$ 𝑞 =   Φ 𝑞𝑅!   exp −𝑞!𝜎!"#! /2    (3) 

 

with Φ 𝑥 = 3 sin 𝑥 − 𝑥 cos 𝑥 /𝑥!.  Here, the exponential term was incorporated to 

describe a smoothly decaying density profile of width σint at the core-corona interface.   

Self-correlation of the corona chains was approximated by a Debye function, 

 

 𝑃!!!"# 𝑞 = 2 exp −𝑞!𝑅!! − 1+ 𝑞!𝑅!! / 𝑞!𝑅!!
!
 (4) 
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in which the chains were assumed to be Gaussian coils with radius of gyration, 𝑅!.   

A radial density distribution of corona chains, ρcorona(r), was considered, and 

the scattering amplitude was calculated from the normalized Fourier transform of the 

radial density distribution of corona chains,   

 

 𝐴!"#"$% 𝑞 =   
4𝜋 𝜌!"#"$% 𝑟 𝑠𝑖𝑛 𝑞𝑟 /𝑞𝑟 𝑟!𝑑𝑟

4𝜋 𝜌!"#"$% 𝑟 𝑟!𝑑𝑟
exp −𝑞!𝜎!"!! 2    (5) 

 

The corona density profile, ρcorona(r), was represented using a linear 

combination of two cubic b splines as described in Chapter 4 and Appendix A.  This 

explicit form of ρcorona(r) was originally developed by Pedersen and coworkers35 and 

has been successfully implemented to describe scattering from micelles in aqueous32 

and organic solutions.33-35  Furthermore, this density profile model was able to adapt to 

changes in the corona profile induced by cosolvent addition because it independently 

fit the width of the corona profile and the linear combination of 2 b splines. 

A Schulz distribution of core radii was incorporated to account for 

polydispersity in micelle size36 

 

 𝐺 𝑅! =   
𝑅!!

Γ 𝑍 + 1
𝑍 + 1
𝑅!

!!!

exp − 𝑍 + 1 𝑅!/ 𝑅!  (6) 

 

in which  𝑅!     is the average core radius, and Z is related to the polydispersity, σRc, by 

𝜎!"! = 1/(𝑍 + 1).  The coherent scattered intensity for the polydisperse micelle 

model was then given by 
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 𝐼 𝑞 =   
c

𝑀!"#$%%$
𝑃!"#$%%$(𝑞)𝐺 𝑅! 𝑑𝑅! + 𝐵 (7) 

 

in which B is the incoherent background.  Because intermicellar interactions were 

negligible at the studied solution concentrations,37 scattering contributions from a 

structure factor were not included in the model.  The calculated scattering intensity 

was further corrected for instrument resolution by employing procedures provided by 

NIST.31  All data were analyzed in IGOR Pro, and the code for the form factor model 

is given in Appendix B.  

The scattering data for the high THF content samples (> 40 vol% THF) were 

fit with a linear combination of the micelle form factor model described above and the 

form factor model for the free chains.  The scattering of the free chains was described 

using the Gaussian coil form factor,38 

 

 𝐼 𝑞 = 𝑎×
2 1+ 𝑈𝑥 !!/! + 𝑥 − 1

1+ 𝑈! 𝑥!  (8) 

 

in which 𝑎 is the scale factor and 𝑥 is the dimensionless chain size, 

 

 𝑥 =   
𝑅!!𝑞!

1+ 2𝑈   (9) 

 

and 𝑈 is related to the dispersity, 𝑈 = Ð - 1. 

The total scattered intensity for the summed models was then given by, 

 

 𝐼 𝑞 = 𝑐×𝐼!"#$%%$ 𝑞 + 𝑎×𝐼!"##  !!!"# 𝑞 + 𝐵 (10) 
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in which c is the concentration of chain in the micelle and 𝑎 is the scale factor for the 

free chains.  The 𝑅! and dispersity of the free chains were determined data for 

PB-PEO in 80 vol% THF cosolvent mixtures.  These parameters for the free chains 

were then input into the summed model and held constant.  The data were fit 

iteratively such that the scale factors for the micelles and free chains were consistent 

with the known mass of polymer in solution.  Note that this analysis assumed that the 

solution was dilute enough such that the free chains and micelles did not interact.   

During the data analysis, each fit parameter was individually perturbed to 

determine the modeling sensitivity to that specific variable.  The reported errors are 

the range of fit values that resulted in the same goodness of fit.   

5.3 Results 

5.3.1 PB-Cosolvent Interfacial Tension 

To investigate the effects of interfacial tension on PB-PEO micelle assemblies, 

contact angle measurements on PB thin films were used to determine the interfacial 

tension between PB and H2O/THF mixtures.  As seen in Figure 5.2, the PB-cosolvent 

interfacial tension decreased from ~50 mN m-1 in pure water to ~5 mN m-1 in 70 vol% 

THF.  These results indicated that the THF content in the cosolvent mixtures varied 

core-corona interfacial tension varied over approximately one order of magnitude and 

could be used to effectively tune the micelle structure. 
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Figure 5.2 PB-cosolvent interfacial tension as a function of THF content.  
Error bars represent the range of calculated values due to 
variability in the contact angle measurements. 

5.3.2 Effects of Interfacial Tension on Micelle Size 

PB-PEO micelle solutions in H2O/THF mixtures (0 – 60 vol% THF) were 

analyzed by DLS, SAXS, and cryo-TEM to determine micelle hydrodynamic radius, 

RH, (DLS), micelle outer radius, Rm, (SAXS), and micelle core radius, Rc, (cryo-TEM) 

as a function of THF content (Figure 5.2, Figure 5.3, and Table 5.3).  Angle dependent 

DLS measurements indicated that the micelles remained spherical upon THF addition 

(Figure 5.3).39  The characterization data are summarized in Figure 5.4 and show that 

RH, Rm, and Rc decreased with THF addition due to the reduction in interfacial tension, 

consistent with previously reported experimental studies.2,9,10   
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Figure 5.3 Representative DLS and cryo-TEM data for PB-PEO micelles in 
water/THF cosolvent mixtures.  Plots of the decay constant (Γ) vs. q2 

determined from lights scattering for PB-PEO micelles in 0% (a) and 
20% THF (b) cosolvent mixtures.  Insets are the corresponding cryo-
TEM micrographs (scale bar = 100 nm).  Note that only the PB cores 
are visible in the micrographs due to minimal electron density 
contrast between PEO and water. 

 

Figure 5.4 (a) DLS, SAXS, and cryo-TEM data showing the micelle 
hydrodynamics radius RH, micelle radius Rm, and micelle core 
radius Rc, vs THF content in H2O/THF mixtures. Error bars 
represent range in measured radii.   
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Table 5.3 Summary of micelle 

characterization data 
determined by DLS, SAXS, 
cryo-TEM, and SANS, in 
which Q is aggregation 
number, Rc is core radius, σRc 
is core polydispersity, σint is 
interfacial width, Rh is 
hydrodynamic radius, Rm is 
micelle radius, H is corona 
thickness estimated as 
H = Rm – Rc using Rm (SAXS) 
and Rc (cryo-TEM), and Rg is 
radius of gyration of the PEO 
chains. Note that Rm from 
SANS was estimated based on 
corona density profile where 
the volume fraction of PEO < 
0.02. 
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Comparing Rc with the corona thickness, H, defined as H = Rm - Rc, indicated 

the micelles were star-like, as H > Rc over the range of THF contents studied 

(Figure 5.5).40  According to the theoretical work scaling relationships for star-like 

micelles, Rc should scale with interfacial tension, γ, as Rc ~ γ2/5 and H should scale as 

H ~ γ6/25.18  Using the measured values for the PB-cosolvent interfacial tensions, these 

scaling laws were fit to the experimentally determined core radii and corona 

thicknesses.  As seen in Figure 5.5, the experimental data were in good agreement 

with these theoretical scaling relationships, suggesting the decrease in micelle size 

with increasing THF content was due to the reduced interfacial tension. 

 

Figure 5.5 Experimentally determined micelle core radii (Rc) and corona 
thickness (H) for PB-PEO micelles in H2O/THF cosolvent mixtures.  
Error bars for Rc represent the range of measured values.  Error 
bars for H represent the range in calculated values.  Solid lines are 
the theoretical scaling relationships for star like micelles. 
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5.3.3 Detailed SANS Data Modeling of Micelles in Cosolvent Mixtures 

Contrast variation SANS experiments were performed to further elucidate 

changes in the micelle structure induced by cosolvent mixtures.  The contrast variation 

between PB-PEO and PB-dPEO allowed in-depth examination of the micelle 

structural profile through simultaneous fitting of the form factor model for block 

polymer micelles to the complementary deuterated and non-deuterated data sets.  

Minor discrepancies were noted between the PB-PEO and PB-dPEO micelles due to 

the slight difference in polymer molecular weights.  These differences were 

considered when simultaneously fitting the data such that the differences in fit 

parameters for core radius, Rc, and aggregation number, Q, were consistent with the 

small discrepancy in polymer molecular weight.  Cosolvent effects on the core size 

and core-corona interfacial width, σint, (i.e. where the core and corona blocks were 

mixed) were determined by fitting the PB-dPEO data, while changes in the overall 

micelle size and corona density profile were found by fitting the PB-PEO data.   
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Figure 5.6 SANS data (symbols) and fits (solid lines) for PB-PEO and 
PB-dPEO micelles in D2O/THF-d8 mixtures, where the labels 
indicate the volume percent of THF-d8 in the cosolvent mixtures.  
Error bars represent the standard deviation in the measured 
intensity. 

Representative SANS data and fits for selected cosolvent compositions are 

presented in Figure 5.6, and all data are provided in Appendix C.  Quality fits for the 

PB-PEO and PB-dPEO SANS data up to 40 vol% THF-d8 were obtained by using 

only the micelle form factor model.  However, at higher THF-d8 contents, the presence 

of free chains in solution affected the scattering at high q.41  To account for the free 

chains in solution, the SANS data (40 vol% to 72 vol%) were fit to a linear 

combination of spherical micelle and Gaussian coil form factors.38  By enforcing a 

constant polymer solution concentration, the fraction of polymer free chains was 

estimated from the relative scaling of the two models.  These combined SANS fits 

suggested that the fraction of free chains increased with THF-d8 content up to 72 vol% 

THF-d8 (Figure 5.7), at which point the micelles disassembled.  This result was 
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consistent with separate turbidity measurements on PB homopolymer solutions (3.2 kg 

mol-1) indicated that PB was fully soluble in H2O/THF mixtures containing above 

~75 vol% THF (Appendix D).  

 

Figure 5.7 Fraction of free chains in the micelle solutions determined from the 
SANS data modeling.  Error bars represent the range of values that 
gave the same goodness of fit.  

The results of the SANS data fits describing the effects of cosolvent 

composition on micelle structure are summarized in Figures. 5.8 – 5.10 and Table 5.3.  

A decrease in Rm and Rc with increasing THF-d8 content was found, consistent with 

the DLS, SAXS, and cryo-TEM data.  Here, Rm was the radius at which the volume 

fraction of PEO was less than 0.02 in the corona profile.32  The decrease in Rm and Rc 

also followed the trend of smaller aggregation numbers (Q) as THF-d8 was added 
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(Figure 5.9).  While micelle size decreased with THF-d8 addition, the polydispersity in 

micelle sizes increased.  This increased polydispersity was seen qualitatively in the 

broadening of the first minimum and maximum in the SANS data and was quantified 

by the SANS data modeling, which gave reasonable size distributions.   

 

Figure 5.8 SANS data (symbols) and fits (solid lines) for PB-PEO (a) and 
PB-dPEO (b) micelles in D2O/THF-d8 mixtures, where the labels 
indicate the volume percent of THF-d8 in the cosolvent mixtures. 
Error bars represent the standard deviation in the measured 
intensity. 

The cosolvent effects on the micelle composition profile also were quantified 

by the SANS data modeling.  In pure D2O, the characteristic sharp interface between 

the PB core and PEO corona was shown by the negligible σint value, and this sharp 

profile persisted up to ~30 vol% THF-d8  (Figure 5.8 and Table 5.3).  However, as 
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more THF-d8 was added (>30 vol% THF-d8), σint increased.  This increase in σint 

suggested that PB and PEO were mixing at the core-corona interface, and 

consequently, that the interface was broadening.  Also, the solvent fraction in the core 

increased with increasing THF-d8 content, indicating that the micelle cores were 

swelling with solvent (Figure 5.9)  The solvent fraction in the core was calculated 

using the fit values for Q and Rc, and was not calculated for samples containing 

>30 vol% THF-d8 due to the lack of a well-defined core size.   

 

Figure 5.9 Micelle aggregation number (Q) and solvent fraction in the core 
(φsolvent) determined from the SANS data analysis.  Error bars in Q 
represent the range of fit values with similar goodness of fits.  
Error bars for φsolvent represent the range of calculated values due 
to uncertainty in the fit parameters used in the calculation.  Dashes 
lines are to guide the eye. 
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The changing solvent conditions also affected the micelle corona profile.  A 

rescaled corona composition,  𝜌!"#"$% 𝑟 , was calculated by normalizing the corona 

density profile obtained from the SANS data fitting,  ρcorona(r,)  to the total volume of 

the corona (PEO plus solvent), 40 

 

 4𝜋𝜌!"#"$% 𝑟 𝑟! 𝑑𝑟 =   Q𝜐!"#"$%   (12) 

 

Profiles for   𝜌!"#"$% 𝑟  vs. r are presented in Figure 5.10.  The maximum volume 

fraction of PEO at the core-corona interface, along with the total PEO content in the 

micelle corona, decreased with reducing interfacial tension.  These changes in the 

micelle corona profiles reflected the improved solvent quality for the core block and 

the reduction in aggregation number.  Also, the corona brush thickness decreased with 

increasing THF-d8 content, reflecting the changing curvature of the micelle core 

surface.   
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Figure 5.10 Radial composition profile in the PEO corona in PB-PEO micelles 
in D2O/THF-d8 mixtures as determined from SANS data analysis. 

To investigate the effects of THF addition on the solvent quality for PEO, 

SANS experiments were performed on PEO homopolymer (Mn=6.3 kg mol-1) in 

D2O/THF-d8 mixtures ranging from 0 - 70 vol% THF (Figure 5.11).  The SANS data 

were fit with a Debye function to determine changes in the radius of gyration, 𝑅!, as a 

function of THF-d8 content.38  These data confirmed that the changing solvent 

conditions had little effect on the PEO 𝑅!, similar to the small changes in the micelle 

corona up to 60 vol% THF-d8, as determined from SANS modeling (Table 5.3).  

While a significant decrease in 𝑅! in the micelle corona was noted for >60 vol% 

THF-d8, these fit values for 𝑅! were unreliable because the high q scattering in these 

solutions was dominated by free chains.   
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Figure 5.11  Radius of gyration (Rg) of PEO homopolymer (6 kDa) in 
D2O/THF-d8 cosolvent mixtures determined from SANS 
measurements.  SANS data were fit with a Debye function to 
determine the 𝑹𝒈.  Error bars represent the range in fit values for 𝑹𝒈 
with similar goodness of fits. 

The SANS studies presented above were complemented by 1H NMR 

spectroscopy experiments to probe PB chain mobility at various THF-d8 contents 

(Figure 5.12).  In pure THF-d8, the polymer was fully solvated, and peaks 

corresponding to both PB (between 0.8 - 2.1 ppm and 4.8 - 5.6 ppm) and PEO (3.6 

ppm) were detected.  In contrast, in pure D2O, only the peak corresponding to the PEO 

corona was detected.  Because D2O was a non-solvent for the PB, the PB chains were 

confined to the micelle core in pure D2O, and the restricted chain motion led to broad 

and weak PB peaks.  As THF-d8 was added to the system, the PB mobility increased, 

as manifested by a sharpening of the corresponding peaks.42  The fraction of mobile 

PB was quantified by comparing the integrated PB peak areas in micelle solutions at 
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various THF-d8 contents to PB peak areas in pure THF-d8, where the block polymer 

was fully solvated.  Figure 5.11b shows that the PB mobility increased with THF-d8 

content up to ~50 vol% THF-d8, at which point the PB had similar mobility to fully 

solvated chains.  This increased PB mobility indicated that the core was swelling with 

THF-d8 and that PB chains were likely solvated.  Above 50 vol% THF-d8, the PB 

peaks continued to sharpen, implying that the polymer chains were becoming more 

mobile.  The continued increase in chain mobility shown by 1H NMR spectroscopy 

experiments was consistent with a mixture of micelles and free chains in solution, in 

agreement with the SANS analysis. 
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Figure 5.12 (a) 1H NMR spectra of PB-PEO micelles in D2O/THF-d8 mixtures, 
boxed regions highlight the peaks associated with the PB and PEO 
blocks, and (b) fraction of mobile PB chains in PB-PEO micelles 
calculated from (a).  Error bars in (b) represent standard deviation 
in values from three experiments.   
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5.4 Discussion 

The work presented here demonstrates control over the structure of PB-PEO 

micelles by using cosolvent mixtures to manipulate the core-corona interfacial tension.  

The combination of real and reciprocal space techniques in the analysis of PB-PEO 

micelles led to new insights into the changes in micelle structure as a function of 

interfacial tension.  The micelle sizes obtained by DLS, SAXS, and cryo-TEM data 

agreed well with the values obtained from SANS data model fitting.  These data sets 

from multiple analytical techniques showed a decrease in micelle size as the interfacial 

tension was reduced.  The lowered interfacial tension led to an increased core chain 

interfacial area, which favored the formation of smaller micelles with lower 

aggregation numbers.   

The combination of analytical techniques also allowed detailed 

characterization of the effects of THF addition on the micelle core size, Rc.  While 

previous studies showed a decrease in overall micelle size with reduced interfacial 

tension, these studies did not independently measure the micelle core size.2,10  Instead, 

they calculated the core size based on the measured aggregation number, and they 

assumed either that there was no solvent in the core2 or that the solvent fraction in the 

core was equal to the volume fraction of organic cosolvent in the micelle solution.10  

The experimental measurements of both the core size and aggregation number show 

that solvent was indeed present in the core and that the solvent fraction in the core was 

greater than the volume fraction of THF in the cosolvent mixture (Figure 5.9), in 

contrast to previous assumptions.  The results presented here demonstrate that 

cosolvent addition not only leads to a decrease in Rc, but an increase in the solvent 

fraction in the core.   
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In addition to Rc, the corona thickness, H, decreased as the THF content 

increased.  The experimentally determined H decreased from ~18 nm to ~10 nm over 

the THF content range used in this study.  For the PEO corona chains (N = 183), the 

theoretical root-mean-square end-to-end distance, R0, is 9.1 nm.32  Thus, H > R0 at all 

THF contents, suggesting that the corona chains were stretched, consistent with the 

definition of star-like micelles.13,43  The star-like profile also was evident in the good 

fits to SANS data using a form factor model that accounted for a radial density 

distribution of corona chains.  Furthermore, comparing the core and corona 

dimensions showed that H > Rc throughout the range of solvent compositions, 

characteristic of a star-like structure.  Likewise, comparing the experimental results to 

theoretical scaling relationships for star-like micelles showed a good correlation 

between experiment and theory for changes in Rc and H with decreasing core-corona 

interfacial tension (Figure 5.5).  The agreement between the experimental results and 

scaling theory suggested that the decrease in Rc and H was primarily due to the change 

in interfacial tension induced by solvent addition, and reflected the increase in 

curvature at the core surface as the micelle size decreased.  This result was supported 

by the small change in the PEO 𝑅! for both the corona chains and the PEO 

homopolymer with THF addition, which suggested that the changing solvent 

conditions had very little effect on the PEO chain dimensions.   

The SANS experiments also revealed that the decrease in interfacial tension 

also affected the composition profile at the micelle core-corona interface.  Because 

scattering contributions from the corona were minimized, the SANS model fits for the 

PB-dPEO data were sensitive to the core-corona interfacial width (σint in the model).  

In pure D2O, the micelles had a sharp core-corona interface due to the highly 
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amphiphilic nature of PB-PEO.37,44-46  As the THF-d8 content increased, the 

core-corona interface became more diffuse due to the reduction in interfacial tension, 

resulting in broader interfaces at >30 vol% THF-d8.  The effects of interfacial tension 

on polymer interfaces have been well studied for bulk systems, such as homopolymer 

blends and block polymers.14-16,47  The work presented here shows that interfacial 

tension also controls the core-corona interfacial width in solution assemblies, as 

illustrated in Figure 5.8, in which a broad core-corona interfacial width was seen in 

PB-PEO micelles at higher THF-d8 contents (i.e. lower core-corona interfacial 

tensions).  Similarly, recent work by Lund and coworkers studied the effects of 

H2O/DMF cosolvent mixtures on the structures of PEP-PEO micelles.48  DMF 

addition lead to a morphological transition from spherical to cylindrical micelles.  

However, careful SANS data analysis indicated that in addition to the morphological 

transition, DMF addition broadened the core-corona interface.48 

In addition to the broadening of the core-corona interface, the reduced 

interfacial tension resulted in a lower PEO volume fraction at the core surface 

(Figure 5.11).  In pure D2O, there was a high volume fraction of PEO at the 

core-corona interface, implying that a collapsed layer of PEO surrounded the micelle 

core to minimize the unfavorable PB-water interactions, consistent with previous 

studies.37,49  As the interfacial tension decreased with THF-d8 addition, the maximum 

volume fraction of PEO at the core-corona interface decreased, because less shielding 

of the PB chains was necessary.   

Adding THF to the PB-PEO solutions also affected the concentration of free 

polymer chains in solution.  In pure water, the concentration of free chains was 

negligible due to the extremely low critical micelle concentration (CMC), which is 
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reported to be on the order of 10-3 g L-1 for comparable molecular weight PB-PEO 

block polymers in water.50,51  However, examination of the scattering at  ~ 0.06  Å -1   

< q < 0.1 Å-1 in the SANS data indicated that a significant concentration of free chains 

was present as the THF-d8 content increased to >30 vol% (Figure 5.7).  While free 

chains were likely present in solution at lower THF contents, the SANS data were not 

sensitive to the low concentration of chains.  Fitting the SANS data for >30 vol% 

THF-d8 with a combined form factor model for micelles and Gaussian chains 

indicated that the concentration of free chains increased with added THF-d8 until 

complete micelle disassembly.  The presence of free chains in solution was 

corroborated by 1H NMR spectroscopy studies that showed increased PB mobility at 

high THF-d8 contents.  This coexistence of free chains and micelles was likely due to 

an increase in the CMC, resulting from the reduced interfacial tension caused by THF 

addition.52-54  Assuming the maximum concentration of free chains in solution was 

equal to the CMC, the CMC increased exponentially with decreasing interfacial 

tension, which was in accordance with micelle formation theory.52,55  This result also 

was qualitatively consistent with light scattering experiments that suggested that the 

CMC was the same order of magnitude as the concentration of free chains determined 

by SANS. 

Another effect of high THF-d8 contents (>50 vol%) shown in the SANS data  

was an upturn in intensity at low q values (Figure 5.6).  This upturn became more 

pronounced as the THF-d8 content was increased and suggested the presence of larger 

structures in solution.  At these high THF contents, there was also a significant 

concentration of free chains in solution, which could induce depletion interactions and 

lead to micelle aggregation.56,57  Similarly, previous studies by Dewalt et al. reported 
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poly(styrene-b-ethylene oxide) micelle aggregation in H2O/THF mixtures at THF 

contents >50 vol%.9   

5.5 Conclusions 

The work presented here manipulates the structure of PB-PEO micelles in 

aqueous solutions by adding THF as a cosolvent to reduce the core-corona interfacial 

tension.  The micelle size, including both the core size and corona thickness, can be 

tuned by adding organic cosolvents to a single block polymer.  This cosolvent 

approach eliminates the need for the synthesis of multiple block polymers to achieve a 

range of micelle sizes.   

The experimental data are in good agreement with theoretical models of 

star-like micelles for the dependence of core size and corona thickness on interfacial 

tension.  Changes in the internal micelle structure were elucidated by performing 

contrast variation SANS experiments.  The incorporation of both micelle and Gaussian 

coil form factors in the SANS models facilitated data fitting at high THF contents, 

where a significant number of free chains in solution were evident.  Also, the 

core-corona interfacial region was characterized by minimizing scattering 

contributions from the micelle corona (using PB-dPEO).  These experiments showed 

that cosolvent addition led to broader core-corona interfaces.  While the broadening of 

polymer interfacial profiles with decreasing interfacial tension has been shown for 

polymer in bulk, the work presented here first demonstrated that interfacial tension 

also controls the core-corona interfacial width in solution assemblies.  Finally, the 

SANS data analysis indicated that the micelle cores swelled with THF addition and 

that the solvent fraction in the core was greater than the volume fraction of THF in the 
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cosolvent mixtures, which may suggest that previous assumptions regarding the 

micelle core solvent contents in cosolvent mixtures may not be accurate.  

The work presented here highlights the considerable effects of organic 

cosolvent addition on block polymer micelles.  Controlling the core-corona interfacial 

tension is an effective, non-synthetic means of manipulating solution-assembly to 

access a variety of unique structures.  However, even slight differences in cosolvent 

composition can have a significant impact on the final morphology, emphasizing the 

importance of processing conditions (i.e. cosolvent composition) on the resulting 

structure.  The following chapters expand on these cosolvent studies and continue to 

explore the effects of common processing conditions on the structure, dynamics, and 

long-term stability of block polymer micelles.  
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Chapter 6 

EFFECTS OF COSOLVENT MIXTURES ON BLOCK POLYMER MICELLE 
DYNAMICS 

This chapter investigates the influence of cosolvent addition on the equilibrium 

chain exchange dynamics of highly amphiphilic block polymer micelles.  Specifically, 

the equilibrium chain exchange kinetics were investigated using sophisticated contrast 

variation experiments in time-resolved small angle neutron scattering (TR-SANS).  

The results presented here demonstrate that the decreasing the interfacial tension 

between the core block and the solvent leads to measurable chain exchange and 

provide insights into the dynamic processes contributing to the cosolvent-induced 

micelle structural rearrangements studied in Chapter 5.  

6.1 Introduction 

Decades of experimental and theoretical work provide a foundation for 

controlling the static structure of block polymer micelles.1-3  However, much less is 

known about the dynamics of these structures, and the factors that govern chain 

exchange in macromolecular surfactants are largely unexplored.4,5  Understanding 

chain exchange mechanisms in block polymer assemblies is essential for controlling 

self-assembly, creating reproducible structures, and predicting the long-term stability 

of these materials.   

Like the study of static block polymer assemblies, our understanding of the 

dynamics in these macromolecular surfactants stems from the study of small molecule 

amphiphiles.5,6  Small molecule micelles are highly dynamic and the constituent 
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molecules are continuously redistributed among the assemblies on time scales ranging 

from µs to ms.7  Aniansson and Wall first theoretically described and later 

experimentally demonstrated that these dynamics are dominated by single exchange 

events, in which an individual surfactant molecules moves from one micelle to 

another.8-11  

By comparison, the dynamics in block polymer micelles are far less 

understood.  Halperin and Alexander extended the Anniansson and Wall mechanism 

for single molecules exchange in surfactant micelles to block polymer assemblies.12  

Their scaling analysis suggested that the energetic barrier to single chain events in 

block polymer systems is significantly higher than in small molecule systems due to 

the macromolecular nature of the hydrophobic block.  The high energetic barrier leads 

to significantly longer exchange kinetics, on the order of hours or even days compared 

to seconds in molecular surfactant assemblies.  In agreement with this theoretical 

prediction, several experimental results have shown that dynamics are arrested in 

block polymer systems, with no measurable chain exchange taking place on time 

scales ranging from weeks to even years.13-18    

Halperin and Alexander further suggested that the relaxation function in block 

polymer micelles should follow a single exponential decay for single chain events.12  

However, experimental studies indicated that the relaxation function is extremely 

broad and logarithmic over orders of magnitude in time.15,19,20  Early studies attributed 

the broad relaxation times to geometric constraints and hindered expulsion of the core 

block,15 but recent work by Lodge and Bates et al. demonstrated that the broad 

relaxation function could be attributed to polydispersity of the core block.21  Lodge 

and Bates showed that single chain exchange is hypersensitive to the core block 
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molecular weight,22 and thus even a small distribution of core block molecular weights 

significantly broadens the relaxation function.  

Our limited understanding of block polymer dynamics is in part due to the 

experimental difficulty in accessing the appropriate time and length scales.  Because 

of the long time scales, several approaches have been developed to induce chain 

exchange on more accessible time scales such as studying mildly hydrophobic 

polymers, changing temperature, or adding organic cosolvents.6,15,17,18,20,22-25   

Understanding the chain exchange also requires nanoscale structural 

resolution.  Time-resolved light scattering and cryo-TEM have been used to monitor 

temporal changes in the overall micelle structure, but do not provide information on 

the dynamics of the individual chains.14,17,25-27  Block polymer micelle dynamics have 

been studied using fluorescence quenching; however, this approach often requires 

covalently attaching large dye molecules to the polymer chain which can influence the 

dynamics.28-30  Pioneering work by Willner and coworkers exploited the contrast 

variation between hydrogen- and deuterium-labeled polymers in TR-SANS 

experiments to probe both the length scales and time scales necessary to study single 

chain exchange in block polymer micelles.31  Subsequent studies have built on this 

work to probe the effects of core block molecular weight, cosolvent mixtures, and 

micelle structure on equilibrium single chain exchange.6,15,18-24,32-34 

This chapter expands the studies of micelle dynamics and investigates the 

effects of cosolvent mixtures on chain exchange in poly(1,2-butadiene-b-ethylene 

oxide) (PB-PEO) micelles.  Coupled with the data in Chapter 5, the results presented 

here provide key insights into the mechanisms that lead to cosolvent-induced micelle 

relaxation.  Literature suggests that PB-PEO micelles are kinetically trapped in 
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aqueous solutions due to the highly unfavorable interaction between PB and water 

(χPB/water ≈ 3.5).13,14,35,36  However, adding an organic cosolvent improves the solvent 

quality for the PB core block and induces structural changes in micelles as discussed 

in Chapter 5.  These structural rearrangements require dynamic processes, suggesting 

that cosolvent addition also influences the chain exchange in PB-PEO block polymer 

micelles.  No equilibrium chain exchange was measured at high interfacial tensions 

(low THF contents), suggesting the micelles remain kinetically-trapped.  This result is 

especially interesting in the context of the data in Chapter 5 that demonstrated the 

addition of even a small amounts of organic cosolvent led to significant changes in the 

micelle structure.  Together, these data indicate that the micelles must relax through an 

alternate mechanism, such as micelle fission.  Conversely, significant chain exchange 

occurs at lower interfacial tension (high THF contents), implying that the micelles 

formed at high THF contents are able to achieve their equilibrium structure.   

6.2 Experimental 

6.2.1 Materials 

Chain exchange experiments were performed using the PB-PEO and PB-dPEO 

polymers described in Table 2.1 and studied in Chapter 5.   

6.2.2 Solution Preparation 

Individual PB-PEO and PB-dPEO micelle solutions were prepared by 

dissolving each dry polymer powder in a separate D2O/H2O mixture and then stirring 

for 3 days.  Then, deuterated tetrahydrofuran (THF-d8) was added to reach the desired 

cosolvent composition.  The isotopic composition of the solvent (summarized in 
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Table 6.1) was chosen to contrast match a perfectly mixed PEO/dPEO corona.  The 

composition of the solvent was calculated according to, 

 

 𝜌!"#$%&' =   𝜙!!!𝜌!!! + 1− 𝜙!!! − 𝜙!"#!!! 𝜌!!! + 𝜙!"#!!!𝜌!"#!!!    (1) 

 

in which 𝜙!!! is the calculated volume fraction of H2O, 𝜙!"#!!! is the desired 

volume fraction of THF-d8, and 𝜌!!! , 𝜌!!! , and 𝜌!"#!!! are the scattering length 

densities of H2O, D2O and THF-d8, respectively (Table 5.2).  The scattering length 

density of the solvent, 𝜌!"#$%&' was set equal to the scattering length density of a 

completely mixed 50/50 PEO/dPEO corona, 

 

 𝜌!"#/!"#$ = 0.5𝜌!"# +   0.5𝜌!"#$   (2) 

 

in which 𝜌!"#  and 𝜌!"#$ are the scattering length densities of PEO and dPEO, 

respectively (Table 5.2), and 𝜌!"#/!"#$ = 3.52 × 10-6 Å-2. 

Both the PB-PEO and PB-dPEO solutions had a final polymer concentration of 

2.4 mg mL-1.  At t = 0, equal volumes of the PB-PEO and PB-dPEO solutions were 

mixed and analyzed with SANS as described below.   

Table 6.1 Solvent mixture compositions for TR-SANS experiments 

Sample % by volume 
H2O D2O THF-d8 

0 vol% THF 36 64 - 
10 vol% THF 36 54 10 
30 vol% THF 36 34 30 
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Pre-mixed PB-PEO/PB-dPEO (50% PB-PEO by weight) micelle solutions 

were prepared using a similar approach.  First, the PB-PEO and PB-dPEO polymers 

were blended in benzene, stirred overnight, and then freeze-dried to ensure complete 

solvent removal.  Then, the polymer blend was dissolved in a D2O/H2O mixture and 

stirred for 3 days. THF-d8 was added to reach the desired solvent composition and the 

solution was stirred for an additional 3 days prior to the SANS experiments.  The final 

solution concentration of polymer was 2.4 mg mL-1.   

6.2.3 Time-Resolved Small Angle Neutron Scattering (TR-SANS) 

SANS experiments were performed on the CG-2 General Purpose SANS 

instrument at the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory 

(ORNL).  A sample-to-detector distance of 14 m was used with an incident neutron 

wavelength (λ) of 4.75 Å to cover a scattering vector (q) range from 0.006 Å-1 < q < 

0.09 Å-1.  Scattering data were recorded for 5 min and were reduced using the 

procedures provided by ORNL.  The data were corrected for background scattering, 

empty cell scattering, sample transmission, sample thickness, and detector sensitivity 

and were normalized to an absolute scale using a pre-calibrated secondary standard.   

6.2.4 TR-SANS Data Analysis 

In dilute solutions, the scattered intensity 𝐼 𝑞, 𝑡  is given by                 

𝐼 𝑞, 𝑡 =   𝜑 Δ𝜌 !𝑃 𝑞  in which 𝜑 is the volume fraction of the micelles, Δ𝜌 is the 

scattering contrast, and 𝑃 𝑞  is the micelle form factor.  Assuming the sample 

concentration [𝜑] and the form factor [𝑃 𝑞 ] do not change over time, any changes in 

scattered intensity are due to changes in the scattering contrast,  
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 Δ𝜌 =   𝜌!"#$%%$ 𝑡 −   𝜌!"#$%&' (3) 

 

in which 𝜌!"#$%%$ is the scattering length density of the micelle and 𝜌!"#$%&' is the 

scattering length density of the solvent.  The scattering length density of the solvent is 

fixed, and therefore 𝐼 𝑞, 𝑡  ∝  ρmicelle(t  ).  Because ρmicelle(t  ) is proportional to the 

volume fraction of PEO (or dPEO) chains in the micelle, the instantaneous state of 

chain exchange can be directly related to the scattered intensity and represented by the 

time correlation function,  

 

 𝑅 𝑡 =   
𝐼 𝑡 − 𝐼(∞)
𝐼 0 − 𝐼(∞)

!/!

 (4) 

 

in which 𝐼 𝑡  and 𝐼(∞) are the scattered intensities at t = 0 and t = ∞ (corresponding 

to a perfectly mixed corona micelle), respectively. 

The equilibrium chain exchange kinetics were analyzed using the method 

developed by Choi et al.22  Single chain exchange from one micelle to another requires 

3 steps: (1) extraction of the core block, (2) diffusion of the chain through the solvent, 

and (3) reinsertion into another micelle (Figure 6.1).  
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Figure 6.1 Schematic representation of single chain exchange mechanism, 
showing (1) extraction of the core block, (2) diffusion of the chain 
through the solvent, and (3) reinsertion of the chain into another 
micelle.  Extraction of the core block (step 1) is assumed to the 
rate-limiting step. 

Assuming that the extraction of the core block is the rate limiting step,12,15,22,37 

the flux of chain exchange should be related to the expulsion rate,     

𝐾 𝑡 = exp −𝑡 𝜏 𝑁 ×𝐸! , in which τ(N) is the characteristic exchange time and 

𝐸!  is the energy barrier to chain exchange.  Assuming the micelle cores are in the melt 

state, the core block dynamics are described by the Rouse relation time,   

𝜏!"#$% =    𝑁!𝑏!𝜁 6𝜋!𝑘𝑇 , in which N is the degree of polymerization, b is the 

statistical segment length, ζ is the monomeric friction factor, k is the Boltzmann 

constant, and T is the temperature.22  It is important to note that this scaling only 

applies to unentangled polymers.  

The core block comes into contact with the solvent during chain exchange; 

therefore, removing a chain from a micelle also carries a thermodynamic penalty.  

This contact results in enthalpically unfavorable interactions between the core block 

and the solvent, resulting in an overall energy penalty of exp(-αχN), in which α is an 

unknown constant of order 1 and χ is the Flory-Huggins interaction parameter between 

1 2 3
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the core block and solvent.  Thus, the time correlation function for chain exchange can 

be expressed as 

 

 𝐾 𝑡,𝑁 = 𝑒𝑥𝑝 −𝑡
6𝜋!𝑘𝑇
𝑁!𝑏!𝜁 𝑒𝑥𝑝   −𝛼𝜒𝑁  (5) 

 

As recently described Choi et al., 𝐾 𝑡  has a double exponential dependence 

on chain length.22  Accordingly, the rate of chain exchange is hypersensitive to the 

distribution of N.  Dispersity in N is inherent in polymeric systems and even a small 

distribution of N will significantly broaden the time correlation function.   

 Dispersity in polymeric systems is typically described by a Schulz-Zimm 

distribution,38,39  

 

 𝑃 𝑁! =   
𝑧!!!

Γ 𝑧 + 1
𝑁!!!!

𝑁!!
exp  

−𝑧𝑁!
𝑁!

 (6) 

 

in which z = 1/[Nw/Nn) -1], and Nw
  and Nn are the weight-average and 

number-average degrees of polymerization, respectively. 

 The final relation function is given by  

 

 𝑅 𝑡 =    𝑃 𝑁 𝐾 𝑡,𝑁 𝑑𝑁
!

!
   (7) 

 

In this analysis, there are only two fitting parameters: αχ and the dispersity, Nw/Nn.   
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6.3 Results  

6.3.1 TR-SANS Studies of Micelles in Cosolvent Mixtures 

The single chain dynamics of PB-PEO micelles were investigated by 

exploiting contrast variation experiments as depicted in Figure 6.2.  In these 

experiments, equal volumes of PB-PEO and PB-dPEO micelle solutions were mixed 

at t = 0, giving rise to the maximum scattered intensity due to contrast between the 

coronas and the solvent.  After mixing the micelle solutions, two possible outcomes 

were considered.  In the first scenario, chain exchange would occur, leading to 

randomization of the PB-PEO and PB-dPEO chains in the micelles.  This mixing of 

the chains would reduce the corona/solvent contrast and decrease the scattered 

intensity, as the isotopic composition of the solvent was selected to contrast-match a 

randomly mixed PEO/dPEO corona.  The minimum scattered intensity in a randomly 

mixed PB-PEO/PB-dPEO micelle is represented by the pre-mixed samples, in which 

the polymers were blended before dispersing the polymers in water. In the second 

scenario, single chain exchange would not occur and the scattered intensity would 

remain nearly constant with time. 
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Figure 6.2 Schematic representation of chain exchange experiments.  At t= 0, 
PB-PEO and PB-dPEO micelles are mixed.  Single chain exchange 
leads to randomization of the PEO/dPEO chains in the micelle 
corona, which contrast matches the solvent. 

As seen in Figure 6.3, the scattered intensity did not decrease over an ~19 day 

period, supporting the second scenario and a lack of appreciable chain exchange in 

micelles prepared in pure water.  Similarly, no chain exchange was measured for 

micelles prepared in 10 vol% THF-d8, even at elevated temperatures (Figure 6.3).   
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Figure 6.3 TR-SANS curves for mixtures of PB-PEO and PB-dPEO micelles 
in 30 vol% THF-d8 cosolvent mixtures in D2O/H2O at 30 °C (top), 
10 vol% THF-d8 at 30 °C (middle), and 10 vol% THF-d8 at 50 °C 
(bottom). 
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Conversely, equilibrium chain exchange events readily occurred in micelles 

prepared in 30% THF-d8 at elevated temperatures, as seen by the significant decrease 

in scattered intensity (Figure 6.4).  Also, the rate of chain exchange increased with 

increasing temperature.  At 30 °C, no measurable chain exchange took place after 

19 h.  However, increasing the temperature to 55 °C resulted in a measurable decrease 

in scattering intensity after 13.6 h, indicative of mixing of the PB-PEO/PB-dPEO 

chains.  Further increasing the temperature to 60 °C lead to an almost statistical 

distribution of chains within 8 h, as seen in similarity of the t = 8 h and pre-mixed 

corona curves.  Comparing the results at 55 °C and 60 °C indicated that even a 5 °C 

difference in temperature significantly influenced the exchange kinetics in these 

systems.  Note that no degradation of the block polymer was found after annealing at 

60 °C for 24 h. 
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Figure 6.4 TR-SANS curves for mixtures of PB-PEO and PB-dPEO micelles 
in 30 vol% THF-d8 cosolvent mixtures at 30 °C (top), 55 °C 
(middle), and 60 °C (bottom). 
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6.3.2 Chain Exchange Kinetics in Low Interfacial Tension Systems 

The scattered intensity is directly related to the fraction of PEO (or dPEO) 

chains in the corona according to Equation 4, and therefore the scattered intensity is 

also reflective of the extent of chain exchange.  Rather than using the scattered 

intensity at a specific q-value to calculate R(t), the scattered intensities were integrated 

over a q-range of 0.01 Å-1 < q < 0.02 Å-1.  This analysis helped to minimize the 

uncertainty in the calculated R(t) values due to the uncertainty in the measured I(t) 

values.  The relaxation function for the 30 vol% THF-d8 at different temperatures is 

presented in Figure 6.5a.  The relaxation functions were logarithmic with time, 

consistent with previous reports in literature.20,22,34   

To access a broader range of relaxation times, the time-temperature 

superposition (TTS) principle was applied to the data sets in Figure 6.5a.  This 

principle is used routinely in rheological studies of polymer melt dynamics to account 

for changes in the molecular relaxation times at a temperature (T) relative to a 

reference temperature (Tref).22,40,41  While TTS is not strictly applicable to block 

polymer systems if the temperature-dependencies of the polymer blocks differ,41 

single chain exchange is dictated primarily by the temperature-dependent relaxation of 

the hydrophobic block.  Accordingly, the TTS principle has been applied successfully 

to the exchange kinetics in several block polymer micelle systems.21,22,33,34,42  In this 

work, the individual temperature data sets were shifted along the time-axis until they 

overlapped with the Tref = 55 °C data set.  The empirical shift factors (aT) also are 

plotted as log[aT(T)] in the inset to Figure 6.5b.  
 



 195 

 

Figure 6.5 (a) Relaxation function for the 30 vol% THF-d8 micelle solution as 
a function of temperature.  (b) Time-temperature superposition of 
TR-SANS data and fit for Tref = 55 °C.  Empirical shift factors for 
time-temperature superposition are given in inset of (b). 

The relaxation function for the 30 vol% THF-d8 solution was fit according to 

Equation 7 by varying only the dispersity index (Nw/Nn) and the core block-solvent 

interaction (αχ).  The monomeric friction factor (ζ) and the statistical segment length 

(b) for 1,2 polybutadiene were taken from literature.43,44  Both the input and fit results 

are summarized in Table 6.2.  Importantly, the fit quality was highly sensitive to the fit 

parameters but only slightly affected by the other input parameters.  For example, a 

two-fold increase in the monomeric friction factor or statistical segment length did not 

affect the fit value for dispersity and resulted in less than a 10% change in the fit value 

of αχ.  Conversely, the fit value of the dispersity significantly affected the shape of the 

relaxation function; simply changing the value of Nw/Nn from 1.0 (monodisperse) to 

1.03 broadened the relaxation function and provided a much better fit to the data.  This 
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fit value of the dispersity was in reasonable agreement with values obtained from SEC 

and MALDI-TOF MS for the PB-OH precursor (Table 2.1).  Also, a 10% change in 

the αχ value shifted the relaxation function over orders of magnitude in time. 

Table 6.2 Input and fit parameters for fitting TR-SANS data for 30 vol% THF 
PB-PEO micelle solution at 55 °C 

Nn 
(input) 

ζ [kg s-1] 
(input) 

b [nm] 
(input) 

Nw/Nn 
(fit) 

αχ 
(fit) 

59 7.59 X 10-5 0.67 1.03 0.23 

6.4 Discussion 

The complete lack of chain exchange in pure water seen here is consistent with 

several previous reports on block polymer micelles that show that these systems are 

kinetically trapped over time scales of days, months, and even years.13-18  

Interestingly, while adding a small amount of THF (10 vol%) led to significant 

changes in the micelle size as discussed in Chapter 5, it did not induce measurable 

chain exchange.  The TR-SANS studies suggested that the micelles were still 

kinetically-trapped structures at high interfacial tensions (low THF contents).  These 

results also provided insight into how the micelles rearranged upon cosolvent addition.  

The lack of single chain exchange suggested that the micelles rearranged through 

fusion/fission events at high interfacial tensions.  Recent work by Meli et al. studied 

the formation of PB-PEO micelles in ionic liquids and found that the micelles 

decreased in size upon thermal annealing.45,46  Similar to the work presented here, 

there was no measurable single chain exchange, leading Meli and coworkers to 

conclude that the micelles relaxed through fission events.45 



 197 

Unlike the low THF content micelles, the micelle samples in 30 vol% THF 

showed measurable chain exchange at high temperatures over a period of several 

hours.  Early TR-SANS experiments by Lund and coworkers elegantly demonstrated 

that manipulating cosolvent composition is an effective means of tuning block 

polymer single chain exchange dynamics to experimentally accessible time scales.  

Comparing the results for PB-PEO in water/THF mixtures to their results for 

poly(ethylene-alt-propylene-b-ethylene oxide) (PEP-PEO) in 

water/dimethylformamide (DMF) mixtures suggests that measurable chain exchange 

events occur at similar core-solvent interfacial tensions (γ).  In their studies, almost 

complete chain exchange occurred within 24 h at γ = 19.7 mN m-1.  This finding is in 

good agreement with the results in Figure 6.4 demonstrating that complete chain 

exchange occurred within approximately 8 h at γ = 18.6 mN m-1 (30 vol% THF).   

Choi et al. recently developed a theoretical explanation for the broad relaxation 

functions measured during chain exchange experiments, and demonstrated that these 

processes were hypersensitive to the core block molecular weight and molecular 

weight distribution.22  Importantly, their work suggested that the relaxation kinetics 

also have a double exponential dependence on the hydrophobic polymer-solvent 

interaction parameter (χ), implying that the exchange kinetics are equally sensitive to 

the solvent quality.  This predication is consistent with the results presented here, 

which show vastly different dynamics depending on the cosolvent composition.  The 

theoretical relaxation function quantifies the core-solvent interaction in terms of χ 

rather than interfacial tension.  However, the core-solvent interfacial tension is directly 

related to the interaction parameter according to γ2 ∝ χ.15,47  Based on the results in 

Chapter 5, adding 30 vol% THF to water reduces the core-solvent interfacial tension 
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from 49.6 mN m-1 to 18.6 mN m-1, which corresponds to an approximately 90% 

decrease in χ.  Assuming that χPB-water ≈ 3.5, χPB-cosolvent should be on the order of 0.4 in 

a 30 vol% THF cosolvent mixture.  This value is the same order of magnitude of 

αχ =  .23 at T = 55 °C from the TR-SANS data analysis, in which α is a constant on 

the order of unity.  Literature values for α range from 0.27 < α < 1.3,21,22,48 supporting 

that the fit value for χ is in very good agreement with the expected value.  

Given the good agreement between the expected and fit values for χ, the 

relaxation functions for all of the high THF content samples were estimated using the 

same analysis described above.  The measured interfacial tension and calculated 

values of χ are presented in Table 6.3.  The relaxation functions at T = 25 °C were 

calculated according to Equation 7 and are plotted in Figure 6.6.   

As seen in Figure 6.6, the dynamics at high THF content cosolvent mixtures 

(> 40 vol% THF) occur over 10 orders of magnitude in time.  In samples containing 

> 50 vol% THF the chain exchange dynamics occur within minutes, supporting that 

these structures are at equilibrium.  These fast chain exchange time scales also suggest 

that single chain events contributed to the structural rearrangements upon cosolvent 

addition that were studied in Chapter 5.   Moreover, these results demonstrate that 

even slight differences in αχ significantly affect the relaxation function, highlighting 

the influence of solvent quality on not only the structure, but also the dynamics of 

block polymer micelles.   
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Table 6.3 Estimated χ values for the different H2O/THF mixtures at 25 °C 

THF content 
(vol%) 

Interfacial tension 
(dyne/cm) χ 

40 15.2 0.33 
50 9.4 0.13 
60 6.6 0.062 
70 5.3 0.040 

 

Figure 6.6 Estimated relaxation functions for PB-PEO micelles in H2O/THF 
cosolvent mixtures at 25 °C. 
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6.5 Conclusions 

This chapter investigates the effects of cosolvent mixtures on the chain 

exchange dynamics of PB-PEO diblock copolymer micelles.  Contrast variation in 

TR-SANS experiments revealed that the micelles were kinetically trapped at low THF 

contents (high core block-cosolvent interfacial tension), with no measurable exchange 

taking place over long time scales.  However, chain exchange events occurred over 

measurable time scales at elevated temperatures in micelles prepared in 30 vol% THF 

cosolvent mixtures.  The core-solvent interaction parameter determined by fitting the 

relaxation function was consistent with the decrease in interfacial tension measured in 

Chapter 5.  This analysis suggests that the micelles prepared in the high THF contents 

cosolvent mixtures (> 50 vol% THF) are likely the equilibrium structures and that 

single chain events contribute to the structural rearrangements studied in Chapter 5.  

Thus, these results provide insights into the dynamic processes that lead to structural 

rearrangements and highlight the influence of cosolvent mixtures on both the structure 

and dynamics of block polymer micelles.  
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Chapter 7 

CONSQUENCES OF COSOLVENT REMOVAL ON THE STABILITY OF 
BLOCK POLYMER MICELLES 

This chapter explores the effects of organic cosolvent removal on the stability 

of block polymer assemblies.  Chapters 5 and 6 demonstrated that cosolvent addition 

significantly affects the structure and dynamics of block polymer micelles, 

respectively, and this chapter demonstrates that cosolvent removal can have 

unexpected implications for the long terms stability of these assemblies.  This chapter 

shows that unequivocal step-change shifts in micelle populations occur over several 

weeks following transfer into a highly selective solvent.  The unexpected micelle 

growth evolves through a bimodal distribution separated by multiple fusion events and 

critically depends on solution agitation.  Notably, these results underscore 

fundamental similarities between assembly processes in amphiphilic polymer, small 

molecule, and protein systems.  Parts of this work were reproduced or adapted with 

permissions from Kelley, E. G.; Murphy, R. P. et al. Nature Communications 2014 

DOI: 10.1038/ncomms4599.   

7.1 Introduction 

Self-assembly schemes provide a simple and tuneable approach for creating a 

myriad of well-defined nanostructures from designer macromolecules in bulk, thin 

film, and solution environments.  Decades of fundamental research provide a 

foundation for understanding and controlling self-assembled morphologies, making 

macromolecules pivotal in the development of many emerging nanotechnologies.  In 
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particular, polymeric nanostructures in solution have attracted significant attention in 

the drug delivery, cosmetics, dispersant technology, sensor, and nanoreactor arenas.1-3  

Many of the envisioned applications endeavour to exploit solution assemblies as 

nanocontainers for the encapsulation of small molecule cargoes such as 

drugs/therapeutics or other reagents, requiring a detailed understanding of the dynamic 

processes and long-term stability of solution-assembled nanostructures. 

Amphiphilic macromolecules, such as block polymers, are promising for the 

abovementioned applications as molecular design offers enormous chemical versatility 

and exquisite control over the size and shape of solution assemblies.  Like their small 

molecule surfactant analogues, amphiphilic macromolecules form various 

nanostructures in aqueous solutions including spherical micelles, cylindrical micelles, 

and vesicle bilayers.4-6  Of particular interest are the unique material properties 

conferred by the macromolecular nature of the hydrophobic block, such as extremely 

low critical aggregation concentrations (CACS) and exceptionally slow 

inter-aggregate chain exchange in highly selective solvents such as water.6-9  These 

characteristics overcome key limitations of small molecule aggregates by improving 

the retention of encapsulated cargo for drug delivery6,8 and nanoreactor applications.10  

The slow dynamic processes inherent to macromolecular amphiphiles also lead to 

kinetically-trapped structures, requiring careful optimization of preparation conditions 

to produce well-defined, uniform, and reproducible solution assemblies.8 

Many common preparation methods employ cosolvent mixtures to create 

well-defined and classical solution nanostructures that mirror the morphologies 

expected from equilibrium thermodynamics (e.g. spherical micelles, cylindrical 

micelles, and vesicles).8,11,12  In these cases, the block polymer is dissolved in a 
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common solvent for both polymer blocks, and then a selective solvent is added.  This 

selective solvent normally increases the energy barrier to dynamic processes and 

potentially allows one to kinetically trap specific morphologies.8  Several groups have 

exploited cosolvent processing routes to produce non-equilibrium and exotic 

nanostructures such as patchy spheres,13 striped cylinders,13,14 and toroids.15  By 

manipulating the solvent selectivity for the block polymer constituents, these examples 

demonstrate the power of cosolvent processing to create complex, hierarchical 

structures from simple building blocks.8,13   

Cosolvent processing principles also are employed regularly in the loading of 

self-assembled morphologies with various hydrophobic cargoes such as dyes and 

therapeutic agents for diagnostics and drug delivery applications.16-18  Cosolvent 

methods are essential to solubilize both the hydrophobic cargo and amphiphilic block 

polymer to facilitate efficient encapsulation within self-assembled nanocarriers.  As 

nanocarriers are routinely used in aqueous solution, these preparation methods also 

hinge on the assumption that the assemblies are kinetically-trapped following transfer 

from an organic/aqueous solution into water.  Nanocarrier functionality is directly 

determined by size and shape, and hence the validity of this assumption is of the 

utmost importance.  However, the resulting metastable nanostructures may rearrange 

given a sufficiently large driving force.8 

Although the effects of cosolvent introduction on the generation of block 

polymer assemblies are well-researched,19-22 the consequences of cosolvent removal 

on self-assembled structures typically are overlooked.  While some macromolecular 

assemblies are known to be kinetically-trapped over time scales of days22-24 or even 

months,25 a cohesive understanding of polymeric micelle dynamics is still lacking.  
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This information gap exists because the dynamic processes are influenced by 

numerous coupled factors that can depend upon how far removed the assemblies are 

from their equilibrium configuration (e.g. aggregation number, size, and shape).7,9,26,27 

This chapter demonstrates that significant dynamic processes can occur in block 

polymer micelles following cosolvent removal, even in highly selective solvents, 

provided that the system is perturbed sufficiently far from equilibrium.  In the absence 

of agitation, the micelles were stable, consistent with scaling theories that predict 

insurmountable energy barriers to dynamic processes.19,28  However, gentle agitation, 

which is not considered in these scaling theories, led to a marked increase in the 

micelle size.  The micelle sizes evolved through a bimodal distribution, in which 

well-defined step-changes in size led to a monodisperse final nanostructure population 

with an aggregation number approximately eight times larger than that of the starting 

population.  These results provide the first detailed experimental evidence for a 

distinct bimodal size distribution during a fusion-controlled micelle growth process 

and emphasize the influence of common preparation conditions (e.g. cosolvent 

addition, dialysis, agitation) on the long-term stability on block polymer assemblies. 
 

7.2 Experimental 

7.2.1 Materials 

The PB-PEO and PB-dPEO polymers studied in this chapter are described in 

Table 2.1.   
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7.2.2 Micelle Solution Preparation 

Micelle solutions were prepared by adding 18 MΩ water to dry polymer 

powder and stirring the solutions for 3 days.  Then, THF (optima, 99.9%, Fisher 

Scientific) was added to achieve the desired cosolvent composition, and the solutions 

were stirred for an additional 3 days.  The micelle solutions were dialzed (Spectra/Por 

Regenerated Cellulose Dialysis Tubing, MWCO 12 to 14 kg mol-1) against water for 

24 h with 3 water changes to completely remove the cosolvent.  1H NMR experiments 

confirmed there was no THF in the sample after the first solvent change.  Day 0 refers 

to the end of the dialysis.  Solutions were magnetically stirred (200 rpm) at room 

temperature between experiments.   

The polymer concentration post-dialysis was determined at the end of the 

studies by either measuring the UV-Vis absorbance of the polymer solution samples or 

by drying a known volume of the solution specimen and weighing the remaining 

polymer.  For the UV-Vis experiments, the measured absorbance values for the 

solution samples were compared to a calibration curve for micelle solutions with 

known concentrations.  Note that the measured UV-Vis absorbance depended on the 

micelle size.  Therefore, the absorbance of the dialyzed samples was measured at least 

20 days after dialysis when the micelle sizes plateaued.  As expected due to swelling 

of the dialysis tubing, the sample concentrations after dialysis were approximately half 

of the initial concentration.  The polymer concentration post-dialysis are summarized 

in Table 7.1. 
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Table 7.1 Micelle solution concentrations before and after dialysis.   

Sample 
Concentration 

before dialysisa  
(mg mL-1) 

after dialysisb  
(mg mL-1) 

PB-PEO 10.0 ± 0.1 5.5 ± 0.1 
PB-PEO 5.0 ± 0.1 2.6 ± 0.1 
PB-PEO 2.4 ± 0.1 1.4 ± 0.1 

88 wt% PB-dPEO/12 wt% PB-PEO 10.1 ± 0.1 5.6 ± 0.3 
88 wt% PB-dPEO/12 wt% PB-PEO 5.0 ± 0.1 2.7 ± 0.3 
88 wt% PB-dPEO/12 wt% PB-PEO 2.4 ± 0.1 2.1 ± 0.3 

 a Calculated based on the polymer and solvent masses used in solution preparation. 
Uncertainty in concentration was due to error in measured masses. 
 b Determined using UV-Vis absorbance.  Uncertainty in concentration represents the 
95% confidence interval.  

7.2.3 Dynamic Light Scattering (DLS) 

DLS experiments were performed using a Brookhaven Instruments Light 

Scattering System (BI-200SM, Brookhaven Instruments Corporation) equipped with a 

Lexel Laser operating at 488 nm.  Measurements were made at a scattering angle of 

90°, and all experiments were performed at 25 oC.  The autocorrelation functions were 

fit with the quadratic cumulant expansion.  Literature values for the viscosity and 

refractive index of water/THF mixtures used to analyze the DLS data before cosolvent 

removal are listed in Table 5.1.29   

7.2.4 Small Angle X-ray Scattering (SAXS) 

SAXS experiments were performed on the 12-ID-C beamline at the Advanced 

Photon Source (APS) at Argonne National Lab.  Data were collected using an incident 

X-ray wavelength (λ) of 0.73 Å and a sample to detector distance of 5.3 m to give a 

scattering wave vector range from 0.004 Å-1 < q < 0.15 Å-1.  The scattering wave 

vector is defined as q = (4π/λ) sin (θ/2); θ is the scattering angle.   
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7.2.5 Cryogenic Transmission Electron Microscopy (cryo-TEM) 

Samples for cryo-TEM were prepared using an FEI Vitrobot at 22 oC and 

100% relative humidity.  Prior to sample loading, carbon-coated copper TEM grids 

(Quantifoil R 2/1 or Quantifoil S 7/2) were plasma etched for 60 s.  A 3 µL drop of 

micelle solution was pipetted onto the grid inside the sample chamber.  Using an 

automated system, the grid was blotted with filter paper twice to remove the excess 

solution.  Blot offset (none), blot time (3 s), wait time (1 s), and drain time (1 s) were 

consistent for each sample.  After blotting, grids were submerged in liquid ethane to 

vitrify the sample.  Grids were stored in liquid nitrogen before imaging. 

Imaging was performed on a Tecnai G2 12 Twin TEM operating at 120 kV.  

Images were recorded using a Gatan CCD camera at a nominal underfocus to enhance 

phase contrast.  The temperature of the sample probe was maintained between -176 oC 

and -180 oC during imaging. 

Core radii were determined from the cryo-TEM micrographs using ImageJ 

software.30  First, the image noise was suppressed using a despeckle algorithm, and a 

bandpass filter was applied.  Subsequently, a contrast threshold was used to remove 

the background, leaving the outlined area of PB cores.  The core radii were calculated 

from the core areas, assuming that the PB cores were spherical and that their 2D 

projections were circular.  Multiple images (6 to 12) were analyzed from different grid 

locations, with a total sample size between 450 and 3000 micelles per histogram.  Bin 

sizes for the histograms were 1 nm.   
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7.2.6 Small Angle Neutron Scattering (SANS) 

7.2.6.1 Chain Exchange Sample Preparation  

Pre-mixed PB-PEO/PB-dPEO (50% PB-PEO by weight) micelle solutions 

were prepared using the following approach.  First, the PB-PEO and PB-dPEO 

polymers were blended in benzene, stirred overnight, and then freeze-dried to ensure 

complete solvent removal.  Then, the polymer blend was dissolved in a D2O/H2O 

mixture (64% D2O by volume) at a concentration of 2 mg mL-1 polymer in solvent and 

stirred for 3 days.  The isotopic composition of 64 vol% D2O was chosen to 

contrast-match a perfectly mixed PEO/dPEO corona, see Chapter 6 for additional 

details on solvent composition calculations.   

Individual PB-PEO and PB-dPEO micelle solutions for post-mixed 

experiments were prepared by dissolving each dry polymer powder in a separate 

D2O/H2O mixture (64% D2O by volume) and then stirring for 3 days.  Both solutions 

had a final concentration of 2 mg mL-1 polymer in solvent.  For the t = 0 sample, equal 

volumes of the PB-PEO and PB-dPEO solutions were mixed and analyzed with 

SANS.  For the t = 10 d sample, equal volume of the PB-PEO and PB-dPEO solutions 

were mixed, magnetically stirred (200 rpm) at room temperature for 10 days, and then 

analyzed with SANS. 

7.2.6.2 Size Distribution Sample Preparation 

To determine the micelle core size distributions using SANS, solutions were 

prepared using blended PB-PEO/PB-dPEO (88 wt% PB-dPEO) polymers to 

contrast-match the micelle corona to the D2O solvent,   

 

 𝜙!"#$𝜌!"#$ + 1− 𝜙!"#$ 𝜌!"# =   𝜌!!! (1) 
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in which 𝜙!"#$is the fraction of PB-dPEO, and 𝜌!"#$ ,   𝜌!"# ,  and  𝜌!!! are the 

scattering length densities of dPEO, PEO, and D2O, respectively (Table 5.2). 

The PB-PEO and PB-dPEO were blended in benzene, stirred overnight, and 

freeze-dried.  Micelle solutions of the blended polymers were prepared in water/THF 

cosolvent mixtures as described above and dialyzed against deuterium oxide (D2O, 

99.9% D, Cambridge Isotopes).  After dialysis, the solutions were magnetically stirred 

(200 rpm) at room temperature.   

7.2.6.3 SANS Experiments 

SANS experiments were performed on the NG-7 30 m SANS instrument at the 

National Institute of Standards and Technology (NIST), Center for Neutron Research 

(NCNR).  An incident wavelength of 6.0 Å was used with sample to detector distances 

of 1 m, 4 m, and 13.5 m to cover a q-range from 0.004 Å-1 < q < 0.4 Å-1.  All 

measurements were performed at ambient temperature.  The data were reduced and 

analyzed in IGOR Pro using the standard procedures provided by NIST.31 

7.3 Results  

7.3.1 Effects of Cosolvent Removal on Micelle Size 

The consequences of cosolvent removal on the dynamics of block polymer 

micelles were studied using a poly(1,2-butadiene-b-ethylene oxide) [PB-PEO] diblock 

polymer.  PB-PEO was selected for these studies because the low molecular weight 

and low glass transition temperature of the hydrophobic PB block permitted 

investigations into the micelle dynamics independent of entanglement or glassy effects 

in the micelle core. 23,25 
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Micelles were prepared in water/THF cosolvent mixtures using the method 

outlined in Chapter 5 of this dissertation.  First, the polymer was dissolved in water, 

resulting in well-defined spherical micelles with PB cores surrounded by PEO 

coronas.  Note that similar micelle sizes were obtained by adding water to dry polymer 

powder or a thin polymer film, supporting that the micelles in pure water were close 

to their equilibrium size.  After stirring for 72 h, THF was added to reach the desired 

cosolvent composition (between 0 and 50 vol% THF).  DLS data showing the 

temporal changes in micelle solution behavior following cosolvent removal are 

provided in Figure 7.1.  As discussed in Chapter 5, the initial micelle radii were 

inversely related to THF content in the cosolvent mixture, seen here as the decrease in 

hydrodynamic radius vs. THF fraction (<RH> values at Day -1 in Figure 7.1b).20,21   

Following cosolvent removal by dialysis, all of the micelle sizes were 

unchanged in non-agitated solutions, regardless of the initial THF content in the 

cosolvent mixture (Figure 7.1a).  This result was consistent with scaling theories that 

predict large energy barriers to dynamic processes in macromolecular assemblies.26,28  

However, gentle agitation (magnetic stirring at 200 rpm, estimated volume average 

shear rate ~ 20 s-1)32 led to an unexpected temporal evolution in micelle size that 

depended on the composition of the cosolvent mixture (Figure 7.1b).   

The <RH> of micelles prepared in cosolvent mixtures that contained ≤ 10 vol% 

THF remained constant over 90 days following THF removal, although these 

nanostructures were smaller than the micelles prepared in pure water (Figure 7.1b).  

This lack of size evolution suggested that the micelles were near equilibrium or unable 

to overcome the energetic barrier for rearrangement.  The stability of micelles 

prepared from the pure water and low THF content solutions was consistent with 
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reports indicating that PB-PEO micelles should be kinetically-trapped in aqueous 

solutions due to the highly unfavorable PB-water interaction (χPB/water ≈ 3.5).23,25  

 

Figure 7.1 (a) DLS data showing the effects of stirring on the change in <RH> 
following dialysis to H2O (Day 0 to Day 120).  The THF content and 
polymer concentration prior to dialysis were 43 vol% and                
10 mg mL-1, respectively.  The agitated sample was stirred at 200 
rpm.  (b)  DLS data showing the change in <RH> before (Day -1) and 
after (Day 0 to 90) THF cosolvent removal as a function of THF 
content in stirred samples.  The polymer concentration was 2 mg 
mL-1 before dialysis to water.  In all cases, the solutions were stirred 
at 200 rpm.  The variability in <RH> was 1 to 3 nm. 

In contrast, micelles prepared in cosolvent mixtures that contained > 10 vol% 

THF exhibited significant size increases in the ~20 days following THF removal, 

despite the unfavorable PB-water interaction.  The DLS data indicated that the 

micelles prepared from high THF content mixtures approached a similar final size of 
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<RH> ≈ 25 nm following transfer into pure water, independent of their initial size in 

the cosolvent mixture.   

 

SAXS analyses reinforced the trends seen in the DLS results and provided 

insight into changes in the dispersity of micelle sizes following cosolvent removal.  

The shift in primary peak location to higher q values with increasing THF content 

(Figure 7.2a) confirmed the inverse relationship between micelle size and THF content 

upon cosolvent addition.  The disappearance of the main peak on Day 3 (Figure 7.2b) 

for the specimens made from 30 - 50 vol% THF solutions suggested an appreciable 

increase in the size dispersity in the days immediately following cosolvent removal.  

The reappearance of the peak at lower q values on Day 30 (Figure 7.2c) indicated that 

micelles had coalesced into a final population of larger and nearly monodisperse 

assemblies.  The initial increase and subsequent decrease in dispersity suggested the 

presence of multiple micelle populations during the growth process.  Moreover, the 

final micelle sizes were similar for the specimens made from 10 - 50 vol% THF 

solutions, supporting the plateau in growth noted in the DLS results. 
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Figure 7.2  SAXS data for micelles prepared in various water/THF mixtures 
(0 - 50 vol% THF) before (Day -1) and after (Day 3 and Day 30) 
dialysis to pure water.  The concentration before dialysis was 
2 mg mL-1 and all samples were stirred after dialysis.  Black 
diamonds mark the peak location before dialysis to water.  SAXS 
curves were shifted vertically for clarity. 

The differences in growth behavior of the micelles prepared from low vs. high 

THF cosolvent mixtures were reasonable on the basis of the free energy contributions 

that govern amphiphilic block polymer self-assembly.20  The larger micelles formed in 

the low THF content mixtures likely were close to their equilibrium size and unable to 

overcome the energetic barrier to dynamic processes.  In contrast, the smaller micelles 

formed in high THF content mixtures had a larger interfacial area per chain than the 

micelles formed in pure water, leading to highly unfavorable PB-water interactions 

following dialysis.  A size increase of the smaller micelles would reduce the interfacial 

area per chain and lower the free energy of the system.  Although free energy analyses 

suggested that the growth of the smaller micelles in water would be energetically 

favorable, the size increase in Figures 7.1 and 7.2 was not expected when considering 
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micelle growth mechanisms and their associated energetic barriers in highly 

amphiphilic systems.19,23,25,26,28,33  These results possibly indicated new insights into 

block polymer micelle stability and prompted further investigation. 

7.3.2 Investigation into Micelle Growth Mechanism 

The growth of PB-PEO micelles following solvent transfer into pure water was 

examined using SANS and cryo-TEM.  Specifically, single chain exchange in water 

was investigated using SANS by exploiting contrast variation and monitoring the 

temporal changes in the scattered intensity as described in detail in Chapter 6.22,34-37  

Initially, separate PB-PEO and PB-dPEO [poly(1,2-butadiene-b-ethylene oxide-d4)] 

micelle solutions were prepared in an H2O/D2O mixture.  These separate solutions 

were mixed at time t = 0, giving rise to a maximum in scattered intensity due to 

contrast between the coronas and solvent [I(q) values at t = 0 in Figure 7.3].  After 

mixing the separate PB-PEO and PB-dPEO micelle solutions, the resulting solution 

was gently stirred (200 rpm) for 10 days before analysis.   

As seen in Figure 7.3, the scattered intensity did not decrease over an ~10 day 

period [I(q) values at t = 10 d], supporting a lack of appreciable chain exchange by 

micelle fusion/fission and/or single chain events.  This result was consistent with the 

extremely high energy barrier to dynamic events in pure water and suggested that 

gentle stirring alone does not induce chain exchange.  The theories for single chain 

exchange in block polymer micelles predict that the rate of chain exchange should 

only depend on the properties of the hydrophobic block and not on the 

size/aggregation number of the micelles. 19,34,38  Thus, these results suggested that the 

single chain events were highly unfavorable in pure water, even in a stirred system and 

were not contributed the micelle growth noted in Figures 7.1 and 7.2.  
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Figure 7.3 SANS curves for mixtures of PB-PEO and PB-dPEO micelles (open 
and gray circles) and pre-mixed PB-PEO/PB-dPEO micelles (black 
circles) in D2O/H2O at 25 °C.  The t= 10 d sample was gently stirred 
at 200 rpm. 

As chain exchange was not prevalent in the PB-PEO system, fusion processes 

were examined as the other mechanism that could promote micelle reorganization.  

Importantly, the energy barrier to fusion should depend on the micelle aggregation 

number.26,39,40  Cryo-TEM was used to visualize the micelle size growth throughout 

the 90 day process.  The resulting micrographs are shown in Figure 7.4, in which the 

darker domains correspond to the dense PB cores while the fainter halos correspond to 

the PEO coronas.41,42  The core radii at Day 0 were described by a single and nearly 

monodisperse distribution.  Surprisingly, a second distinct distribution of core radii 

centered at 10-11 nm appeared after approximately 1 week in samples prepared from 

30 vol% and 50 vol% THF.  This second distribution corresponded to an approximate 
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eight-fold increase in core volume or aggregation number from the initial distribution 

(aggregation numbers of approximately 100 and 800 for the smaller and larger core 

sizes, respectively).  By Day 90, these solutions contained a greater fraction of 

micelles with larger core radii (~ 10 nm), suggesting that the population weighting had 

shifted from the smaller to the larger distribution over time.  In contrast, micelles 

prepared in 0 % by volume and 10 % by volume THF solutions did not change in size 

over 90 d following dialysis.  The presence of two distinct micelle populations in the 

micelle solutions prepared from high THF content cosolvent mixtures supported that 

the micelles were growing through a fusion-controlled process.  
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Figure 7.4 Cryo-TEM studies of PB-PEO micelle size evolution following 
cosolvent removal.  Micelle solutions were prepared at a polymer 
concentration of 2 mg mL-1 with 0-50 vol% THF in water.  Day -1 
analyses were performed in the cosolvent mixtures prior to dialysis 
against pure water.  Subsequently, on Day 0, solutions were dialyzed 
against pure water to remove the THF.  Day 7, Day 8, and Day 90 
correspond to the number of days following dialysis.  Note that 
images at different magnifications were scaled for ease of 
comparison.  Scale bars represent 100 nm. 
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7.3.3 Size Evolution Concentration Dependence 

Fusion events are predicted to follow second-order kinetics, and therefore 

should show an increase in rate as the micelle concentration increases.27,40  The size 

evolution was examined as a function of micelle concentration using cryo-TEM 

(Figure 7.5) and SANS (Figure 7.6).  The cryo-TEM images showed that on Day 

10/11, the 2 mg mL-1 and 5 mg mL-1 solutions still contained an appreciable bimodal 

population of micelles, while the 10 mg mL-1 solution had transitioned to primarily 

larger micelles with core sizes centered at ~ 10 nm (Figure 7.5).  These micrographs 

suggested that the relative weighting of the larger population increased with micelle 

concentration, further supporting the hypothesis that the micelles grew through fusion 

events. 
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Figure 7.5  Cryo-TEM micrographs showing changes in PB-PEO micelle core 
radii between Day 0 and Day 20 for several polymer concentrations.  
The initial polymer concentrations were 2 mg mL-1, 5 mg mL-1, and 
10 mg mL-1.  After dialysis, the concentrations followed the same 
trend but were approximately half the initial concentration (Section 
7.2.2).  In each case, the THF content was 43 vol% prior to dialysis 
into water.  Scale bars are 100 nm.   

Although microscopy provides unique structural insights (e.g. an unexpected 

bimodal distribution) that are difficult to identify solely through scattering 

analysis,43,44 typical TEM sample sizes are small (~103 micelles) compared to the 

much larger sample size (~1015 micelles) that is examined with scattering techniques.  

Thus, SANS experiments were performed to ensure that the measured micelle size 

distributions were not influenced by cryo-TEM sample preparation.  For these 

experiments, the micelle coronas were contrast-matched to the solvent (D2O) by 
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blending PB-PEO and PB-dPEO polymers, thereby allowing only the PB core size 

distribution to be probed.  The SANS data showed a marked difference in micelle 

populations for the 2 mg mL-1 sample vs. the higher concentration samples 

(Figure 7.6).  The distinct maxima and minima in the 5 mg mL-1 and 10 mg mL-1 data 

indicated that a significant population of larger micelles were present in the higher 

concentration samples.  Also, the maxima and minima were located at approximately 

the same q values for the 5 mg mL-1 and 10 mg mL-1 samples, supporting that the 

larger micelles were the same size in both samples.  

The trends in the SANS data were substantiated by modeling the data using a 

bimodal distribution of Schulz spheres, which gave significantly better fits than the 

model for monomodal spheres (Appendix E).  The resulting fits to the SANS data and 

corresponding number frequency distributions of core radii are presented for the 

different polymer concentrations in Figure 7.6.  The bimodal SANS core radii 

distribution centered at ~5 nm and ~10 nm was in good agreement with the cryo-TEM 

results.  Additionally, the SANS results indicated that the relative weighting of the 

larger to smaller core population increased with increasing polymer concentration, 

again supporting the fusion mechanism for micelle growth. 
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Figure 7.6  (top) SANS data (points) and fits (solid lines) for micelle solutions at 
different concentrations.  (bottom) Corresponding number 
frequency distribution of core radii from fits to SANS data.  The 
initial polymer concentrations were 2 mg mL-1, 5 mg mL-1, and 
10 mg mL-1.  After dialysis, the concentrations followed the same 
trend but were approximately half the initial concentration (Section 
7.2.2).  Samples for the SANS experiments were prepared in 43 vol% 
THF and dialyzed against D2O, and SANS experiments were 
performed at Day 11 post dialysis to D2O.  The sensitivity of the 
number frequencies from the SANS data modeling was 
approximately ± 5% for the 2 mg mL-1 data and ± 15% for the 
5 mg mL-1 and 10 mg mL-1 data. 
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7.3.4 Size Evolution through a Bimodal Pathway 

Both the cryo-TEM and SANS experiments suggested that the micelles were 

growing through a bimodal size distribution.  However, this result was entirely 

unexpected in the context of existing theories for block polymer micelle dynamics.  

According to these scaling theories for micelles, the energy barrier to micelle fusion is 

expected to scale with aggregation number and should increase with increasing 

aggregation number.26,39,45  Based on these scaling arguments, the fusion of 

intermediate sized micelles should be slower than the fusion of smaller micelles, and   

theoretical26 and computational work40 posited that distinct multimodal size 

distributions would exist for micelles undergoing fusion growth.  This behavior differs 

from that of micelles growing through single chain events (i.e. unimer insertion and 

expulsion), which are characterized by a single shifting size distribution.40,46,47   

To gain a better understanding of the micelle size distribution evolution, the 

growth was monitored over 21 days for a 43 vol% THF sample.  As seen in 

Figure 7.7, the core radii at Day 0 were described by a single and nearly monodisperse 

distribution centered at 5 nm to 6 nm.  The second distribution of core radii centered at 

10 nm to 11 nm appeared after only 1 d of stirring.  This distinct bimodal distribution 

persisted through Day 10, with the population weighting shifting from the smaller to 

the larger distribution over time.  By Day 16 to 21, the core size distributions exhibited 

a single and nearly monodisperse population of larger micelles, consistent with the 

time scales determined from DLS.  Surprisingly, there were no obvious intermediate 

micelle populations at any point during the growth process, and the sizes evolved 

through a purely bimodal distribution.  
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Figure  7.7 (a) Cryo-TEM images showing changes in PB-PEO core radii 21 
days post-dialysis.  The polymer concentration was initially 
10 mg mL-1 and the THF content was 43 vol% before dialysis.  Scale 
bars represent 100 nm.  (b) Corresponding histograms of micelle 
sizes obtained from analysis of cryo-TEM images.  Sample size for 
each histogram ranged from 450 and 3000 micelles.  
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7.4 Discussion 

The bimodal micelle growth behavior in the PB-PEO micelle solutions has 

critical implications for block polymer micelle stability in highly selective solvents.  

Specifically, when micellar assemblies are perturbed far enough from their 

equilibrium size (and aggregation number), the micelles can evolve through a 

fusion-controlled process, and moreover, through a distinct bimodal distribution that is 

separated by multiple fusion events.   

The energy barrier to micelle fusion is related to the corona chain stretching 

and is expected to scale with aggregation number.26,39,45  Halperin and Alexander 

suggested that the energy required to deform the corona during micelle fusion is of 

order  ~ 1 kT per chain, giving a total energy barrier to micelle fusion of order  ~ 102 

kT to ~ 103 kT.19  This large of an energy barrier cannot be overcome by the thermal 

energy of the system.  Moreover, if fusion events could occur, the energy barrier 

should grow with increasing aggregation number and fusion of intermediate sized 

micelles should be slower than fusion of the smaller micelles.  This scaling would lead 

to distinct intermediate micelle populations if the micelles were growing by step-wise 

two body collisions.  The results presented here do not reflect either of these 

predictions and instead suggest that the micelles are evolving through an alternate 

growth mechanism. 

Bimodal distributions often are indicative of a nucleation and growth 

mechanism (i.e. cooperative self-assembly).  Cooperative self-assembly processes 

have been reported in numerous systems including proteins,48 peptide-based 

molecules,49 small molecules,48,50 and nanoparticles51 and are characterized by a 

bimodal distribution of small oligomers and larger aggregates.  In the PB-PEO micelle 

system studied here, the small micelles may fuse to form metastable intermediates, 
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which then rapidly fuse with additional smaller micelles to produce a bimodal size 

distribution.  This proposed growth mechanism is potentially similar to the 

cooperative micellization processes in small molecule amphiphiles, in which the final 

micelle size is imposed by repulsive interactions between the head groups.52  

Similarly, corona chain repulsion may limit the micelle growth seen here, leading to 

the final size plateau independent of the initial size.  Notably, this final size was 

smaller than micelles formed by directly dispersing the polymer in water, 

underscoring the path-dependent and kinetically-controlled self-assembly in 

macromolecular systems 

Interestingly, the micelle size evolution critically depended on solution 

agitation, suggesting that the growth may be a shear-induced and/or interfacial 

phenomenon.  Several reports have shown that shear can significantly affect the 

formation of macromolecular assemblies,53-55 and studies of pre-formed micelles have 

shown that dilute star-like micelles can deform61 and align under shear.62  The 

literature precedence of the susceptibility of macromolecular assemblies to shear could 

indicate that the small micelles aggregate (floc) under flow and subsequently coalesce, 

resulting in a bimodal distribution.  Similar shear-induced flocculation and 

coalescence has been reported in emulsions and shown to lead to bimodal 

distributions.63  However, a rough estimation of the kinetic energy of the micelles 

during mixing suggests that the maximum energy of a micelle collision (~ 102 kT) 

may not be sufficient to overcome the predicted energy barrier to micelle fusion (~ 102 

to 103 kT) and that the micelle growth likely is not the result of shear-induced 

collisions.  Alternatively, several reports indicate that proteins can aggregate during 

agitation by adsorbing to and subsequently unfolding at the air/water interface.56-58  
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Amphiphilic block polymers also are known to assemble at air/water interfaces,59,60 

which seems to suggest that the bimodal growth pathway is due to an 

interface-induced micelle nucleation and growth process.   

7.5 Conclusions 

The results reported in this chapter highlight the considerable influence of 

cosolvent preparation methods on the long-term stability of macromolecular 

assemblies and demonstrate the strong interplay between thermodynamic vs. kinetic 

constraints in these systems.  Chapters 5 and 6 demonstrate that adding an organic 

cosolvent significantly influences the micelle size and dynamics, and this work shows 

that removing this cosolvent can have unexpected consequences on the long-term 

stability of these assemblies.  These results suggest that micelle fusion/fission events 

occur in amphiphilic block polymer micelles when the system is perturbed far from 

equilibrium, even in highly selective solvents. 

Notably, the unexpected micelle growth was likely a coupled interfacial and 

shear phenomenon, leading to a bimodal size distribution separated by multiple fusion 

events with no dominant intermediate populations.  While the effects of perturbation 

and agitation often are overlooked in polymeric assemblies, these results accentuate 

similarities between the processing effects in polymeric systems and those that are 

influential in small molecule and protein assemblies.  The intimate relationship 

between processing conditions and subsequent dynamics has critical implications on 

the stability of macromolecular-based nanocarriers.  Furthermore, these findings 

emphasize the need for more quantitative investigations into the underlying 

mechanisms affecting micelle stability and their energetic barriers to enable a 

thorough understanding of the complex dynamic processes in amphiphilic block 
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polymer solution assemblies.  The following chapter will explore the effects of routine 

laboratory agitation methods on the stability of block polymer assemblies towards the 

goal of better understanding these often-overlooked effects.   
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Chapter 8 

INFLUENCE OF MIXING ON CHAIN EXCHANGE IN HIGHLY 
AMPHIPHILIC BLOCK POLYMER MICELLES 

Motivated by the agitation-induced size evolution studied in Chapter 7, this 

chapter explores the effects of common mixing types on chain exchange in highly 

amphiphilic block polymer micelles.  Specifically, this work exploits contrast 

variation in small angle neutron scattering (SANS) to determine the shear and 

interfacial effects on chain exchange and shows that mixing can induce chain 

exchange, even in highly selective solvents.  This work was done in collaboration with 

Ryan P. Murphy. 

8.1 Introduction 

Seminal studies of amphiphilic block polymer assemblies demonstrated a 

unique aspect of these assemblies not seen in small molecule surfactants: completely 

arrested chain exchange.  Early dynamic studies described block polymer solution 

assemblies as ‘non-ergodic’, implying that the assemblies are locally isolated and do 

not reach a global equilibrium.1,2  The final morphology is dictated by processing 

conditions, and the same block polymer can form multiple kinetically-trapped 

morphologies depending on the solution preparation method.  Clearly, understanding 

the effects of common preparation methods on the resulting assemblies is essential for 

future development of these materials.  

Elegant work from several research groups has capitalized on kinetically 

controlled block polymer assembly to create hierarchical structures through carefully 
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developed processing routes.  For example, Gröschel et al. controlled the solvent 

selectivity for the core blocks to create multicompartment ‘football’-, ‘clover’-, and 

‘hamburger’-type micelles.3  Similarly, work by Pochan and Wooley demonstrated 

that subtly manipulating the corona block interactions leads to exotic solution 

structures such as disks,4 toroids,5 and helices.6  

Other works focused on the effects of routinely used micelle preparation 

conditions on the self-assembled structures.  Recent work by Lodge and coworkers 

investigated the effects of three common micelle preparation methods on the resulting 

assemblies, and showed that the final micelle size depended on the assembly 

pathway.7,8  Their work showed that using a cosolvent preparation route kinetically 

trapped small, monodisperse assemblies, whereas directly dissolving the polymer 

resulted in large, polydisperse assemblies that relaxed to smaller sizes upon thermal 

annealing.7,8  More complicated processing routes also have been developed towards 

the goal of creating well-defined solution assemblies, such as self-assembly schemes 

based on emulsion-based methods,9-12 flash nanoprecipitation,13-15 and microfluidic 

mixing.16-18  In one example, Weitz and coworkers successfully designed a 

microfluidic device to create well-defined, monodisperse polymeric vesicles.16  

Despite the literature precedent highlighting the importance of processing 

conditions on block polymer assemblies, the influence of mixing on these assemblies 

is often overlooked.  Many experimental works report that the solution was stirred 

during micelle preparation, yet only a few works have systematically explored the 

agitation effects on the resulting assemblies.17,19-23  For example, studies by Jiang et al. 

showed that discrete spherical micelles were formed at slow stir speeds while 

cylindrical micelles and large aggregates were formed at fast stir speeds in 



 237 

PS-P2VP-PEO [poly(styrene-b-2 vinylpyridine-b-ethylene oxide)] triblock terpolymer 

micelles.  Similarly, Moffitt and coworkers demonstrated sphere-to-cylinder, sphere-

to-vesicle, and cylinder-to-sphere transitions in PS-PAA [poly(styrene-b-acrylic acid)] 

micelles under high shear conditions imposed by a specially designed microfluidic 

mixing device.17,23  These reports demonstrate that the final solution morphology can 

be highly influenced by the solution stir/shear rate and underscore the need for 

systematic investigations into the effects of mixing on block polymer assemblies. 

In addition to preparation conditions, micelle formulations developed for 

applications such as drug delivery may be subjected to agitation during processing, 

packaging, shipping, and storage.  Similar concerns have motivated significant 

research efforts to understand the profound effects of agitation on emulsions 

commonly found in pharmaceutical and personal care products24,25 and protein 

stability during biopharmaceutical development.26-29  At a basic level, emulsions, 

proteins, and block polymer micelles all share a structural similarity in that they 

contain a hydrophobic core surrounded by a protective hydrophilic layer.  This 

structural similarity further suggests that agitation may significantly affect the stability 

of block polymer micelles. 

There are several consequences of solution agitation that could influence soft 

material assembly: added shear forces on the solution, increased collision frequency, 

enhanced mass transport to and from the air/water interface, and air/water interface 

regeneration.24,25,27  Agitation-induced shear and/or interfacial effects in block 

polymer assemblies are largely unexplored; however, there are a few reports in 

literature that suggest these effects may play an important role in macromolecule 

self-assembly and stability.  Rheological studies of preformed star-like micelles 



 238 

suggest that these structures can deform30 and align under shear.31   Similarly, 

interfacial effects also are expected to play a large role in block polymer assemblies, 

as these materials are known to assemble at air/water interfaces.32,33   

This chapter explores agitation-induced effects on chain exchange in 

poly(1,2-butadiene-b-ethylene oxide) (PB-PEO) micelles in water.  These studies were 

motivated by the results in Chapter 7, which showed the distinct effects of stirring on 

the stability of non-equilibrium micelles.  The work presented here investigates the 

effects common mixing types used in solution preparation on chain exchange in block 

polymer micelles.  The results clearly demonstrate significant chain exchange occurs 

after only minutes of vortex mixing in aqueous PB-PEO micelles, which are 

kinetically trapped in quiescent solutions for weeks.1,2,34  Comparing different mixing 

types indicates that the agitation-induced chain exchange is a coupled shear and 

interfacial effect.  Moreover, the exchange kinetics are linear with mix time, 

suggesting the reaction is zero-order and surface-limited.  The results presented herein 

illustrate the drastic impact of mixing on chain exchange and further demonstrate the 

intricate relationship between block polymer assembly and processing conditions.   

8.2 Experimental Section 

8.2.1 Materials 

The PB-PEO and PB-dPEO polymer studied in this chapter are summarized in 

Table 2.1. 
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8.2.2 Micelle Solution Preparation and Mixing 

8.2.2.1 Solution Preparation 

Two types of micelle solutions were prepared for these experiments.  

Pre-mixed micelles were prepared by blending the polymers before micelle formation 

such that the final assemblies contained a completely randomized PEO/dPEO corona.  

Post-mixed micelles were prepared from separate PB-PEO and PB-dPEO micelle 

solutions, such that the final solution contained assemblies with either a PEO or a 

dPEO corona. 

Pre-mixed PB-PEO/PB-dPEO (50% PB-PEO by weight) micelle solutions 

were prepared using the following approach.  First, the PB-PEO and PB-dPEO 

polymers were blended in benzene, stirred overnight, and then freeze-dried to ensure 

complete solvent removal.  Then, the polymer blend was dissolved in a D2O/H2O 

mixture (64% D2O by volume) at the desired concentration and stirred for 3 days.  The 

isotopic composition of 64 vol% D2O was chosen to contrast-match the perfectly 

mixed PEO/dPEO corona.  See Chapter 6 for additional details on the solvent 

composition calculation. 

Individual PB-PEO and PB-dPEO micelle solutions for post-mixed 

experiments were prepared at the desired concentrations by dissolving each dry 

polymer powder in a separate D2O/H2O mixture (64% D2O by volume) and then 

stirring for 3 days.  The post-mixed samples corresponded to a 50/50 (vol%/vol%) 

mixture of PB-PEO/PB-dPEO micelles.  At t = 0 sample, equal volumes of the 

PB-PEO and PB-dPEO solutions were mixed and the resulting solution was agitated 

as described below.   
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8.2.2.2 Micelle Solution Mixing 

Couette Cell Mixing Samples were sheared using an Anton Paar MCR 501 

rheometer during the flow SANS experiments.35  The sample was sheared using a 

30 mm titanium cup and 29 mm titanium bob, giving a 0.5 mm gap and a total 

scattering pathlength of 1 mm.  Approximately 2 mL of sample was needed to fill the 

Couette cell.  All experiments were performed at 25 °C and a D2O solvent trap was 

used to prevent sample evaporation.  

Sparging  A 5 mg mL-1 micelle solution was sparged with N2 for 60 min.  The 

N2 flow rate was maintained at 10 mL min-1 using flow controllers.  Note that the a 

small amount of solvent (~1 vol%) evaporated while sparging the solution; therefore, 

additional solvent was added before analysis to replace the lost solvent.  

Vortex Mixing Samples were vortex mixed using a Fisher Scientific Analog 

Vortex Mixer.  All samples were mixed at the maximum speed of approximately 3200 

rpm (speed setting 10).  Unless otherwise stated, the total mix volume for all solutions 

was 1 mL (0.5 mL of PB-PEO solution and 0.5 mL PB-dPEO solution).  All samples 

were vortexed in 1 dram vials.  Samples were mixed for two-minute intervals and 

allowed to equilibrate for approximately one minute between the mixing intervals.  

The mixing and equilibration cycles were repeated until the desired total mix time was 

reached.  After each mixing interval, the solution temperature was measured using a 

digital thermometer.  Solution temperatures did not exceed 30 °C during the mixing.  

Note that stabilized bubbles/foams were observed in several (but not all) of the 

samples after vortex mixing.  However, there was not an obvious trend or relationship 

between the samples that contained bubbles. 
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8.2.3 Small Angle Neutron Scattering (SANS) 

8.2.3.1 Flow SANS 

Flow SANS experiments were performed on the NG-7 30 m SANS instrument 

at the National Institute of Standards and Technology Center for Neutron Research. 

(NCNR). The Couette cell was placed in the neutron beam, allowing for direct 

analysis of the sample under flow (see Section 8.2.2.2 for Couette cell details).35  An 

incident neutron wavelength of λ = 5.5 Å was used with detector distances of 1 m, 

4 m, and 10 m to cover a q-range from 0.004 Å-1 < q < 0.4 Å-1.  The scattering vector 

q is defined as q = (4π/λ) sin (θ/2), in which θ is the scattering angle.  The scattering 

from the post-mixed sample was measured while the sample was quiescent.  

Subsequently, the sample was sheared at 5000 s-1 and the scattering data was 

measured at the longest detector distance (10 m).  The data were collected in 10 min 

intervals and reduced using the standard procedures provided by NIST.36 

8.2.3.2 Static SANS 

SANS experiments were performed on the NG-7 30 m SANS instrument at the 

NCNR.  An incident wavelength of 6.0 Å was used with sample-to-detector distances 

of 1 m, 4 m, and 13.5 m to cover a q-range from 0.004 Å-1 < q < 0.4 Å-1.  For the chain 

exchange experiments, the data were collected at the longest detector distance 

(13.5 m) for 5 min.  Note that these scattering experiments were performed using the 

2 mm path length demountable cells to obtain better data statistics in the short 

acquisition time.  All measurements were performed at ambient temperature.  The data 

were reduced in IGOR Pro using the standard procedures provided by NIST.36 

SANS data were analyzed using the factor model for block polymer micelles 

described in Chapters 4 and 5.  The post-mixed sample was fit assuming a mixture of 
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PB-PEO and PB-dPEO micelles.  The volume fractions of PB-PEO and PB-dPEO 

micelles were fixed based on the known mixing ratio.  Also, the scattering length 

density of the core block, corona blocks, and D2O/H2O solvent mixtures were input 

into the model.  The core radii, polydispersity, and parameters for the micelle corona 

were fit during the analysis and constrained such that model gave reasonable fit results 

for both the PB-PEO and PB-dPEO micelles.  For the post-mixed and vortexed 

samples, the scattering length density of the corona was set equal to that of the solvent.  

Therefore, the fit was not affected by the parameters related to the micelle corona.  

The scattering length density of the core block was input into the model and the 

micelle core radii and polydispersity values were fit. 

8.3 Results  

8.3.1 Effects of Mixing on Chain Exchange 

The effects of mixing on chain exchange in highly amphiphilic block polymer 

micelles were explored by exploiting contrast variation in SANS experiments as 

described in Chapter 6.  The results in Chapter 6 showed that no measurable chain 

exchange occurred in quiescent PB-PEO micelle solutions over times scales of weeks.  

Similarly, Chapter 7 demonstrated that gentle mixing via magnetic stirring did not lead 

to single chain exchange in aqueous solutions.  However, the results in Chapter 7 also 

suggested that gentle stirring led to micelle growth in non-equilibrium assemblies.  

Motivated by the stirring-induced growth, this chapter systematically investigates the 

effects of common mixing methods used in micelle solution preparation on chain 

exchange and attempts to decouple interfacial and/or shear effects. 
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Figure 8.1 summarizes the SANS results for chain exchange in three 

differently mixed systems: Couette flow, sparging, and vortex mixing.  As seen in 

Figure 8.1a, the scattered intensity from a sample sheared in a Couette cell at 5000 s-1 

for 90 min matched the scattered intensity of the post-mixed micelles, indicating that 

no chain exchange events occurred.  Similarly, no measurable chain exchange 

occurred after 60 min of sparging with N2 gas (Figure 8.1b).  However, the 

pronounced decrease in scattered intensity upon vortex mixing suggested that 

significant chain exchange events occurred after only 5 min of agitation with high 

shear and interfacial area (Figure 8.1c).  Increasing the mix time further reduced the 

scattered intensity such that a completely randomized micelle solution was achieved 

after only 20 min of mixing. 
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Figure 8.1 Effects of common mixing types on chain exchange in block polymer 
micelles.  PB-PEO micelles were (a) sheared in a Couette cell at 
𝜸 =  5000 s-1 for 90 min (b) sparged with N2 for 60 min or (c) 
vortexed at approximately 3000 rpm for up to 20 min.  All solutions 
contained 5 mg mL-1 polymer in D2O/H2O mixtures.  Scattering data 
were collected at 25 °C. 

The measured SANS intensity is a function of both the micelle form factor 

(e.g. micelle size and structure) and the contrast in the system.  Accordingly, the 

decrease in scattered intensity noted in Figure 8.1c could be affected by 

mixing-induced changes in the micelle structure in addition to chain exchange.  

Therefore, the SANS data were collected over a broader q-range to investigate the 

effects of vortex mixing on the micelle structure.  Figure 8.2 shows the scattering data 

for a pre-mixed and post-mixed micelle solution as well as for a solution that was 

vortex mixed for 20 min.  The similar q-values of the minima and maxima in all three 
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samples supports that all of the micelles have similar core radii and core radii 

distributions.  This finding was corroborated by fitting the data with a form factor 

model for block polymer micelles.  The scattering length density of the corona was set 

equal to that of the solvent for the pre-mixed and vortexed samples, and the contrast 

between the PEO and dPEO micelle coronas and the solvent was included when 

modeling the post-mixed sample.  The modeling results are summarized in Table 8.1, 

which further supports that the vortex mixing did not affect the micelle size or size 

distribution.  Therefore, the decrease in scattered intensity at low q was due only to 

chain exchange and the associated decrease in scattering contrast.   
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Figure  8.2 Effects of mixing on micelle structure.  SANS data (points) and form 
factor fits (red lines) for the post-mixed, pre-mixed, and vortexed 
micelle samples.  The data sets were analyzed with a form factor 
model for block polymer micelles.   

Table 8.1 Summary of SANS data modeling results for the post-mixed, 
pre-mixed, and vortexed samples in Figure 8.2 

 
Sample Aggregation number Core radius (nm) Polydispersity 

Post-mixed 896 ± 17  (PB-PEO) 11.2 ± 0.5 0.06 
851 ±160 (PB-dPEO) 11.4 ± 0.6 0.06 

Pre-mixed 909 ± 5 11.6 ± 0.5 0.06 
Vortexed 890 ± 5 11.5 ±0.5 0.1 
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Having confirmed that the decrease in scattered intensity was due to chain 

exchange, additional SANS studies were performed to better understand the 

underlying mechanism.  Computational fluid dynamic (CFD) simulations reported in 

literature showed that the volume average shear 𝛾  rate during the vortex mixing 

sample was approximately 𝛾  ~1000 s-1.27 Therefore, the shear rates used during the 

Couette flow and vortex mixing experiments were on the same order of magnitude.  

However, vortex mixing generates significantly more air/water contact than Couette 

flow, suggesting that the combination of shear mixing and air/water contact enabled 

the chain exchange.  The importance of the air/water interface was investigated by 

varying the liquid volume in the sample vial and thereby changing the volume of the 

headspace.  As seen in Figure 8.3, when there was plenty of headspace (vial less than 

half full), 15 min of vortex mixing produced a completely randomized sample.  

Increasing the sample volume and almost filling the vial (4 mL of solution) reduced 

the headspace and 15 min of vortex mixing led to significantly less chain exchange.  

These results further supported that the air/water interface is essential to the 

mixing-induced chain exchange and indicated that the exchange was interface-limited. 
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Figure 8.3 Effects of vial headspace (amount of air) on mixing induced chain 
exchange.  Each solution was vortex-mixed in a 1 dram vial; 
however, the volume of sample within the vial was varied.  
Increasing the sample volume (decreasing the headspace) 
significantly reduced the rate of chain exchange.  Both solutions 
contained 5 mg mL-1 polymer in D2O/H2O mixtures and were vortex 
mixed for 15 min.  Scattering data were collected at 25 °C. 

8.3.2 Mixing-Induced Chain Exchange Kinetics 

To further probe the kinetics of the mixing-induced chain exchange, the 

experiments were repeated at multiple different micelle concentrations.  Increasing the 

vortex time resulted in more chain exchange in all micelle solutions (Figure 8.4); 

however, comparing the exchange behavior in different samples demonstrated that the 

rate of chain exchange decreased with increasing concentration.  For example, the 
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2.4 mg mL-1 sample was completely randomized after 10 min of mixing, while the 

10 mg mL-1 sample required 60 min of mixing.   

 

Figure 8.4 Effects of micelle concentration on vortex-induced chain exchange in 
block polymer micelles.  SANS data for (a) 2.5 mg mL-1 (b) 
7.5 mg mL-1 (c) 10 mg mL-1 and (d) 15 mg mL-1 samples 
vortex-mixed for varying times.   
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The chain exchange kinetics were quantified further using the analysis 

described in literature and discussed in more detail in Chapter 6.37-39  The measured 

scattered intensity can be related to the extent of chain exchange according to 

 

 𝑅 𝑡 =   
𝐼 𝑡 − 𝐼(∞)
𝐼 0 − 𝐼(∞)

!/!

 (1) 

 

in which R(t) = 1 corresponds to no chain exchange and R(t) = 0 corresponds to 

complete chain exchange or a randomized micelle solution.  As seen in Figure 8.5, 

R(t) was linear with mix time in the 2.4 mg mL-1 to 10 mg mL-1 solutions, indicative 

of a zero-order kinetics.  In contrast, R(t) changed more slowly and was nonlinear with 

mix time in the 15 mg mL-1 solution, suggesting the exchange was not surface-limited 

and other factors were influencing the kinetics.  
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Figure 8.5 Chain exchange kinetics plotted as R(t) vs. vortex mix time for 
PB-PEO micelles at varying concentrations.  

To take into account the total number of chains in solution, the data were 

replotted as the concentration of chain exchanged, c[1-R(t)], in which c is the polymer 

concentration in solution.  As seen in Figure 8.6, the 2.4 mg mL-1 and 5 mg mL-1 data 

collapse onto one curve, suggesting that the same rate constant governs the chain 

exchange in these systems.  Figure 8.6 further shows that the exchange rate decreases 

with increasing concentration, as the slopes (and therefore the rate constant) of the 

7.5 mg mL-1 and 10 mg mL-1 data progressively decrease.   
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Figure 8.6  Vortex-induced chain exchange kinetics in block polymer micelles.  
Kinetics of chain exchange for different concentration micelles 
plotted as the concentration of exchanged chains.  The kinetics for 
the low concentration micelle solutions are linear with mix time; 
however, the rate constant appears to decrease with increasing 
concentration.  The kinetics for the highest concentration sample 
(15 mg mL-1) are the slowest and deviate from linearity.  

8.4 Discussion 

The results presented herein suggest that mixing can have a profound impact 

on chain exchange, even in highly amphiphilic block polymer micelles.  Previous 

work, including the results presented in Chapter 6, have shown that quiescent PB-PEO 

micelles are effectively frozen in pure water over week-long time scales.2,34  Yet here, 

a completely randomized PB-PEO micelle solution in pure water is achieved in as 

little as 10 min of vortex mixing.  Vortex mixing routinely is used in micelle solution 
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preparation, and the results presented here suggest that this processing step may 

significantly influence the resulting assembly. 

Comparing different mixing types suggests that both high shear and high 

air/water contact are required to induce chain exchange.  No chain exchange was seen 

in the sample mixed by sparging, which has high interfacial area and low shear.  

Similarly, high shear in the absence of air/water contact also did not lead to chain 

exchange based on the results from experiments conducted in a Couette cell.  While 

the volume average shear rates in both the Couette and vortex mixed samples were 

estimated to be on the same order of magnitude, vortex mixing resulted in a 

completely randomized micelle solution.  These results indicate that both the high 

shear and high air/water contact characteristic of vortex mixing led to chain exchange, 

suggesting that the underlying mechanism is a coupled shear and interfacial effect. 

Amphiphilic block polymers are known to be interfacially active and readily 

absorb at air/water interfaces.40-46  At the air/water interface, block polymers 

self-assemble into two-dimensional nanostructures in which the hydrophobic block is 

exposed to the air and anchors the polymer to the interface (Figure 8.7).40-43  For 

example, studies by Isa and coworkers demonstrated that poly(styrene-b-ethylene 

oxide) (PS-PEO) diblock copolymers adsorbed so strongly to the air/water interface 

that desorption was never detected.43  Their studies suggest that the energy barrier to 

PS-PEO desorption from the air/water interface was likely greater than ~ 103 kT.  A 

desorption energy barrier this high can only by overcome by perturbing the interface 

and creating high surface pressures (> 15 mN m-1).43 
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Figure 8.7 Schematic representation of block polymer micelle adsorption to the 
air/water interface.  The hydrophobic block is exposed to air and is 
surrounded (laterally and underneath) by the hydrophilic block in 
water.   

In the context of the vortex-induced chain exchange studied here, the high 

energy barrier to micelle desorption suggests that the air/water interface needs to 

deform and be regenerated for chain exchange to occur.  CFD simulations by Bai et al. 

illustrated that vortex mixing regenerates more air/water interface and recirculates 

more bulk fluid to the interface than any other mixing method.27  In the present study, 

the micelles may adsorb to the air/water interface which then rapidly collapses, forcing 

the micelle chains to mix.  This hypothesis suggests that the chain exchange is limited 

by the available free air/water interface, which is consistent with the linear kinetics 

seen for the 2.4 mg mL-1 to the 10 mg mL-1 samples.  Interestingly, several studies of 

agitation-induced protein kinetics also showed a linear relationship between the extent 

of aggregation and mix time, suggesting that the air/water interface renewal critically 

determines the protein stability.47-49  

air

water
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The proposed interface-limited mechanism also implies that the exchange rate 

is directly related to the air/water interface turnover rate.  Estimating the exchange 

kinetics based on the CFD simulation results for the interface regeneration rate 

suggests the time scales are on the order of 10 – 100 min.27  The estimated time scales 

are in good agreement with the experimentally measured rates, supporting that 

interface regeneration rate is important in determining the exchange kinetics.  The 

exact relationship between the exchange kinetics and interface lifetime could be 

determined by changing the interface turnover by either slowing the vortex mixing27 

or using a more controlled mixing geometry that provides a quantitative measure of 

the interface regeneration rate.48,49  

The rate constant in zero-order (interface-limited) kinetics typically is 

independent of concentration; however, the agitation-induced exchange rate was found 

to decrease with increasing concentration.  Also, the 15 mg mL-1 sample appeared to 

deviate from the linear kinetics, further suggesting that other factors were affecting the 

chain exchange.  While the solution viscosity increases with polymer concentration,50 

which in turn could influence the interface regeneration rate, 50,51 the overall change in 

viscosity in the dilute solutions studied here is expected to be small.  Alternatively, the 

bulk concentration has been shown to affect nanoparticle adsorption to the interface.51  

Simulation and experimental studies demonstrated that strong adsorption of 

polymer-stabilized nanoparticles to the air/water interface resulted in a high surface 

density of particles and temporarily slowed additional adsorption events.51  These 

results may indicate that the micelle adsorption to the air/water interface slows with 

increasing concentration, leading to the decrease in exchange kinetics.  However, 
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additional studies are necessary to determine if the increase in polymer concentration 

influences the adsorption kinetics.51,52 

It is interesting to note that the 15 mg mL-1 sample was approaching the 

concentration at which micelles begin to interact with one another,53 which may 

indicate that interparticle interactions were affecting the agitation-induced chain 

exchange.  Similarly, experimental work by Bates and Lodge showed that chain 

exchange in quiescent poly(styrene-b-ethylene-alt-propylene) micelle solutions was an 

order of magnitude slower in concentrated solutions (15 vol% polymer in solvent) 

compared to dilute solutions (< 1 vol% polymer in solvent).37  Subsequent theoretical 

work by Halperin later suggested the slowed rate of exchange was due to overlap of 

the coronal chains, which lead to an osmotic penalty for inserting an expelled chain 

into a micelle.54  However, more detailed investigations into the underlying 

mechanism are needed to fully understand the concentration effects seen here.  

While agitation-induced shear and interfacial effects are largely unexplored in 

block polymer assemblies, the results presented here parallel studies of protein 

stability during agitation.  Agitation-induced instability has major implication for 

protein therapeutics and has motivated significant research efforts in understanding 

shear and/or interfacial effects on protein solutions.26  Importantly, studies of proteins 

have demonstrated that coupled shear and interfacial effects are especially deleterious 

to protein stability, and several proteins are known to adsorb to and subsequently 

unfold at air/water interfaces under agitation.28,55,56  These studies on block polymer 

micelles underscore fundamental similarities between processing effects in block 

polymer micelles and protein systems.  In fact, one method of minimizing protein 

aggregation is to add a nonionic surfactant to the solution, as the surfactant will 
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saturate the air/water interface and thereby minimize protein adsorption.57,58  The 

decades of research into shear and interfacial effects in the biopharmaceutical field 

provide a valuable framework for understanding similar effects on the stability of 

block polymer micelles. 

8.5 Conclusions 

The results presented here demonstrate the extreme influence of mixing on 

chain exchange, even in highly selective solvent systems.  Importantly these results 

suggest that the agitation-induced chain exchange is a coupled shear and interfacial 

effect.  Most notably, the work presented here suggests that introducing an air/water 

interface leads to new pathways for dynamic processes not seen in the bulk solution.  

These results also highlight fundamental similarities between block polymer micelle 

and protein stability.  While additional studies are needed to fully understand the shear 

and interfacial effects in block polymer assemblies, studies of protein stability provide 

a solid framework for exploring the complex effects.  These studies of 

agitation-induced chain exchange have critical implications for block polymer micelle 

dynamics and further emphasize the importance of selecting and controlling 

processing conditions when preparing macromolecular assemblies. 
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Chapter 9 

DESIGN AND SYNTHESIS OF AMPHIPHILIC POLYMER-PEPTIDE 
CONJUGATES 

This chapter presents the rational design and modular synthesis of 

enzyme-responsive polymer-peptide conjugates.  The synthetic strategy takes 

advantage of quantitative polymer end-functionalization chemistries and solid phase 

chemistries to create well-defined conjugates.  Importantly, the synthetic strategy 

presented here enables control over both the peptide sequence and location within the 

polymer chain, which has important implications for developing effective targeted 

drug delivery vehicles.  

9.1 Introduction 

Up to this point, this dissertation has focused on understanding and controlling 

amphiphilic block polymer solution assembly towards the goal of creating 

well-defined, reproducible assemblies for drug delivery applications.  While 

nanostructure size and shape is known to play a crucial role in these applications, the 

nanostructure surface functionality is equally important.1-6  In particular, significant 

research efforts have focused on incorporating targeting ligands onto polymeric 

assemblies to enhance their performance as delivery vehicles.2,3  Accordingly, the goal 

of this chapter was to develop a tunable, modular synthetic approach for incorporating 

peptide targeting groups into amphiphilic block polymers.   

A major motivation behind developing polymeric nanocarriers is the pressing 

clinical need for improved drug targeting to increase the concentration of therapeutics 
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in diseased cells while not affecting the surrounding tissues.7-9  This efficient delivery 

is especially important for administering chemotherapeutics to treat cancer that are 

highly toxic and have numerous adverse side-effects. 2,3,7-10  Significant research 

efforts have worked towards the development of more effective treatments for this 

devastating disease by exploiting two types to tumor targeting mechanisms: passive 

and active target.  Nanostructures selectively accumulate in solid tumors due to the 

leaky vasculature and limited lymphatic drainage, which permits passive targeting by 

tuning the delivery vehicle size [known as the enhanced permeability and retention 

(EPR) effect].11,12  Nonionic or zwitterionic polymeric micelles are ideal candidates 

for passive targeting, as the dense hydrated coronas resist opsonization in vivo, 

prolonging circulation times and further enhancing tumor accumulation.1  This ability 

to evade recognition by the immune system has led to the development of a myriad of 

polymeric “stealth” nanoassemblies for drug delivery applications.2,5,13,14  Another 

advantage of polymeric assemblies is their synthetic versatility, which facilitates facile 

attachment of small molecules, peptides, and proteins to the nanostructures.15  These 

ligands can interact with specific enzymes or receptors to enhance cellular uptake, 

which is referred to as active targeting.  However, the attachment of targeting ligands 

also can evoke an immune response in vivo, leading to rapid clearance of the delivery 

vehicle from the body.16   

The desire to simultaneously take advantage of passive and active targeting 

places seemingly contradictory demands on drug delivery vehicle design.  Ligands 

must be shielded to improve circulation times yet accessible to interact with cell 

surface receptors (Figure 9.1).  Elegant work by Langer and Farokhzad et al. 

demonstrated that a delicate balance between ligand display and stealth properties led 
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to maximal drug carrier uptake by prostate cancer cells in vitro and in vivo.17  

Strategies to control ligand display most often rely on varying the amount of targeting 

ligand attached to the surface of preformed assemblies or on blending 

pre-functionalized and unfunctionalized polymers before assembling the materials into 

delivery vehicles.17-20  While these approaches enhance drug delivery vehicle 

performance, they only indirectly allow for control over the ligand display within the 

drug delivery vehicle.  Herein, a synthetic approach for directly controlling the 

location of targeting ligands within the polymeric materials is developed towards the 

goal of balancing the needs for both stealth/prolonged circulation as well as active 

targeting. 

 

Figure 9.1 Schematic representation of the contradictory need for shielded 
ligand (stars) during circulation to take advantage of passive 
targeting yet accessible ligands to bind to cells and take advantage of 
active targeting. 

Specifically, this work aims to develop a robust synthetic approach to create 

amphiphilic polymer-peptide conjugates containing peptide linkage designed to target 

cancer cells and allow the material to evolve with the delivery pathway as depicted in 

Passive targeting Active targeting
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Figure 9.2.  The peptide linkage contains a matrix metalloproteinase (MMP) cleavage 

site and an αvβ3 integrin binding sequence.  MMPs are a class of secreted proteases 

that play an important role in tumor invasion and metastasis, making them an 

attractive target for cancer-targeted therapeutics.8  For example, Gianneschi et al. 

developed a series of block polymer micelles containing MMP-labile peptide 

sequences that showed enhanced accumulation and retention in tumors as compared to 

non-labile controls.21,22  Similarly, αvβ3 integrins are overexpressed in tumors,8 and 

attaching the short three amino acid sequence Arginine-Glycine-Aspartic Acid (RGD) 

to delivery vehicles has significantly enhanced the uptake of polymeric micelles,19,23 

vesicles,24 liposomes,25,26 and nanoparticles27,28 in tumor cells. 

The synthesis of the polymer-peptide conjugates is demonstrated using a 

model system with poly(ethylene oxide) (PEO) as a hydrophilic block and poly(ethyl 

ethylene) (PEE) as a hydrophobic block.  PEO was selected because it is 

nonimmunogenic and well-known to resist opsonization in vivo and enhance 

circulation times.29,30  PEE was chosen over polybutadiene (PB) as the hydrophobic 

block for these studies to avoid potential side reactions between the PB double bonds 

and azides while developing the conjugation chemistries.31  Like PB, PEE is highly 

hydrophobic and these assemblies are expected to have a low critical micelle 

concentration.32  Also, PEE-based solution assemblies can be formed by directly 

dispersing the materials in water due to the low glass transition temperature 

(Tg ~  20 °C) of PEE.33   
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Figure 9.2  Schematic representation of enzyme-responsive polymer-peptide 
conjugate design.  The micelles accumulate in the tumor by passive 
targeting.  Within the tumor, the peptide linkage is cleaved by the 
MMP proteases, exposing the targeting ligand and facilitating 
cellular uptake by receptor-mediated endocytosis.  

passive 
targeting

active 
targeting

MMP

integrin
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9.2 Experimental 

9.2.1 Materials 

Ethylene oxide (EO) and 1,3 butadiene were purchased from Sigma Aldrich 

and were purified by distillation from butylmagnesium chloride (EO) or 

n-butyllithium (butadiene).  Tetrahydrofuran (THF) for the polymerization and click 

reactions was degassed with argon and purified by passage through two neutral 

alumina columns.  Toluene for hydrogenation reactions was degassed with argon and 

then purified by passage through a neutral alumina and Q5 column.  

Dimethylsulfoxide (DMSO) and dimethylformamide (DMF) used in the 

functionalization and click reactions were dried over calcium hydride overnight, 

filtered, distilled under reduced pressure, and then stored over molecular sieves under 

argon.  Anhydrous 1-methyl-2-pyrrolidone (NMP, 99.5%, Acros Organics) for the 

click reactions was purchased from Fisher Scientific and used as received.  

p-toluenesulfonyl hydrazide (TSH, 97%, Sigma Aldrich) for the chemical 

hydrogenation reactions was recrystallized from ethanol, dried under vacuum, and 

stored at 4 °C until use.  Tripropylamine (TPA, > 98%, Sigma Aldrich), used to 

prevent side reactions during the hydrogenation, was stirred over calcium hydride for 

30 min and then distilled under reduced pressure before use.  Copper bromide 

[Cu(I)Br] was washed with glacial acetic acid and then ethanol, dried under vacuum, 

and stored in an air-free glovebox.  Amino acids for the peptide synthesis were 

purchased from Novabiochem (EMD Millipore, USA) and were used as received.  The 

Fmoc-Lys(Dabcyl)-OH  and Fmoc-propargylglycine were purchased from AnaSpec 

(Fremont, CA) and used as received.  Heterobifunctional Fmoc-NH-PEO-COOH 

(2 kg mol-1, > 95% functionalized) and Fmoc-NH-PEO12-COOH (840 g mol-1, > 95% 
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functionalized) were purchased from Creative PEGWorks (Winston Salem, NC) and 

Iris Biotech (Marktredwitz, Germany), respectively.  Both polymers were used as 

received.  Type I bacterial collagenase was obtained from Worthington (Lakewood, 

NJ).  All other chemicals were purchased from Fisher Scientific and used as received.   

9.2.2  Hydrophobic Block Synthesis and Functionalization.   

9.2.2.1 Poly(ethyl ethylene) Synthesis via Chemical Hydrogenation  

Hydroxyl-terminated poly(ethyl ethylene) (PEE-OH) was synthesized by 

chemical hydrogenations of hydroxyl-terminated poly(1,2 butadiene) (PB-OH) using a 

diimide produced in situ by thermal decomposition of p-toluenesulfonyl hydrazide 

(TSH).  Diimide hydrogenations have been shown to be a highly effective, low 

pressure alternative to catalytic hydrogenations, achieving > 80% conversion of the 

double bonds in as little as 4 h.34-38  Importantly, this hydrogenation chemistry does 

not affect the hydroxyl end-group,35,36,38 which is essential for subsequent 

functionalization reactions.   

The hydrogenation reaction conditions were optimized to ensure complete 

saturation of the double bonds while preventing unwanted side reactions.  While 

theoretically only one TSH molecule per double bond should be needed for complete 

hydrogenation, previous work has demonstrated that not all of the generated diimide 

reacts with polymer double bonds.  Once the diimide is formed, there are two 

competing reactions: hydrogenation of the double bond and disproportionation of the 

diimide to hydrazine.34,37  Therefore all reactions were performed using an excess of 

TSH.  However, the addition of too much TSH can lead to undesirable side reactions.  

The byproduct from in situ TSH degradation, p-toluenesulfinic acid, also can attack 
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the double bonds, leading to molecular weight degradation and attachment of 

sulfur-containing species to the polymer backbone.37  To mitigate these side reactions, 

the hydrogenations were performed at dilute concentrations and a high boiling point 

tertiary amine, tripropylamine (TPA), was added to the reaction.  Addition of TPA has 

been shown to prevent addition of sulfur containing byproducts to the backbone of 

butadiene and isoprene-containing polymers. 37 

In a typical reaction, 1 g of PB-OH was dissolved in approximately 100 mL of 

dry toluene (ca. 1 wt% polymer in solvent to minimize side reactions).  The polymer 

solution was added to a custom-built reaction flask equipped with a condenser and two 

septum ports.  Subsequently, TSH and TPA (2 equivalents per PB double bond) were 

added to the reaction mixture.  Note that the TSH is only slightly soluble in toluene at 

room temperature but dissolves upon heating.  The reaction mixture was sparged with 

N2 for 30 min and then heated to 100 °C to fully dissolve the TSH.  The reaction 

mixture turned light yellow upon dissolution of the TSH.  Subsequently, the reaction 

mixture was heated to 120 °C for 4 h and then 135 °C for 3 h.  At the end of the 

reaction the solution was cooled to room temperature, the solid precipitates were 

removed by vacuum filtration, and the toluene was removed by rotary evaporation.  

The polymer was dissolved in heptanes and washed with methanol containing 1% w/v 

CaCl2 to suppress emulsion formation.  The organic phase was washed a total of 10 

times to remove the p-tolyl mercaptan byproduct, and then the polymer was dried 

under vacuum for ~ 12 h or until all of the solvent was removed as confirmed by 

proton nuclear magnetic resonance (1H NMR) spectroscopy.  
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9.2.2.2 Synthesis of Azide-Functionalized PEE 

The hydroxyl end-group of PEE-OH was converted to an azide via a two-step 

reaction.  First, PEE-OH was mesylated to give PEE-mesyl.  PEE-OH and 

5 equivalents of triethylamine (TEA) were dissolved in dichloromethane (DCM) at a 

concentration of approximately 10 mM polymer in solvent.  The solution was sparged 

with argon for 15 min and cooled to 0 °C on an ice bath.  Then, 2.5 equivalents of 

methanesulfonyl chloride (mesyl chloride) was dissolved in ca. 0.5 mL of DCM, and 

the mesyl chloride solution was added dropwise to the polymer solution on ice.  The 

polymer solution was allowed to warm to room temperature and stirred overnight.  At 

the end of the reaction, the polymer was diluted with DCM and rapidly washed with 

water, dilute HCl in water, saturated sodium bicarbonate in water, and water.  The 

DCM was removed by rotary evaporation, and the polymer was redissolved in 

benzene and freeze-dried. 

Subsequently, the mesylated PEE was reacted with sodium azide to yield the 

azide end-functionalized PEE-N3.  PEE-mesyl was dissolved in ~ 2.5 mL of dry THF.  

Then, 10 equivalents of sodium azide was dissolved in 1.6 mL of dry DMF and was 

added to the reaction vial.  The final solvent composition was approximately 40/60 

vol% THF/DMF.  The vial was sealed under argon and the solution was stirred at 

40 °C for 48 h.  At the end of the reaction, the polymer was precipitated into methanol, 

and the solution was centrifuged at 4 °C for 1 h to pellet the polymer.  The 

precipitation was repeated twice to remove the excess sodium azide, and then the 

polymer was redissolved in benzene and freeze-dried. 
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9.2.3 Hydrophilic Block Synthesis 

9.2.3.1 Solid Phase Peptide Synthesis (SPPS) 

Peptides were synthesized using standard fluroenylmethyl carbamate (Fmoc) 

chemistry.  All syntheses were performed using an automated solid phase peptide 

synthesizer (Tribute, Protein Technologies, Inc.) with inline Fmoc-deprotection 

monitoring.  The peptides were synthesized at 0.1 mmol scale using Chemmatrix 

Rink-Amide low loading resin (0.27 mmol/g resin).  Amino acid additions were 

performed using 6 molar equivalents of amino acid and standard N,N,N’,N’-

tetramethyl-O-(1H-benzyotriazol-1-yl)uranium hexafluorophosphate (HBTU) and 

N-methylmorpholine coupling chemistry.  Each addition step used 3 mL of solvent 

and the reaction was allowed to proceed for 2 h.   

Upon completion of the synthesis, peptides were cleaved off the resin using a 

95/2.5/2.5 vol% trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/water cleavage 

cocktail.  The cleavage was performed for 3 h and the solution was concentrated under 

nitrogen gas before precipitating the peptide into cold diethyl ether.  The peptide was 

recovered by centrifugation at 4000 rpm for 5 min at 4 °C, and the resulting pellet was 

redissolved in water and lyophilized.   

9.2.3.2 Dye Labeled Peptide for Förster Resonance Energy Transfer (FRET) 
Experiments 

Peptide Synthesis and Lys(Dabcyl) Addition  

The enzyme-sensitive peptide was labeled with carboxyfluorescein (FAM, 

fluorescence donor) and 4-((4-(dimethylamino)phenyl)azo)benzoic acid (Dabcyl, 

fluorescence quencher) on either side of the MMP-cleavage sequence [final labeled 

sequence: N-GRGDSPGGK(FAM)GPQG↓IWGQK(Dabcyl)GGG-C].  The peptide 
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was synthesized using standard Fmoc-based solid phase peptide synthesis on a 

0.1 mmol scale as described above.  The Dabcyl was incorporated using a pre-labeled 

amino acid.  For this addition step, 4 equivalents of Fmoc-Lys(Dabcyl)-COOH was 

dissolved in 2 mL of DMF, and this solution was added to the resin.  The coupling 

reaction was run for 3 h, and then the resin was thoroughly washed until the washes 

were colorless.  Subsequently, a capping solution [20 vol% acetic anhydride in DMF 

and 1.5 molar equivalents of diisopropylethylamine (DIPEA)] was added to the resin 

to react any unreacted amines [i.e. peptides that would not contain the Lys(Dabcyl)].  

The capping reaction was allowed to proceed for 30 min, and then the resin was 

thoroughly washed with DCM and DMF.  The glutamine (Q) addition immediately 

following the Lys(Dabcyl) was double coupled, and the remaining amino acid 

additions were performed using the standard conditions.  Note that the other lysine 

added (13th amino acid) was Dde-protected [Fmoc-Lys(Dde)-COOH] to facilitate 

carboxyfluorescein addition.  

 

Carboxyfluorescein Addition  

The N-terminal Fmoc-group was left on the peptide after the last amino acid 

addition, and then Dde protecting group was selectively removed.  The Dde 

deprotection solution contained 1.25 g hydroxylamine hydrochloride and 0.92 g 

imidazole in 5 mL NMP (Note: the deprotection solution may need to be heated 

slightly to fully dissolve all of the reagents).  The deprotection solution was added to 

the resin, and the reaction was mixed for 3 h.  After removal of the deprotection 

solution, the resin was thoroughly washed with DMF.  The carboxyfluorescein was 

added using standard HBTU/N-methylmorpholine coupling conditions.  4 equivalents 
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of carboxyfluorescein and HBTU were dissolved in 2 mL of DMF containing 0.4 M 

methylmorpholine.  The dye solution was added to the resin and the reaction was 

sparged for 3 h.  The dye solution was removed, and the resin was washed with DMF 

until the rinses were colorless.  The carboxyfluorescein addition was repeated twice, 

and then the hydroxyl groups on the dye were protected with triphenylmethyl chloride 

(trityl chloride) to prevent any side reactions during removal of the N-terminal Fmoc 

group.  To protect the hydroxyl groups, 6 molar equivalents of trityl chloride and 

DIPEA were dissolved in 3 mL of DMF.  The trityl chloride solution was added to the 

resin and mixed for 8 h.  Then the solution was removed and the resin was thoroughly 

washed.  The trityl protection step was repeated twice.  Finally, the N-terminal Fmoc 

group was removed using the standard piperidine deprotection conditions. 

Upon completion of the synthesis, the labeled peptide was cleaved from the 

resin using a 95/2.5/2.5 vol% TFA/TIS/water cleavage cocktail.  The cleavage was 

performed for 3 h and the solution was concentrated under nitrogen gas before the 

peptide was precipitated into cold diethyl ether.  The peptide was recovered by 

centrifugation at 4000 rpm for 5 min at 4 °C and the resulting pellet was redissolved in 

water and lyophilized.  The molecular weight was confirmed by matrix assisted laser 

desportion/ionization time of flight mass spectrometry (MALDI-TOF MS).  Reverse 

phase high performance liquid chromatography (RP-HPLC) experiments indicated 

that the crude peptide was pure and that > 85 % of the peptide product was dual 

labeled with both Dabcyl and carboxyfluorescein.  The labeled peptide was used for 

FRET experiments without any additional purification.   
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9.2.3.3 On-resin Polymer Conjugation 

Heterobifunctional Fmoc-NH-PEO-COOH (2 kg mol-1, Creative PEGWorks) 

was coupled to the N-terminus of the synthesized peptides on resin using 

(benzotriazol-1-yloxyl)tripyrrolidinophosphonium hexafluorophosphate 

(PyBOP)/DIPEA coupling chemistry.  Conjugation reactions were performed on a 

~0.04 mmol scale.  The resin was swelled with DCM for 30 min, and a solution 

containing 2 equivalents PEO, 2 equivalents PyBOP, and 4 equivalents of DIPEA in 

DCM was added to the resin.  Additional DCM and NMP were added to fully cover 

the resin such that the final solvent composition was approximately 70/30 vol% 

DCM/NMP.  The reaction was sparged with argon for 96 h, and additional solvent was 

added every 12 h to keep the resin covered.  The PEO solution was removed from the 

resin, and the resin was washed with DCM (5 times), DMF (5 times), and DCM (5 

times) to remove the unreacted PEO.   

 

‘End’ PEO-Peptide Conjugates   

For conjugates that contained the peptide at the end of the hydrophilic block, 

the amine on the PEO was coupled with hexynoic acid.  [Final sequence (N to C 

terminus): alkyne-PEO-GRGDSPGGEGPQG↓IWGQKG].  First, any unreacted 

N-terminal amines on the peptide were capped using acetic anhydride.  This step 

prevented unreacted peptides from being functionalized with an alkyne group to 

simplify future purification steps.  A solution containing 20 vol% acetic anhydride in 

DMF was added to the resin and sparged for 5 min.  Then 1.5 molar equivalents of 

DIPEA were added to the reaction and the reaction was sparged for an additional 25 

min.  Upon completion of the reaction, the resin was washed thoroughly and the 

capping step was repeated.  After the capping step, the Fmoc group was removed from 
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the PEO using standard conditions (20 vol% piperdine in DMF for 30 min).  Finally, 

hexynoic acid was coupled to the free amine on the PEO.  A solution containing 

8 molar equivalents each of hexynoic acid, PyBOP, and DIPEA in NMP was added to 

the resin.  Additional solvent was added to fully cover the resin, and the final solvent 

composition was approximately 60/40 vol% DCM/NMP.  The reaction was sparged 

overnight, and the resin was washed thoroughly with DCM and NMP.  Upon 

completion of the reaction, the PEO-peptide conjugate was cleaved from the resin 

using a 95/2.5/2.5 vol% TFA/TIS/water cleavage cocktail.  The cleavage solution was 

concentrated under nitrogen and the PEO-peptide was precipitated into cold diethyl 

ether.  The conjugate was recovered by centrifugation, dissolved in water, and 

lyophilized.   

 

‘Interface’ PEO-Peptide Conjugates  

For conjugates that contained the peptide at the interface between the 

hydrophilic and hydrophilic block, the free amine on the PEO was acetylated.  [Final 

sequence (N to C terminus): PEO -GEGPQG↓IWGQKGGRGDSPGG(alkyne)].  First, 

the N-terminal Fmoc-group was removed using the standard methods.  A solution 

containing 20 vol% piperdine in DMF was added to the resin and mixed for 30 min.  

Then, the resin was thoroughly washed, and the deprotection step was repeated.  

Subsequently, a capping solution containing 20 vol% acetic anhydride in DMF was 

added to the resin, and the solution was sparged for 5 min.  Then, 1.5 molar 

equivalents of DIPEA were added to the solution, and the reaction was sparged for an 

additional 25 min.  The resin was thoroughly washed, and the capping step was 
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repeated a total of two times.  The final PEO-peptide conjugate was cleaved from the 

resin and recovered as described above.   

9.2.3.4 Peptide Synthesis using Pre-functionalized Resin 

PEO-peptide conjugates also were synthesized by growing the peptide from a 

pre-functionalized resin.  First the resin was functionalized with a heterobifunctional 

Fmoc-NH-PEO12-COOH (840 g mol-1, Iris Biotech).  The conjugates were synthesized 

on a 0.1 mmol scale.  Fmoc rink amide resin was swelled with DMF and the Fmoc 

group was removed with standard deprotection conditions.  Then, 1.5 equivalents of 

Fmoc-NH-PEO-COOH, 1.5 equivalents of HBTU, and 3 equivalents of DIPEA were 

dissolved in a 1:1 mixture of DCM:DMF.  The PEO solution was added to the resin 

and additional DCM and DMF were added to fully cover the resin, with a total solvent 

volume of ~3.5 mL.  The coupling reaction was allowed to proceed for 24 h.  The 

PEO solution was removed, the resin was thoroughly washed with DCM, and then 

dried.  The increase in resin mass following the coupling reaction suggested the 

conjugation efficiency was ~60%, giving a resin loading of ~0.4 mmol/g.  The 

unreacted amines on the resin then were capped to ensure that the peptide only grew 

from the polymer chain.  A capping solution containing 20 vol% acetic anhydride in 

DMF and 15 equivalents of DIPEA was added to the resin and mixed for 45 min.  The 

capping solution was removed from the resin, and the resin was washed before 

repeating the capping step.   

Subsequently, the peptide was grown from the functional PEO using SPPS as 

described in Section 9.3.2.1.  The resin was swelled, and the Fmoc group was removed 

from the PEO using standard conditions.  Amino acid additions were performed using 



 277 

0.6 mmol of amino acid and HBTU in 2 mL of a 0.4 M methylmorpholine in DMF 

solution.  Each addition step was mixed for 1.5 h.   

The final PEO-peptide conjugate was cleaved from the resin using a 95/2.5/2.5 

vol% TFA/TIS/water cleavage cocktail.  The cleavage was performed for 2 h and the 

solution was concentrated under nitrogen gas before precipitating the peptide into cold 

diethyl ether.  The peptide was recovered by centrifugation, redissolved in water, and 

lyophilized.   

 

9.2.4 Polymer-Peptide Conjugation using Copper-Catalyzed Azide-Alkyne 
Cycloaddition Reactions 

The hydrophobic PEE-N3 and hydrophilic PEO-peptide-alkyne blocks were 

coupled using copper-catalyzed azide-alkyne cycloaddition (click) reactions to yield 

the final amphiphilic conjugate.  Cycloaddition reactions were performed in either dry 

THF/NMP or dry THF/DMSO solvent mixtures to solubilize both the hydrophobic 

and hydrophilic materials.   

 

Click Reactions in THF/NMP Solvent Mixtures 

In a typical reaction, 15 mg of peptide or PEO-peptide was dissolved in 

approximately 2.5 mL of NMP and heated to 40 °C to dissolve.  Simultaneously, 

1.5 molar equivalents of PEE-N3 was dissolved in approximately 1 mL of dry THF.  

The PEO-peptide and PEE solutions were mixed and degassed by 5 freeze-pump-thaw 

cycles.  Subsequently, the ampule containing the materials was transferred into the 

glovebox and 10 molar equivalents of copper bromide and 20 molar equivalents of 

2,2’-bipyridine (bipy) ligand were added to the reaction mixture.  The reaction 
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mixtures turned dark red upon complexation of the copper with bipy.  The ampule was 

removed from the glovebox and heated to 40 °C.  The reaction was allowed to proceed 

for 24 h and then the reaction was terminated by opening the ampule to air.  The 

THF/NMP solvent mixture was removed by vacuum distillation at 80 °C. 

 

Click Reactions in THF/DMSO Solvent Mixtures  

In a typical reaction, 10 mg of PEE-N3 was dissolved in approximately 1 mL 

of dry THF and 1.2 molar equivalents of peptide or PEO-peptide was dissolved in 

0.7 mL of dry DMSO.  The solutions were mixed, transferred to an ampule, and 

degassed by 5 freeze-pump-thaw cycles.  In the glovebox, 5 molar equivalents of both 

copper bromide and N,N,N’,N”,N”-pentamethyldiethylenetriamne (PMDETA) ligand 

were dissolved in approximately 0.2 mL of THF and added to the reaction mixture.  

The reaction was diluted to a final volume of ~3 mL and the final solvent composition 

was approximately 50/50 vol% THF/DMSO.  The reaction mixture was cloudy at 

room temperature, but clear at 40 °C.  The reaction was stirred at 40 °C for 48 h and 

then terminated by opening the ampule to air.  The DMSO and THF were removed by 

vacuum distillation at 80 °C.   

9.2.5 Material Characterization 

9.2.5.1 Size Exclusion Chromatography (SEC) 

SEC data were obtained on a Viscotek VE 2001 equipped with Styragel HR1 

and HR4 columns in series.  The reported intensity is the differential refractive index.  

All experiments were performed using THF as the mobile phase, and the dispersities 

were calculated based on polystyrene standards.  
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9.2.5.2 Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy 
1H NMR experiments were performed on a Bruker AV-400 instrument.  All 

NMR samples were prepared in deuterated chloroform at an approximate 

concentration of 10 mg mL-1.  Reported chemical shifts are relative to 

tetramethylsilane (TMS). 

9.2.5.3 High Performance Reverse Phase Liquid Chromatography (RP-HPLC) 

The purity of the crude peptide and polymer-peptide conjugates was 

determined using a Shimazdu, Inc UFLC 20 RP-HPLC.  Samples were analyzed using 

an analytical C18 column (Viva C18, Restek).  The samples were dissolved in ddH2O 

at a concentration of approximately 1 mg mL-1 and 50 µL of sample solution was 

injected for analysis.  The mobile phase was a linear AB gradient, in which solvent A 

was water containing 0.1 vol% TFA and sample B was acetonitrile containing 

0.1 vol% TFA.  The standard gradient used was 5% to 55% by volume B over 40 min.  

The UV-Vis absorbance of the eluent was monitored at 210 nm (peptide backbone) 

and 280 nm (tryptophan residues). 

The polymer-peptide conjugates were purified by preparative RP-HPLC using 

a C18 preparative column (Restek).  The samples were dissolved at a concentration of 

approximately 10 mg mL-1 and 250 µL of the sample solution was injected for each 

run.  The polymer-peptide conjugates were eluted off the column using a gradient 

from 15 vol% to 65 vol% Solvent B over 30 min. 

9.2.5.4 Matrix Assisted Laser Desorption Ionization Time of Flight Mass 
Spectrometry (MALDI-TOF MS) 

MALDI-TOF MS samples were prepared using α-cyano-4-hydroxycinnamic 

acid matrix (~10 mg mL-1) in a 50/50 vol% acetonitrile/water mixture.  The matrix 
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was spotted on the stainless steel target and allowed to dry.  Subsequently, the samples 

was dissolved in water (~1 mg mL-1) and spotted on the target, followed by another 

layer of matrix.  Mass spectra for the peptide and polymer-peptide conjugates were 

collected in either reflector or linear mode.   

9.2.5.5 FRET Experiments 

Samples were prepared in a pH 7.4 buffer containing 20 mM Tris base, 10 mM 

CaCl2 and 150 mM NaCl.  For the control experiments, 20 mM 

ethylenediamnetetracidic acid (EDTA) was added to the buffer to inhibit the enzyme 

by chelating the calcium ions, as the calcium ions are required for the enzyme stability 

and activity.  The FRET peptide was dissolved in buffer with and without EDTA, and 

50 µL of collagenase solution (1 unit/µL) was added.  The final sample was diluted to 

500 µL using buffer, and the final concentration was 2 mM peptide.  The solutions 

were incubated at 37 °C overnight.  Subsequently, the samples were diluted with 

500 µL methanol to prevent xanthene ring stacking the during fluorescence 

measurements.  Samples were excited at a wavelength 492 nm and the fluorescence 

emission was measured from 450 to 700 nm.   

9.2.5.6 Thin Layer Chromatography (TLC) 

TLC experiments were performed using silica plates (EMD Biosciences).  

Samples were developed using a 1:3 (parts by volume) mixture of hexanes and ethyl 

acetate.  The TLC plates were stained with a vanillin stain (6 g vanillin, 1.5 mL 

concentrated sulfuric acid, 95 mL of 96% ethanol).  The plates were dipped into the 

stain solution and then heated with a heat gun until the colored spots appeared.  



 281 

9.2.5.7 Attenuated Total Reflection Fourier Transform Infrared Spectroscopy 
(ATR-FTIR) 

ATR-FTIR spectra were collected using a Nicolet 8700 FTIR spectrometer 

equipped with a diamond crystal.  Polymer samples were prepared in THF and 

polymer-peptide conjugate samples were prepared in THF/water mixtures.  The 

sample solutions were drop-cast onto the crystal and allowed to dry.  Subsequently, 

the samples were heated to 40 °C for 10 min to remove any residual solvent before 

performing the measurements.  The instrument resolution was set at 4 cm -1, and 

16 scans were collected.   
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9.3 Results  

The polymer-peptide conjugates were synthesized using a modular synthetic 

scheme that combined polymer end-group functionalization, solid phase peptide 

synthesis, and coupling reactions.  This synthetic approach presented here was 

developed and optimized to enable efficient synthesis of well-defined conjugates as 

described below.  Additional chemistries are described in Appendices F and G. 

9.3.1 Hydrophobic Block Synthesis and Functionalization 

The hydrophobic PEE block was synthesized using chemical hydrogenation 

and then functionalized for click chemistry.  The reaction scheme is depicted in 

Figure 9.3 and discussed in more detail below. 

 

Figure 9.3 Synthesis scheme for the hydrophobic PEE-N3 block via (1) chemical 
hydrogenation using a diimide and (2) end-group functionalization. 

Complete chemical hydrogenation of the PB-OH precursor without undesirable 

side reactions was accomplished using 1.8 molar equivalents each of TSH and TPA 
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-‐N3

PEE-‐OH

PEE-‐OH
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per butadiene repeat unit in a 1 wt% polymer solution.  SEC data showed that the 

molecular weight distribution was not affected by the hydrogenation, indicating that 

the polymer did not crosslink or degrade during the reaction (Figure 9.4).  The slight 

shift to longer elution times after hydrogenation reflected the differences in PB and 

PEE chain flexibility.39  PEE (C∞ = 5.3) is a more flexible chain than PB (C∞ = 7.0), 

which means that the unperturbed chain dimensions are smaller for PEE than PB at the 

same molecular weight and leads to a shift to longer elution times in SEC.39  Similarly, 

the absolute molecular weights calculated using a universal calibration curve and the 

Mark-Houwink parameters for the PB and PEE were the same within experimental 

error (~10 %).39,40 

Figure 9.5 presents the 1H NMR spectra for the PB-OH precursor and 

corresponding PEE-OH polymer.  As seen by 1H NMR, the complete disappearance of 

the peaks at 4.8 and 5.2 ppm (-CH=CH2 and –CH=CH-, PB) and appearance of a 

sharp peak at 0.9 ppm (-CH3, PEE) confirmed that all of the double bonds were 

hydrogenated.  Importantly, there were no chemical shifts corresponding to the 

attachment of sulfur-containing groups to the polymer backbone.37  Also, the degree of 

polymerization for the PB-OH and PEE-OH calculated based on the hydroxyl 

end-group (~ 3.6 ppm) were in good agreement, supporting that the end-group 

functionality was retained. 
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Figure 9.4 SEC traces for PB-OH precursor and PEE-OH polymer.  THF was 
used as an eluent, and the recorded intensity was the differential 
refractive index.  Dispersities were calculated based on polystyrene 
standards. 

 

Figure 9.5 1H NMR spectra confirming the complete hydrogenation of PB-OH 
to yield PEE-OH.   
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The hydroxyl end-group was converted to an azide via a two-step reaction 

[Figure 9.3 (2)].  The PEE-OH was first reacted with mesyl chloride and subsequently 

with sodium azide, resulting in complete conversion of the hydroxyl group to the azide 

as determined by 1H NMR (Figure 9.6).   

 

Figure 9.6 1H NMR spectra of end-functionalized PEE.  The PEE-OH and 
PEE-mesyl samples contained residual p-tolyl mercaptan (TDS, 
< 5 wt%) from the chemical hydrogenation reaction.  The presence 
of the TDS did not affect the end-functionalization reactions, and 
TDS was removed by the methanol precipitations during the PEE-N3 
purification. 
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9.3.2 Hydrophilic Block Design and Synthesis 

The hydrophilic PEO-peptide was synthesized using solid phase chemistries as 

depicted in Figure 9.7 and discussed in more detail below. 

 

Figure 9.7  Schematic representation of hydrophilic PEO-peptide block 
synthesis. 

The bioresponsive peptide linkage designed in this work incorporated an 

enzyme-sensitive motif combined with a cell targeting sequence, such that enzymatic 

cleavage of the linkage would reveal the targeting sequence and facilitate cellular 

internalization as depicted in Figure 9.2.  The peptide linkage included a matrix 

metalloproteinase (MMP) cleavage site: GPQG↓IWGQ in which the arrow denotes the 

cleavage site.41  This specific sequence is known to have high activity to MMP-1 and 

MMP-8 and has been incorporated into cell-responsive hydrogels42,43 and 

surface-mediated drug delivery systems.44  The MMP-labile sequence is quite 

hydrophobic (P, I, and W residues); therefore, hydrophilic residues (E and K) were 

incorporated on either side of the MMP-labile sequence to increase the hydrophilicity 

-‐MMP-‐RGDà PEO

NH2-‐GRGDSPGGEGPQGIWGQKG-‐CONH2

-‐G-‐RGD-‐MMPà PEO

NH2-‐GEGPQGIWGQKGGRGDSPGG(alkyne)-‐CONH2

Full	  peptide	  sequence Full	  peptide	  sequence

end	  conjugate interface	  conjugate
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and also incorporate the functional groups necessary for subsequent FRET 

experiments.  The peptide also included an RGDSP integrin binding sequence, which 

is derived from natural fibronectin.45-47  While the minimal sequence necessary for cell 

recognition is RGD, incorporating the S and P amino acids increases the binding 

specificity.48,49  This short cell-targeting sequence has been incorporated into 

numerous biomaterials ranging from drug delivery vehicles to cell-responsive 

hydrogels.50 

The enzyme sensitivity of the peptide was confirmed using FRET experiments.  

For these experiments, the peptide was labeled with a fluorescence donor 

(carboxyfluorescein, FAM) and a fluorescence quencher (Dabcyl) flanking the MMP 

cleavage site.  The fluorescence was quenched while the peptide was intact and the 

dyes were in close proximity; however, peptide cleavage increased the distance 

between the dyes, leading to an increase in fluorescence (Figure 9.8a).  As seen in 

Figure 9.8b, the fluorescence intensity increased upon addition of active collagenase, 

confirming that the peptide was cleaved by the enzyme.   
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Figure 9.8 Probing peptide sensitivity to enzymatic cleavage using FRET.  
(a) Schematic representation of FRET experiments and 
(b) fluorescence data showing increased fluorescence in peptide 
samples incubated with active enzyme (collagenase + Ca+ ions) 
compared to inhibited enzyme (collagenase), supporting that the 
peptide linkage is enzyme sensitive. 

Having confirmed that the peptide was enzyme-responsive, the location of the 

linkage within the amphiphilic conjugate was varied by synthesizing two variations of 

the peptide sequence as depicted in Figure 9.7.  Importantly, the peptide sequences 

were designed to be overall hydrophilic and net neutral at physiological pH.  Also, two 

glycine residues were incorporated between the functional portions of the peptide 

sequence, and an N-terminal glycine was included in the sequence to facilitate the 

on-resin polymer-peptide conjugation reaction.51  Note that from an implementation 

standpoint, it is difficult to add more than two sequential glycine residues during 

SPPS without using double coupling steps.  The addition of multiple small amino acids 
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likely increases the flexibility of the N-terminus, making it more difficult to couple 

subsequent amino acids. 

The hydrophilic block synthetic strategy relies on coupling the PEO to the 

peptide on resin.  Accordingly, the peptide synthesis conditions were optimized 

because any deletion sequences could not be removed from the final product.  As seen 

in Figure 9.9a, the single sharp peak in the RP-HPLC trace for the crude product 

showed the high purity of the peptide.  MALDI-TOF MS confirmed the molecular 

weight of the desired peptide and also supported that there were no major impurities in 

the crude product (Figure 9.9b).  The higher molecular weight peaks in the mass 

spectrum corresponded to different cations (Na+ and K+) associated with the peptide or 

side chain protecting groups that were not completely removed during the cleavage 

step.  Overall, these data supported that the desired peptide linkages were synthesized 

to a very high purity.   
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Figure 9.9. Characterization of crude ‘interface’ peptide.  (a) RP-HPLC trace 
indicating the peptide was synthesized to high purity and (b) 
MALDI-TOF MS data showing the majority product was the desired 
sequence.  Sequence: N-GEPQGI↓WGQKGGRGDSPGG(alkyne)-C. 

The hydrophilic block synthesis was completed by coupling a 

heterobifunctional PEO to the enzyme-sensitive peptide on resin.  This coupling 

approach greatly simplified purification of the hydrophilic block, as any unreacted 

PEO could be removed by simply washing the resin.  The trade-off to coupling the 

PEO to the peptide on resin was low yields due to the steric limitations of the solid 

phase reaction.  Several measures were taken to increase the PEO coupling efficiency.  

All conjugate syntheses were performed on ChemMatrix PEG-based resin, which 

swells significantly more than traditional polystyrene-based resins, and the resin 

loading was reduced to < 0.3 mmol/g resin.  Also, the PEO coupling reactions were 

performed in DCM-rich solvent mixtures because DCM swelled the resin more than 

NMP or DMF. 
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Shown in Figure 9.10 are the RP-HPLC and MALDI-TOF MS data confirming 

the successful synthesis of both the ‘end’ and ‘interface’ hydrophilic blocks.  The 

HPLC traces showed two peaks at ~20 min and ~40 min corresponding to unreacted 

peptide and PEO-peptide, respectively.  Comparing the relative areas under the curves 

suggested the conjugation efficiencies were approximately 35% and 75% for the 

‘interface’ and ‘end’ conjugates, respectively.  Considering the molecular weight of 

the peptide and PEO, these coupling efficiencies were comparable to, and in many 

cases higher than, those from reactions reported in literature.51-53 

The same reaction conditions were used for both PEO-peptide syntheses, 

suggesting the discrepancy in reaction efficiency (35% vs. 75%) was due to 

differences in the peptide sequence.  Lu and Felix demonstrated that the accessibility 

of the peptide’s N-terminus greatly affected the coupling efficiency.51  Both peptides 

had an unhindered amino acid at the N-terminus (glycine, G); however, the 

accessibility of the N-terminus in the ‘interface’ peptide likely was affected by the 

adjacent proline (P) residue.  This result highlights the considerable influence of 

peptide sequence on the efficiency of polymer-peptide coupling reactions.  
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Figure 9.10 Characterization of PEO-peptide conjugates synthesized on resin.  
Crude RP-HPLC traces (a and b) and MALDI-TOF mass spectrum 
(c and d) for the end and interface conjugates, respectively.  The 
expected and observed molecular weight for the PEO-peptide 
conjugates were ~4200 g mol-1. 
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The PEO-peptide conjugates also were synthesized by first functionalizing the 

resin with a heterobifunctional PEO and then growing the peptide from the polymer 

chains as depicted in Figure 9.11a.  The synthesis was demonstrated using the peptide 

sequence designed above, giving a final conjugate sequence of 

N-GRGDSPGGEGPQG↓IWGQKG-PEO12-C.  Presented in Figure 9.11 are the 

characterization data demonstrating successful PEO-peptide synthesis.  The RP-HPLC 

trace showed two clean peaks at 29 min and 32 min, corresponding to the PEO-peptide 

and unreacted PEO, respectively (Figure 9.11b).  There was no peak at lower retention 

times, confirming that peptide only grew off of the PEO chains.  Also, comparing the 

areas under the curve suggests ~ 70% of the PEO was functionalized with peptide.  As 

seen in Figure 9.11c, MALDI-TOF MS confirmed successful PEO-peptide synthesis.  

Together these results demonstrate that high purity PEO-peptide conjugates also can 

be synthesized by growing the peptide from a PEO-functionalized resin.   
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Figure 9.11 Characterization of PEO-peptide conjugate synthesized by first 
functionalizing the resin with a heterobifunctional PEO and then 
growing the peptide from the polymer chain.  (a) Schematic 
representation of the synthetic scheme.  (b)  RP-HPLC data of the 
crude reaction product containing a peak at 27 min and 32 min 
corresponding to the PEO-peptide and unreacted PEO, respectively.  
(c) MALDI-TOF MS confirming PEO-peptide synthesis.  Expected 
molecular weight: 2474 g mol-1, observed molecular weight: 
2602 g mol-1.  The discrepancy between the expected and observed 
molecular weights likely was due to incomplete deprotection of the 
peptide. 
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9.3.3 Amphiphilic Polymer-Peptide Conjugate Synthesis 

 

Figure 9.12 Schematic representation of amphiphilic polymer-peptide conjugate 
synthesis. 

The full amphiphilic conjugates were synthesized by coupling PEE-N3 with the 

PEO-peptide-alkyne using copper-catalyzed azide-alkyne cycloaddition (click) 

chemistry (Figure 9.12).  Importantly, this click reaction is highly selective and 

compatible with the amino acid side chains, allowing the reaction to be performed 

with the unprotected peptides.54  Copper-catalyzed click chemistry also is highly 

efficient, making it a popular coupling strategy in literature.55-58 While this reaction 

has previously been used successfully to synthesize a variety of polymeric materials, 

including polymer-peptide conjugates,24,59-61 a major challenge in the synthesis 

reported here was finding an appropriate solvent system for the reaction.  Table 9.1 

summarizes solubility studies on the different reaction components in common click 

solvents.  As seen in Table 9.1, all three components were not soluble in a single 

solvent, necessitating the use of solvent mixtures.  A number of test reactions between 

PEE-N3 and alkyne-functionalized peptides and PEO-peptide conjugates were 

performed to find a suitable solvent system for the coupling reactions.  Ultimately, two 

solvent systems were found to work well for PEE-PEO-peptide synthesis: THF/NMP 

PEE-‐N3PEO-‐peptide

-‐N3+ à
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and THF/DMSO mixtures.  The THF was selected to solubilize the PEE block, and 

NMP or DMSO was chosen to solubilize the PEO-peptide.   

Table 9.1 Summary of unprotected peptide, PEO, and PEE solubility in 
common solvents used for copper-catalyzed azide-alkyne 
cycloaddition reactions* 

 
Solvent/ 

Macromolecule Water THF NMP DMF DMSO DCM 

Peptide 
(unprotected)       

PEO       

PEE       

*Green: soluble; yellow: slightly soluble (required heating to ~ 40 °C to fully 
dissolve); and red: not soluble.   

 

The challenges in finding a suitable solvent system for the PEE-PEO-peptide 

conjugates also extended to characterizing the materials.  The reaction products were 

not readily soluble in THF and strongly interacted with the SEC columns; therefore, 

the successful reaction could not be confirmed with SEC.  Instead, the differences in 

material solubility were exploited, and the coupling reactions were monitored with 

thin layer chromatography (TLC).  TLC on the reactants showed a spot at Rf ~ 0.3 for 

the PEE-N3 and at Rf = 0 (on the spotting line) for the peptide and PEO-peptide, while 

TLC on the coupling products showed a single spot at Rf = 0.  The disappearance of 

the spot at Rf ~ 0.3 suggested complete coupling between the PEE-N3 and 

PEO-peptide in both THF/DMSO and THF/NMP mixtures.   
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The successful coupling reactions were confirmed with ATR-FTIR analyses.  

As seen in Figure 9.13, there was a distinct azide peak at 2100 cm-1 in the FTIR 

spectrum for the PEE-N3 reactant.  Complete disappearance of this peak in the 

PEE-peptide conjugate spectrum further supported complete coupling between the 

blocks.   

 

Figure 9.13 Monitoring PEE-N3 + peptide-alkyne coupling with ATR-FTIR.  The 
peak at 2100 cm-1 in the PEE-N3 spectrum corresponded to the azide 
stretches.  This peak was not seen in the PEE-peptide conjugate 
spectrum, suggesting complete coupling between the blocks.    
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9.4 Discussion 

This chapter presents a modular, highly tunable synthetic strategy for creating 

well-defined amphiphilic polymer-peptide conjugates.  A unique advantage of the 

synthetic strategy outlined here is the exquisite control over both the peptide sequence 

and peptide location within the polymer backbone.  Polypeptide-based block polymers 

reported in literature often are synthesized using N-carboxyanhydride (NCA) 

ring-opening polymerization.62-66  While NCA ring-opening polymerization enables 

synthesis of high molecular weight polypeptides, it is limited to one or two amino 

acids and does not allow for control over the sequence.  Alternatively, sequence 

specific peptides have been incorporated into initiators67-69 or monomers70-72 for use in 

controlled polymerization reactions; however, these approaches offer little flexibility 

regarding the peptide location within the polymer chain or incorporate the peptide as a 

side-chain functionality.  While these other synthetic approaches have been used to 

create well-defined polypeptide-based block polymers, they do not offer the level of 

control over both the peptide sequence and location within the polymer backbone as 

demonstrated here. 

Control over both the peptide sequence and location within the polymeric 

materials has important implications for the design of effective drug delivery 

materials.  Incorporating a specific sequence of amino acids enables targeting of 

highly specific enzymes or receptors, whereas manipulating the display (e.g. position 

within the polymer chain; density) of targeting ligands potentially tunes their 

interactions with the biological environment.  Recent studies of liposomal delivery 

systems decorated with targeting ligands demonstrated that tuning both the targeting 

peptide sequence and display led to significantly enhanced cellular uptake in several 

cancer cell lines.73,74  These results emphasize the need not only to develop targeted 
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delivery vehicles, but also to systematically explore the effects of both the ligand 

chemistry and accessibility on the vehicle performance.  The synthetic versatility 

demonstrated here provides a handle for tuning the peptide sequence and conjugate 

chain architecture, thereby facilitating necessary investigations into the effects of 

conjugate architecture on the self-assembly behavior and performance in biomedical 

applications.   

Another important advantage of the approach developed here is the modular 

nature of the synthetic scheme.  For example, the specific hydrophilic to hydrophobic 

block ratio was selected to favor spherical micelle formation; however, other 

morphologies easily could by targeted by simply changing the molecular weight of the 

hydrophobic block and using the same PEO-peptide conjugates.  Similarly, the 

chemistries are easily extended to other peptide and polymeric systems, enabling the 

synthesis of a large library of materials from a few basic building blocks.    
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9.5 Conclusions 

This chapter presents a modular, highly tunable synthetic strategy for creating 

well-defined polymer-peptide conjugates.  The strategy combines quantitative polymer 

end-group functionalization with solid phase peptide synthesis and coupling 

approaches.  The specific chemistries were demonstrated through the synthesis of 

amphiphilic PEE-PEO-peptide conjugates; however, the general approach is easily 

extended to other polymer- and peptide-based materials.  Importantly, the synthesis 

demonstrated here not only allows for incorporation of sequence specific peptides into 

polymer materials, but also tunes the location of the peptide linkage within the 

polymer backbone.  This level of control over conjugate architecture is not possible in 

common polymer-peptide conjugation strategies, yet is essential for understanding the 

intimate structure-property relationship inherent to polymeric materials in biological 

environments. 

A growing number of works demonstrate the importance of both nanostructure 

(e.g. shape, size, density profile) and surface functionality on the performance of 

polymeric assemblies for biomedical applications.  Overall this dissertation provides 

an improved understanding of factors that influence solution assembly behavior and 

develops a method for incorporating and tuning the display of targeting ligands within 

these assemblies.  Together, these efforts provide the foundation for the rational 

design of targeted drug delivery vehicles, enabling control over both the structure and 

functionality of polymeric assemblies.   
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Chapter 10 

THESIS SUMMARY AND RECOMMENDATIONS FOR FUTURE WORK 

10.1 Thesis Summary 

Akin to small molecule lipids and surfactants, amphiphilic block polymers 

self-assemble into a variety of well-defined structures in aqueous solutions such as 

micelles and vesicles.  However, their macromolecular architecture leads to several 

advantages compared to their small molecule analogues, including increased chemical 

versatility, exquisite control over the size and structure of solution assemblies, 

extremely low critical aggregation concentrations, and exceptionally slow chain 

exchange.  The slow dynamic processes inherent to polymeric assemblies is an 

attractive advantage for applications in emerging nanotechnologies, but also leads to 

kinetically-trapped structures and path-dependent self-assembly.  Consequently, 

careful optimization of preparation conditions are necessary to create well-defined, 

uniform, and reproducible macromolecular solution assemblies.  Altogether, this 

dissertation work demonstrates the design, synthesis, and self-assembly of 

macromolecular amphiphiles with the ultimate goal of creating well-defined 

nanocontainers for catalysis and drug delivery applications. 

The work presented in this dissertation explores the effects of common 

processing conditions on the structure and dynamics of block polymer assemblies and 

develops a modular synthetic approach for controlling the display of targeting ligands 

within these assemblies.  Overall, the efforts presented here enable better control over 
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both the structure and surface functionality of block polymer micelles, providing a 

foundation for the rational design of novel materials. 

10.1.1 Developing Complementary Methods for Characterizing Solution 
Assembled Structures 

In many of the envisioned applications of macromolecular solution assemblies, 

the nanostructure’s performance ultimately is dictated by its size and shape in solution, 

and the successful development of these materials requires detailed in situ 

characterization of their structure.  For this purpose, Chapter 4 focused on developing 

complementary methods for obtaining detailed structural information on polymeric 

assemblies.1  In particular, the solution assembly of a series hydrophilic polymers 

end-functionalized with a pincer ligand for catalysis applications was explored using 

small angle neutron scattering (SANS) and cryogenic transmission electron 

microscopy (cryo-TEM).  Chapter 4 described the implementation of a detailed form 

factor model to capture the radially decreasing corona density profile characteristic of 

polymeric micelles.  This form factor model, along with others in literature, often is 

used to describe the detailed density distribution of polymeric assemblies.2  However, 

as demonstrated in Chapter 4 and other publications,3-5 cryo-TEM also is sensitive to 

the local density distribution of the polymeric assemblies.  Radial density profiles 

extracted from the cryo-TEM micrographs were in good agreement with profiles 

determined from SANS data modeling, suggesting that detailed information about the 

micelle density profiles can be extracted directly from cryo-TEM micrographs.  

Moreover, the profiles obtained from cryo-TEM can provide valuable a priori 

information about the self-assembled structure for SANS data modeling.  
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The powerful combination of cryo-TEM and SANS provided the framework 

for investigating self-assembly phenomena throughout this dissertation.  As discussed 

below, these techniques provide valuable insights into the effects of common 

processing conditions on the structure and dynamics of block polymer assemblies that 

were unattainable with other characterization methods. 

10.1.2 Understanding Effects of Common Processing Conditions on Block 
Polymer Assemblies 

Cosolvent mixtures routinely are utilized in the self-assembly of amphiphilic 

block polymers to produce well-defined nanostructures,6-11 to trap exotic 

non-equilibrium structures,12-18 and to load hydrophobic cargoes into 

nanocontainers.19-21  Despite the prevalence of cosolvent processing routes, very few 

works have investigated the effects of organic cosolvent addition and removal on the 

structure and dynamics of block polymer assemblies. 

To better understand this essential processing step, the effects of organic 

cosolvent addition on the structure and chain exchange dynamics of 

poly(butadiene-b-ethylene oxide) PB-PEO micelles were investigated.  In aqueous 

solutions, PB-PEO self assembles into well-defined spherical micelles with PB cores 

surrounded by PEO coronas.  Increasing the tetrahydrofuran (THF) content in water 

mixtures improved the solvent quality for the PB block and reduced the core-corona 

interfacial tension.  A combination of complementary characterization methods 

showed that the micelle size decreased increasing THF content, in good agreement 

with scaling theories for star-like block polymer micelles.22 

Further insights into the micelle structure were gained through contrast 

variation experiments with SANS.  Detailed SANS data modeling revealed that THF 
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addition also led to a broadening of the core-corona interface.23  The effects of 

interfacial tension on the interfacial profile are well studied for bulk systems, such as 

homopolymer blends and block polymers,24-27 and the results presented herein 

demonstrate that interfacial tension also controls the core-corona interfacial width in 

solution assemblies. 

The cosolvent-induced structural rearrangements implied that THF addition 

also led to dynamic processes in these highly amphiphilic block polymer assemblies.  

The micelle dynamics in cosolvent mixtures were investigated using contrast variation 

experiments in time-resolved SANS (TR-SANS) using the elegant methods originally 

developed by Willner and coworkers.28  Interestingly, while the addition of small 

volumes of THF lead to distinct changes in micelle structure, the TR-SANS results 

showed no measurable chain exchange in these systems.  This complete lack of chain 

exchange was consist with literature reports that suggested PB-PEO micelles are 

kinetically-trapped in highly selective solvents and implied that the micelles at low 

THF contents relaxed through fission events.29-31  Conversely, higher THF content 

cosolvent mixtures enabled chain exchange events, which suggested that micelle 

systems under these conditions were potentially able to obtain their equilibrium 

structures. 

Subsequent to cosolvent addition, most micelle preparation methods dialyze 

the solution to remove the organic solvent.  These preparation methods assume that 

the micelles are kinetically stable following transfer from a cosolvent mixture into a 

purely aqueous solution.  However, the work in Chapter 7 showed that this assumption 

is not always valid and explored unforeseen consequences of cosolvent removal on the 

long-term stability of block polymer micelles.32  The complementary use of cryo-TEM 
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and scattering techniques revealed that unequivocal changes in micelle size occurred 

over several weeks following cosolvent removal.  Surprisingly, the micelle sizes 

evolved through a distinct bimodal distribution separated by multiple fusion events.  

The bimodal growth was unexpected based on the high energy barriers to dynamic 

processes in highly selective solvents33-37 and prompted further investigation into the 

growth mechanism.  These studies revealed that the micelle growth critically 

depended on stirring the solution and implied that the growth was a shear and/or 

interfacial effect. 

 Motivated by the agitation-induced micelle growth seen following cosolvent 

removal, Chapter 8 explored the effects of common mixing types on chain exchange 

in PB-PEO micelles.  These studies revealed that mixing can induce chain exchange in 

aqueous solutions, resulting in a completely randomized micelle solution after as little 

as 10 min of vortex mixing.  Comparing different agitation methods suggested that the 

chain exchange was a coupled shear and interfacial effect.  Most notably, the results 

presented here demonstrated that introducing a fluid air/water interface led to dynamic 

processes not seen in bulk solution.   

While agitation effects are largely unexplored in block polymer assemblies, the 

seminal results presented in this dissertation underscore fundamental similarities 

between these synthetic macromolecules and proteins.  Processing effects on protein 

stability are well studied, and research in the biopharmaceutical industry provides a 

framework for studying similar effects in polymeric assemblies.38-43  The 

agitation-induced growth and chain exchange studied here have critical implications 

for block polymer micelle dynamics and further highlight the extreme influence of 

processing conditions on the resulting assemblies.   
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10.1.3 Designing Amphiphilic Polymer-Peptide Conjugates 

Many targeted delivery methods have failed to achieve clinical approval, due 

in part to challenges in materials development.44,45  A key unsolved issue is the need to 

decouple carrier ‘stealth’/immune system evasion from active targeting, as attaching 

targeting ligands alters the physicochemical properties of nanostructures and has been 

shown to compromise circulation times.  Accordingly, this dissertation sought to 

develop methods for controlling the display of targeting ligands within block polymer 

assemblies.  Chapter 9 presented a modular synthetic scheme that enabled exquisite 

control over the peptide sequence and location with the backbone of an amphiphilic 

block polymer.  The synthetic strategy combined quantitative polymer end-group 

chemistries with solid phase peptide synthesis and coupling techniques.  The 

chemistries were demonstrated by incorporating a matrix metalloproteinase (MMP) 

enzyme sensitive peptide linkage into the backbone of a 

poly(ethyl ethylene b-ethylene oxide) (PEE-PEO) block polymer; however, this 

approach is easily extended to other peptide linkages and polymer chemistries.  The 

level of control over the polymer-peptide conjugate architecture presented here is not 

possible using current synthetic strategies in literature, yet is essential for 

understanding the intricate effects of ligand display on delivery vehicle performance.  
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10.2 Recommendations for Future Work 

Literature precedent highlights the promising potential of block polymer 

assemblies for drug delivery and catalysis applications.  However, fundamental 

questions regarding block polymer solution assembly pathways and dynamics remain 

unanswered, yet are key to understanding material processing effects, creating 

reproducible assemblies, and predicting long-term performance.  Also, there is a 

continued need to understand the relationships between a material’s physicochemical 

properties and its performance in biomedical applications.  Described in the following 

sections are recommendations for future work to explore block polymer micelle 

dynamics, develop materials libraries, and probe structure-property relationships in 

polymer-based nanoassemblies.  Together these recommendations will guide the 

rational design of effective polymeric nanocarriers. 

10.2.1 Exploring Block Polymer Micelle Dynamics 

While the molecular factors controlling block polymer amphiphile 

self-assembly and structure are similar to those in small molecule amphiphiles, the 

macromolecular nature of the hydrophobic block leads to significantly different 

dynamics.  Questions regarding equilibrium chain exchange and relaxation 

mechanisms in these macromolecular assemblies remain unanswered.  Moreover, as 

demonstrated in this dissertation, agitation and other key features in solution assembly 

processing can induce kinetically-controlled processes that significantly affect the 

structure, dynamics, and long-term stability of these assemblies.  Understanding the 

self-assembly behavior in amphiphilic block polymers will facilitate further 

development of these materials for a variety of applications. 
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10.2.1.1 Polymer Properties and Solution Additive Effects 

Since the pioneering experiments by Willner and coworkers,28 TR-SANS has 

provided valuable insights into the equilibrium chain exchange dynamics of block 

polymer micelles.47,48  Through the use of this technique, the effects on chain 

exchange of core block molecular weight and dispersity,49-51 micelle concentration,52,53 

cosolvent mixtures,54 and morphology55 are better understood.  However, the effects 

of certain block polymer properties (e.g. entanglement and crystallinity) on chain 

exchange remain unexplored.  Moreover, the effects of other additives such as 

homopolymers or drugs have only begun to be investigated.  Developing these missing 

relationships is not only of interest from a fundamental standpoint, but is also essential 

to developing these materials for nanotechnology applications.  

The key function of a nanocontainer is to efficiently encapsulate hydrophobic 

cargoes, thereby improving the pharmacokinetic profile of a drug or increasing the 

local concentration of catalysts and reagents.  It is well documented in literature that 

increasing the hydrophobic block molecular weight increases the micelle core 

size,22,47,56 which enables encapsulation of greater volumes of hydrophobic payload 

within a single nanocarrier.57,58  Another consequence of increasing the polymer 

molecular weight is increasing the number of entanglements within the core block.  

Presumably, core block entanglement would increase the kinetic stability of the 

assemblies and slow chain exchange, however, the exact effects of entanglement have 

not been studied. 

The block polymer micelles studied in Chapter 6 and elsewhere in literature 

are amorphous, unentangled systems.  In fact, the theory developed by Bates and 

Lodge et al. for chain exchange assumes the micelle core block is unentangled and 

follows Rouse dynamics.49  Studying the chain exchange over a range of core block 
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molecular weights could provide important insights into these effects.  Also, the 

polymer systems studied in this dissertation provide a unique opportunity to study the 

effects of entanglement on chain exchange.  Both poly(1,2-butadiene) (PB) and 

poly(ethyl ethylene) (PEE) are highly hydrophobic polymers with low glass transition 

temperatures (Tg); Tg = -12 °C for 1,2 PB and Tg = -20 °C for PEE.  However, the 

polymers have very different entanglement molecular weights (Me), Me = 2.0 kg mol-1 

and 9.5 kg mol-1 for 1,2 PB and PEE, respectively.59,60  PB and PEE polymers with the 

same degree of polymerization readily are synthesized using anionic polymerization 

and chemical hydrogenation (Chapters 2 and 9), facilitating investigations into the 

effects of entanglement on chain exchange in block polymer micelles.   

Developments in controlled radical polymerization methods and polymer 

coupling chemistries over the last decade have greatly facilitated the synthesis of 

functional block polymers containing organocatalysts, stimuli-responsive groups, and 

targeting ligands.61,62  However, many times the final block polymer contains residual 

homopolymer from either incomplete end-functionalization or coupling reactions.  

This residual homopolymer could significantly affect the resulting solution assembly 

behavior; accordingly, these effects must be explored to further develop new materials 

for nanocontainer applications.  

Exploring the effects of residual homopolymer will further elucidate its 

influence on both the micellization and dynamics in block polymer systems.  For 

example, scaling theories by Halperin suggested that adding hydrophilic homopolymer 

increases the corona screening in block polymer micelles which should decrease the 

rate of chain exchange; however, this effect has not been explored experimentally.53  

Moreover, work by Lodge and coworkers showed that depletion interactions induced 
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by adding corona block homopolymer increased the micelle aggregation number and 

effective hard sphere radius,63 and recent studies by Mahanthappa et al. showed that 

addition of a hydrophilic homopolymer induced a fusion-controlled sphere-to-cylinder 

transition in aqueous block polymer assemblies.64  Together, these works suggest that 

adding homopolymer can significantly affect the structure and dynamics of block 

polymer assemblies, and understanding these effects is especially important in cases in 

which the polymerization method does not yield well defined block polymers.  

Literature suggests that encapsulating hydrophobic molecules within polymer 

assemblies also influences both their structure20,65-69 and stability;70 however, very 

reports have systematically investigated the extent of these effects.  For example, 

recent work by Schulz and coworkers described a drug-induced cylinder-to-sphere 

transition in poly(2-oxazoline)-based block polymer assemblies.65  The polymer 

formed cylindrical micelles in the absence of drug while the addition of small amounts 

of hydrophobic drug (<20 wt% drug in polymer) led to the formation of spherical 

micelles.  Moreover, this drug-induced morphology change occurred over periods of 

months.65  There are significant synergies in understanding the influence of 

hydrophobic cargoes on polymeric assemblies for applications as drug delivery 

vehicles and aqueous nanoreactors, and further investigating these effects will 

facilitate the streamlined optimization of these technologies. 

10.2.1.2  Kinetically-Controlled Agitation Effects 

In addition to factors that control the thermodynamic driving force for chain 

exchange, notable results in this dissertation demonstrate that kinetic factors can have 

a profound effect on the chain exchange and long-term stability in macromolecular 

assemblies. Important results presented herein suggest that introducing shear forces 
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and an air/water interface leads to equilibration mechanisms not seen in bulk solution.  

However, further experiments are needed to fully realize the extent of 

agitation-induced phenomena in block polymer assemblies.  Outlined below are 

recommendations for future studies aimed at (1) understanding effects of agitation 

effects during micellization, (2) further decoupling shear and/or interfacial effects 

during micelle processing, (3) expanding the studies of agitation-induced phenomena 

to additional polymer systems, and (4) extending the kinetically-controlled processing 

effects to the development of novel materials.   

All data indicate that PB-PEO micelles are kinetically-trapped in aqueous 

solutions,29,30,71 yet the structures formed upon directly dispersing the polymer in 

water are highly reproducible.  This well-defined self-assembly seems to contradict the 

completely frozen micelle dynamics previously reported for similar assemblies in the 

literature and imply that agitation effects play an important role in micelle formation 

from bulk polymer.  For example, studies by Jiang et al. showed that 

poly(styrene-b-2 vinylpyridine-b-ethylene oxide) triblock terpolymers formed discrete 

spherical micelles at low stir speeds while cylindrical micelles and large aggregates 

were formed at high stir speeds.  Systematic investigations into the effects of solution 

agitation on micellization (i.e. mix type, stir speed, presence of a hydrophobic 

interface) will decouple shear and interfacial effects and elucidate the assembly 

pathway, providing a greater handle for controlling the final structure formed by 

amphiphilic macromolecules. 

Understanding the influence of shear forces and hydrophobic interfaces is not 

only important for controlling micelle formation, but also subsequent processing steps.  

Micelle formulations may be subjected to agitation during packaging, shipping, and 
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storage.  During these processes the system will be exposed to different hydrophobic 

interfaces (e.g. air/water interface, vial surfaces, septum caps) at varying shear forces, 

and elucidating these effects will enable greater control over the nanostructure.  For 

example, quantitative investigations into the effects of chemical nature of the interface 

(e.g. air vs. other hydrophobic liquids) and the fluidity of the interface 

(e.g. deformable liquid vs. solids) will elucidate the important processing variables.  

Moreover, exploring factors such as the micelle concentration vs. volume of the 

air/water interface (i.e. headspace) concentrations as well as the solution viscosity will 

decouple the complex parameter space and provide necessary insights into 

kinetically-controlled mechanisms.  Finally, all of the agitation experiments performed 

in this dissertation used routine laboratory mixing methods, but these method have 

poorly-defined turbulent flow.  Performing similar experiments with more controlled 

mixing that allows for control over stir speed, power input, air/water contact, etc. will 

help determine the important mixing parameters.43     

The results presented herein suggest that introducing a fluid air/water interface 

provides access to dynamic pathways with a lower energy barrier, enabling processes 

not seen in bulk solutions.  However, all experiments were performed on a low Tg, 

unentangled, amorphous polymer, and future experiments expanding these studies to 

higher molecular weight and/or crystalline materials relevant to the desired 

applications will broaden the impact of these studies.  Also, the lower-energy 

assembly pathway may facilitate the formation of uniform and reproducible 

assemblies from block polymer systems that typically require cosolvent processing 

routes (e.g. polystyrene-based assemblies).7,9-11,72,73 
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Finally, kinetically-controlled assembly pathways provide access to novel 

structures for emerging nanotechnology applications.  Several groups have utilized 

this control to create complex, hierarchical assemblies not accessible through 

thermodynamically-controlled assembly pathways.12,14,15,18,72  Similarly, 

agitation-controlled chain exchange could be extended to the formulation of targeted 

nanocarriers for drug delivery applications.  Current preparation strategies blend 

pre-functionalized and unfunctionalized polymers before assembling the materials into 

delivery vehicles.74-77  An alternate approach could exploit vortex-mixing to blend 

ligand-functionalized and bare assemblies as a means of controlling both ligand 

density and display within targeted nanocarriers.  Alternatively, vortex mixing could 

be used to mix the cargoes of loaded micelles to facilitate co-delivery of multiple 

therapeutics,78 simultaneously deliver therapeutics and diagnostic imaging agents 

(theranostics) to targeted tissues,45,79 or to mix reagents for catalytic reactions.  

Overall, developing a better understanding of agitation effects of block polymer 

micelles will not only provide greater control over the final nanostructure, but provide 

facile access to novel assemblies not easily attained through traditional processing 

routes.   
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10.2.2 Developing Libraries of Amphiphilic Polymer-Peptide Conjugates 

A growing number of works demonstrates the importance of surface 

functionality in determining a drug delivery vehicle’s performance.44,45,61,74,80-82  In 

particular, the major relationships between a nanostructure’s physicochemical 

properties and the material’s cytotoxicity, cellular internalization, and intracellular 

trafficking can be refined significantly using the synthetic approaches described in this 

dissertation.  Outlined below are synthetic strategies to build materials libraries and 

explore the effects of ligand display, polymer chemistry, and self-assembled 

nanostructure on drug delivery vehicle performance. 

10.2.2.1 Controlling Peptide Location  

Literature suggests that precise control over the display of targeting ligands is 

essential to creating well-defined, effective drug delivery vehicles.74,83,84  Previous 

work by Bates and coworkers demonstrated that attaching peptides to the end of a 

polymer chain can significantly alter the self-assembly of amphiphilic block polymers 

due to peptide-peptide interactions.85  Moreover, in vivo studies of targeted drug 

delivery vehicles suggested that surface ligands can evoke an immune response and 

induce rapid clearance of the vehicles.86  The lack of well-defined self-assembly 

combined with poor in vivo performance in these reports suggests that 

end-functionalization of the polymer chains (i.e. peptides displayed at the micelle 

surface) is not an ideal strategy for creating effective targeted drug delivery vehicles.  

The other extreme is to completely shield the targeting ligand by incorporating the 

peptide at the interface between the hydrophobic and hydrophilic blocks.  However, 

Wang and coworkers demonstrated that incorporating ligands at the core-corona 

interface in polymer micelles resulted in low bioavailability, and only ~10 % of the 
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ligands were accessible to bind to the target.87  Therefore, tuning the display of the 

targeting ligand within the hydrophilic block, as depicted in Figure 10.1, will achieve 

an optimal balance between the necessary stealth and bioavailability characteristics for 

effective targeted drug delivery vehicles. 

 

Figure 10.1 Schematic representation of amphiphilic polymer-peptide conjugate 
library with location of the functional peptide linkage (stars) varied 
throughout the hydrophilic backbone. 

Chapter 9 presented a novel approach for synthetically controlling the location 

of functional peptide linkages within an amphiphilic polymer.  The utility of the 

approach was demonstrated by creating two conjugates, with: (1) the peptide linkage 

hydrophobic hydrophilic
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placed at the end of the hydrophilic block and (2) the peptide linkage placed at the 

interface of the hydrophobic and hydrophilic blocks.  However, the modular nature of 

the synthetic scheme can be exploited further to provide even greater control over the 

display of targeting ligands as depicted in Figure 10.2.  The PEO-peptide conjugation 

strategies presented in this dissertation can be combined to synthesize conjugates with 

the peptide embedded within the hydrophilic block by first pre-functionalizing the 

resin with a heterobifunctional PEO, then growing the peptide from the functional 

polymer, and finally conjugating a second PEO to the N-terminus of the peptide.  

Moreover, tuning the molecular weights of the two PEO polymers will allow for 

precise control over the peptide location within the hydrophilic backbone.  This level 

of control over ligand display will enable systematic investigations into the delicate 

balance between stealth and bioavailability necessary for effective targeted drug 

delivery. 

 

Figure 10.2 Schematic representation of polymer-peptide conjugate synthesis 
with the peptide linkage embedded within the hydrophilic backbone.  
First, the resin is functionalized with a heterobifunctional 
hydrophilic polymer, then the peptide linkage is synthesized using 
solid phase peptide synthesis (SPPS), and finally a second 
hydrophilic polymer is coupled to the N-terminus of the peptide. 

10.2.2.2 Exploring Other Block Chemistries 

A growing number of works highlight the importance of selecting the 

appropriate block polymer chemistries in the design of these materials for biomedical 

applications.  Interactions between the hydrophobic block and the drug influence both 

SPPS
-‐NH2

polymer
conjugation



 322 

the drug encapsulation efficiency as well as the drug release profile,65,67 while 

interactions between the hydrophilic block and the biological environments dictate 

that nanocarriers in vivo fate.88,89  Moreover, advances in polymer chemistry have 

greatly facilitated the synthesis of stimuli-responsive materials, allowing the assembly 

to evolve with the delivery pathway to overcome the numerous barrier to targeted drug 

delivery.61,90   

While the hydrophobic block is shielded by the corona and does not directly 

interact with the biological environment, the hydrophobic block chemistry can 

significantly influence the in vivo performance of the drug delivery vehicle.57  For 

example, Prud’homme and coworkers systematically explored the effects of the 

hydrophobic block chemistry on the in vivo and in vitro performance of polymeric 

nanostructures and showed that the amorphous/crystalline nature of the hydrophobic 

block affected the in vivo circulation times.91  Their work demonstrated nanocarriers 

containing amorphous hydrophobic blocks [such as polystyrene, poly(D,L-lactide), or 

poly(lactide-co-glycolide)] did not activate the complement system, while those 

containing crystalline polycaprolactone (PCL) hydrophobic blocks significantly 

activated the complement system depending on the PCL molecular weight.91  They 

hypothesized that the core block crystallization disrupted the hydrophilic surface 

coverage, evoking an immune response and leading to rapid clearance of the delivery 

vehicle.  Moreover, work by Heise et al. suggested that the Tg of the hydrophobic 

block affected enzymatic cleavage of the corona block in their polymeric micelles92 

and interactions between the payload and the polymeric delivery vehicle influenced 

the drug release profile.65,93  Further exploring the effects of hydrophobic block 

chemistry on drug encapsulation efficiencies, drug release profiles, and nanocarrier 
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performance in biological environments is essential for designing effective delivery 

vehicles.   

There are numerous examples of hydrophobic block chemistries used 

throughout literature; however, there is far less variety in the hydrophilic block 

selection.57  The most used hydrophilic polymer in biomedical applications is PEO 

[which is structurally equivalent to poly(ethylene glycol) (PEG)].45,57,80,89,94,95  PEO is 

well known for its ability to resist protein binding and prolong circulation times in 

vivo.  These advantageous properties of PEO have led to its clinical use in 

liposome-based chemotherapeutics and protein-polymer conjugates to treat several 

diseases.45,89,94  While there are many advantages and multiple clinical success stories 

with PEO-based therapeutics, there also several reports of hypersensitivity reactions 

after oral and intravenous administration of these therapeutics.95,96  Consequently, 

there is a growing interest in developing alternative hydrophilic polymers from 

biomedical applications.95-98  For example, recent work by the Reineke and Hillmyer 

groups developed glycopolymer-based micelles that were both biocompatible and 

stable in full serum conditions for hours.96  Also, there are several examples of 

zwitterionic polymers that show great promise as ultralow-fouling materials for 

biomedical applications.98-101  Inspired by the zwitterionic lipids found in cell 

membranes, phosphatidylcholines-based polymers have been shown to outperform 

PEO in anti-biofouling surfaces.97,98  Zwitterionic polymers bind water even more 

strongly than PEO due to electrostatically-induced interactions with water, leading to 

greatly reduced protein binding.  This promising advantage has inspired the 

development of zwitterionic polymers as low fouling materials for solid surfaces such 

as medical implants and biosensors97-101 as well as drug delivery vehicles.100  The 
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growing interest in developing PEO alternative has led to the development of 

promising hydrophilic polymer chemistries that warrant further investigation for 

biomedical applications.  

The modular synthetic scheme developed in this dissertation is easily extended 

to other polymer systems, enabling the synthesis of polymer libraries from a few basic 

building blocks as depicted in Figure 10.3.  This approach will help decouple the 

influence of the hydrophobic block, hydrophilic block, and ligand display on factors 

such as serum stability, cytotoxicity, and cellular internalization pathway.  

Understanding the influence of these nanocarrier properties on their performance in 

biomedical applications ultimately will enable the rational design of more effective 

treatment methods. 
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10.3 Schematic representation of materials library synthesized using the 

modular chemistries described in this dissertation. 

Finally, all of the polymers used in this dissertation were synthesized by 

anionic polymerization because it allows for synthesis of well-defined polymers with 

controlled molecular weights, low dispersity indices, and quantitative end-group 

functionalization.  However, this polymerization method is not compatible with 

functional monomers, limiting the block chemistries that can be explored.  Advances 

in controlled radical polymerization techniques such as reversible 

addition-fragmentation chain-transfer (RAFT) polymerization and atom transfer 

radical polymerization (ATRP) greatly expand the library of monomers that can be 

synthesized into well-defined polymers.  Functionalities for click chemistry also can 

be directly incorporated into RAFT chain transfer agents (CTA)s102 and ATRP 
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initiators,103 enabling direct synthesis of functional monomers without the need for 

additional reaction steps.  Moreover, these chemistries also facilitate the synthesis of 

stimuli-responsive materials that provide a means of triggering drug release at targeted 

sites.61,90  Advances in polymer chemistry and responsive materials coupled with the 

synthetic strategy in Chapter 9 will greatly expand the libraries of functional 

amphiphilic polymer-peptide conjugates that can be explored for use as drug delivery 

vehicles. 

10.2.2.3 Targeting Different Morphologies 

Block polymer composition directly dictates the self-assembled morphology, 

which in turn can influence the drug loading capacity, circulation times, and 

internalization efficiency.  The synthetic strategy described in this dissertation enables 

the exploration of morphology effects by simply tuning the hydrophobic block 

molecular weight (Figure 10.4).  While the majority of this dissertation has focused on 

spherical micelles, both cylindrical micelles and vesicles (also known as 

polymersomes) are known to have advantageous properties for drug delivery 

applications.  Like spherical micelles, cylindrical micelles can effectively encapsulate 

hydrophobic cargoes and can be internalized in cells.104-108  However, work by Discher 

et al. showed that flexible and highly elongated cylindrical micelles circulated in vivo 

for 10 times longer than spherical micelles.104  Similarly, polymersomes have a unique 

advantage compared to spherical micelles in that polymersomes can be used to 

simultaneously encapsulate both hydrophobic and hydrophilic cargoes.61,109-111  The 

ability to encapsulate multiple cargoes within a single carrier could enable 

simultaneous delivery of multiple drugs and/or imaging agents to a targeted site. 
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Figure 10.4 Schematic representation of controlling self-assembled morphology 
by varying the hydrophobic to hydrophilic block ratio in amphiphilic 
polymer-peptide conjugates. 

10.2.3 Probing Structure-Property Relationships in Targeted Drug Delivery 
Vehicles 

The solution assembly literature repeatedly demonstrates the importance of 

precise nanostructure characteristics on their performance in biomedical applications, 

and there is a continued need to strengthen direct links between detailed synthesis and 

equally detailed in situ nanostructure characterization.  Section 10.2.2 describes 

methods for synthesizing large material libraries; however, to fully understand the 

efficacy of these complex self-assembling materials, the specific sizes, shapes, and 

surface properties must be investigated.  The complementary methodologies for 

solution assembly characterization described in this dissertation and discussed below 

will provide necessary insights into the complex relationship between a solution 

assembly’s structure/physicochemical properties and its effectiveness as a drug 

delivery vehicle. 

Increasing hydrophobic block length

Decreasing curvature

spherical	  
micelle

bilayered
vescile

cylindrical
micelle
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10.2.3.1 Understanding Nanostructure Morphology in Biologically Relevant 
Environments 

A key remaining challenge in drug delivery is the need to understand the 

structure of the delivery material under physiologically relevant conditions.  Cartoon 

representations (including the figures in this chapter) do not capture the complexity of 

polymeric assemblies and present an idealized representation of the structure.  

Moreover, the structures can be affected significantly by the physiological 

environment, which includes high salt concentrations, high protein concentrations, and 

flow. 

There is enormous potential to gain a more comprehensive understanding of 

structure-property relationships in nanomedicines by taking advantage of SANS.  

There are only a few reports in literature that have utilized this powerful technique to 

understand polymer-drug conjugate structures,112 pH-dependent structural changes,113 

and the effects of cationic polymer structure on the efficiency of nucleic acid 

binding.114  For example, SANS studies of model polymers and mucin (a viscous 

protein coating on endothelial cells that is an effective barrier to drug delivery) 

revealed that charged polymers strongly interacted with mucin, leading to a significant 

reduction in the rate of diffusion.115  These results have important implications for 

designing polymeric delivery vehicles that target mucin-rich environments.  Similarly, 

SANS studies of polymeric assemblies in high salt conditions116,117 or in the presence 

of serum proteins118,119 can provide necessary insights into the effects of physiological 

conditions on their structure, further enabling the rational design of drug delivery 

vehicles. 
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10.2.3.2 Determining the Ligand Location within Targeted Drug Delivery 
Vehicles 

This dissertation develops methods for synthetically controlling the location of 

targeting ligands within the backbone of an amphiphilic block polymer.  However, to 

fully capitalize on these materials, the location of the peptide within the polymer 

backbone must be directly correlated with the peptide location within the 

self-assembled structure.  This correlation can be achieved by exploiting methods used 

in protein crystallography and taking advantage of anomalous X-ray scattering.  

Anomalous scatterers and/or heavy atoms, often are incorporated into protein crystals 

to help solve protein structures.120-123  Similarly, incorporating selenium-labeled amino 

acids into the peptide linkage within the polymer-peptide conjugates and taking 

advantage of anomalous small angle X-ray scattering (ASAXS) will allow for precise 

determination of the peptide linkage location within the self-assembled structure 

(Figure 10.5).   
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Figure 10.5 Schematic representation of synthesis, self-assembly, and 
characterization of amphiphilic polymer-peptide conjugates using 
anomalous small angle X-ray scattering (ASAXS).  For ASAXS 
experiments, selenium-labeled amino acids are incorporated into the 
targeting ligand, and then ASAXS experiments are performed at 
multiple X-ray energies above and below the Se K-edge.  The 
scattered intensity can then be decomposed into the non-resonant 
and resonant scattering from the entire micelle structure and 
anomalous scatterer (Se), respectively, facilitating precise 
determination of the ligand location with the self-assembled 
structure.  

Theoretical Background124 

Anomalous scattering takes advantage of the energy-dependent X-ray 

scattering factor f of an element in the vicinity of the adsorption edge, 

 𝑓 𝐸 =   𝑓! + 𝑓! 𝐸 + 𝑖𝑓!! 𝐸  (1) 

in which f0   is the atomic number and f’ and f” are the real and imaginary parts of f that 

are tabulated for most elements.  Presented in Figure 10.6 are the f’ and f” for 

Se
Se

Se
Se

Se

synthesis

self-assembly

characterization

resonant 
scattering

non-resonant 
scatteringASAXS
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selenium.125  Importantly, the K-edge of selenium (12.658 keV) is accessible by 

synchrotron X-ray sources (typical energy range, E = 7 keV to 20 keV).   

 

Figure 10.6 Energy dependent real (f’) and imaginary (f’’) parts of X-ray 
scattering factor for selenium.  The K-edge (12.658 keV) is accessible 
at synchrotron radiation sources for ASAXS experiments. 

For dilute, non-interacting systems, the scattered intensity is then given by,  

 𝐼 𝑞,𝐸 =   𝐹!! 𝑞 + 2𝑓′ 𝐸 𝐹! 𝑞 𝜐 𝑞 + 𝑓!" 𝐸 + 𝑓!!" 𝐸 𝜈! (2) 

in which F0 is the energy independent, non-resonant scattering (i.e. the usual scattering 

contrast well below the adsorption edge) and υ(r) is the energy dependent, resonant 

scattering term related to the spatial distribution of anomalous scattering units within 

the structure. 
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ASAXS on Soft Materials 

Use of ASAXS primarily has been limited to hard materials due to the low 

concentration of anomalous scatterers in soft materials.  Furthermore, the 

susceptibility of soft materials to beam damage requires carefully optimized 

experimental setups.124  Despite these challenges, ASAXS has been used to explore 

the counterion distribution in surfactant micelles124 and polyelectrolyte brushes,126 to 

understand the structure of bromine-containing polymers,127 and to probe the location 

of hydrophobic small molecules in liposomes128 and polymer micelles.129  Moreover, 

recent instrument developments at the European Synchtron Radiation Facility (ESRF) 

have optimized the high brilliance SAXS beamline ID2 for ASAXS experiments on 

soft materials.124 

To probe the targeting ligand location within the polymeric assemblies, 

commercially available Fmoc-protected selenomethionine (Anaspec, Inc.) can be 

incorporated within the peptide linkage during standard solid phase peptide synthesis.  

Recording the ASAXS measurements at multiple energies both above and below the 

K-edge of selenium (12.658 keV) will facilitate decomposition of the scattered 

intensity into the resonant and non-resonant components.124  The energy independent, 

non-resonant scattering then can be modeled with a form factor model for block 

polymer micelles, while the energy-dependent resonant scattering can be modeled 

with a form factor model for a hollow shell (Figure 10.5).  Comparing these modeling 

results will allow for precise determination of the ligand location within the self-

assembled nanostructure, which remains unattainable with other characterization 

methods. 
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10.2.4 Summary of Future Directions 

The experiments outlined above will provide insights into block polymer 

self-assembly necessary to create well-defined, reproducible nanocarriers for novel 

applications.  Specifically, further exploring the effects of solution agitation on the 

structure, dynamics, and long-term stability of polymer micelles will decouple the 

shear and/or interfacial phenomena and greatly facilitate the development of block 

polymer assemblies for applications as both aqueous nanoreactors and drug delivery 

vehicles.  Moreover, the modular synthetic scheme developed in this dissertation 

enables control over the sequence and display of targeting ligands (10.2.2.1), the 

hydrophobic and hydrophilic block chemistries (10.2.2.2), and the conjugate 

architecture and compositions (10.2.2.3), and also provides a means of incorporating 

labeled amino acids to directly correlate the polymer-peptide conjugate architecture 

with ligand display within the nanostructure (10.2.3.2).  Together, these approaches 

will build crucial structure-property relationships for biological applications of 

polymeric assemblies and guide the rational design of effective drug delivery vehicles.  

The synergistic understanding of processing conditions and block polymer properties 

on the resulting self-assembled nanostructures presented within this dissertation are an 

important next step in advancing these materials for emerging nanotechnologies. 
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Appendix A 

RADIAL CORONA PROFILE FOR SANS DATA MODEL 

As discussed in Chapters 4 and 5, the corona profile ρcorona(r) was described as 

linear combination of 2 b splines, ρ1(r) and ρ2(r), 

 

𝜌!"#"$% 𝑟 =
𝜌! 𝑟 + 𝑎𝜌! 𝑟

1+ 𝑎  

(A1) 

In which a is a fitting parameter and ρ1(r) and ρ2(r) are given by 

 

𝜌! 𝑟 =
4 𝑟 − 𝑅! − 𝑠 ! − 𝑟 − 𝑅! − 2𝑠 !

4𝑠!                 𝑓𝑜𝑟  𝑅! ≤ 𝑟 < 𝑅! + 𝑠 
 

  

𝜌! 𝑟 =
− 𝑟 − 𝑅! − 2𝑠 !

4𝑠!                 𝑓𝑜𝑟  𝑅! + 𝑠 ≤ 𝑟 < 𝑅! + 2𝑠 
  

  
𝜌! 𝑟 = 0                      𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒  

(A2) 

and 

𝜌! 𝑟 =
− 𝑟 − 𝑅! − 𝑠 !

4𝑠!                         𝑓𝑜𝑟  𝑅! ≤ 𝑟 < 𝑅! + 𝑠 
 
 

𝜌! 𝑟 = 0              𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒 
(A3) 

 

The Fourier transforms of the individual components are then given by, 
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𝑆! 𝑞 =   𝐶!"#$,!
24 cos 𝑞 𝑅! + 2𝑠

𝑞! +   
6 𝑅! + 2𝑠 sin 𝑞 𝑅! + 2𝑠

𝑞!

−
96 cos 𝑞 𝑅! + 𝑠

𝑞! −
24 𝑅! + 𝑠 sin 𝑞 𝑅! + 𝑠

𝑞!

+
4 𝑞!𝑅!𝑠! + 3𝑞!𝑅!𝑠 + 18 cos 𝑞𝑅!

𝑞!

−   
2 2𝑞!𝑠! − 9 𝑅! − 2𝑠 sin 𝑞𝑅!

𝑞!  

(A4) 

In which  

𝐶!"#$,!!! =   
𝑠! 15𝑅!! + 14𝑅!𝑠 + 5𝑠!

5  

(A5) 

and 

 

𝑆! 𝑞 =   𝐶!"#$,!
96 cos 𝑞 𝑅! + 2𝑠

𝑞! +   
24 𝑅! + 2𝑠 sin 𝑞 𝑅! − 2𝑠

𝑞!

+   
4 𝑞!𝑅!𝑠! − 6𝑞!𝑠 𝑅! − 𝑠 − 24 cos 𝑞𝑅!

𝑞!

+   
4 𝑞!𝑠! 3𝑅! − 𝑠 − 6 𝑅! − 3𝑠 sin 𝑞𝑅!

𝑞!  

(A6) 

In which 

𝐶!"#$,!!! =   
𝑠! 15𝑅!! + 6𝑅!𝑠 + 𝑠!

15  

(A7) 

The corona scattering amplitude Acorona(q) is then given by 

 

𝐴!"#"$% 𝑞 =   
𝑆! 𝑞 + 𝑎𝑆! 𝑞

1+ 𝑎  

(A8) 
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Appendix B 

CODE FOR MICELLE FORM FACTOR MODEL 

The form factor model for spherical block polymer micelles described in 

Chapters 4 and 5 was programmed in IGOR Pro to interface with the fitting 

procedures provided by NIST.  The code for the form factor model is provided below. 

 

 

 
#pragma rtGlobals=1  // Use modern global access method. 
#pragma IgorVersion=6.0 
 
//////////////////////////////////////////////////// 
// 
// This is a form factor for block polymer micelles 
// assumes hard sphere for core 
// corona density profile is a linear combination of 2 b splines 
// fuzzy interface between core and corona 
// 
//////////////////////////////////////////////////// 
 
//this macro sets up all the necessary parameters and waves that are 
//needed to calculate the model function. 
// 
Macro PlotPoly_bshell(num,qmin,qmax) 
 Variable num=200, qmin=0.001, qmax=0.7 
 Prompt num "Enter number of data points for model: " 
 Prompt qmin "Enter minimum q-value (A^-1) for model: "  
 Prompt qmax "Enter maximum q-value (A^-1) for model: " 
// 
 Make/O/D/n=(num) xwave_Poly_bshell, ywave_Poly_bshell 
 xwave_Poly_bshell =  alog(log(qmin) + x*((log(qmax)-

log(qmin))/num)) 
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//define default values for input paramter 
Make/O/D coef_Poly_bshell = {0.007, 100, 100, 0.1, 10 , 30 , 90,  0.2, 
4.11e-7, 6.38e-7, 6.33e-6, 0.05, 1000,12}    

 make/o/t parameters_Poly_bshell = {"scale", "aggregation 
number","core radius (A)","core polydispersity","interfacial width 
(A)","Rg corona (A)", "s (A) ", "a",  "SLD core (A-2)","SLD shell (A-
2)","SLD solvent (A-2)","bkgd (cm-1)","vcorona(A)","vcore(A)"}  

 Edit parameters_Poly_bshell, coef_Poly_bshell 
  
 Variable/G root:g_Poly_bshell=0 
 root:g_Poly_bshell := Poly_bshell(coef_Poly_bshell, 

ywave_Poly_bshell, xwave_Poly_bshell) 
 Display ywave_Poly_bshell vs xwave_Poly_bshell 
 ModifyGraph marker=29, msize=2, mode=4 
 ModifyGraph log=1,grid=1,mirror=2 
 Label bottom "q (A\\S-1\\M) " 
 Label left "I(q) (cm\\S-1\\M)" 
 AutoPositionWindow/M=1/R=$(WinName(0,1)) $WinName(0,2) 
  
 AddModelToStrings("Poly_bshell","coef_Poly_bshell","parameters_Po

ly_bshell","Poly_bshell") 
// 
End`  
 
// 
//this macro sets up all the necessary parameters and waves that are 
//needed to calculate the smeared model function. 
// 
//no input parameters are necessary, it MUST use the experimental q-values 
// from the experimental data read in from an AVE/QSIG data file 
//////////////////////////////////////////////////// 
// - sets up a dependency to a wrapper, not the actual SmearedModelFunction 
Macro PlotSmearedPoly_bshell(str)      

   
 String str 
 Prompt str,"Pick the data folder containing the resolution you 

want",popup,getAList(4) 
  
 // if any of the resolution waves are missing => abort 
 if(ResolutionWavesMissingDF(str))  //updated to NOT use 

global strings (in GaussUtils) 
  Abort 
 endif 
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 SetDataFolder $("root:"+str) 
  
 // Setup parameter table for model function 
 Make/O/D smear_coef_Poly_bshell =  {0.007, 100, 100, 0.1, 10 , 30 , 90 

,  0.2, 4.11e-7, 6.38e-7, 6.33e-6, 0.05, 1000,12}   
  

 make/o/t smear_parameters_Poly_bshell = {"scale", "aggregation 
number","core radius (A)","core polydispersity","interfacial width 
(A)","Rg corona (A)", "s (A) ", "a",  "SLD core (A-2)","SLD shell (A-
2)","SLD solvent (A-2)","bkgd (cm-1)","vcorona(A)","vcore(A)"} 

 Edit smear_parameters_Poly_bshell,smear_coef_Poly_bshell 
   //display parameters in a table 

  
 // output smeared intensity wave, dimensions are identical to 

experimental QSIG values 
 // make extra copy of experimental q-values for easy plotting 
 Duplicate/O $(str+"_q") smeared_Poly_bshell,smeared_qvals 
 SetScale d,0,0,"1/cm",smeared_Poly_bshell 
      
 Variable/G gs_bshell=0 

 gs_bshell := 
fSmearedPoly_bshell(smear_coef_Poly_bshell,smeared_Poly_bshell,s
meared_qvals) //this wrapper fills the STRUCT 

  
 Display smeared_Poly_bshell vs smeared_qvals 
 ModifyGraph log=1,marker=29,msize=2,mode=4 
 Label bottom "q (Å\\S-1\\M)" 
 Label left "I(q) (cm\\S-1\\M)" 
 AutoPositionWindow/M=1/R=$(WinName(0,1)) $WinName(0,2) 
  
 SetDataFolder root: 
 AddModelToStrings("SmearedPoly_bshell","smear_coef_Poly_bshell",

"smear_parameters_Poly_bshell","Poly_bshell") 
End 
 
 
// nothing to change here 
// 
//AAO version, uses XOP if available 
// simply calls the original single point calculation with 
// a wave assignment (this will behave nicely if given point ranges) 
Function Poly_bshell(cw,yw,xw) : FitFunc 
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 Wave cw,yw,xw 
  
#if exists("bshellX") 
 yw = Poly_bshellX(cw,xw) 
#else 
 yw = fPoly_bshell(cw,xw) 
#endif 
 return(0) 
End 
 
 
// calculates intensity for a  
// for a single q-value  
 
//~~~~~~~~~~~~~~~~~~~~~~~ 
// unsmeared model calculation 
//~~~~~~~~~~~~~~~~~~~~~~~ 
 
Function fPoly_bshell(w,x) : FitFunc 
 Wave w 
 Variable x 
    
 // variables are:        
 //[0] scale 
 //[1] aggregation number 
 //[2] core radius (A) 
 //[3] core polydispersity (sigma) 
 //[4] Interfacial width (A) 
 //[5] Rg of corona chain 
 //[6] s determines width of corona profile 
 //[7] a fitting parameter for weighting of b splines 
 //[8] SLD core (A-2) 
 //[9] SLD corona (A-2) 
 //[10] SLD solvent (A-2) 
 //[11] background (cm-1) 
 //[12] volume of corona block (A3) 
 //[13] volume of core block (A3) 
  

Variable scale,NN, rc,sigma, iw, rg, ss, aa, sldcor, sldshell, sldsol, bgd, 
vcorona, vcore 

 scale = w[0] 
 NN = w[1] 
 rc = w[2] 
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 sigma = w[3] 
 iw = w[4] 
 rg = w[5] 
 ss = w[6] 
 aa = w[7] 
 sldcor = w[8] 
 sldshell = w[9] 
 sldsol = w[10] 
 bgd = w[11]  
 vcorona = w[12] 
 vcore = w[13] 
  
 // define width of Schultz distrbution in terms of polydispersity  
 variable zz 
 zz = (1/sigma)^2-1  
  
 Variable qq 
 //rename the input q-value, purely for readability 
 qq = x  
  
 //~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 //incorporation of polydispersity  
 //integrate from factor over a schultz distribution in core radii 
 //~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 
 Variable a, b, la, lb 
 Variable ii, zi, nord, yy, summ, intensity 
 String weightStr, zStr  
  
 // setup Gaussian quadrature integration 
  
 nord = 20  //select number of Gaussian points 
  
 weightStr = "gauss"+num2str(nord)+"wt" 
 zStr = "gauss"+num2str(nord)+"z" 
  
 if (WaveExists($weightStr) == 0) // wave reference is not valid,  
  Make/D/N=(nord) $weightStr,$zStr 
  Wave gauWt = $weightStr 
  Wave gauZ = $zStr  // wave references to pass 
  if(nord==20) 
   Make20GaussPoints(gauWt,gauZ) 
  else 
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   Make76GaussPoints(gauWt,gauZ) 
  endif  
 else 
  if(exists(weightStr) > 1)  

  Abort "wave name is already in use"  //executed 
only if name is in use elsewhere 

  endif 
  Wave gauWt = $weightStr 
  Wave gauZ = $zStr  // create the wave references 
 endif 
  
 // establish limits of integration 

 // limits are technically 0 --> infinity, but choose non-zero regions of 
distribution 

  
 // multiples of standard deviation from mean 
 Variable range = 4   
 

// lower integration limit in terms of core radii 
 a = rc*(1-range*sigma)  
  
  if (a<0) 
   a = 0 
  endif   
   
  if (sigma >0.3) 
   range = 3.4 + (sigma-0.3)*18  

//otherwise numerical error when sigma >0.3, making a <0 
  endif 
   
 b = rc*(1 + range*sigma)  //upper limit of integration  
  
 la = a 
 lb = b 
  
 // evaluate integral at Gauss points  
 summ = 0.0   //initialize integral  
  
 for(ii=0;ii<nord;ii+=1) 
 
// calculate Gauss points on integration interval (r-value for evaluation) 
  zi = ( gauZ[ii]*(lb-la) + lb + la )/2.0   
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  // call integrand function    
yy = gauWt[ii] * formfactor_bshell(qq, zi, rc, NN, sigma, iw, rg, ss, aa, 
sldcor, sldshell, sldsol,zz, vcorona,vcore) 

   
//add to the running total of the quadrature  

summ += yy   
 
    endfor  
        
    // calculate value of integral to return 
 intensity = (lb-la)/2.0*summ 
   
 //normalize by micelle mass 

//micelle mass = aggregation number* volume of 1 polymer chain * 
specific density of polymer chain 

  
//must input polymer density here 

 variable mm, rho 
 rho = 1 //change this line to be polymer density 
 mm = NN*(vcore+vcorona)*rho 
  

//Units of mm here have ended up as  A^3 g cm^-3 
 //Unit of intensity are A^2 before mass normalization 
 intensity /= mm 
 //Units of intensity are now A-1 g^-1 cm^3 
  
 //convert to g^-1 cm^2 
 intensity  *=  1.0e8 
  
 //scale - concentration in g cm^-3 
 intensity *= scale 
 //intensity is now in cm^-1 
  
 //add bkg 
 intensity += bgd 
  
 return(intensity) 
 End 
  
  
//~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
//calculates form factor for spherical micelles 
//~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Function formfactor_bshell(qq, ri, rc, NN, sigma, iw, rg, ss, aa, sldcor, sldshell, 
sldsol,zz, vcorona,vcore) 
  

Variable qq, ri, rc, NN, sigma, iw, rg, ss, aa, sldcor, sldshell, sldsol,zz, 
vcorona,vcore  // variables passed in 

  
 //note ri = current radii in integration 
  
 //scattering from core 
 Variable siq, coq, qr, acore 
  
 qr = qq*ri 
 siq = sin(qr) 
 coq = qr*cos(qr)  
 acore = 3*(siq-coq)/(qr^3)*exp(-0.5*qq*qq*iw*iw) 
  
 //corona chain self-correlation term  
 //equation 3 
 variable Pc, xpc 
  
 xpc = qq*qq*rg*rg 
 Pc = 2*(exp(-xpc) - 1 + xpc)/(xpc^2) 
  
 //scattering from corona 
 //assumes radially decreasing denisty profile in corona 
 //density profile modeled as linear combination of 2 cubic b splines 
 //see Appendix A for equations 
  
 variable sc1, sc11, sc12, sc13,sc14, sc15, sc16, c1norm 
  
 //equation A4 in Bang et al.  
 sc11 = 24*cos(qq*(ri + 2*ss))/qq^6 
 sc12 = 6*(ri + 2*ss)*sin(qq*(ri + 2*ss))/qq^5 
 sc13 = 96*cos(qq*(ri + ss))/qq^6 
 sc14 = 24*(ri + ss)*sin(qq*(ri + ss))/qq^5 
 sc15 = 4*(qq^4*ri*ss^3 + 3*qq^2*ri*ss + 18)*cos(qq*ri)/qq^6 
 sc16 = 2*(2*qq^2*ss^3 - 9*(ri - 2*ss))*sin(qq*ri)/qq^5 
  
 c1norm = ss^4*(15*ri^2 + 14*ri*ss + 5*ss^2) 
 c1norm = 5/c1norm 
  
 sc1 = c1norm*(sc11 + sc12 - sc13 - sc14 + sc15 - sc16) 
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 variable sc2, sc21, sc22, sc23, sc24, c2norm 
  
 //equation A6 in Bang et al.  
 sc21 = 96*cos(qq*(ri + ss))/qq^6  
 sc22 = 24*(ri + ss)*sin(qq*(ri + ss))/qq^5 
 sc23 = 4*(qq^4*ri*ss^3 - 6*qq^2*ss*(ri - ss)  - 24)*cos(qq*ri)/qq^6 
 sc24 = 4*(qq^2*ss^2*(3*ri - ss) - 6*(ri - 3*ss))*sin(qq*ri)/qq^5 
  
 c2norm = ss^4*(15*ri^2 + 6*ri*ss + ss^2) 
 c2norm = 15/c2norm 
  
 sc2 = c2norm*(sc21 + sc22 + sc23 + sc24) 
  
 variable acorona 
 
 //equation A8 
 acorona = (sc1 + aa*sc2)*exp(-qq*qq*iw*iw/2)/(1 + aa)  
 
  
 //calculated volumes of core and corona chains 
 //needed for scattering contrast 
  
 //calculating scattering contrasts 
 variable bcore, bcorona 
 bcore = vcore*(sldcor - sldsol) 
 bcorona = vcorona*(sldshell - sldsol) 
  
  

//form factor 
  
 variable PP 
 
 //core cross term 
 PP = NN*NN*bcore*bcore*acore*acore     

   
//shell cross term 

 PP += NN*(NN - 1)*bcorona*bcorona*acorona*acorona   
 
 //core-shell cross term 
 PP += 2*NN*NN*bcore*bcorona*acore*acorona   
 
 //shell chain cross terms 
 PP += NN*bcorona*bcorona*Pc  
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 //calculate Schultz distribution at ri 
 variable dr 
 dr = Schultz_Point(ri, rc, zz) 
  
 return (PP*dr)  
  
 End   
 
//~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
// calculates Schultz distribution at r 
//~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
 
Function Schultz_Point(x, avg, zz) 
 
Variable x,avg,zz 
Variable dr 
 
dr = zz*ln(x) - gammln(zz+1) + (zz+1)*ln((zz+1)/avg) - (x/avg*(zz+1)) 
 
return(exp(dr)) 
 
End 
 

 
/////////////////////////////////////////////////////////////// 
// smeared model calculation 
// 
// you don't need to do anything with this function, as long as 
// your bshell works correctly, you get the resolution-smeared 
// version for free. 
// 
// this is all there is to the smeared model calculation! 
Function SmearedPoly_bshell(s) : FitFunc 
 Struct ResSmearAAOStruct &s 
 
// the name of your unsmeared model (AAO) is the first argument 
 Smear_Model_20(Poly_bshell,s.coefW,s.xW,s.yW,s.resW) 
 
 return(0) 
End 
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/////////////////////////////////////////////////////////////// 
//wrapper to calculate the smeared model as an AAO-Struct 
// fills the struct and calls the ususal function with the STRUCT parameter 
// used only for the dependency, not for fitting 
 
Function fSmearedPoly_bshell(coefW,yW,xW) 
 Wave coefW,yW,xW 
  
 String str = getWavesDataFolder(yW,0) 
 String DF="root:"+str+":" 
  
 WAVE resW = $(DF+str+"_res") 
  
 STRUCT ResSmearAAOStruct fs 
 WAVE fs.coefW = coefW  
 WAVE fs.yW = yW 
 WAVE fs.xW = xW 
 WAVE fs.resW = resW 
  
 Variable err 
 err = SmearedPoly_bshell(fs) 
  
 return (0) 
End 
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Appendix C 

SANS DATA AND FITS FOR BLOCK POLYMER MICELLES IN 
COSOLVENT MIXTURES 

Presented in this appendix are the SANS data and corresponding fits for all of 

the PB-PEO and PB-dPEO micelles in water/THF cosolvent mixtures studied in 

Chapter 5.  Data for cosolvent compositions < 30 vol% THF were modeled with the 

form factor for block polymer micelles described in Chapters 4 and 5, 40 vol% to 

72 vol% THF were modeled with a linear combination of form factors for block 

polymer micelles and free chains (modeled as polydisperse Gaussian coils), and > 75 

vol% THF were modeled as Gaussian chains.  The modeling is described in detail in 

Chapter 5, and the fitting parameters are presented in Table 5.1.  Additional fitting 

parameters for the corona density profile are summarized in Table C1.   
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Figure C1 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 0 vol% THF cosolvent mixture (pure water). 

 

Figure C2 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 2.5 vol% THF cosolvent mixture. 
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Figure C3 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 5 vol% THF cosolvent mixture. 

 

Figure C4 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 10 vol% THF cosolvent mixture. 
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Figure C5 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 15 vol% THF cosolvent mixture. 

 

Figure C6 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 20 vol% THF cosolvent mixture. 
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Figure C6 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 30 vol% THF cosolvent mixture. 

 

Figure C7 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 40 vol% THF cosolvent mixture. 
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Figure C8 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 50 vol% THF cosolvent mixture. 

 

Figure C9 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 60 vol% THF cosolvent mixture. 
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Figure C10 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 70 vol% THF cosolvent mixture. 

 

Figure C11 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 72 vol% THF cosolvent mixture. 
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Figure C12 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 75 vol% THF cosolvent mixture. 

 

Figure C13 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 77 vol% THF cosolvent mixture. 
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Figure C14 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in an 80 vol% THF cosolvent mixture. 

 

Figure C15 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in a 90 vol% THF. 
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Figure C16 SANS data (points) and fits (lines) for PB-PEO and PB-dPEO 
micelles in pure THF cosolvent mixture. 

Table C1 SANS model fit parameters for micelle corona profile  

THF content 
(vol%) 

Fit parameters  
s1 a2 

0 273.4 5E4 
5 131.8 0.17 
10 125.5 0.15 
15 121.8 0.15 
20 118.6 0.25 
30 103.2 0.13 
40 94.9 0.05 
50 83.8 0.01 
60 80.3 0.01 
70 82.9 0.01 
72 86.5 0.6 

1Controls the width of the profile 
2Controls the weighting of the b splines 
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Appendix D 

PB HOMOPOLYMER SOLUBILITY IN COSOLVENT MIXTURES 

The solubility of PB-OH homopolymer (3.2 kg mol-1) in water/THF cosolvent 

mixtures was studied by UV-Vis absorbance.  The final polymer concentration was 

0.73 mg mL-1 polymer in solvent.  The polymer was stirred in various H2O/THF 

cosolvent mixtures for 3 days before analysis.   

Plotted in Figure D1 is the measured absorbance at 600 nm vs. the THF content 

in the cosolvent mixture.  The high absorbance values at lower THF contents 

(<75 vol% THF) indicated that the solution was turbid and that the polymer was not 

dissolved.  The sharp decrease in absorbance supported that the homopolymer was 

soluble in cosolvent mixtures containing > 75 vol% THF. 
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Figure D1 Absorbance measurements for PB homopolymer in H2O/THF 
mixtures.  Error bars represent the standard deviation of 
measurements from three different polymer solutions. 
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Appendix E 

COMPARISON OF SANS DATA FITTING RESULTS FOR A BIMODAL 
DISTRIBUTION OF MICELLE SIZES 

SANS experiments were performed to confirm the bimodal distributions noted 

in the cryo-TEM image analysis in Chapter 7.  For the SANS experiments, the micelle 

coronas were contrast-matched to the solvent (D2O) by blending PB-PEO and 

PB-dPEO polymers.  Therefore, the scattering was only from the micelle cores, which 

simplified the data modeling and allowed for direct comparison with the cryo-TEM 

results.  The data were fit with models for monomodal and bimodal distributions of 

Schulz spheres to determine which distribution better described the data (Figure E1).  

For both models, the sphere volume fractions, radii, and polydispersity in radii were 

fit, and the incoherent background and scattering length densities of the core block and 

solvent were held constant.  The bimodal Schulz distribution was a better fit to all data 

sets, as demonstrated by the lower χ2 values and the better agreement between the data 

and the model fits in the mid-q region (0.02 Å-1 ≤ q ≤ 0.1 Å-1).  The corresponding 

core radii distributions from the SANS data analysis were in good agreement with the 

distributions from cryo-TEM. 
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Figure E1 SANS data and fits using a monomodal or bimodal distribution.  
SANS data (points) and monomodal or bimodal fits (solid lines) for 
micelle solutions at initial polymer concentrations of (a) 2 mg mL-1, 
(b) 5 mg mL-1, and (c) 10 mg mL-1.  Insets correspond to number 
frequency distributions of core radii for a monomodal (left) and 
bimodal (right) Schulz distribution of spheres.  For each solution, 
THF content was 43 % by volume prior to dialysis into pure D2O, 
and data were collected 11 d following dialysis.  Arrows highlight 
distinguishing features between the monomodal and bimodal fits to 
the scattering curve. 
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Appendix F 

POLYMER END-GROUP CHEMISTRIES 

Carboxylic Acid-Functionalized Poly(butadiene-b-ethylene oxide)    
[PB-PEO-COOH] 

PB-PEO polymers were end-functionalized with a carboxylic acid by 

terminating the anionic polymerization with succinic anhydride as depicted in 

Figure F1.1 

 

Figure F1 Synthetic scheme for PB-PEO-COOH. 

Experimental  

Before use, succinic anhydride (> 99%, Sigma Aldrich) was purified by 

recrystallization from chloroform.  The crystals were recovered by filtration, rinsed 

with chloroform, and then vacuum dried. 

PB-PEO polymers were synthesized using anionic polymerization as described 

in detail in Chapter 2.  After polymerization of the ethylene oxide, 5 molar equivalents 

of succinic anhydride was dissolved in dry tetrahydrofuran and added to the living 

chain ends.  The reaction was allowed to proceed overnight at 40 °C, during which 

time the reaction mixture changed from light blue/gray to deep blue/purple in color.  

PB-PEO-COOH

succinic 
anhydride
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The reaction then was terminated with acidic methanol (~1M, 25 mL) and turned light 

yellow.  The reactor was vented for 2 h to remove any residual ethylene oxide.  

Subsequently, the final polymer was purified as described in Chapter 2 and 

characterized using size exclusion chromatography (SEC) and proton nuclear 

magnetic resonance (1H NMR) spectroscopy. 

 

Results 

 The successful end-functionalization of PB-PEO-COOH was confirmed with 
1H NMR spectroscopy (Figure F2).  Typically, the functionalized reaction was 

between 70 – 90% efficient. 
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Figure F2 Representative 1H NMR spectrum confirming successful synthesis of 
PB-PEO-COOH.  Note that the PEO peak was clipped for clarity. 

Bromide-Functionalized Poly(butadiene-b-ethylene oxide) [PB-PEO-Br] 

PB-PEO polymers were end-functionalized with a bromide group using 

bromoisobutyryl bromide (BIBr), as depicted in Figure F3.2 
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Figure F3 Synthetic scheme for PB-PEO-Br. 

Experimental   

Before use, dichloromethane (DCM) was sparged with argon, dried over 

calcium hydride overnight, filtered, and then vacuum distilled. 

In a typical reaction, ~0.4 g of PB-PEO-OH polymer was dissolved in ~5 mL 

of dry DCM, and 10 molar equivalents of triethylamine (TEA) was added to the 

polymer solution.  The solution was sparged with argon for ~20 min, and then cooled 

on an ice bath.  Then, 10 molar equivalents of BIBr were dissolved in ~1 mL of dry 

DCM and were added to the polymer solution dropwise over 30 min.  The ice bath 

was removed, and the reaction mixture was allowed to warm to room temperature.  

The reaction was stirred at room temperature for 24 h and then terminated by addition 

of H2O.  The solution was filtered to remove the amine-hydrobromide salt that formed 

during the reaction and then the polymer was washed with saturated sodium 

bicarbonate solution and water.  DCM was removed by rotary evaporation and the 

polymer was analyzed with 1H NMR spectroscopy.   

Results 

The successful bromination of PB-PEO was confirmed using 1H NMR 

spectroscopy (Figure F4).  Typically, the reaction efficiency was ~90%, which is 

consistent with reports in literature that range from 85-100%.  Note that it is important 

PB-PEO-Br

bromoisobutryl
bromide (BiBr)
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to use dry solvent and to slowly add the bromoisobutryl bromide to increase the 

conversion. 

 

Figure F4 1H NMR spectra confirming successful synthesis of PB-PEO-Br.  
Note that the PEO peak was clipped for clarity. 

Azide-Functionalized Poly(butadiene-b-ethylene oxide) [PB-PEO-N3] 

PB-PEO-N3 was synthesized using the two-step functionalization scheme 

presented in Figure F5 and described in Chapter 9.  First the PB-PEO-OH was reacted 
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with methansulfonyl chloride (mesyl chloride) and subsequently sodium azide to fully 

end-functionalize the polymer with an azide.  However, excess sodium azide could not 

be removed from the final product by precipitating the polymer into methanol (the 

polymer will not precipitate in alcohols); therefore, and additional reaction was 

performed to sequester the excess reagent.3 

 

Figure F5 Scheme for two-step synthesis of PB-PEO-N3. 

Experimental  

Reaction with mesyl chloride In a typical reaction, ~0.3 g of PB-PEO-OH was 

dissolved in ~2.5 mL of DCM, and 10 molar equivalents of TEA was added to the 

solution.  The solution was sparged with argon for 20 min and then cooled on an ice 

bath.  Subsequently, 10 molar equivalents of mesyl chloride was dissolved in ~0.5 mL 

of DCM, and this solution was added dropwise to the polymer solution over ~30 min.  

The reaction mixture was removed from the ice bath and allowed to warm to room 

temperature.  The reaction was allowed to proceed overnight.  The product was diluted 

with DCM and washed with cold water, dilute acid water, saturated sodium 

bicarbonate, and finally brine solution.  The DCM was removed by rotary evaporation, 

PB-PEO-N3PB-PEO-OH

1

2

methanesulfonyl
chloride

sodium azide
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and the final polymer product was dissolved in benzene and freeze-dried to remove 

any residual solvent. 

 

Reaction with sodium azide The dimethylformamide (DMF) for the reaction first 

was dried using standard procedures.4  The solvent was by degassed with argon, 

stirred over calcium hydride overnight, filtered, and then vacuum distilled.   

In a typical reaction, ~0.1 g of PB-PEO-mesyl and 5 molar equivalents of 

sodium azide were dissolved in ~1.2 mL of dry DMF.  The solution was sparged with 

argon for 20 min and then heated to 50 °C.  The reaction was allowed to proceed 

overnight.  Subsequently, the excess sodium azide was sequestered by adding 10 

molar equivalents of bromopropionic acid dissolved in dry DMF.  The reaction was 

stirred overnight at room temperature.  Subsequently, the DMF was removed by 

vacuum distillation at 50 °C.  The polymer was dissolved in DCM and purified as 

described above.   

 

Results 

The successful synthesis of PB-PEO-N3 (Mn = 12.0 kg mol-1, wPEO = 0.66) was 

determined by 1H NMR spectroscopy and SEC, presented in Figures F6 and F7, 

respectively.  Integration of the chemical shifts corresponding to the mesyl end-group 

(~4.4 ppm and ~3.2 ppm) indicated the hydroxyl end-group was completely converted 

to the mesyl.  The complete disappearance of these peaks after the reaction with 

sodium azide indicated that the final functionalization reaction also was quantitative, 

and SEC supported that the functionalization reactions did not lead to cross-linking or 

degradation of the polymer.  
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Figure F6 1H NMR of PB-PEO-OH, PB-PEO-mesyl intermediate, and 
PB-PEO-N3 final product.  Note that the PEO peak was clipped for 
clarity. 
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Figure F7 SEC trace for PB-PEO-N3.  Calculated dispersity is based on 
polystyrene standards. 
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Appendix G 

POLYMER-PEPTIDE CONJUGATION CHEMISTRIES 

On-resin Synthesis of PB-PEO-Peptide Conjugates 

Amphiphilic polymer-peptide conjugates were synthesized via an on-resin 

conjugation reaction as described in Chapter 9 and presented in Figure G1.  While this 

scheme results in well-defined polymer-peptide conjugates, it is as less versatile 

method than the chemistries presented in Chapter 9 as it requires the synthesis and 

functionalization of multiple block polymers.  Moreover, the on-resin conjugation 

efficiencies typically were low (< 30 %) for the high molecular weight block 

polymers. 

 

Figure G1 Schematic representation of PB-PEO-peptide synthesis via on-resin 
conjugation. 

Experimental 

PB-PEO-COOH (Mn = 11 kg mol-1, wPEO = 0.60, 87% end-functionalized) was 

synthesized as described in Appendix F, and was conjugated to the N-terminus of the 

peptide-‐NH2

R n

PB-‐PEO-‐COOH peptide-‐PEO-‐PB

-NH2

-COOH
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peptide on-resin as depicted in Figure G1.  PB-PEO-COOH (2 eq) was activated with 

(benzotriazol-1-yloxy) tripyrrolidinophophonium hexafluorophosphate (PyBOP, 2 eq) 

and diisopropylethylamine (DIPEA, 4 eq) in a 5:1 (v:v) mixture of methylene chloride 

(DCM) and N-methyl-2-pyrrolidone (NMP).  The polymer solution was added to 

peptide-loaded resin (peptide sequence: N-GRGDSPGGEGPQGIWGQKG-C), and the 

reaction was mixed for 96 h at room temperature.  Note that additional solvent was 

added every 12 h to keep the resin fully covered.  Then, the resin was filtered to 

remove the reaction solution and washed extensively with DCM to remove any 

unreacted polymer. 

The on-resin conjugation reaction was monitored using the 2,4,6-

trinitrobenzene sulfonic acid (TNBS) assay for primary amines,  in which TNBS 

reacts with a primary amine to yield a trinitrophenyl derivative that is orange in 

color.1-3  In this work, the amine content on the resin was quantified by first reacting 

the resin with a known excess of TNBS.  The resin beads were removed from solution, 

and then the excess TNBS was reacted with an excess of glycine.  The absorbance of 

this glycine solution was compared against a standard curve to determine the 

concentration of TNBS after reaction with the resin, and the amine content of the resin 

then was back-calculated.   

 

Results 

The on-resin polymer-peptide conjugation reaction was monitored using an 

adaptation of the TNBS assay for free amines.  The successful polymer-peptide 

conjugation can be seen qualitatively in Figure G2, where the transition from dark 

orange resin beads before reaction to yellow after reaction with PB-PEO-COOH was 
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indicative of a decrease in free amine content.  Quantification of this assay suggested 

the conjugation efficiency was ~ 30%.1-3  

 

 

Figure G2 Images from the TNBS assay of the peptide-loaded resin beads (a) 
before and (b) after reaction with PB-PEO-COOH. 

  

a b
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Micelle Functionalization Using Aqueous Click 

Polymer micelles were functionalized with a targeting peptide using aqueous 

click as depicted in Figure G3.4  Using this approach, a library of micelles with 

varying ligand densities is easily created, decoupling the effects of assembly size and 

ligand density on the performance as a drug delivery vehicle.  However, this approach 

only allows for surface functionalization of the micelles and does not control the 

display of targeting ligands within the micelle corona. 

 

Figure G3 Schematic representation of micelle functionalization using an 
aqueous copper-catalyzed azide-alkyne cycloaddition (click) 
reaction. 

Experimental 

PB-PEO-N3 (Mn = 12.5 kg mol-1, wPEO = 0.66, 100% functionalized) was 

synthesized as described in Appendix F.  Micelles were formed by dissolving the dry 

polymer powder in water and stirring the resulting solution for 3 days.  The final 

solution contained 5 mg mL-1 polymer in water. 

Alkyne-functionalized peptide containing a matrix metalloproteinase cleavage 

site and RGD binding sequence (N-GEGPQGIWGQKGGRGDSPGG(alkyne)-C, 
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1934 g mol-1, > 99% pure) was synthesized as described in Chapter 9.  The peptide 

was dissolved in water and added to the micelle solution such that there was a 2:1 

peptide to polymer ratio.  Stock solutions of the copper salt and ligand were prepared 

in water and added to the micelle solution giving a final concentration of 1.1 mM 

copper sulfate and 5.5 mM sodium ascorbate in solution.  The reaction was stirred for 

24 h at room temperature.  Subsequently, an excess of ethylenediaminetetraacetic acid 

(EDTA, final concentration ~ 6 mM) was added to the solution to chelate the copper.  

The micelle solution was transferred to dialysis tubing (12 – 14 kDa cutoff, Spectra 

Por) and extensively dialyzed against water to remove the excess peptide. 

A portion of the final product was dried and for additional characterization 

using SEC and the TNBS assay.  For the SEC experiments, the PB-PEO-peptide 

conjugate was dissolved in tetrahydrofuran (THF) at a concentration of 1 mg mL-1.  

For the TNBS assay, the polymer-peptide conjugate was dissolved in 0.1 M sodium 

bicarbonate buffer, pH 8.5.  The solution was stirred for 3 d before analysis.   

 

Results 

Following the functionalization reaction, the PB-PEO-peptide micelles were 

dried and resuspended in THF for SEC analysis.  As seen in Figure G4, the SEC trace 

shows a clear shift to longer elution times for the PB-PEO-peptide conjugate 

compared to the polymer precursors.  Functionalizing the polymer with a peptide 

would increase the molecular weight of the product, which should shift the peak to 

shorter elution times.  The distinct shift to longer elution times seen here indicates that 

the peptide very strongly interacts with the column packing and suggests that 

successful polymer-peptide conjugate synthesis cannot be confirmed with SEC.  
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Figure G4 SEC data for PB-PEO-N3 precursor and PB-PEO-peptide 
conjugates.  SEC experiments were performed using THF as a 
mobile phase. 

Because the SEC results were inconclusive, the polymer-peptide conjugates 

were characterized with the TNBS assay for primary amines.  PB-PEO-N3 and 

PB-PEO-peptide assemblies were prepared in 0.1 M sodium bicarbonate buffer 

(pH 8.5) for the assay and then incubated with TNBS.  The maxima in the UV-Vis 

spectrum of the PB-PEO-peptide conjugate at ~350 nm and ~420 nm were 

characteristic of the trinitrophenyl derivative and confirmed the successful 

functionalization reaction (Figure G5).  Moreover, the results suggested that the 

peptide was accessible to the small molecule and likely was not aggregated or buried 

within the assembly. 
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Figure G5 UV-Vis spectra from the TNBS assay of the PB-PEO-N3 precursor 
and the PB-PEO-peptide conjugate.  The trinitrophenyl derivative 
control was prepared by incubating TNBS with a 200 µM glycine 
solution.   

Aqueous solutions of PB-PEO-N3 and PB-PEO-peptide conjugate assemblies 

also were characterized by dynamic light scattering (DLS).  Before the 

functionalization reaction, the polymer formed relatively monodisperse micelles with 

an <RH> ~ 63 nm (PB-PEO-N3 in water, Table G1).  After the functionalization 

reaction, the micelle sizes were relatively unchanged (PB-PEO-peptide in water, Table 

G1).  However, the amphiphilic polymers showed markedly different behavior after 

being dried and resuspended in a buffer solution.  The PB-PEO-N3 precursor still 

formed relatively monodisperse assemblies with <RH> ~ 65 nm, while the 

PB-PEO-peptide conjugates formed large, polydisperse assemblies.  This result 

implies that the peptide significantly alters the self-assembly behavior of the 

amphiphilic block polymer, and suggests that both careful synthesis and detailed 
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structural characterization of polymer-peptide conjugates are necessary to create 

well-defined assemblies for drug delivery applications.5 

Table G1 Summary of DLS characterization results for functionalized micelles 

Sample Solvent <RH> (nm) Poly 

PB-PEO-N3 
water 63 0.259 

buffer* 65 0.223 

PB-PEO-peptide water 58 0.235 
buffer* 192 0.349 

*0.1 M sodium bicarbonate buffer at pH 8.5 
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