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ABSTRACT 

 Amphiphilic diblock copolymers, which form micelle structures in selective 

solvents, offer a great advantage of tunability in physical characteristics as 

compared to low molecular weight surfactants. Block copolymer micelles in 

aqueous solvents are a subject of great interest in drug delivery applications for 

their high loading capacity and targeted drug delivery. We aim to understand the 

kinetic and thermodynamic processes which underlie the self-assembly of diblock 

copolymer micelle systems. The present work focuses on diblock copolymers 

containing blocks of poly(ethylene oxide) (a hydrophilic polymer) and 

polycaprolactone (a hydrophobic polymer), which spontaneously self-assemble 

into spherical micelles in water. Addition of a common good solvent (co-solvent) 

for both of the constituting blocks, such as tetrahydrofuran (THF), reduces the 

interfacial tension at the core-corona interface. We are currently investigating the 

effect of this phenomenon on the micelle structural properties and their 

dynamics, using the neutron scattering experiments. Structural parameters of 

interest include hydrodynamic radius, core radius, corona thickness, aggregation 

number, and the degree of swelling of the micelle core with the co-solvent. In 

addition, dynamic property of interest is the characteristic time scale of single 

chain exchange (unimers) between the micelles. Both structural and dynamic 

parameters are examined as the interfacial tension at the core-corona interface is 

varied through changing the co-solvent concentration.   
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CHAPTER 1 

INTRODUCTION 

Surfactants are amphiphilic molecules which spontaneously self-

assemble when dissolved in a selective solvent, resulting in different micellar 

morphologies, and sizes varying from the nm to μm range1. The realization that 

surfactants can be used to mimic biological structures like cell membranes, 

enzymes and liposomes has generated considerable interest in exploration of 

these materials2. Presently the domain of surfactant applications has extended 

far beyond biological mimics in engineering detergents, enzymes, emulsions, 

catalysis, and as potential drug delivery vehicles. 

Diblock copolymers are a class of such amphiphilic molecules, 

composed of two distinct polymer chains (i.e., blocks) joined together by a 

covalent bond (Figure 1.1a). Polymeric micelles have many advantages over 

conventional low molecular weight surfactants as they have more robust and 

tunable structures, low critical micelle concentrations (CMCs), and higher 

loading capacity. Additionally, their exchange kinetics occur over more relevant 

time scales which can be tuned over a wide range (milliseconds-hours)1, 3.  

Controlling the molecular characteristics of the two blocks in the diblock 

copolymer provides a method of designing amphiphilic molecules with specific 

properties. Factors that affect the self-assembly can be broadly divided in two 

categories: polymer-related properties and solvent conditions. Polymer-related 

properties are a result of the chosen polymer synthesis parameters including 

the molecular weight of the copolymer, ratio of the two blocks, chemical 
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composition, and the polymer architecture. Solvent conditions include the 

selected solvent or the co-solvent mixtures, temperature, pH, and the presence 

of additives (ions and surfactants)4. The resulting self-assembled structures can 

assume different morphologies, for example, spherical micelles (Figure 1.1b), 

cylindrical micelles, or vesicles, depending on these parameters3.  

 

 

 

 

 

 

The driving force behind the micellization process is the minimization of 

the micelle free energy. Three main contributions to this free energy are: free 

energy of the core, chain stretching of the corona and free energy of the core-

corona interface4c, 5. Several studies have focused on determining the 

conditions and parameters that control the self-assembly of polymeric micelles. 

Both tuning factors, polymer-related and solvent conditions, effect one or more 

of these three terms. Of these factors, changing the solvent condition is a facile 

way of altering the interfacial energy, and hence tuning the system for a given 

set of polymer characteristics and architecture6.  

 

Figure 1.1. (a) Illustration of an amphililic diblock copolymer & (b)  
         Illustration of a spherical micelle structure. 

 

Core

Diblock coplymer

Corona

(a) (b)



3 
 

1.1. Modifying micelle dimensions and structure by tuning interfacial 

tension 

Tuning the solvent quality, and therefore the interfacial tension, is a 

convenient method to manipulate the micelle structure and size. This idea has 

been employed in work by Einsenberg and co-workers, who demonstrated the 

reversible transition in size of  poly(styrene-b-acrylic acid) (PS-PA) vesicles in 

dioxane/water and dioxane/tetrahydrofuran (THF)/water mixtures4a. Changing 

the ratio of dioxane to THF, and changing the water content controlled the 

vesicle size. Increasing the THF content in THF/dioxane mixtures led to smaller 

sizes in vesicles. Adding water to dioxane-rich solutions led to an increase in 

size, but no significant effect was found of water addition to THF rich solutions. 

Therefore, they were successful in creating a vesicle system that is sensitive to 

changes in water content. Additives such as NaOH, HCl or NaCl, also worked 

to effect the electrostatic repulsions among the corona of PA chains, and 

hence, a change in aggregation properties.   

In a study by Lund and co-workers, they investigated the role of addition 

of dimethylformamide (DMF) as a co-solvent in poly(ethylene-co-propylene-b-

ethylene oxide) (PEP-PEO) block copolymer micelles7. Their main findings 

were the reduction in aggregation number of these micelles with increasing 

content of DMF, along with reduction in the micelle size. Also, no significant 

change was found in the radius of gyration (Rg) of pure PEO chains alone in 

pure water and in water/DMF mixtures, indicating that the Rg for PEO chains 

was not considerably affected if the corona block selective solvent is added. 
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Continuing to address the importance of role of interfacial tension on 

micelle core-corona interface, work by Epps group, showed how the micelle 

core size and corona thickness could be controlled with co-solvent (THF) 

addition6c. By minimizing the scattering contributions from corona, they 

elucidated the change in core-corona interfacial thickness with co-solvent 

addition. High THF content led to a broader core-corona interface. Another 

important conclusion was the presence of swollen micelle cores, such that the 

co-solvent composition in the core was higher than the bulk composition. 

Lund et al. studied the structural transition from spherical to cylindrical 

micelles by altering the solvent quality using co-solvent mixtures8. They applied 

an elaborate thermodynamic model as a function of interfacial tension to 

understand the details of structures as well as their morphological transition. 

Altering the interfacial tension had significant effect on both the core and 

corona chain stretching.  

A number of theoretical9 and experimental6c,d,10 works have been 

completed in the last two decades to understand the properties which arise 

from the micelle structure. Small-angle neutron scattering has emerged as a 

powerful technique for characterizing the micelle structure, where the method of 

contrast variation can selectively highlight different components of the micellar 

structure. For instance, replacing either the core or the corona block with an 

equivalent deuterated polymer and varying the contrast of the solvent to match 

the corona, can effectively emphasize the detailed structure of the core.  
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Lodge and co-workers examined the micellar core and corona profiles 

separately by selectively match the scattering length density (SLD) of solvent to 

either the core or corona for the poly(styrene-b-isoprene) (PS-PI) micelles6d. 

They were able to extract important information on micellar structures such as 

core radius, overall size, aggregation number, solvent fraction in the core and 

corona thickness, with respect to changes in temperature. Pedersen and 

coworkers selectively deuterated the polymer dPS-PI to compare the 

experimental data with scattering functions derived from Monte Carlo 

simulations, and found good agreement11. Their results indicated the presence 

of solvent in the core which was slowly exchanging with the bulk solvent. 

1.2. Manipulating dynamics in block copolymer micelles by tuning 

interfacial tension 

Dynamic equilibrium is also known to exist in surfactant solutions, which 

makes the study of kinetics of surfactants imperative for understanding the self-

assembly processes. Although the chain exchange kinetics for small molecule 

surfactants is well understood12,13 pathways to equilibrium are not very well 

understood14. In contrast, polymeric nanostructures are often arrested in 

metastable states because of high activation barriers and extremely slow 

kinetics, and may sometimes never be able to reach their global free energy 

minimum8,15. Additionally certain conditions such as crystallinity, entanglements 

and vitrification of the core block can cause block copolymer micelles to exhibit 

much slower time scales16. Kinetic pathways in such frozen micelles determine 

the structural properties such as the aggregation number, micelle size and their 
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stability16a, 17,18. This is important information to ensure reproducible micelle 

preparation and prediction of long term performance. 

This fact has been utilized successfully by Eisenberg and co-workers4b, 5, 

19 and Cui et al.19 to design complicated structures via kinetic control of 

assembly processes. Despite the recent advancement in the synthesis of these 

fascinating structures, a detailed understanding of the kinetics is essential not 

only to validate true equilibrium, but the information on pathways traversed can 

also help design polymeric structures for a plethora of applications such as 

targeted drug delivery20, organic photovoltaics21, viscosity modification16c and 

colloidal and polymer blend stabilization22. 

 

 

 

 

 

 

 

 

Regarding the micelle formation process, there are competing theories in 

literature predicting different association mechanism for micelle growth. In 

direct analogy with the Aniansson-Wall mechanism12, 23, developed for low 

molecular weight compounds, single chain exchange is predicted for polymeric 

micelles when perturbed close to equilibrium (Figure 1.2a)24. For perturbations 

 

Figure 1.2. (a) Cartoon of single chain insertion-expulsion mechanism          
        and (b) Cartoon of micelle fusion/fission mechanisms. 

 

  a  
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far from equilibrium there are two competing theories. Single chain 

insertion/expulsion is suggested by Nyrkov and Semenov15,25, while 

Dormindotiva illustrated how fission/fusion mechanisms may be more relevant 

(Figure 1.2b)26.  

The traditionally employed strategy used either fluorescence quench 

spectroscopy27 or the temperature jump experiments28
 to probe micelle 

dynamics. These experimental techniques caused significant perturbations 

from equilibrium, due to the presence of bulky fluorescent groups or high 

temperature jumps, therefore the distribution in relaxation rates was not very 

well understood. 

Lund et al. investigated the micellization process by using in situ small 

angle X-ray scattering which provided millisecond temporal resolution29. 

Initially, PEP-PEO chains were dissolved in pure DMF where only single chains 

(unimers) exist, and then self-assembly was triggered by addition of water 

resulting in a jump in interfacial tension. Since water and DMF have different 

interfacial tensions with the core block, changing the solvent quality provides a 

very useful means of analyzing the evolution of micellar morphology.  

Won et al. studied spherical and cylindrical micelles of poly(butadiene-b-

polyethylene oxide) (PB-PEO) copolymers in water and found no chain 

exchange over a period of 8 days16a. They concluded that systems which have 

a high degree of segregation (high number of repeat units in both the 

hydrophilic and hydrophobic blocks) with overall low hydrophilicity are trapped 

in their initial aggregate structures. Building on this, Lund and co-workers 
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investigated PEP-PEO block copolymer micelles in DMF/water with shorter 

hydrophobic length and longer hydrophilic length of the polymers using novel 

time resolved- small angle neutron scattering (TR-SANS) exchange technique, 

which enables study of chain exchange in an equilibrium state3, 18.  

Their main findings emphasized the role of interfacial tension in molecule 

exchange kinetics. Under high surface tension conditions between the core 

block and the solvent, such as in water, chain kinetics were frozen and no chain 

exchange was detected. However, upon reducing the interfacial tension by 

addition of a good co-solvent, DMF in this case, some chain exchange was 

detected. An intriguing observation from their study was the logarithmic decay 

of the relaxation curves. Unlike small molecule surfactants which are marked by 

a single exponential decay with a time constants of the order of ms-s, polymer 

micelles are characterized by a logarithmic decay of relaxation times with time 

constants ranging from minutes to days. From the theory by Halperin and 

Alexander, a single rate constant is expected based on the energy activation 

barrier for a chain to expulse from the hydrophobic core molecule exchange, 

analogous to the mechanism in low molecular weight surfactants25. This broad 

distribution in relaxation could not be attributed to the relatively narrow 

polydispersity in the core block. Therefore it was proposed to be a combined 

effect of chain coupling during the expulsion process imposed by the geometric 

constraints of polymeric micelles. This question was further investigated by the 

Bates and co-workers for PS-PEP micelles in organic solvent with a more 

symmetric block compositions30. They successfully explained the logarithmic 
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distribution in decay rates to be a consequence of the hypersensitivity of the 

chain kinetics on the core block length distribution, or polydispersity of the core 

block, as opposed to hypothesis by Lund et al.3, 31. 

1.3. Objective 

The prospect of applications in drug delivery has drawn considerable 

interest towards amphiphilic copolymers containing biodegradable and 

biocompatible components which have high loading capacity and can be 

modified to include targeting groups. The model system chosen for this project 

is a diblock copolymer of poly(ethylene oxide-b-ε-caprolactone) (PEO-PCL), 

and the solvent selected is water, as it is prevalent in all biological systems. 

Poly(ethylene oxide) (PEO) is hydrophilic and forms the corona, while 

polycaprolactone (PCL) is hydrophobic and forms the core. PEO-PCL is an 

attractive choice for targeted drug delivery as the polymers are biocompatible 

and partially biodegradable32.  

Hypothesis 1: The micelle structural parameters will be highly dependent 

on the nature of the solvent-core and solvent-corona interactions. Tuning 

solvent quality through addition of a co-solvent will be an effective method of 

manipulating and deeply understanding micelle structural parameters. 

Hypothesis 2: The presence of the solvent additive will greatly influence 

the polymer chain and micelle dynamics. Tuning the solvent quality through the 

addition of a co-solvent will be an effective method of manipulating the dynamic 

processes in these systems. 
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We aim to understand the kinetic and thermodynamic processes which 

underlie the self-assembly and exchange dynamics of diblock copolymer 

micelle systems. Addition of a common good solvent (co-solvent) for both of the 

constituting blocks, such as tetrahydrofuran (THF), reduces the interfacial 

tension at the core-corona interface. We are currently investigating the effect of 

this phenomenon on the micelle structural properties and their dynamics, using 

scattering experiments. Structural parameters of interest include hydrodynamic 

radius, core radius, corona thickness, aggregation number, core-corona 

interfacial width, degree of swelling of the micelle core with the co-solvent, and 

unimer (free chain) concentration. In addition, dynamic properties of interest are 

the characteristic time scale of unimer exchange between micelles, micelle 

diffusion coefficients, and the molecular dynamics of individual (core and 

corona) blocks. We are examining these structural and dynamic parameters as 

the interfacial tension at the core-corona interface is varied through changing 

the co-solvent concentration.  Fundamental knowledge from these studies will 

inform design of drug delivery systems by allowing us to tailor micelle 

properties for optimal drug loading as well as targeted and timed uptake. 
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CHAPTER 2 

MATERIALS and METHODS  

2.1. Synthesis and characterization of diblock copolymers 

All chemicals were purchased from Sigma Aldrich unless otherwise 

specified. ε-Caprolactone (>97%) was purified by distillation over calcium 

hydride (CaH2). The catalyst 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD), was 

used as received and stored in the glove box to prevent its deactivation. 

Poly(ethylene oxide-b-ε-caprolactone) (PEO-PCL) diblock copolymers were 

synthesized using monomethoxy-PEO (purchased from Polymer Source, Mn = 

2 and 5 kg/mol) as a macroinitiator for the ring-opening polymerization of ε-CL 

(Figure 2.1). ε-caprolactone  ε-CL) was added to a solution of predissolved 

TBD and PEO initiator in benzene, following a detailed procedure described in 

the literature33. The benzene (ACS reagent, min 99%) used as the 

polymerization solvent was distilled twice over CaH2 to remove any 

contaminants prior to use. The reaction was quenched by the addition of 

benzoic acid (>=99.5%). A similar procedure was followed for polymerization of 

deuterated caprolactone (d6) (purchased from CDN Isotopes, Canada, 98% 

atom D), resulting in PEO-dPCL block copolymers, with the only difference 

being that the deuterated monomer was used as received. The polymers were 

dissolved in tetrahydrofuran (THF) (chromatography grade, >=99.5%, inhibitor 

free) for precipitation in hexanes, (ACS grade, >99%) and dried for a day under 

vacuum at room temperature.  They were then heated to 60°C for another 8 
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hours in the vacuum oven. NMR was performed on final dried samples to 

ensure that no residual solvent peaks were evident.  

 

 
 
 
 
Figure 2.1. Schematic of diblock copolymer synthesis to form                             
khljhljpojpopopoly(ethylene oxide)-b-poly(caprolactone).  
 

Proton nuclear magnetic resonance (1H-NMR) was performed on JEOL 

500 Hz spectrometer and characteristic peaks of PEO, PCL and ε–CL 

monomer were identified at 3.64 ppm, 4.05 ppm and 4.22 ppm, respectively. 

The relative peak areas were used to determine the percent conversion of ε–CL 

into polymer, as well as the weight fractions of the PEO and PCL blocks, and 

the number-average molecular weight (Mn). The synthesized polymers are 

denoted by PEOX-PCLY, where X and Y represent the number-average 

molecular weight of the individual blocks. The dried polymers were analyzed 

with a Malvern Viscotek gel permeation chromatography (GPC) instrument for 

obtaining polydispersity index (PDI). THF (chromatography grade, >=99.9%) 

was used as the mobile phase at 30 °C and the column was calibrated using 12 

narrow polystyrene standards. The final characteristics for the copolymers used 

in this study are given in the Table below (Table 2.1). 

Table 2.1. Polymer Characteristicsa. 

Polymer Sample 
Mn PEO-PCL 

(kg/mol) 
NPEO NPCL WPCL PDI 

Structure Study 

PEO2k-hPCL3k 5 44 27 0.59 1.09 
PEO5k-hPCL8k 12.5 113 66 0.59 1.17 
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Table 2.1. (continued) 
Dynamics Study      

Experiment 1      
E polymers      

PEO2k-dPCL4k 5.6 44 33 0.65 1.71 
PEO2k-hPCL4k 5.4 44 31 0.62 1.64 

      
Experiment 2      

      
A polymers      

PEO2k-dPCL2k 3.8 44 16 0.50 1.08 
PEO2k-hPCL2k 3.9 44 17 0.48 1.05 

      
B polymers      

PEO2k-dPCL3k 4.8 44 25 0.60 1.09 
PEO2k-hPCL3k 4.6 44 26 0.58 1.04 

      
Experiment 3      

      
      B polymers (same as before) 

PEO2k-dPCL3k 4.8 44 25 0.60 1.09 
PEO2k-hPCL3k 4.6 44 26 0.58 1.04 

      
C polymers      

PEO5k-dPCL5k 10.1 113 45 0.51 1.14 
PEO5k-hPCL5k 10.3 113 47 0.51 1.15 

aMn= Number-average molecular weight (by NMR), NPEO and NPCL= number of 
repeat units in PEO and PCL, respectively (by NMR), WPCL= weight fraction of 
PCL in the block copolymer (by NMR), PDI= polydispersity index of block 
copolymer (by GPC using conventional calibration), h and d refers to 
hydrogenated or deuterated PCL. 
 

2.2. Micelle preparation by solvent switch method 

All chemicals were purchased from Sigma Aldrich unless otherwise 

specified. Inhibitor-free tetrahydrofuran (THF) (EMD Millipore, >=99.5%, H2O 

<=0.02%) was used as purified from a solvent purification column (Pure 

Process Technology). Inhibitor-free deuterated tetrahydrofuran (THF-d8, high 

purity NMR solvent, 99.5% atom D) and heavy water (D2O, 99.9% atom D) 
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were used without any purification. Water (H2O) was purified using a Millipore 

MilliQ Gradient water purification system (containing RO cartridge, UV lamp). 

20 mg of block copolymer was dissolved in the required amount of THF 

and subsequently water (H2O or D2O) was very slowly added through a syringe 

pump, at a rate of 0.2 mL per minute, as described in the literature34.  The 

micelle solutions were sonicated (VWR Symphony, 35 kHz) at room 

temperature for an hour and then filtered using a 0.2 μm Nylon syringe filter 

(purchased from VWR) prior to being transferred to glass cuvettes for dynamic 

light scattering (DLS) measurements. 

2.3. Dynamic light scattering (DLS) 

An ALV light scattering instrument with a goniometer and ALV-5000/EPP 

multiple tau digital correlator was employed to conduct DLS experiments with a 

He-Ne laser of wavelength 632.8 nm. The detector angle was 90 degrees and 

the measurements were made at 25 °C. The raw autocorrelation data looked 

unimodal for every sample (Figure 2.2).  

 
 

 

 

 

 

 

 

Figure 2.2.  Unimodal DLS correlation curve for PEO2k-PCL3k micelle   
khkhohoioup solution prepared in 20% THF/80% D2O 
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The normalized correlation function generated from the ALV correlator 

was fit using an in-house built  Matlab code based on Cumulant Analysis, which 

is described in chapter 3. The hydrodynamic radius of the diffusing particles 

was obtained using the Stokes-Einstein relation given by  

    
   

    
   

                                                 (2.1) 

where, from  ,     ,   are the diffusion coefficient of the micelle, Boltzman’s 

constant, temperature and viscosity of the solution respectively. The viscosity 

for water/ THF mixtures at 298K were obtained from literature35.  

2.4. Small angle neutron scattering (SANS) for structural study  
 
2.4.1. SANS experimental set-up 
 

Small angle neutron scattering (SANS) experiments were conducted at 

the High Flux Isotope Reactor (HFIR) at the CG-2 beamline, Oak Ridge 

National Laboratory (ORNL), Tennessee. The neutron wavelength was 4.72 Å 

and two sample to detector distances were used, 1.7m and 18.5m, covering a 

scattering vector range of 0.0028 to 0.533 Å-1. After shipment to HFIR, samples 

were sonicated for an hour before being exposed to the beam for data 

collection. Corrections to the data for the empty Hellma cell, background 

scattering (blocked beam), sample transmission, and detector efficiency were 

accounted for, using the Spice SANS reduction macro for Igor Pro provided by 

the scientists at the CG-2 beamline. The absolute intensity was calculated 

through two methods. For the majority of the data presented in this document, 

the open beam scattering was used to calibrate the absolute intensity, without 

the use of standards.  Due to an equipment issue during the data collection, 
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some data sets were calibrated to an absolute scale using an aluminum 

standard. The two methods were in close agreement (i.e. less than 2% 

difference between them). 

2.4.2. SANS data fitting  
 

A detailed SANS model for data fitting was required to extract 

information on the characteristics of spherical block copolymer micelles. This 

model used here was developed by Pedersen and coworkers10c and has been 

employed in other studies 6c,d,10e. 

The model contains four contributions: self-correlation of the spherically 

homogenous core, self-correlation of the Gaussian chains, correlation between 

the core and the corona, and self-correlation of the corona and is described as 

    ( )      
      

      
 ( )             

       ( )

      
                  ( )       ( ) 

     (      )       
        

 ( ).  

 

 (2.2) 

   

In the above equation,      is the aggregation number of the micelle 

(number of diblock copolymer chains in an individual micelle),       and          

are the total excess scattering length densities of the core block and the corona 

block respectively, which are defined as 

           (              ) 

and                        (                )  

 (2.3) 

 (2.4) 

Here,       and         are the volumes of the hydrophobic block and the 

hydrophilic block respectively.      ,         and          are the scattering 

length densities of the core block, corona block, and the solvent, respectively.  
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The scattering amplitude of a spherically homogeneous core of radius   

with a smooth decay at the surface is defined as  

     ( )  
     (  )  (  )    (  ) 

(  ) 
  (2.5) 

 

where the first term is the form factor amplitude of a sphere with a fixed radius 

 , and the second exponential term accounts for a smooth decay of the 

scattering length density at the core-corona interface. Here,      is the width of 

the core-corona interface. The chain correlation term for non-interacting 

Gaussian chains with a radius     can be written as 

      ( )   [
   (     

 )        
 

    
 

]   (2.6) 
 

The corona, composed of mutually non-interacting and self-avoiding 

chains, can be described by assuming a radial density profile for the extended 

hydrophilic polymers in two domains of dimension s (Figure 2.3.) described as 

   
 (     )  (      ) 

   
             

   
 (      ) 

   
                

               

and  

   
 (      ) 

   
              

                 

(2.7.1) 

 

 (2.7.2) 

 

 (2.7.3) 

 

 

 (2.8.1) 

 

 (2.8.2) 
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Figure 2.3. Illustration of relative length parameters, core radius, R and  

         width of profile, s. 
 
The total radial density profile of the corona block is written as 

       ( )  
  ( )      ( )

    
   (2.9) 

 

Here    is the weighing factor for the two profiles.  

The Fourier transform this density profile, which is the sum of two cubic 

b splines, was also analytically calculated by Pedersen and coworkers10c  

         
  

[
 
 
 
 
 
 
 
 
 
 
 
       (    ) 

  
 

 (    )      (    ) 

  

 
       (   ) 
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        where 
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 (2.10) 
 
 
 
 
 
 
 
 
 
 
 

and 
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where 

         (
           

  
)  

 

 

    (2.11) 
 

The parameter s is related to the width of the profile. The corona can be 

assumed to consist of two smaller sub-shells of dimension s, and the corona 

density profile in the two parts is given by Equations 2.7-2.11. The two radial 

densities are linearly combined to yield the overall contribution for the corona 

self-correlation, where a1 is the same parameter described above. The 

exponential term again describes the smoothly decaying scattering length 

density at the core-corona interface given by   

       ( )  
  ( )      ( )

    
   ( 

      
 

 
)   (2.12) 

 

The final intensity term includes a Schulz-Zimm distribution for the 

micelle core radius, described as 

 ( )  
  

 (   )
[
   

  
]
   

   [
 (   ) 

  

]    (2.13) 
 

where,  ( ) is used to weigh the contributions of scattering intensity originating 

from micelle radii of different sizes,    is the average core size and   is related 

to the polydispersity in the core radius,    by 
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(   )
  

 (2.14) 
 

The coherent intensity is normalized by the concentration of the micelles  

( ) and micelle mass (    ) and then added to the incoherent background, 

providing the absolute scattering intensity expressed as 

 ( )  
 

    

∫    ( ) ( )          (2.15) 
 

Intermicellar interactions were neglected at the low concentrations employed in 

this study, therefore no structure factor was included. The six fitting parameters 

in the above equations are:     ,     
     (the percent of THF in the core which is 

related to   - details described in chapter 3),     ,  ,   ,   .  

 

2.5. Time resolved- small angle neutron scattering (TR-SANS) for 

dynamic study  

2.5.1. TR-SANS experiment setup  

TR-SANS experiments were conducted at the National Institute of 

Standards and Technology (NIST) on beamline NG-7.  A neutron wavelength of 

6 Å was employed as well as sample to detector distances of 13m, 4m and 1m, 

resulting in q-range of 0.0035-0.59 Å-1. Corrections to the data for the empty 

quartz cell, background scattering (blocked beam), sample transmission, and 

detector efficiency were accounted for, using the SANS reduction macro for 

Igor Pro provided by the NIST scientists36. The open beam scattering was used 

to calibrate the absolute intensity, without the use of standards.   

 



21 
 

2.5.2. TR-SANS data fitting  

The basis of this technique is the difference in the scattering lengths of 

hydrogen (h) and deuterium (d). It is a clean method to detect the exchange of 

chains between micelles at equilibrium. Two sets of polymeric micelles 

containing either hydrogenated PCL (h-PCL) or deuterated PCL (d-PCL) as the 

core polymer are prepared separately in a solvent whose scattering length 

density is matched to the average scattering length density of a 50/50 mixture 

of d-PCL and h-PCL. The two micelle solutions are mixed together at t=0. As 

the h and d polymer chains exchange between micelles, the scattering intensity 

decreases over time. Once the micelle cores contain equal numbers of h-PCL 

and d-PCL chains, there is no contrast with the solvent background, and the 

scattering becomes negligible18,3, 30. 

TR-SANS data is analyzed by examining the variation of I(q) with 

respect to time. The chain exchange process can be quantified in time by a 

relaxation function which is defined as 

 ( )   [
 ( )   ( )

 ( )   ( )
]

   

  
 (2.16) 

 

Here  ( ) corresponds to the average intensity from the h and d cores at time 

t=0 (before mixing) and  ( ) is the intensity from a sample containing 

completely mixed cores (50/50 h-PCL and d-PCL chains)  after enough time 

has elapsed (which is the same as intensity from a premixed h/d sample). Both 

 ( ) and  ( )  are integrated over the entire q-range.  ( ) is the excess 

intensity at any time t, also integrated over the q-range. 
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  We are following the concentration flux function to fit our relaxation curve 

 ( ), developed by Choi et al.30,  which accounted for the thermodynamic 

penalty of extracting chains from the micelle core due to unfavorable core-

solvent interactions, as well as the polydispersity of the polymer chains  

 (   )     [  
     

     
    (    ]   (2.17) 

 

The polydispersity in the core block is accounted by a Gaussian 

distribution function expressed as 

 ( )   
 

 ( )   
   ( 

(   〈 〉) 

  ( ) 
)  

 (2.18) 
 

and the final relaxation function is given by 

 ( )   ∫  ( ) (   )  
 

 

  
 (2.19) 
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CHAPTER 3  

MICELLE STRUCTURAL CHARACTERIZATION 

3.1. Introduction 

The structures of PEO2k-hPCL3k micelles were investigated for an in-

depth study of the effect of co-solvent addition through the use of DLS and 

SANS. The characteristics of the polymers used are listed in Table 2.1. DLS 

experiments probed the diffusion coefficients and hydrodynamic radii of the 

micelles. The elaborate model employed for fitting the SANS data reveals fine 

details about micelle structure such as the core radius, aggregation number, 

overall micelle size, percent of THF in the core, and other relevant parameters.  

The SANS experiments employed contrast variation techniques, in which 

the hydrogen (h) and deuterium (d) content of the solvent is varied, to elucidate 

details of the micelle structure and increase the reliability of determining fitting 

parameters in the model. Micelles were prepared in THF/H2O mixtures 

containing 10-50% THF using three different h/d solvent compositions: 

dTHF/D2O (C series), 50/50 hTHF/dTHF / 50/50 H2O/D2O (E series) and 

hTHF/D2O (A series). Through these three solvent compositions, the scattering 

length density (SLD) of the solvent, and hence the contrast between the core 

and solvent, and corona and solvent, was varied. The characterization of these 

three series of micelle solutions by DLS and SANS is described in the following 

sections. 
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3.2. Characterization of micelles by DLS 

3.2.1   Calculation of diffusion coefficients and hydrodynamic radii 

The samples were analyzed through DLS to determine their 

hydrodynamic radii. The autocorrelation function obtained from the ALV 

instrument was analyzed using a Matlab code of cumulant analysis. In case of 

polydisperse systems, the correlation decay,   (     ) can be written as a 

series expansion of all possible decays37: 

     (     )   ∑   

 

   

( )
(     )

 

  
 

                                           
    

 

  
                     

 

 (3.1) 

where    is known as the nth cumulant. Equation 3.1 shows that the first order 

cumulant is related to the average diffusion coefficients of the polydisperse 

particles, while the second order cumulant is related to the standard deviation 

   of the distribution of diffusion coefficients. PEO2k-PCL3k micelles were 

prepared by the solvent switch method at different THF concentrations for the 

three series and the DLS results are summarized in Tables 3.1-3.3. 

Table 3.1. Diffusion coefficients and hydrodynamic radius for C series. 

Sample ID dTHF / D2O Diffusion Coefficient 
(  10-11 m2/s) 

Hydrodynamic       
Radius (nm) 

C1 10/90 2.43 7.68 

C2 20/80 1.99 7.63 

C3 30/70 1.67 7.91 

C4 40/60 1.45 8.49 

C5 50/50 1.41 8.89 
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Table 3.2. Diffusion coefficients and hydrodynamic radius for E series. 

Sample ID 
h/dTHF / 
H2O/D2O 

Diffusion Coefficient 
(  10-11 m2/s) 

Hydrodynamic       
Radius (nm) 

E1 10/90 2.82 6.60 

E2 20/80 2.77 5.48 

E3 30/70 1.98 6.67 

E4 40/60 1.80 6.88 

E5 50/50 1.46 8.59 

 

Table 3.3.  Diffusion coefficients and hydrodynamic radius for A series. 

 Sample ID hTHF / D2O Diffusion Coefficient 
(  10-11 m2/s) 

Hydrodynamic       
Radius (nm) 

A1 10/90 2.54 7.32 

A2 20/80 2.52 6.02 

A3 30/70 1.82 7.25 

A4 40/60 1.67 7.41 

A5 50/50 1.38 9.12 

 

3.2.2. Discussion of viscosities used in DLS analysis 

An important consideration in this analysis was the viscosity values for 

water THF/mixtures. THF/water mixtures are a non-ideal solution, resulting in 

greater values for the mixture viscosities as compared to either of the pure 

solvents. Therefore, literature data were used for the solvent mixture viscosities 

(Figure 3.1), and fitted using a polynomial function through the data, to 

interpolate at the THF volume fractions of interest35, 38. The obtained viscosity 

values are listed in Table 3.1. An illustrative polynomial equation that was used 

to fit the data for THF mole fractions    0.15 is shown in the Figure 3.1. 
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Figure 3.1. Viscosity of THF-H2O at 298 K1 

Table 3.4. Viscosity values for THF/H2O mixtures obtained by  
       interpolating the polynomial fit to the data from ref. 1. 

% THF Viscosity (cP) 

10 1.171 

20 1.436 

30 1.652 

40 1.761 

50 1.735 

 

From Tables 3.1-3.3, it is evident that the diffusion coefficient decreases 

as the THF co-solvent fraction is increased. Using the values in Table 3.4 for 

the solvent viscosities, the hydrodynamic radius was calculated based on 

Equation 2.1, which correspondingly increases with higher THF content. 

We hypothesize the reasoning for this effect could be the micelle core 

becoming increasingly solvated with the co-solvent, swelling the core. The 

results of the SANS data fitting will provide additional information on the effect 

of the THF content on the micelle dimensions.  

y = -4.79E-03x2 + 1.29E-01x + 8.85E-01 
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3.3. Fitting of the micelle form factor model to the SANS data 

The model used for data fitting is an elaborate micelle form factor model 

as described in section 2.4.2, which allows us to determine the detailed 

features of the micelle structure. This expression has four major contributions 

arising from the structure of the micelle: self-correlation of the core, self-

correlation of the corona, correlation between the core and the corona, and the 

self- correlations of the Gaussian chains in the corona.  

3.3.1. Influence of different fitting parameters on the model fit to the data 

Six fitting parameters are included in this model to obtain the final 

intensity expression, five of which appear in the form factor of the micelle, and 

the sixth, the polydispersity of the micelle core (  ) appears in the Schulz Zimm 

distribution function. The five fitting parameters which are extracted through the 

form factor are:    ,     
    ,     ,   and   . The calculation of other model 

parameters that aren’t employed as fitting parameters is discussed in Section 

3.3.2. The volume of THF present in the core and the amount of core-forming 

polymer in the block copolymer (PCL in our system) present in the core (fixed 

by      and the volume of a PCL-block) comprise the core volume, defining the 

core radius,     A more detailed discussion on this concept is presented in 

section 3.3.4. The micelle core radius,   , affects three of the micelle form 

factor terms in its contribution to the overall intensity: the core self-correlation 

contribution, the corona self-correlation contribution (since the size of the 

corona shell depends on the core radius), and the core-corona cross-

correlation term. Similarly, the width of the core-corona interface (    ) also 
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affects the same three contributions which are influenced by the core radius. 

The parameter   which is related to the width of the corona profile, and the 

weighing parameter for the two corona amplitude functions   , appear in the 

corona term, and also affect the correlation term between the core and the 

corona. The presence of many fitting parameters, and intricate relationships 

between the fitting parameters leads to many challenges in achieving a fit to the 

data that contains physical meaning. It is possible to find different combinations 

of the fitting parameters that will each result in little error between the model fit 

and data. In the proceeding sections, we will describe our approach to fitting 

the micelle form factor model to the data.  

3.3.2.   Calculation of constant parameters 

The scattering length of the corona was calculated for each of these 

three series, following Equation 2.4. The volume of a corona block molecule 

(PEO in our system),          was estimated from its molecular weight (Mn PEO 

= 2 kg/mol) and its mass density of 1.12 g/cm3. Similarly, the volume of a core 

block molecule,         (PCL in our system, Mn = 3 kg/mol, density = 1.14 g/cm3) 

was calculated. The total volume of one polymer molecule,           was 

determined through summing the core and corona block volumes, and 

multiplying by the block copolymer density,           of 1.13 g/cm3  gave mass 

of a polymer chain. The samples were prepared at a concentration of 1 wt.%, 

which was used as a constant in the model. The mass of an individual micelle 

was determined by the aggregation number and the mass of a diblock 

copolymer chain as defined in Equation 3.1 



29 
 

                                     (3.1) 

3.3.3.   Estimation of     of PEO chains 

The contribution from the self-correlation of the Gaussian PEO chains 

was held constant by fixing the    value to a literature value. Both THF and 

H2O are selective solvents for PEO homopolymer. The SANS measurements 

on PEO chains (Mn = 6 kg/mol) performed by the Epps group6c did not indicate 

any significant change in the     value of PEO in varying THF/H2O ratio 

mixtures. Averaging over their reported     values from 10-50% THF allowed 

calculation of the statistical segment length of PEO in these solvent mixtures 

(0.69 nm).6c This value of the statistical segment length was used to calculate 

the     value for the PEO used in our study (Mn = 2 kg/mol), and the resulting 

value was     = 1.87 nm. The value of Rg was not fit directly in the SANS profile 

as the contribution from the self-correlation of corona chains is significantly 

smaller than the other four terms, and the results of fitting Rg would have little 

meaning. 

3.3.4.   Model fitting methods employed in this study 

In the analysis presented below, it should be noted that the fits of the 

model to the data were performed using the micelle form factor model alone as 

no free chains were detected by pulse field gradient-NMR. This information was 

provided by our collaborator, Dr. Louis Madsen at Virginia Tech. 

In the following discussion we will elucidate the effect of changing 

different fitting parameters. The approach that we have found to be the most 

useful is to minimize the sum of the relative errors. One representative fit to the 
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SANS intensity data (for sample C1) is illustrated in Figure 3.2. This approach 

provides the best fit across the entire q-range, as compared to other possible 

minimization functions. For example, minimizing the sum of least squares failed 

as some of the corona parameters were more sensitive in low-q range (where 

there are high intensities), and resulted in poor fits in the intermediate q-range 

(where there are low intensities). Use of the relative error avoids this 

complication. There are still some issues with the confidence in the fitting 

results since the effect of most of the fitting parameters is prevalent across a 

large q-range (Figure 3.2), and attainment of a unique solution (global 

minimum) is difficult. A more robust fitting method is currently being 

investigated. Due to the complicated methods described here, we will focus this 

discussion on fitting the C and E series data sets individually. Then, we will 

describe an approach that will be employed in the future to simultaneously fit 

the C, E and A series, providing much greater confidence in the fitting 

parameters.  

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Illustrative relative error minimization fit to the SANS intensity 

        data collected for sample C1.  



31 
 

Information from literature indicates the presence of swollen cores due to 

the co-solvent penetration in the core. However, studies10c, 10e  that fit this 

micelle form factor assume a homogeneous spherical core of radius Rc, and the 

excess scattering length of the core is calculated by taking the difference of the 

SLD of the core-forming block in the block copolymer and the SLD of the bulk 

solvent composition. In these studies, the effect of swelling the core with the co-

solvent on the SLD of the core was not accounted for. In the analysis presented 

here, Rc was determined indirectly, by fitting the amount of THF in the core, and 

assuming the spherical micelle core contains both the core-forming block of the 

block copolymer and the THF that is present. Therefore, in our fitting methods, 

   was not a fitting parameter, and instead the fraction of THF in the core was 

the fitting parameter employed. Rc was calculated directly from the fitted value 

of the % THF in the core as   

    [
 

  
(                       )] 

       

 

 (3.2) 

where,               is the total volume of the core block polymer present in the 

core and the           is the volume of THF present in the core. 

The SLD of the solvated core was also calculated from the THF content 

in the core by using the ratio of volume fractions of the THF in the core to the 

core-forming block of the block copolymer. If x is the volume fraction of the THF 

in the core, then the SLD of the solvated core (         ) can be written as 

                (   )               (3.3) 

The excess scattering length of the core (     ) was modified to 
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              (                   )   (3.4) 

where         is the volume of the swollen core normalized by      to account 

for excess scattering length from one swollen chain. This makes the expression 

3.4 still valid for use with the Equations described in section 2.4.2. 

3.3.5.   Discussion of the effect of the fitting parameters on the model fit 

In the following discussion, one fitting parameter is varied while the 

others are held constant.  The purpose of this discussion is to show the effect 

of each fitting parameter on the intensity profile obtained from the model. 

   3.3.5a) Effect of % THF in the core: As explained above, increased 

swelling of the core causes the core radius,   , to increase, assuming the 

aggregation number,       is held constant. In Figure 3.4, we see the effect of 

the change in core radius (or the related parameter, percent THF in the core) in 

almost the entire q-range except at very low and very high q values. The core 

radius also affects the q-value at which the intensity decays.  

 

Figure 3.3. Intensity profiles illustrating the effect of the % THF in the core. 
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3.3.5b) Effect of     : The aggregation number scales the entire 

scattering  intensity profile, weighed by the contributions of the four different 

terms (Figure 3.3). Since at very low q values, all the contributions to the form 

factor tend to be a constant, changing the value of      shifts increases or 

decreases the low-q intensity. 

 

 

 
 

 

 

 

 

 

 

Figure 3.4. Intensity profiles illustrating the effect of the      in the core. 

3.3.5c) Effect of   : The corona density profiles is comprised of two 

contributions, an inner and outer shell containing different polymer density 

profiles, which are scaled by the parameter   . Increasing the value of    implies 

that a greater contribution is considered from the outer shell (further away from 

the center of the micelle). The parameter    affects the curvature at low q as well 

as the shape of the corona profile at intermediate q (Figure 3.5). 
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Figure 3.5. Intensity profiles illustrating the effect of parameter    . 
 

3.3.5d) Effect of  : The width of the corona profile is related to the 

parameter  , such that twice the value of   is the range over which the PEO 

chain density in the shell extends in the solution, and tends to zero. It affects 

both the curvature at low q and has a significant contribution in determining the 

shape of the corona profile at intermediate q (Figure 3.6). 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 3.6. Intensity profiles illustrating the effect of the parameter s. 
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3.3.5e) Effect of     : The presence of co-solvent causes the width of the 

core-corona interface to become more diffuse due to co-solvent swelling the 

micelle core and is no longer marked by a sharp interface which is observed in 

highly selective solvent micelle systems. Since it allows for a smooth decay of 

the form factor amplitude at the core and corona interface,      affects  the same 

regions as the micelle core radius, and increasing its value dampens the 

features present in at intermediate q (Figure 3.7). 

 

Figure 3.7. Intensity profiles illustrating the effect of the core-corona 
        interfacial width. 

 

3.3.5f) Effect of   : Increasing polydispersity of the core radius affects the 

features evident at intermediate q (Figure 3.8). Higher values of    have the 

effect of smearing the intensity profile, while the smaller values of    highlighten 

the features in intermediate q. 
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Figure 3.8. Intensity profiles illustrating the effect of the polydispersity in 

        the core radii. 
 

3.4. Results and discussion of fitting the C and E series 

The method of contrast variation is a useful technique to identify the 

effect of co-solvent on micelle structure and its degree of swelling. The SANS 

intensity profiles were fit using the form factor model, programmed in Matlab, 

and were compared across different co-solvent mixtures. The fit results from 

the C series and the E series are summarized in Table 3.5 and Table 3.6 

respectively. In the following discussion, we will see the effect of varying the co-

solvent concentration on each of the critical micelle structure parameters. 

Table 3.5. Fit results from C series, prepared in d-THF/D2O. 

ID THF  
[%] 

Nagg σint   

(Å) 
Rm 
(Å) 

a1 s  
(A) 

σ (Rc) Rc 
(Å) 

H=Rm-Rc 

(Å) 
%THF
core 

C1 10 202.89 0.89 108 681019.2 67.86 0.10 65.2 42.76 32.84 

C2 20 206.76 5.64 112 80000.00 67.08 0.11 70.5 41.50 45.89 

C3 30 190.87 7.00 103 5000.00 42.00 0.12 75.4 27.53 59.37 

C4 40 124.39 1.96 105 793807.5 63.45 0.13 70.7 34.30 67.72 

C5 50 67.49 0.01 105 2.65 24.67 0.17 68.5 36.47 80.75 
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Table 3.6. Fit results from E series, prepared in 50/50 h/d-THF / 50/50  
      H2O/D2O. 

ID THF  
[%] 

Nagg σint   

(Å) 
Rm 
(Å) 

a1 s (A) σ 
(Rc) 

Rc 
(Å) 

H=Rm-Rc 

(Å) 

%THF 
core 

E1 10 258.51 2.57 128 11367.53 93.55 0.17 71.3 56.64 34.78 

E2 20 210.98 3.37 102 6203.21 44.36 0.11 72.1 29.81 48.60 

E3 30 187.91 6.16 113 844.66 71.68 0.16 69.0 43.97 47.58 

E4 40 149.85 2.62 97 6212.84 38.79 0.11 71.1 25.88 61.81 

E5 50 85.14 1.59 86 12084.58 27.22 0.24 68.3 17.62 75.56 

 

Effect on aggregation number: There is a clear trend in the 

aggregation number, which decreases with increasing THF content for both the 

series, consistent with the trend reported in literature6c, d. 

 
Figure 3.9. Aggregation numbers for C and E series. 

 
Effect on %THF in the core: For both the series, the percent THF in the 

core increased as the THF concentration in the bulk increased, and it was 

consistently higher than the percentage present in the bulk solvent. Similar 

trends were reported by Epps group where they found their PB micelle cores to 

be significantly swollen6c.  
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Figure 3.10. Variation of % THF in the core with % THF in C & E series. 

Effect on micelle core radius: The micelle core radius changed very 

little as the THF content was increased: the effect of swelling of the core with 

THF and the decrease in aggregation number with increasing THF content 

have opposite effects on the micelle core radius, which appear to almost 

exactly counteract one another. As that trend is very minimal, it is most likely 

within the error of determining the Rc values.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11. Variation of core radius with % THF in C & E series. 
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Effect on the overall micelle size and the corona thickness: The 

corona profile was evaluated by calculating a rescaled corona density 

profile,  ̂       ( ), using the parameter s obtained from the SANS fitting6c, d, 10c. 

The corona density profile was integrated over the volume of the micelle shell, 

and rescaled by setting it equal to the total volume of PEO chains present in the 

corona as 

∫    ̂       ( ) 
               .  (3.5) 

The plots for the rescaled corona profiles  ̂       ( ) are presented in Figure 

3.11 and 3.12 for C and E series respectively. The starting point for the corona 

density profiles is the micelle core radius as determined by the fitting results.  

 
 
Figure 3.12. Rescaled corona density profiles for the samples of C series. 
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Figure 3.13. Rescaled corona density profiles for the samples of E series. 

 

The micelle size was determined from the SANS corona profile and was 

truncated when the PEO chains reached a volume fraction of 0.02. This 

definition was used to calculate the micelle overall size (Rm) and the obtained 

Rm values are listed in the Tables 3.5 and 3.6. The width of the corona profile 

was calculated by taking the difference between the overall micelle size and the 

core radius (H= Rm - Rc), both calculated from SANS.  The width of the corona 

profile continues to decrease steadily with increasing d-THF concentration in 

the C series, however, there is no specific trend in the E series. Similarly the 

overall micelle size, Rm, continues to decrease for the C series, however, the 

trend is varying in the E series, with increasing THF concentration. As the DLS 

results indicated an increase in the hydrodynamic radius with increasing THF 

content, we are currently trying to understand the origin of this discrepancy. 
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Figure 3.14. Micelle size (core + corona) for C and E series. 
 
 

 
 

Figure 3.15. Corona thickness for C and E series. 
 

Effect on polydisersity and the core-corona interfacial width: The 

polydisperisty in the size of micelles is increasing with increasing THF content. 

There is no definite trend observed in the interfacial width. We are still in the 
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process of making our fitting model to be more robust, and the observed trends 

might be different in that case. 

 

Figure 3.16. Polydispersity in core radius for C and E series. 

 

 

Figure 3.17. Core-corona interfacial width for C and E series. 
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3.5.   Future work: simultaneous fitting of C, E and A-series 

Additionally, in this data analysis, there are some discrepancies in the 

fitting between the C and E series, which we will address though the 

simultaneous fitting of the three micelle structures. Differences in micelle size 

as observed from DLS can be accounted for in the simultaneous fitting. The 

final goal is to fit the three different solvent compositions, and obtain critical 

information about micelle structural parameters, particularly if they are heavily 

swollen with the co-solvent. Figure 3.18 is a representative data set for the 

PEO2k-PCL3k micelle intensity profiles obtained the three different solvent 

compositions with the THF volume percent held at 40%. 
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Figure 3.18. SANS intensity profiles for 40% THF in three different series. 

Looking at the intensity profiles leads to an interesting observation in the 

low q intensities. Comparing scattering length densities of the solvent and the 

completely hydrogenated PEO-PCL block copolymer would indicate that C 
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series (dTHF/D2O) would have the highest contrast, followed by A series 

(hTHF/D2O) and the least contrast obtained in E series (h/d THF/ H2O/D2O). 

However, since the core is found be significantly swollen with the co-solvent, 

we see a surprising trend: the A-series has the highest low-q scattering, 

followed by the C-series, followed by the E-series. In this simple analysis we 

are assuming that the C and A series have the same degree of swelling of THF 

in the core; however, in the C series d-THF is used while in the A-series h-THF 

is used. The h- or d-THF is present not only in the core, but also in the bulk 

solvent. Based on Figure 3.18, the presence of d-THF in the core in the A-

series actually reduces the contrast relative to the solvent mixture as compared 

to the contrast observed in the C-series. In the simultaneous fitting methods, 

these subtle differences in the scattering length densities of the core, corona 

and solvent will be accounted for. Global fitting parameters will be employed 

which are held constant across the three profiles, such as the aggregation 

number or conona parameters. The DLS results imply that there may be 

significant differences in the structural parameters and degree of swelling, 

based on the h and d content in the solvent.  This will be explored in more 

detail in future work.   
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CHAPTER 4 

DYNAMICS OF BLOCK COPOLYMER MICELLES 

4.1. Time resolved-small angle neutron scattering (TR-SANS) concept 

The basis of this technique is the difference in the scattering lengths of 

hydrogen (h) and deuterium (d). This difference gives rise to a contrast 

between the core of the micelle, and the solvent, which can be used to detect 

the exchange of chains between micelles at equilibrium. Two sets of polymeric 

micelles containing either hydrogenated PCL (h-PCL) or deuterated PCL (d-

PCL) as the core polymer are prepared separately in a solvent whose 

scattering length density is matched to the average scattering length density of 

a 50/50 mixture of d-PCL and h-PCL. The two micelle solutions are mixed at 

t=0. As the h and d polymer chains exchange between micelles, the scattering 

intensity decreases over time (Figure 4.1).  

 

 

 

 

 

Figure 4.1. Schematic of a TR-SANS experiment.  
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Once the micelle cores contain equal numbers of h-PCL and d-PCL 

chains, there is no contrast with the solvent background, and the scattering 

becomes negligible.18,3, 30 

For dilute systems, which have a low volume fraction of polymer, the 

SANS intensity  ( ) at any time depends on the contrast factor as following 

 ( )   [(
 ( )    

     
)   (

        

        
)]

 

  
 (4.1) 

where,  ( )           is the time varying scattering length density of the core at 

any instant t, when the solution has mixed fractions of h-PCL and d-PCL, 

                  is the constant solvent (background) scattering length density, 

having contributions from H2O and D2O (in presence of THF, contributions 

proportionate to their volume fractions), and the PEO corona chains (which is 

ignored in this analysis).  

SANS data is analyzed by examining the variation of  ( ) with respect to 

time. The chain exchange process can be quantified in time by a relaxation 

function which is defined in Equation 2.17. 

The relaxation function for polymer micelles as predicted by Halperin 

and Alexander25, to be a single exponential decay, is seldom encountered as 

shown below 

 ( )      (   ).  (4.2) 

In practice, distributions of relaxation processes are observed which can be 

explained by the polydispersity in the hydrophobic block length.30-31 Therefore, 

a relaxation function can be defined as described in Equation 2.20. We 

performed three TR-SANS experiments, and they have similar experimental 
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procedures. For each experiment we will describe the information gained and 

conclusions, limitations of the experiments, and future directions.  

4.2. Scattering length densities 

Scattering length density (SLD) for thermal neutron cross sections are given as 

     
∑    

 
   

  
  

 (4.3) 

where    
 is the bound coherent scattering length of ith of n atoms in a molecule 

with molecular volume   . The scattering length densities of different species 

are as given in Table 4.1.  

Table 4.1. SLD’s of different compounds and solvents. 

Species 
 

Molecular 
Formula 

Mass Density @  

20 C (g/cm3) 

Scattering Length 
Density (Å-2) 

hCL C6H10O2 1.15 8.48 x10-7 

dCL C6H4D6O2 1.15 4.41 x10-6 

THF C4H8O 0.889 1.84 x10-7 

H2O H2O 0.998 -5.59 x10-7 

D2O D2O 1.105 6.36 x10-6 

50/50 h/d CL C6H7D3O2 1.15 2.68 x10-6 

 

4.3. Experiment 1 

4.3.1. Experimental design     

The characteristics of polymer samples used in experiment 1 are listed 

in Table 2.1. The first step in conducting any TR-SANS experiment is the 

determination of contrast match point. Micelle solutions were prepared in water 

/ tetrahydrofuran (THF) mixtures, where the THF content varied as 0, 10 and 20 

vol.%. Since micelles are sometimes frozen in the selective solvent, the co-

dissolution of a good solvent is often required. The measurements were 
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conducted 60°C above the melting point of PCL polymer to exclude any effect 

of core crystallization.   

Contrast matching for TR-SANS: Contrast matching experiments were 

conducted on micelles with a 50/50 mixture of h and d polymers in the core. 

Premixed micelle solutions (containing 50/50 amounts of h/d polymers weighed 

together during the micelle preparation procedure) were prepared in various 

solvent compositions. For each solvent composition (at a fixed THF: (H2O + 

D2O) ratio), the concentration of THF was held constant, and the ratio of H2O to 

D2O was varied (Figure 4.2). 

The integral of the intensity was calculated and plotted against the 

volume fraction of D2O. The contrast matched solvent composition has the 

same neutron scattering length density as the core. For the data illustrated in 

Figure 4.2, the contrast matched solvent conditions were found to be: 54% H2O 

/ 26% D2O / 20% THF (Figure 4.3).     

 

 

 

 

 

 

 

 

Figure 4.2. Intensity profile for different ratios of H2O/D2O for 20 vol% THF.  



49 
 

Here, the volume fraction of D2O was determined at which I(q) went to 

zero, indicating the contrast match composition (the first data point was 

reflected through the intensity axis for a clear determination of the contrast 

match point). 

 

Figure 4.3. Contrast match point determination for 20% vol THF. 

4.3.2. Results of Experiment 1 

4.3.2a) Presence of solvent in the core 

Comparing the SLD of the contrast match solvent conditions with the 

SLD of a 50/50  h/d mixed core (without any solvent present in the core), we 

found a significant discrepancy in the two values. It can be explained by the 

presence of cores swollen with solvent, as the added co-solvent (good solvent 

for both the blocks) will penetrate the core region. Estimating the amount of 

solvent present in the core, by matching with the SLD of the contrast match 

Contrast 
match point 

Vol. %  
THF = 20 

D
2
O+ H

2
O = 80  
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conditions, indicated heavy swelling with THF (Table 4.4). For the 20% volume 

THF samples, it was approximately 52 vol.% of the core. Similar observations 

were made by the Epps group6c, where they determined the volume fraction of 

the co-solvent in the core to be considerably higher than the bulk composition. 

Table 4.2. Comparison of SLDs of the swollen micelle core 

Sample Scattering Length Density (Å-2) 

THF 1.84 x 10-7 

D2O 6.37 x 10-7 

H2O -5.60 x 10-7 

54% H2O / 26% D2O / 20% THF 1.39 x 10-6 

Core containing 52% THF 1.38 x 10-6 

 

4.3.2b) Structural properties of h and d micelles  

Though the prepared diblock copolymers have similar molecular weights 

and compositions, it is essential to determine if the prepared micelles have 

similar structures, and hence, they should be characterized by SANS before the 

TR-SANS experiment to determine kinetics. Figure 4.4 illustrates the minor 

differences when both the h and d labeled polymers were prepared in the 

contrast matched solvent. The black curve indicates the scattering from the 

premixed micelle core (contains 50/50 h/d polymer in the core) prepared in the 

contrast matched solvent, indicating little contrast between the micelles and 

solvent when there is a 50/50 mixture of h and d polymers in the core. 

Incoherent scattering of the solvent is indicated by the dashed line on the plot. 
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Figure 4.4. Intensity change with time as monitored through the SANS  
                   instrument.  

 
 
4.3.2c) Data analysis and discussion 

The SANS intensity is proportional to the scattering length density 

difference between the micelle core and solvent, and as h and d polymers 

exchange between the micelle cores, the contrast decreases over time and 

hence the overall intensity also reduces. In a little over two hours, the sample 

containing 20% THF contains 50/50 h/d cores, such that the resulting intensity 

is now matched to that expected from the incoherent scattering of the solvent 

(or alternatively, the premixed micelle sample). Though the TR-SANS intensity 

became negligibleover 2 hours for 20% THF samples, the samples containing 

10% THF showed minor decreases over 3 hours, indicating a much slower 

change rate when the THF content is reduced. Furthermore, no change was 

Time in 
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detected in scattering from the micelle solutions prepared at 0% THF, indicating 

the presence of completely frozen micelles (i.e. lack of chain exchange). 

The absolute intensity in SANS depends on both the contrast and the 

structure of micelles. Since the structure of the micelles is not changing in this 

dynamic process (they are not disintegrating), the intensity only depends on the 

contrast30: Here 
        

        
 is determined by the solvent composition (and includes 

a small contribution from the corona chains), and does not change in a TR-

SANS experiment. The 
 ( )    

     
 term is the scattering length density of the core, 

influenced by the presence of either h or d chains, and the difference in 

scattering length densities changes over time until the cores contain completely 

mixed h and d chain in the core. 

 

               ( )     (   )                                   ( )   ∫  ( ) (   )  
 

 
                                  

  

 

 

 

 
Figure 4.5: a) Relaxation function fit with a single exponential function 
         and b) Relaxation function fit to the detailed model by Choi et 

        al.2b,using the concentration flux function.  
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The relaxation function,  ( ), describes the reduction of the scattering 

intensity over time during the TR-SANS experiments (Equation 2.17).  ( ) is 

plotted below against log t, for measurements conducted at 60 °C (Figure 4.5). 

The temperature was raised above the melting point of PCL to enable faster 

chain exchange to be measured in relevant time scales3. From the intensity 

profile at different times, we note that the decay is faster in the beginning and 

then slows down. Consistent with literature3, 30-31, the single exponential fit to 

this data as predicted by Halperin and Alexander25 is a poor fit (Figure 4.5a), 

and instead, our relaxation function also had linear dependence with 

logarithmic time scale, similar to that observed in Choi et al.30 (Figure 4.5b). 

A possible explanation for broad relaxation times observed in polymer 

micelles was initially thought to be concerted mechanisms for the rate limiting 

chain expulsion step. However, there were no effects of the polymer 

concentration on the chain exchange dynamics3. Diffusion of the chain through 

the solvent also does not play any role in chain kinetics as the diffusion time 

between micelles is estimated to be of the order of microseconds3, whereas the 

expulsion rate is much slower, on the order of minutes.  

There are three main processes involved in a chain exchange from one 

micelle to another3, 26a, 30: 

1) Expulsion of a unimer from a micelle core. 

2) Movement through the solvent when it has unfavorable core block-

solvent interactions. 

3) Insertion into another micelle.  
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Higher order chain kinetic processes such as fission and fusion are 

ignored in this analysis. Of the above three steps, the first one is considered to 

the most energy intensive, and therefore, is the rate limiting one. The net core 

block flux, of either the h or the d chains, depends on the concentration 

gradient30 

 ( )   ( )

 ( )   ( )
    (

  

 ( )
)   (4.4) 

where  ( ) is the characteristic exchange time. It is approximated by the 

longest (Rouse) relaxation time for un-entangled polymer melts, and is given by 

        
     

      
   

 (4.5) 

where      ,      are the Boltzman constant, temperature, statistical segment 

length and the monomeric friction factor respectively. 

Due to swelling of the core (as determined from contrast matching 

analysis and literature), we expected our core block polymer to be un-entangled 

as well. Choi et al. accounted for the extraction of core block not only in regard 

to the expulsion of a chain from the micellar core but also for the 

thermodynamically unfavorable core block solvent interactions as it comes out 

of the core block30. Consequentially, there is additional penalty for a chain 

expulsion, such that the concentration flux function is modified as defined in 

Equation 2.18. In this expression, we note that  (   ) depends on the double 

exponential of the N, therefore even a small polydispersity will have huge effect 

on  (   ). The polydispersity in the core block is accounted by a Gaussian 



55 
 

distribution function as described in Equation 2.19. The final relaxation function 

is given by Equation 2.20. 

These set of equations were used to analyze the data shown in Figure 

4.5a. The monomeric friction factor was used from literature39 and the statistical 

segment length b was estimated using C-C and C-O bond lengths in PCL. The 

value of b used was 10.56 Å. These equations have been used to fit the 

relaxation function data shown in Figure 4.5 . From the fit, the value of αχ is 

0.47 which is close to what one would expect for the interactions between a 

strongly hydrophobic block (PCL) and water.  

4.3.3. Conclusions of Experiment 1  

TR-SANS indicated the presence of chain exchange between the 

PEO2k-PCL4k micelles in THF/D2O/H2O. THF addition enhanced the rates of 

chain exchange by reducing the interfacial tension with the PCL core. SANS 

data was fitted using the relaxation function developed by Choi et al.3030, which 

considered the additional unfavorable interaction of the core block with solvent 

in the chain exchange process and reasonable core block-solvent interaction 

parameter values was obtained.  

4.3.4. Future work directions  

Though the data analysis broadly agrees with the expected outcomes 

from literature, we had some concerns about the integrity of our samples. Our 

polymer micelle solutions were most likely phase separated as the very low q 

range was marked by a sharp upturns, indicating presence of large aggregates. 

Visually, the samples turned cloudy on cooling from 60°C to room 
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temperatures. Cloudiness implies phase separation on the micro-scale phase 

separation. Also based on literature, the relaxation function is very sensitive to 

the polydisersity of the core block polymer. The polymers used in this 

experiment were relatively broad in their molecular weight distribution (PDI 

>1.5). For the next experiment, we aimed to synthesize polymers with narrower 

polydispersity, and special care was taken to select samples whose micelle 

solutions were clear upon preparation. 

4.4. Experiment 2 

4.4.1. Experimental design for Experiment 2 

Two sets of narrow PEO-PCL polymers were prepared (Polymers A and 

B), whose characteristics are listed in Table 2.1. The smaller PCL weight 

fraction h/d pair was synthesized to see the effect of core block length on the 

chain kinetics. The micelle solutions prepared using these polymers were clear 

in appearance and easy to filter. DLS data also indicated unimodal decay of 

autocorrelation function signifying that there was no phase separation in these 

solutions. Micelles were again prepared in water /THF mixtures, where the THF 

content was varied as 0%, 10% and 20% for each of the diblock copolymers. 

Micelles solutions were sonicated at the neutron facility after shipping to break 

any loose aggregates that might have formed over time. The SANS 

measurement were again conducted at 60°C. The solvent match point 

compositions obtained by contrast matching were in close proximity to the 

match point conditions as obtained before in Experiment 1.  
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4.4.2.  Results of Experiment 2 

The resulting h and d labeled core polymer prepared in the contrast 

matched solvent compositions had very low intensities. One example is shown 

in Figure 4.6. There were also differences in the intensities at t=0, but 

comparing with the t=0 data collected, for h and d polymer profiles, in 

Experiment 1, they were the same magnitude of difference. Also, these 

experiments were conducted at a high temperature, 60 °C for measuring chain 

exchange over a reasonable amount of time, but in this case, the intensity 

changed too quickly to be measured reliably. Estimating the amount of the 

solvent present in the core, by comparing the contrast match point indicated 

heavy swelling of the micelle cores as found in the last experiment. The 

intensities observed in this experiment were incredibly low, close to the solvent 

background, limiting our ability to make strong conclusions from this data. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6. TR-SANS intensities collected for PEO2k-PCL3k polymeric 

         micelles in 20%THF. 
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To address the issue of the low intensities observed, we using freeze 

drying to isolate the polymer from the solvent in one of the contrast match 

samples. Then NMR experiments were used to verify the ratio of h and d 

polymers in the contrast match sample. . It was determined that this contrast 

match samples had approximately the expected ratio of H and D atoms for the 

50/50 mixed core. The analysis is presented below for this NMR calculation. 

The structure of h and d PCL repeat unit are shown in Figures 4.7 a and b 

respectively. 

 

Figure 4.7. a) Structure of h PCL and b) structure of d PCL. 

Table 4.3. NMR analysis on polymer PEO2k-hPCL2k. 

Index 
Peak Location 

(ppm) 
Obtained peak ratios 
w.r.t. peak ‘a’ (hPCL) 

a 4.05 1.00 
b 1.65 2.10 
c 1.30 1.05 
d 2.30 1.06 

 

Table 4.4. NMR analysis on polymer PEO2k-dPCL2k. 

Index Peak Location 
 (ppm) 

Obtained peak ratios 
w.r.t. peak ‘a’ (dPCL) 

a 4.05 1.00 
b 1.65    0.27Φ1 
c 1.30    0.15Φ2 
d 2.30 1.02 

ΦNote: Some percentage of atoms are undeuterated. Φ113% atoms  
undeuterated. Φ215% atoms undeuterated. 

a) b) 
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Table 4.5. NMR performed on 50/50 h/d micelle solution used in 
                contrast matching. 

Index 
Peak 

Location 
(ppm) 

Expected 
peak ratios-

w.r.t. 'a' 
(50/50 h/d 

PCL)# 

Obtained peak 
areas in 
contrast 
matched 
sample# 

Obtained peak 
ratios-w.r.t. 'a' 

(contrast 
matched 
sample)# 

a 4.05 1.00 18.72 1.00 
b 1.65 1.19 26.07 1.39 
c 1.3 0.60 10.57 0.56 
d 2.3 1.04 19.42 1.04 

#Micelle solution containing 20% THF was freeze-dried prior to performing NMR 

Table 4.6. Percentage of h/d in the contrast matched sample. 

Fraction h Fraction d 

0.45 0.55 

 

4.4.3. Conclusions of Experiment 2 and directions for future work 

The micelles used in Experiment 2 had very low polydispersities and 

well-controlled characteristics. Unfortunately, although chain exchange was 

detected in all solvent compositions, it occurred too quickly to be measured 

reliably. There were additional limitations due to SANS intensities from these 

micelle solutions. The reason for this is that in Experiment 1, we determined 

that there was macrophase separation of the micelle solution, which greatly 

increased the overall scattering intensities. In Experiment 2 we prepared well-

controlled micelle solutions that did not phase separate, and the SANS 

intensities were much lower.  An additional factor is that the micelle cores were 

heavily swollen with the solvent, further reducing the contrast between the core 

and the solvent. We used a core-shell model to predict the effect of the micelle 

size on the intensity profile, using a swollen core, which indicated that 

increasing the size of the core would increase the intensities (Figure 4.9).  
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Figure 4.8. Intensity predictions using the core-shell model for different 

        micelle sizes. 
 

Therefore, we decided to synthesize narrow PEO-PCL (Mn PEO= 5 kg/mol) 

polymers for micelle preparation. Additionally, experiments conducted at room 

temperature, instead of 60°C, would in theory reduce the rate of chain 

exchange and increase the micelle size, based on DLS experiments.  

 

4.5. Experiment 3 

4.5.1. Experimental design for Experiment 3 

Micelle solutions were prepared from Polymer B of the last experiment 

and a high molecular weight analogue was prepared, Polymer C (PEO5k-

PCL5k), whose characteristics are listed in Table 2.1.The micelle solutions were 

clear in appearance, easy to filter and DLS indicated no phase separation and 

an almost uniform micelle size. Micelle solutions were prepared in four different 

0.01 0.1

1

2

3

4

5

6

q (Å
-1
)

 5nm (D)

 5nm (H)

 10nm (D)

 10nm (H)

 15nm (D)

 15nm (H)

 20nm (D)

 20nm (H)

In
te

n
s
it
y
 (

c
m

-1
)

Polymer B-Effect of different micelle size

20THF/ 57.25 H
2
O/ 22.75 D

2
O

Asymmetric Core/Corona Ratio = 35/65



61 
 

water / tetrahydrofuran (THF) mixtures, where the THF content was varied as 

0%, 5%, 10% and 20 vol. %. The measurements were conducted at room 

temperature this time to slow down the kinetics of chain exchange which was 

observed at elevated temperatures, as well as increase the micelle size and 

resulting intensities.  

4.5.2. Results of Experiment 3 

The contrast matched conditions were again found to be in good 

agreement with the previously determined match point conditions but, 

increasing the size of polymer had very small effect on absolute intensity. 

 

Figure 4.9.  The decrease in intensity for PEO2k-PCL3k micelle solutions  
                     in 10%THF. 
The overall contrast is hypothesized to be dominated by the core being swollen 

with solvent, which reduces the contrast between the core and solvent. Also, 

the intensities did not decrease to the contrast matched sample for the TR-
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SANS solutions (Figure 4.10). DLS measurements indicate some minor 

difference in micelle sizes for those containing h-PCL vs. d-PCL (Figure 4.11).  

 

Figure 4.10. Micelle solutions prepared in 20% THF composition. PEO2k-
            hPCL3k sample is prepared in 20%THF/80 %H2O and PEO2k-               

           dPCL3k sample is prepared in 20%THF/80% D2O. 

 
4.5.3. Conclusions from Experiment 3 and directions for future work 

Chain exchange was observed at relatively slower time scales and 

increasing the length of hydrophobic block reduced the rate of chain exchange. 

However, most samples (except for PEO2k-PCL3k micelle solution in 20% THF) 

did not reach the completely mixed core scattering profile. In future 

experiments, we need to verify if the polymer concentrations are different in the 

h and d micelle solution due to the isotope effect. For this, we need to 

characterize the concentration of h and d polymer separately in every micelle 

solution, using freeze drying and NMR technques, as there can be differences 
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in the solubility of h/d micelles, which could explain intensities not matching 

those of the premixed core.  Also, in order to improve the contrast, we will use a 

completely deuterated core polymer instead of partially deuterated PCL. the 

fully deuterated monomer has recently been supplied by the Center for 

Nanophase Materials Sciences at Oak Ridge National Lab.  
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CHAPTER 5 

CONCLUSIONS 

We investigated the effect of co-solvent variation on the micelle 

structural properties and their dynamics, using the neutron scattering 

experiments. Critical structural parameters were extracted by fitting a detailed 

micelle form factor model to the intensity profiles obtained from SANS. 

Information such as the aggregation number, percent THF in the core, micelle 

core radius, and thickness of the corona can be obtained from the fitted curves. 

An important consideration was the calculation of scattering length of the core 

based on the amount of THF weight fraction present in the core, which was a 

fitting parameter. There were definite trends in aggregation number and percent 

THF in the core. Aggregation number was found to be decreasing while the 

degree of swelling of the core was found to be higher with increasing THF 

content of the solvent. The next step will be to try the simultaneous fitting 

across the three solvent compositions taking into account their structural 

differences.  

THF addition also has a profound effect on the rates of chain exchange 

by reducing the interfacial tension with the PCL core. TR-SANS indicated faster 

kinetics of chain exchange with increasing THF content in the solvent. In the 

future, we will conduct TR-SANS experiments with improved core-solvent 

contrast and establish the characteristics time scales of with changing THF 

ratios.  
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