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This thesis discusses two systems. One is structured hydrogels which are hydrogel 

systems based on crosslinked poly((2-dimethylamino)ethyl methacrylate) 

(PDMAEMA) containing micelles which form nanoscale pores within the 

PDMAEMA hydrogel. The other is nanoporous block copolymer thin films where 

solvent selectivity is exploited to create nanopores in PS-b-P4VP thin films. Both of 

these are multicomponent polymer systems which have nanoscale porous structures. 

 

1. Small angle neutron scattering of micellization of anionic surfactants in water, 

polymer solutions and hydrogels  

 

Nanoporous materials have been broadly investigated due to the potential for a wide 

range of applications, including nano-reactors, low-K materials, and membranes. 

Among those, molecularly imprinted polymers (MIP) have attracted a large amount 

of interest because these materials resemble the “lock and key” paradigm of enzymes. 



  

MIPs are created by crosslinking either polymers or monomers in the presence of 

template molecules, usually in water. Initially, functional groups on the polymer or 

the monomer are bound either covalently or noncovalently to the template, and 

crosslinking results in a highly crosslinked hydrogel. The MIPs containing templates 

are immersed in a solvent (usually water), and the large difference in the osmotic 

pressure between the hydrogel and solvent removes the template molecules from the 

MIP, leaving pores in the polymer network containing functionalized groups. A broad 

range of different templates have been used ranging from molecules to nanoscale  

structures inclucing stereoisomers, virus, and micelles. When micelles are used as 

templates, the size and shape before and after crosslinking is an important variable as 

micelles are thermodynamic objects whose structure depends on the surfactant 

concentration of the solution, temperature, electrolyte concentration and polymer 

concentration. In our research, the first goal is to understand the micellization of 

anionic surfactants in polymer solutions and the corresponding hydrogels using small 

angle neutron scattering (SANS). SANS has been widely used to investigate 

structures ranging from sub-nanometer to sub-micrometer. Since the scattering 

lengths of H and D atoms are quite different, the scattering contrast can be enhanced 

(and varied) through isotopic labeling. It is possible to investigate the structure of 

micelles in polymer solutions and hydrogels using H/D contrast matching methods 

with SANS. For this aim, water-soluble and chemically crosslinkgable poly((2-

dimethylamino)ethyl methacrylate) (PDMAEMA) was synthesized using group 

transfer polymerization. In order to control the size and shape of micelles, the degree 

of quaternization of the polymer was also controlled through the reaction of 



  

PDMAEMA with methyl iodide. The micellization of deuterated sodium 

dodecylsulfate (d-SDS) in (quaternized) PDMAEMA solutions and the corresponding 

hydrogels was then observed using SANS and the size and shape of d-SDS micelles 

was obtained by modeling.  

 

2. Nanopatterning using block copolymer/homopolymer blends 

 

Block copolymers are well-known to self-assemble into meso- and nano-scale 

structures. The use of block copolymers for nanostructured patterns has attracted 

increasing attention due to their potential use as templates and scaffolds for the 

fabrication of functional nanostructures. In order to realize the potential of these 

materials, it is necessary to be able to control the orientation of the nanoscale pattern 

in a precise manner. Numerous methods such as manipulation of the interfacial 

surface energies, use of electric fields, and controlling the rate of solvent evaporation 

have developed to control orientation.  In addition, it has been shown that nanopores 

within cylindrical domains oriented normal to the substrate can be generated by 

several methods. For example, one component can be degraded by UV exposure, or 

the homopolymer in a block copolymer/homopolymer blend can be extracted in a 

selective solvent. In our work, polystyrene-b-poly(4-vinylpyridine) (PS-b-

P4VP)/poly(4-vinylpyridine) (P4VP) films on silicon substrates were prepared using 

spincoating. The homopolymer was then extracted in ethanol generating pores 

perpendicular to the substrate. It is noted that the pore size and density were readily 

controlled by the amount of P4VP homopolymer in the PS-b-P4VP/P4VP solutions, 



  

giving simple control of the film structure. It was also possible to make pores more 

uniform and ordered by annealing in solvent vapor before extracting the 

homopolymer.  
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Chapter 1: Significance and Background 

 

Molecularly imprinted polymers (MIP) are formed in the presence of template 

species, which are extracted after network formation, thus leaving complementary 

pores behind. The MIP shows a chemical affinity for the original template species, so 

they can be used to fabricate sensors, catalysts or separation materials. We are 

interested in creating and analyzing structured hydrogels containing micelles as 

templates using small angle neutron scattering (SANS). This required the synthesis of 

a water-soluble and chemically crosslinkable polymer, poly((2-dimethylamino)ethyl 

methacrylate) (PDMAEMA). We will present group transfer polymerization (GTP) 

used to synthesize PDMAEMA, and SANS using to measure the size and shape of the 

micelles. Finally work on a separate topic will be presented where we developed a 

simple way to create nanoporous films using a diblock copolymer. 

 

1.1 Significance 

MIPs are created by crosslinking either polymers or monomers in the presence of 

templates, usually in water.1-9 Initially, functional groups on the polymer are bound 

either covalently or noncovalently to the template, and then crosslinking results in a 

highly crosslinked hydrogel. The MIPs containing templates are immersed in water, 

and the large difference in the osmotic pressure between the hydrogel and water 

drives the templates out of the MIP, leaving pores in the polymer network containing 

functionalized groups. It is argued that these pores are complementary in size and 
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shape to the template molecules, resembling the “lock and key” paradigm of enzymes 

and the functional groups of the polymer are positioned to rebind to the template 

molecule, so that this material has potential to be used for applications in separation, 

drug delivery, biosensors, etc. There is also interest in creating nanoporous hydrogels 

using micelles as templates which could be used as separation materials,10-13 similar 

to MIPs although micelles are at larger size scale than single molecules. In order to 

understand the proposed mechanism of MIPs, it is necessary to compare the resultant 

pores to the original templates with respect to size and shape.  

 

When micelles are used as templates, the size and shape before and after 

crossinking needs to be studied because micelles are thermodynamic structures which 

depend on the surfactant concentration of the solution, temperature, electrolyte 

concentration and polymer concentration. SANS has been widely used to investigate 

structures ranging from sub-nanometer to sub-micrometer.14-16 Because the scattering 

lengths of H and D atoms are very different, the scattering contrast can be enhanced 

(and varied) through isotopic labeling. It is possible to investigate the structure of 

micelles in polymer solutions and hydrogels using H/D contrast matching methods 

with SANS. The size and the shape of the pores in comparison to size and shape of 

the original micelles can be investigated using SANS. The first goal of this work is to 

control the size and shape of micelles in polymer solutions and the corresponding 

hydrogels to understand the mechanism of MIP formation. 
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Although many articles have been published which describe the behavior of MIPs, 

some basic questions still need to be addressed to improve MIPs, such as the size and 

the shape of the pores, the effect of swelling and deswelling of the MIPs on the pores, 

and the dynamics of polymer chains in the MIP. Among these, a difficulty in directly 

observing the change of pores during swelling and deswelling of MIPs comes from 

the fact that pores exists inside MIPs.  

 

In order to overcome the restriction, we used the self-assembly of polystyrene-b-

poly(4-vinyl pyridine) (PS-b-P4VP)/poly(4-vinyl pyridine) (P4VP) blend films to 

generate pores penetrating the entire PS-b-P4VP/P4VP blend film after extracting 

P4VP homopolymers in a selective solvent. Since P4VP can be chemically modified 

to have charges and PS is non-soluble in water, a similar structure to MIPs is 

expected to be created to allow us to observe the pores using atomic force microscope 

in pure water and electrolyte solutions. 

  

1.2 Theoretical Background 

1.2.1 Group transfer polymerization 

Group transfer polymerization (GTP) is a Michael-type catalyzed addition 

reaction.17-20 A silyl ketene acetal is often used as the initiator. Figure 1.1 illustrates 

the polymerization of methyl methacrylates with dimethylketene methyl 

trimethylsilyl acetal as initiator. The silane group is transferred to the growing end 

after the addition of each monomer unit. Thus, the chain end remains active until the 
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complete consumption of the monomer. This is a living polymerization, and the 

molecular weight of the polymer synthesized can be predetermined from the ratio the 

monomer to the initiator used. Also, sequential addition of different monomers can 

give block copolymers. This type of polymerization reaction has been widely applied 

to the polymerization of (meth)acrylic monomers at room temperature, in the 

presence of a variety of side groups, which are sensitive to ionic or radical 

polymerization reactions. GTP is relatively tolerant to functionalities such as tertiary 

amines, epoxides, styrenic, and allylic groups. Monomers with functionalities such as 

–OH and –COOH can be polymerized after protection with appropriate groups. 

Deprotection after polymerization gives access to hydrophilic polymers. The use of 

anionic or Lewis acid catalysts, in conjuction with the initiator, improves the 

polymerization because these catalysts coordinate with the silicon atom or the 

monomer, and facilitate group transfer. 
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Figure 1.1. Group transfer polymerization of (meth)acrylic monomers 
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1.2.2 Small angle neutron scattering 

SANS is a powerful technique to provide detailed structural information on a size 

scale of ~5 to 100 nm.14-16 For scattering from nanoscale particles in a very dilute 

solution (such as colloids or micelles), it is possible to measure only intra-particle 

scattering. However, in most cases the inter-particle scattering contributes to the 

intensity, especially at low scattering vector q, and to a greater extent as the 

concentration increases. The scattering vector q is related to the scattering angle and 

wavelength by   

     4 sin
2

q π θ
λ

⎛ ⎞= ⎜ ⎟
⎝ ⎠

      (1.1) 

Here, λ  is the wavelength of the incident light and θ  is the scattering angle.  

 

The coherent scattering cross section of a system made of n nuclei is proportional to 

the density-density correlation function as follows. 

( ) ( )( )2

1 1
exp

n n

i j
i j

d q
b iq r r

d = =

= − −
Ω

∑ ∑∑ i                                 (1.2) 

where b  represents the sum of all the coherent scattering lengths of the nuclei of a 

single particle and ir  defines the distance of the ith atom from the observer. It is 

useful to replace the discrete sum of equation (1.2) with an integral by defining the 

local density of molecules by the expression 

( ) ( )
1

n

j
j

n r r rδ
=

= −∑                                                  (1.3) 

where  ( )n r  is the density of molecules at any point r. Since  
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( ) ( ) ( )k k
V

f r r r d r f rδ − =∫                                           (1.4) 

The equation (1.1) is written into 

( ) ( )( ) ( ) ( )
'

2 ' ' 'exp 1
V V

d q
b q r r n r n r d rd r

d
= − −

Ω
∑ ∫ ∫ i                          (1.5) 

Now, consider a two species mixture, with 1n  molecules of scattering length 1b  and 

with 2n  molecules of scattering length 2b  occupying the sample volume V. Collecting 

the terms belonging to each species and those of the cross terms together, the 

coherent cross section is given by 

( ) ( )( ) ( )( )

( )( )

1 1 1 2

1 1 1 1

2 2

2 2

2
1 1 2

1 1 1 1

2
2

1 1

exp 2 exp

exp

n n n n

i j i j
i j i j

n n

i j
i j

d q b b biq r r iq r r
d V V

b iq r r
V

= = = =

= =

= − − + − −
Ω

+ − −

∑ ∑∑ ∑∑

∑∑

i i

i
      (1.6) 

or 

( ) ( )( ) ( ) ( )

( )( ) ( ) ( ) ( )( ) ( ) ( )
'

' '

2
' ' '1

1 1

2
' ' ' ' ' '1 2 2

1 2 2 2

exp 1

2 exp 1 exp 1

V V

V VV V

d q b q r r n r n r drdr
d V

b b bq r r n r n r drdr q r r n r n r drdr
V V

= − − +
Ω

− − + − −

∑ ∫ ∫

∫ ∫ ∫ ∫

i

i i

                  (1.7) 

where ( )in r  is the local density of constituent i. The molecular volumes 1v  and 2v  

and scattering length densities 1
1

1

b
v

ρ =  and 2
2

2

b
v

ρ =  are defined for the molecules, 

respectively. For convenience, the following partial structure factors are defined: 

( ) ( )( ) ( ) ( )
'

' ' '
1 1exp 1i j

ij
V V

v v
S q q r r n r n r drdr

V
= − −∫ ∫ i                     (1.8) 

And, the scattering cross section becomes 
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( ) ( ) ( ) ( )2 2 2P PP S SS P S PS

d q
S q S q S q

d
ρ ρ ρ ρ= + +

Ω
∑                           (1.9) 

In an incompressible system, the following is satisfied. 

 ( ) ( ) ( )PP SS PSS q S q S q= = −                                         (1.10) 

This simplifies the cross section to the following form: 

( ) ( ) ( ) ( ) ( ) ( ) ( )2 2 2
1 2 11 1 2 22 1 2 12

d q
S q S q S q

d
ρ ρ ρ ρ ρ ρ= − = − = − −

Ω
∑          (1.11) 

The above equation implies that the scattering of a two component system depends 

only on one of these components and is independent of the other. 

 

Consider a system consisting of N particles with a particle volume occupying 

volume V, like a colloid solution. Each particle comprises n molecules of volume v 

each so that the particle volume is vp=nv. Schematic representation of the coordinate 

system showing a pair of scatterers that belonging to two different particles is shown 

in Figure 1.2. In a particle, the fact that the relative positions of certain sets of atoms 

in the sample are constrained by the requirement that they form a particle is taken 

advantage of.  

The scattering cross section is 

( ) ( )( )

( )( ) ( )( )

2
2

, ,

2
2

, ,

exp

exp exp

N n

Ii Jj
I J i j

N n N n

Ii Ij Ii Jj
I J i j I J i j

d q v iq r r
d V

v iq r r iq r r
V

ρ

ρ
= ≠

⎡ ⎤
= Δ − − =⎢ ⎥Ω ⎣ ⎦
⎡ ⎤

Δ − − + − −⎢ ⎥
⎣ ⎦

∑ ∑∑

∑∑ ∑∑

i

i i
        (1.12) 
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Figure 1.2. A schematic of the coordinate system showing a pair of scatterers that 

belong to two different particles 
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where Ii indicates the ith atom in the Ith particle. So the equation is separated out the 

intra-paticle ( )I J=  and the inter-particle ( )I J≠  terms in the scattering cross 

section. It is assumed for the sake of clarity that all particles have the same shape and 

size. Therefore, 

( ) ( )( ) ( ) ( )( )
2

2

, ,
exp 1 exp

n n

Ii Ij Ii Jj
i j i j

d q v N iq r r N N iq r r
d V

ρ
⎡ ⎤

= Δ − − + − − −⎢ ⎥Ω ⎣ ⎦

∑ ∑ ∑i i    

(1.13) 

The inter-distance between the scattering pair IiJjr  can be expressed as 

IiJj Ii Jj IJr s s R= − + + , and the inter-particle average can be split into the following 

parts: 

( )( ) ( ) ( ) ( )exp exp exp expIi Jj Ii Jj IJiq r r iq s iq s iq R− − = − −i i i i         (1.14) 

The first two averages are within single particles and the third average is across 

paricles. 

The summations become 

( )( ) ( ) ( ) ( )
,

exp exp exp exp
n n n

Ii Jj IJ Ii Jj
i j i j

iq r r iq R iq s iq s− − = − −∑ ∑ ∑i i i i     (1.15) 

The form factor amplitude is defined as 

( ) ( ) ( )1 1exp exp
n n

Ii Jj
i j

F q iq s iq s
n n

= − = −∑ ∑i i                       (1.16) 

The single-particle form factor is defined as 

( ) ( )2
,

1 exp
n

IiIj
i j

P q iq s
n

= −∑ i                                       (1.17) 

An inter-particle structure factor is defined as 
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( ) ( )
,

1 exp
N

IJ
I J

S q iq R
N

= −∑ i                                        (1.18) 

The cross section can therefore be written as follows 

( ) ( ) ( ) ( )( )
2 2

22 1
d q v n N P q F q S q

d V
ρ ⎡ ⎤= Δ + −

⎣ ⎦Ω
∑                           (1.19) 

Uniform density scatterers such as particles are characterized by ( ) ( ) 2
P q F q= , so 

that 

( ) ( ) ( )
2 2

2d q v n N P q S q
d V

ρ= Δ
Ω

∑                                       (1.20) 

Defining a particle’s volume fraction /Nnv Vφ = , the following result is obtained 

( ) ( ) ( )2d q
vn P q S q

d
ρ φ= Δ

Ω
∑                                          (1.21) 

 

A few examples of the form factor are described below.  

 

Form factor for a uniform sphere 

 

Consider a sphere of radius R and uniform density. The singe particle form factor 

( )P q  involves integrations over the volume VP of the sphere. 

( )
( ) ( ) ( )( )

'
' '

2 exp
n r n r

P q dr dr iq r r
n

= − −∫ ∫ i                         (1.22) 

Since the scattering elements are not correlated, the average of the product 

( ) ( )'n r n r  is equal to the produce of the average ( ) ( )'n r n r . Therefore, 
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( ) ( ) 2
P q F q=                                                  (1.23) 

The amplitude of the form factor ( )F q  is defined as 

( ) ( )
exp 1

n r
F q dr q r

n
⎡ ⎤= −⎣ ⎦∫ i                                      (1.24) 

For uniform density,  

( )
P

nn r
V

=        for r R≤                                           (1.25) 

( ) 0n r =        for r R>                                           (1.26) 

Therefore, 

( ) ( ) ( ) ( )1 2 12 2
3 30 1 0 0

sin 33 3exp
4

R R qr j qR
F q r dr d iqr d r dr

R R qr qR
π

μ μ φ
π −

= − = =∫ ∫ ∫ ∫   (1.27) 

Here, the spherical Bessel function ( )1j x  is defined as 

( )1 2

sin cosx xj x
x x

= −                                               (1.28) 

Therefore, the form factor for the sphere is 

( ) ( ) 22
1

2

3 3 sin cosj qR qR qRP q
qR qR qR qR

⎡ ⎤⎡ ⎤ ⎛ ⎞
= = −⎢ ⎥⎢ ⎥ ⎜ ⎟

⎝ ⎠⎣ ⎦ ⎣ ⎦
                        (1.29) 

 

Form factor for a spherical shell 

 

Following the same procedure, the form factor for a spherical shell between radii R1 

and R2 (and hollow for r<R1) can be calculated as follows: 
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( ) ( ) ( )

( )
( ) ( )

2

1

2 1

1 22
3 3 1 0
2 1

1 2 1 13 3
3 3

2 12 1

3 exp
4

3 31

R

R
F q r dr d iqr d

R R

j qR j qR
R R

qR qRR R

π
μ μ φ

π −
= −

−

⎡ ⎤⎛ ⎞ ⎛ ⎞
= −⎢ ⎥⎜ ⎟ ⎜ ⎟

− ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫ ∫ ∫
                    (1.30) 

And, the form factor for the shell is  

( ) ( ) 2
P q F q=                                               (1.31) 

 

Structure Factor 

 

The structure factor contains all of the information about the spatial arrangement of 

the particles relative to an arbitrary origin. For the case of an isotropic solution, the 

average can be calculated around a centrally located sphere. The orientational average 

can be calculated as 

( ) 2

0

sin( ) 1 4 1P
qrS q n g r r dr

qr
π

∞
= + −⎡ ⎤⎣ ⎦∫                             (1.32) 

The pair correlation function, ( )g r , can be calculated using liquid state theory, and 

thus the structure factor can be calculated. The pair correlation function is related to 

thermodynamic properties of the fluid such as pressure or compressibility. To obtain 

information from systems of interacting colloids, it is necessary to model the 

scattered intensity by calculating the form and structure factors. 

 

For particles of known morphology, it is often desirable to determine the unknown 

interparticle potential. This is done by proposing an interaction potential, using 

statistical mechanics to calculate ( )S q , and fitting the model to the data. The 
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interaction potential determines the equilibrium arrangement of particles, ( )g r , from 

which ( )S q  can be calculated. For a homogeneous, isotopic fluid of spheres, the 

Ornstein-Zernike equation is 

( ) ( ) ( ) ( )( ) 1h r g r c r n c r x h x d x= − = + −∫                        (1.33) 

and states that the total correlation, ( )h r , between two particles is the sum of the 

direct correlations, ( )c r , and the sum of all other correlations which are felt indirectly 

through all other particles. The structure factor ( )S q  depends directly on ( )c r . 

Unfortunately, ( )c r  and ( )h r  are both unknown functions and the Ornstein-Zernike 

equation can only be solved if there is available an additional relationship between 

them. The additional equation is an approximation, called a closure relation, which 

relates ( )c r  and ( )h r .  The simplest of these closure relations is the Percus-Yevick 

closure, 

( ) ( )( ) 1 U rc r g r eβ⎡ ⎤= −⎣ ⎦                                         (1.34) 

which provides a good description of fluids with very short ranged interactions. For 

the simpleset case of hard sphere interactions with a radius, a   

( )U r = ∞  for 2r a≤                                           (1.35) 

( ) 0U r =  for 2r a>                                           (1.36) 

where r  is a center-to-center distance. 

The screened Coulomb interaction is a good description of macroions in solution. 

( )U r = ∞  for 2r a≤                                          (1.37) 



 

 15 
 

( )
( )

( )
2

2
0

exp 2 /
4 1

mzU r r a r
a

κ
πε ε κ

= − −⎡ ⎤⎣ ⎦+
     for 2r a>                        (1.38) 

where r  is a center-to-center distance. mz  is the charge on the micelle, 0ε  is the 

permittivity of free space, ε  is the dielectric constant of the solvent, and κ is the 

Debye-Hűckel inverse screening length. Since the screened Coulomb repulsion is 

much longer ranged than hard sphere interactions, a different, more appropriate 

closure relation will take this into account. 
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1.2.3 Block copolymer 

Block copolymers contain two or more different polymer chains linked together. 

Usually the blocks become less miscible as the temperature is lowered, i.e. the system 

exhibits an upper critical ordering temperature (UCOT). Below the UCOT, phase 

separation occurs. However, in contrast to blends of polymers, the length-scale for 

phase separation in block copolymers is restricted by the connectivity of the blocks. It 

is typically 10-100 nm, depending on the radius of gyration of the blocks. Hence the 

process of phase separation for block copolymers is termed microphase separation.21-

24 The transition from an ordered microphase to the homogeneous polymer melt at 

high temperatures occurs at the order-disorder transition (ODT). Microphase 

separation leads to the formation of a variety of ordered structures, illustrated in 

Figure 1.3, which shows an idealized phase diagram for a diblock copolymer. 

Different structures are stable for block copolymers with different compositions, 

specified as the volume fraction of one block f . Block copolymer phase diagrams 

are parameterized by f  and Nχ . Here χ  is the Flory-Huggins interaction parameter 

associated with the enthalpy of mixing of segments and N  is the degree of 

polymerization. The stability of the block copolymer microphases results from a 

balance between the enthalpy penalty for curvature of the interface between 

microdomains, the entropy associated with localizing junctions between the blocks at 

the interface and the entropy associated with maintaining a uniform density, which 

leads to the stretching of chains to fill space. Again, considering diblock copolymers 

as the simplest case, in a symmetric diblock ( 0.5f = ) there is no tendency for the 

interface to curve, so upon microphase separation, a lamellar phase is formed. As the 
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asymmetry of the diblock increases, the mean interfacial curvature increases, leading 

to the formation of phases of hexagonal-packed cylinders or spheres of the minority 

block in the majority matrix. Between the hexagonal-packed cylinder and lamellar 

phase, a gyroid phase is formed.  
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Figure 1.3. (a) Morphologies such as spheres (S), cylinders (C), gyroid (G), and 

lamellar (L) are controlled by f  and Nχ  (b) Theoretical and (c) experimental 

polystyrene-b-polyiosprene phase diagrams for diblock copolymers (Frank S Bates, 

MRS Bulletin, 2005, 30, 525-532) 
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 Chapter 2: Small angle neutron scattering study of 

deuterated sodium dodecylsulfate micellization in dilute 

poly((2-dimethylamino)ethyl methacrylate) solutions 

 

In order to create hydrogels containing micelles, it was required to synthesize a 

water-soluble and chemically crosslinkable polymer. In this chapter, we will present 

the synthesis and characterization of poly((2-dimethylamino)ethyl methacrylate) 

(PDMAEMA) using group transfer polymerization (GTP). The effect of sodium 

dodecylsulfate (SDS) on PDMAEMA chain conformation in water is investigated 

using small angle neutron scattering (SANS).  

 

2.1 Introduction 

Interactions between polymers and surfactants in water have been widely 

investigated because of their potential applications as detergents,25 rheology 

modifiers,26 and gelation agents.27, 28 The surfactants are typically charged, while the 

polymers are generally neutral or oppositely charged with respect to the surfactants. 

Depending on whether the polymers are neutral or oppositely charged, mixtures of 

polymers and surfactants in water show different behavior.29, 30 In cases where 

anionic surfactants were added to a dilute neutral polymer solution, such as 

poly(ethylene oxide) (PEO), poly(vinyl pyrrolidone) (PVP) or poly(vinyl alcohol) in 

water, the spherical surfactant micelles were wrapped by the polymer chains, which is 
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termed a necklace-like structure, and is formed above the critical aggregation 

concentration (CAC), which is lower than the critical micelle concentration (CMC) of 

the surfactant in pure water. This continues until the polymers are saturated with 

micelles.29, 31 Many factors, such as molecular weight, amount, flexibility and 

hydrophobicity of the polymer all influence the association between the polymer and 

the surfactant. It has been shown that in dilute or semidilute PEO water solutions, 

necklace-like PEO/SDS complexes are formed when the PEO molecular mass is high 

enough.29, 31-34 Spherical micelles wrapped by polymers in semi-dilute solutions can 

be used to create a templated hydrogel if the polymer is crosslinkable. PDMAEMA is 

a water-soluble polymer which can be cationic or neutral depending on pH,35, 36 and 

can be chemically crosslinked using 1,2-bis(2-iodoethoxy)ethane (BIEE) in water.37, 

38 Recently, binding of SDS surfactants to short PDMAEMA (8000 g/mol) chains 

was observed using SANS by Cosgrove, et al. at pH 9.1 where the polymer is 

considered neutral.39 It is notable that the interactions between PDMAEMA with a 

small degree of polymerization (~50) and SDS surfactants occur, since the value of 

50 is comparable to the degree of polymerization of PVP (~36) which has the highest 

reactivity for anionic surfactants among the neutral polymers.29 In the SANS data by 

Cosgrove, et al. a peak was observed in the q range 0.04-0.06 Å-1, and q-4 power law 

behavior at low q was observed in dilute PDMAEMA solutions with either deuterated 

SDS (d-SDS) or hydrogenated SDS (h-SDS) in D2O. They attributed the peak in the 

scattering to the formation of PDMAEMA/SDS complexes and suggested several 

short PDMAEMA chains are associated with each micelle, as chains used in their 

research had an averaged degree of polymerization of only about 50, which is lower 
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than expected for the necklace-like structure where several spherical micelles are 

connected by a single polymer chain.29, 32-34, 40 Since a necklace-like structure is one 

of the prerequisites to create a structured PDMAEMA hydrogel templated with SDS 

micelles, in this work we synthesized 60,000 g/mol PDMAEMA (approximately, 

~395 degree of polymerization) using GTP19, and the structure of PDMAEMA/SDS 

complexes in dilute PDMAEMA solutions was investigated using SANS and H/D 

contrast matching methods. 

  

2.2 Experimental 

All reagents were purchased from Aldrich, unless otherwise stated. The monomer, 

((2-dimethylamino)ethyl methacrylate) (DMAEMA) from Polysciences, Inc, was 

passed through a basic alumina column to remove the inhibitor and was dried by 

stirring over calcium hydride for 24 hrs. The monomer was vacuum-distilled at 45 °C 

before use. Tetrahydrofuran (THF) from Fisher was refluxed over sodium and 

benzophenone for 3 days and then distilled. The dried THF was transferred to the 

reaction flask via a double-tipped needle. The initiator, 1-methoxy-1-trimethylsiloxy-

2-methyl-1-propene (MTS), was distilled and stored in a graduated Schlenk flask 

before use. Tetrabutylammonium bibenzoate catalyst (TBABB) was prepared by the 

method of Dicker et al.20 For the SANS measurements, D2O and d-SDS were 

purchased from Cambridge Isotope Laboratories, Inc. To observe the effect of pH on 

the SANS intensity of the PDMAEMA solutions, PDMAEMA was dissolved in pure 

D2O or acidified D2O. Acidified D2O was prepared by adding small amount of a 35 

wt% DCl solution in D2O to pure D2O. Also, a series of 10 mg/ml PDMAEMA 
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solutions in pure D2O with the desired d-SDS concentrations were prepared by 

mixing a 20 mg/ml PDMAEMA solution with various concentrated d-SDS solutions 

in order to investigate the change of PDMAEMA chain conformation resulting from 

the interactions between PDMAEMA and d-SDS. The size and shape of the micelles 

in a 10 mg/ml PDMAEMA solution with 100 mM d-SDS was observed under the 

conditions where PDMAEMA was contrast-matched to a mixture of 80% H2O and 

20% D2O. Each solution was measured in a demountable titanium cell with a 1 mm or 

2 mm path length for the SANS experiments, depending on the solvent. SANS 

experiments were carried out at the Center for Neutron Research at the National 

Institute of Standards and Technology on the 30 m NIST-NG7 instrument.41 The raw 

data were corrected for scattering from the empty cell, incoherent scattering, detector 

dark current, detector sensitivity, sample transmission, and thickness. Following these 

corrections the data were placed on an absolute scale using direct beam measurement 

and circularly averaged to produce I(q) versus q plots where I(q) is the scattered 

intensity and q is the scattering vector (q=4πsinθ/λ). The q range was 0.0046–0.40 Å-1 

and the neutron wavelength was 6 Å with a wavelength spread Δλ/λ =0.11.  

 

2.3 Results 

2.3.1 PDMAEMA synthesis 

PDMAEMA was synthesized using GTP as described by Armes et al.35, 42 All 

glassware was heated overnight at 130 °C before use. In order to eliminate surface 

moisture, the assembled glassware was heated under vacuum. 100 ml of dry, distilled 
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THF was transferred into a flask via a double-tipped needle. 5 mg TBABB (2mol % 

based on initiator) was dissolved in small amount of the dried THF and the solution 

was transferred into the flask via a double-tipped needle. Then, 0.1 ml MTS was 

added to the flask. 25 ml of DMAEMA monomer was added dropwise via a double-

tipped needle to the solution. The reaction causes the temperature of the solution 

increase as it is an exothermic reaction. A thermocouple was used to monitor the 

temperature of the solution during the polymerization. The solution was stirred 

without heating until the solution temperature returned to room temperature. The 

polymerization was terminated by addition of 10 ml methanol and the solvent was 

removed using a rotary evaporator at 45 °C. The synthesized polymer was further 

dried in a vacuum oven for at least 3 days at 45 °C.  

 

2.3.2 Polymer characterization 

2.3.2.1 Proton nuclear magnetic resonance spectroscopy (1H-NMR) 

The chemical structure of synthesized PDMAEMA, as shown in Figure 2.1, was 

confirmed using a Bruker 400 MHz 1H-NMR and using CDCl3 with 1% TMS as 

solvent. The NMR signal at δ 0.8-1.1, assigned to the methyl group in the main chain, 

indicates the vinyl group of the monomers polymerized. 

 

2.3.2.2 Gel permeation chromatography (GPC) 

GPC was used to determine a PMMA equivalent molecular weight and molecular 

weight distribution of the synthesized PDMAEMA. A series of near-monodisperse 

poly(methyl methacrylate) (PMMA) from Polymer Laboratories were used as 



 

 24 
 

calibration standards. (Figure 2.2) The eluent was HPLC grade THF with 2 vol% 

triethylamine at a flow rate of 1 ml/min. Here, the molecular weight is reported as 

PMMA equivalent. Based on the calibration curve, the number-average molecular 

weight of the synthesized PDMAEMA was 60,000 g/mol with 1.12 PDI which is 

close to the target molecular weight of 50,000 g/mol. The difference between the 

measured and the target molecular weight is probably due to the hydrodynamic 

volume of PDMAEMA being larger than the PMMA used as calibration standards. 
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Figure 2.1. 1H-NMR of synthesized PDMAEMA in CDCl3 
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Figure 2.2. (a) GPC results of standard PMMAs and synthesized PDMAEMA: 

PMMAs (black line) and PDMAEMA (red line) and (b) A plot of molecular weight 

versus retention time: PMMAs (black squares) and PDMAEMA (red circle) 
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2.3.3 SANS results 

2.3.3.1 Dilute PDMAEMA solutions 

The binding of SDS to PDMAEMA has been investigated as a function of SDS 

concentration in dilute polymer solution by several authors.39, 43 It was found that 

three different transitions occur during the binding process, e.g., (1) at very low 

concentrations, a non-cooperative PDMAEMA monomer/SDS binding, (2) above the 

CAC, there is  hydrophobically driven cooperative formation of PDMAEMA/SDS 

micelles, and (3) the onset of formation of free SDS micelles at the saturation 

concentration.43 In transition (2), the structure of PDMAEMA/SDS micelles has been 

studied using SANS.39 In that work, PDMAEMA in water was regarded as a neutral 

polymer at a pH of 8.643 or 9.139. PDMAEMA can be charged in water depending on 

pH. Several authors have investigated the charge behavior of PDMAEMA using 

proton titrations.35, 36 They found that the conjugate acid of the tertiary amine of 

PDMAEMA has a pKa ~7. In Figure 2.3, black squares and red circles represent 

SANS intensity of 10 mg/ml PDMAEMA solutions in pure D2O at the natural pH 8.5 

and acidified D2O at pH 5.9. At pH 8.5 and pH 5.9, the portion of charged amines per 

PDMAEMA chain was about 3% and 92 %, calculated from the Henderson-

Hasselbalch equation44 using a pKa of 7. The SANS intensity of both polymer 

solutions decreases in the q region below 0.03 Å-1 resulting in a peak at about q~0.03 

Å-1. The measured SANS intensity in the low q region deviates from a Debye 

function (which describes the form factor of a neutral linear polymer in a dilute 

polymer solution).16, 45  

 



 

 28 
 

 

 

0.01 0.1
0.01

0.1

1

 

 

I(
q)

 (c
m

-1
)

q (Å-1) 
0.01 0.1

0.01

0.1

1

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. SANS of 10 mg/ml PDMAEMA solutions in pure D2O (black squares) 

and acidified D2O (red circles) 
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The broad peak in the scattered intensity is characteristic of polyelectrolyte solutions 

and the peak position is generally a function of polymer concentration.46-48 In general, 

the scattering peak is thought to result from strong interactions of unscreened charges 

along the polyelectrolyte chain such that the dynamics are dominated by intra and 

inter-chain electrostatic interactions.47  

 

In contrast to the measured SANS intensity for 10 mg/ml PDMAEMA solutions in 

pure D2O at pH 8.5 and acidified D2O at pH 5.9, the SANS intensity of  Cosgrove, et 

al.39 (for 15,500 ppm PDMAEMA solution in pure D2O at pH 9.1 and acidified D2O 

at pH 2.0) showed monotonically decreasing scattering and were fit using a Debye 

function. From their fits, it was concluded that the size of the charged polymer in 

acidic D2O is nearly twice that measured in pure D2O due to repulsive electrostatic 

interactions expanding the charged polymer. Many parameters such as PDMAEMA 

concentration, the solubility of CO2 in pure D2O, the quality of D2O and so on44, can 

affect pH of PDMAEMA solution, resulting variable charge density of the 

PDMAEMA in pure D2O. However, the effect is minimized at acidic D2O. Despite of 

the lower charge density for PDMAEMA at pH 5.9 compared to PDMAEMA at pH 

2.0, our SANS intensity shows a peak characteristic of polyelectrolyte solutions. One 

possible explanation for this discrepancy might be the fact that our q range is 

extended to significantly lower q compared to the data of Cosgrove et al. They only 

published data to qmin~0.02 Å-1 which may not have allowed them to observe the 

scattering peak. 
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2.3.3.2 Dilute PDMAEMA solutions with d-SDS (0.0 mM ≤ [d-SDS] ≤ 1.3mM) 

Figure 2.4 shows the SANS intensity of 10 mg/ml PDMAEMA solutions with d-

SDS in pure D2O as a function of d-SDS concentration. As d-SDS concentration 

increases, the SANS intensity in the low q region increases, but does not change in 

the high q region. When 1.3 mM d-SDS was added to a 10 mg/ml PDMAEMA 

solution, the SANS intensity changed to a monotonic decreasing function of angle. 

Since the portion of charged amines per PDMAEMA chain in D2O at pH 8.5 is 3 %, 

~1.9 mM amine groups in 10 mg/ml PDMAEMA solution are charged.  The value is 

very close to 1.3 mM d-SDS, causing the broad peak in the SANS intensity of 10 

mg/ml PDMAEMA solution in D2O to disappear. This observation that the change in 

SANS intensity was induced by the electrolyte nature of d-SDS was confirmed by 

measuring the SANS intensity of a 10 mg/ml PDMAEMA solution in D2O containing 

3 mM NaCl. The broad peak disappeared, as shown as sky blue stars in Figure 2.4. 

Our finding is the same as reported by Amis et al48 who measured a similar system 

based on poly(2-vinylpyridine) (P2VP). In their work, P2VP was partially 

quaternized with dimethyl sulfate in dimethylformamide. Three separate polymer 

solutions in deuterated ethylene glycol were measured using SANS: a neutral 

polymer solution, a polyelectrolyte solution without added electrolyte, and a 

polyelectrolyte solution with an excess of electrolyte. They found that a broad peak in 

the SANS for a polyelectrolyte solution without electrolyte disappeared by adding 

excess electrolyte and the observed scattering profile was nearly identical to the 

neutral polymer, and concluded that the unusual scattering found in the SANS of 

polyelectrolyte solutions is electrostatic in nature. Our SANS results indicate that 
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PDMAEMA at our experimental conditions is weakly charged in pure D2O and that 

the added d-SDS surfactant acts as an electrolyte, which effectively screens the long 

range electrostatic interactions between charged PDMAEMA monomers. Additional 

evidence of the weak charge density of PDMAEMA in pure D2O is that all solutions 

studied within the d-SDS concentration were optically transparent which is in contrast 

to most polycationic/anionic surfactant mixtures. In general, when anionic surfactants 

are added to strongly charged polycationic solutions, a number of thermodynamic 

states are observed depending on the ratio of the total charge of anionic surfactants to 

the total charge of the polyelectrolyte.49 As the ratio increases, the clear solution turns 

cloudy due to the formation of large polyelectrolyte/surfactant aggregates. When the 

ratio is close to 1, precipitates due to charge neutralization are generally observed. As 

an excess of the anionic surfactant is added, the solution then appears transparent 

again. The SANS intensity measured after the charge screening did not fit the Debye 

function as D2O is not a theta solvent for PDMAEMA at 25 °C, which is consistent 

with the power law dependence of I(q) vs q deviating from -2.016, 45 (observed -2.13). 

Among the binding mechanisms of SDS and PDMAEMA in 0.2% w/v solutions with 

SDS at pH 8.6, it has been suggested by Holzwarth et al,43 that a non-cooperative 

process results in PDMAEMA/SDS complexes containing unassociated 

dodecylsulfate (DS-) ions attached to the PDMAEMA chain below the CAC (~2.5 

mM). It is pointed out that the major change in SANS data in Figure 2.4 are observed 

at a similar concentration of d-SDS although the authors attributed the non-

cooperative binding to charge-dipole interactions with entropic effects as they ignored 

the charge density of PDMAEMA. 
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Figure 2.4. SANS of 10 mg/ml PDMAEMA solutions with d-SDS in pure D2O: 0.0 

mM d-SDS (black squares), 0.15 mM d-SDS (red circles), 0.4 mM d-SDS (green 

triangles), 1.3 mM d-SDS (blue diamonds), and 3 mM NaCl (sky blue stars) 
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However, we believe the binding of PDMAEMA/d-SDS below 1.3 mM d-SDS is 

ascribed to charge-charge interactions, as shown in the SANS intensity. To observe 

the effect of the surfactant binding on the PDMAEMA chain conformation, the radius 

of gyration (Rg) of a neutral PDMAEMA chain in D2O, resulting from adding d-SDS 

or NaCl, was determined from Guinier analysis of the SANS data.14, 16 There was a 

negligible difference in the Rg of the screened PDMAEMA chain (~ 45 Å vs. 41 Å) in 

the presence of d-SDS or NaCl, meaning that the total amount of bound DS-1 is too 

small to induce a large change of PDMAEMA chain conformation.   

 

2.3.3.3 Dilute PDMAEMA solutions with d-SDS (3 mM ≤ [d-SDS] ≤ 48 mM) 

An important property of ionic surfactants compared to other electrolytes is the 

hydrophobic effect which causes the surfactants to form micelles above their CMC in 

pure water. In general, during the micellization of surfactants in water, water 

molecules which are bound to the long hydrophobic tail of a free surfactant molecule 

are released, leading to increase in the entropy of the system. However, the formation 

of micelles is opposed due to unfavorable interactions of the charged headgroups 

which are in close proximity in a micelle. Micellization accompanies the generation 

of an interface between the hydrophobic core of the micelle and water. In addition, 

the micellization results in the polar head groups of the surfactants being brought into 

close proximity of one another at the micelle-water interface. This gives rise to steric 

repulsions among the head groups. Therefore, the formation of micelles is controlled 

by the interplay of these thermodynamic relationships. In case of ionic surfactants, the 

repulsive forces between charged headgroups additionally oppose their micellization. 
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As a result, ionic surfactants usually have higher CMCs compared to nonionic 

surfactants with the same length of alkyl chains, often by several orders of magnitude 

in concentration.50  

 

It is often observed that when anionic surfactants are added to a neutral polymer 

solution in water and the polymer interacts with the surfactants, micelles are wrapped 

by the polymer chains.29, 32-34 Nagarajan proposed two favorable energy terms for the 

formation of polymer/SDS complexes: a decrease in the hydrophobic interface of the 

micelle exposed to water, and the removal of the hydrophobic parts of the polymer 

and its transfer to a hydrophobic surface of the micellar core.51-53 In order to 

investigate the effect of d-SDS around its CMC on PDMAEMA chain conformation, 

we further increased the d-SDS concentration. SANS intensity of 10 mg/ml 

PDMAEMA solutions in D2O with d-SDS between 3 mM and 48 mM is shown in 

Figure 2.5. The overall SANS intensity decreased as the d-SDS concentration 

increases, with the decrease of intensity in the low q range being larger, resulting in a 

peak in the SANS intensity. The change in the SANS intensity indicates that the 

added d-SDS induced a large change in the PDMAEMA conformation. Since the 

neutron scattering length density of d-SDS surfactant (6.736 Å-2*10-6)54 is close to the 

neutron scattering length density of D2O (6.34 Å-2*10-6), d-SDS micelles in D2O 

polymer solutions are invisible to neutrons.33, 34, 39, 55, 56 However, it is unclear 

whether d-SDS micelles in D2O polymer solutions remain contrast matched when d-

SDS micelles incorporate hydrogenated polymer segments, as it can cause a large 

change in the neutron scattering length density of the resultant mixed micelles. 



 

 35 
 

 

 

0.01 0.1

0.01

0.1

1

 

 

I(
q)

 (c
m

-1
)

q (Å-1)

 

 

 

 

 

 

 

 

Figure 2.5. SANS of 10 mg/ml PDMAEMA solutions with d-SDS in pure D2O: 3.0 

mM d-SDS (black squares), 6.0 mM d-SDS (red circles), 12 mM d-SDS (green 

triangles), and 48 mM d-SDS (blue diamonds) 
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Although we cannot clearly distinguish whether PDMAEMA segments wrapping d-

SDS micelles or mixed micelles containing PDMAEMA segments cause the observed 

peak in the SANS intensity in Figure 2.5, we can conclude that PDMAEMA interacts 

with d-SDS micelles since both scenarios require the participation of PDMAEMA 

segments in the d-SDS micellization process. Due to the surface charge of the 

micelle, the micelles interact through long-range electrostatic repulsive interactions 

which results in a relatively regular distance between micelles. The peak in the SANS 

intensity reflects this ordering of charged micelles coupled with the PDMAEMA 

chains. It is emphasized that the characteristic peak begins to appear at 10 mg/ml 

PDMAEMA solution and 3 mM d-SDS, which is less than the normal SDS CMC (ca. 

8.3 mM31). The result also means that PDMAEMA interacts with d-SDS to make 

micellization more favorable. Since the peak position shifts to higher q region as the 

added d-SDS concentration increases, more micelles seem to be formed along 

PDMAEMA chains. A change of the peak position (q*) is plotted in Figure 2.6 as a 

function of the true moles of d-SDS (= the [d-SDS] – [CAC]) to the moles of 

PDMAEMA chain. Here, the CAC uses was 2.5 mM as measured by Holzwarth et 

al.43 With the assumption that d-SDS surfactants are evenly distributed among the 

PDMAEMA chains, the ratio represents the number of d-SDS surfactants per 

PDMAEMA chain. The ratio is also helpful to understand how micellization occurs 

in PDMAEMA/d-SDS solutions, since the ratio can give information about the 

number of micelles per PDMAEMA chain when the ratio is divided by the 

aggregation number of d-SDS per micelle. 
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Figure 2.6. A change of the SANS peak position ( q∗ ) (black squares) and the 

calculated distance between charged micelles ( d ) (red circles) as a function of the 

ratio of moles of d-SDS to moles of PDMAEMA chain 
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As mentioned before, the origin of the peak is a liquid-like ordering of charged 

micelles due to electrostatic repulsive interactions between charged micelles. From 

the peak position, the average distance of micelles ( d ), using a relationship of 

q* 2 / dπ= , can be estimated. It is interesting that when the ratio is 3, the peak was 

observed at q* = 0.018 Å-1 which corresponds to 34 nm. It is not reasonable that only 

3 d-SDS molecules can form a micelle, which implies that d-SDS surfactants are not 

evenly distributed among the PDMAEMA chains. Rather, d-SDS surfactants are 

localized to some PDMAEMA chains in order to form complete micelles, as micelles 

are energetically favorable compared to individual d-SDS surfactants due to the 

shielding of the non-polar hydrocarbons from water. Since d  is much larger than Rg 

of a neutral PDMAEMA chain in D2O, the scattering peak represents the interpaticle 

scattering from PDMAEMA/d-SDS complexes. The observed peak position shifts to 

higher q until the ratio reaches 273, which is well-above the aggregation number of d-

SDS per micelle in water34 of ~70. At a ratio of 273, every PDMAEMA chain can 

contain ~3.9 d-SDS micelles if we assume that the aggregation number of d-SDS per 

micelle in the PDMAEMA solution is comparable to that in water. Figure 2.6 shows 

that the interparticle distance between micelles, calculated from the measured peak 

positions, decreases as the number of charged micelles increases, similar to a 

spherical charged particle solutions where q follows the scaling law, q* n
PN∼ , with 

1/ 3n =  , where PN is the number of particles in solutions. This corresponds to a 

simple volume expansion of the interparticle distance with decreasing particle 

number.46, 57-59 However, this distance scale should not be over-interpreted for our 

case as the scattering from the free PDMAEMA chain segments connecting micelles 
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overlaps in the q region. Nevertheless, it is pointed out that the spacing between 

charged micelles in the solution is much larger than the Rg of a neutral PDMAEMA 

chain in D2O. This result indicates that as charged micelles are formed along a 

PDMAEMA chain, the occupied volume of the polymer changes to minimize 

electrostatic repulsive interactions between charged micelles.  

 

2.3.3.4 Dilute PDMAEMA solutions with d-SDS (60 mM ≤ [d-SDS] ≤ 150 mM) 

Power law behavior at low q region has been observed by SANS for the PEO/SDS 

system33, 34 and for star-shaped poly(ethylene glycol)/SDS solutions55 due to repulsive 

interactions between charged micelles bound to polymer chains. In this work we were 

interested in examining the PDMAEMA chain conformation as a function of 

increasing d-SDS concentration. Figure 2.7 shows the SANS intensity of 10 mg/ml 

PDMAEMA solutions in D2O at d-SDS concentration between 60 mM and 150 mM. 

At 60 mM d-SDS, an upturn appeared in the low q region and a correlation peak is 

observed. Above 100 mM d-SDS, the low q upturn becomes more pronounced and 

the correlation peak shape is partially hidden. The low q upturn is probably associated 

with a change of PDMAEMA chain conformation. It is notable that the SANS 

intensity shows a power law behavior in both the low q and high q regions. In the 

high q region, the power law behavior is consistent with a polymer chain in solvent.14, 

16 For example, the exponent should be -5/3 for a fully swollen chain and -2 for a 

Gaussian chain. When monomers are strongly repulsive, as in polyelectrolytes, the 

exponent is expected to be -1.  
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Figure 2.7. (a) SANS of 10 mg/ml PDMAEMA solutions with d-SDS in pure D2O: 

60 mM d-SDS (black squares), 100 mM d-SDS (red circles), and 150 mM d-SDS 

(green triangles) 
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The measured exponent in the high q region is -1.3, between -1 and -5/3 and is quite 

different from the exponent measured in PDMAEMA solutions without d-SDS (-

2.13). It is clear that charged micelles formed along the PDMAEMA chains, where 

changes the conformation of the chain due to the surface charges on the micelles. 

Since forming micelles along a PDMAEMA chain is more favorable than free d-SDS 

micelles, the number of the charged micelles per PDMAEMA chain increases as the 

d-SDS concentration increases. However, as more micelles are formed, the repulsive 

interactions between the charged micelles get stronger as the interaction potential 

between charged surfaces is an exponentially decreasing function with distance.60-63 

The fact that the same exponent is observed in the low q region indicates that the 

PDMAEMA chains show the same fractal behavior. In PDMAEMA/SDS solutions, 

PDMAEMA chains expand as evidenced by the measured exponent. This expansion 

minimizes the unfavorable interactions between charged micelles and allows the 

accommodation of more micelles. In PEO/water solutions with ionic surfactants, 

when micelles are connected by a single PEO chain, an increase in viscosity is 

observed with increasing surfactant concentration until the polymer chains are 

saturated with micelles. This can be explained by the expansion of the PEO chains 

due to electrostatic repulsion between the SDS micelles.64, 65 In order to understand 

why the scattering peak seems to disappear above 100 mM d-SDS, the measured 

SANS intensity was subtracted by ( ) 1.3I q kq−= . The function was chosen as it is 

consistent with the scattering in the low q and high q regions. k  was selected to 

minimize the difference in the high q region. As shown in Figure 2.8, all subtracted 
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SANS data show a peak. Although the peak gets broader as the d-SDS concentration 

increases, it should be noted that the shape is dependent on the value of k . 

 

2.3.3.5 A model fit of 100 mM d-SDS in a 10 mg/ml PDMAEMA solution 

In order to investigate the structure of the micelles, a mixture of 80% H2O and 20% 

D2O was used as solvent to contrast match the PDMAEMA chains. The measured 

SANS intensity of 100 mM d-SDS in 10 mg/ml PDMAEMA solution is shown as 

black squares in Figure 2.9. Since the correlation peak between the micelles is still 

observed when PDMAEMA is contrast matched, this supports that the peak in Figure 

2.7 was smeared due to the scattering from the PDMAEMA chains interconnecting 

the micelles. The size and shape of the micelles in solution was obtained by fitting a 

model for the scattering. Generally, the size of ionic micelles in water is determined 

by a balance between the area of the micelle-water interface per surfactant molecule 

and the charged headgoup repulsion per surfactant molecule.63 The former decreases 

as the aggregation number of surfactant per micelle increases and favors growth of 

the micelle. However, the latter increases with an increase in the aggregation number, 

opposing a growth of the micelle. When electrolytes or polyelectrolytes are added to 

spherical ionic micelle solutions, the added electrolyte molecules screen the 

electrostatic repulsions between charged headgroups, leading to the transformation of 

spherical micelles into ellipsoidal or worm-like micelles.49, 66, 67 Since PDMAEMA is 

very weakly charged at normal pH, the SANS intensity was fit to a spherical core-

shell model with the rescaled mean spherical approximation (MSA) closure.60-62 The 

fit result is shown as a black line in Figure 2.9.  
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Figure 2.8. SANS intensity of 10 mg/ml PDMAEMA solutions with d-SDS in pure 

D2O subtracted by a power law, ( ) 1.3I q kq−= : 60 mM d-SDS (black squares), 100 

mM d-SDS (red circles), and 150 mM d-SDS (green triangles) 
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The form factor and the structure factor were separated using the model, and are 

shown as a red and green line, respectively. In the fitting process, the core radius of 

the micelle was constrained to be less than 16.7 Å, which is the length of a fully 

extended dodecyl chain of SDS68, and the neutron scattering length densities of the 

core and solvent were fixed at 6.97*10-6 Å-2 and 8.2*10-7 Å-2, respectively. The 

neutron scattering length density of the core was calculated, assuming that the core is 

composed of methyl, and methylene groups in d-SDS.54, 68 However, the scattering 

length density of the shell was left as a floating parameter to allow the participation of 

PDMAEMA segments in the micelles. This accounts for PDMAEMA segments 

incorporated into the shell. In calculating a structure factor, 2.5 mM CAC was used.43 

The core radius and the shell thickness of a spherical SDS micelle wrapped by 

PDMAEMA obtained from the fit were 16.7 ± 0.1 Å and 6.0 ± 0.1 Å, respectively. 

The scattering length density of the shell was 3.72*10-6 ± 0.1*10-6, implying that 

water and PDMAEMA segments are incorporated into the shell. The surface charge 

per micelle was 15.8 ± 0.1, less than the value of 25 for free SDS micelles in water. 
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Figure 2.9. SANS intensity of a 10 mg/ml PDMAEMA solution with 100 mM d-SDS 

where PDMAEMA was contrast-matched to 80% H2O and 20% D2O (black squares) 

The black line represents the fit to a core-shell model with the rescaled MSA closure. 

The form factor and the structure factor are shown as a red line and a green line, 

respectively. 
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2.4 Conclusions 

PDMAEMA with 60,000 g/mol and a narrow polydispersity, 1.12, was synthesized 

using GTP. The conformation of the synthesized polymer in PDMAEMA/d-SDS 

solution was investigated as function of d-SDS concentration using SANS. It was 

observed that when PDMAEMA was dissolved in D2O or in acidified D2O, the 

polymer shows polyelectrolyte behavior as the tertiary amines in the chain are 

charged. The polyelectrolyte behavior can be screened by adding 1.3 mM d-SDS or 3 

mM NaCl in the solution, which balances 1.9 mM charged amine groups in a 10 

mg/ml PDMAEMA solution. The result indicates that the added d-SDS acts as 

electrolyte, screening the charges and a neutral PDMAEMA chain conformation is 

restored. Above 3 mM d-SDS, SANS intensity shows correlation peaks from charged 

micelles formed along the PDMAEMA chains. d-SDS micellization in the 

PDMAEMA solution starts below the normal SDS CMC, which indicates that the 

PDMAEMA chains provide favorable interactions towards d-SDS micellization. As 

the d-SDS concentration is increased, the observed scattering peak position shifted to 

high q, indicating more charged micelles are associating per PDMAEMA chain. This 

is balanced by the closer the distance between the charged micelles and the resultant 

stronger repulsive interactions. In spite of the unfavorable repulsive interactions, the 

charged micelles associate with the PDMAEMA chains in preference to free d-SDS 

micelles as the unfavorable interactions are relieved by stretching of the PDMAEMA 

chain, as evidenced by the power law behavior in SANS scattering. The structure of 

charged micelles in a PDMAEMA/d-SDS solution was investigated at the condition 

where PDMAEMA was contrast-matched. It was found through a model fit that 



 

 47 
 

spherical micelles are formed in the solution and the neutron scattering length density 

of the shell calculated from the fit shows that the PDMAEMA segments are 

incorporated into the micelle to provide shielding to reduce the hydrophobic interface 

of the micelle exposed to water. 
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Chapter 3: Small angle neutron scattering study of 

deuterated sodium dodecylsulfate micellization in 

concentrated poly((2-dimethylamino)ethyl methacrylate) 

solutions 

 
In order to create poly((2-dimethylamino)ethyl methacrylate) (PDMAEMA) 

hydrogels containing micelles, the polymer solution should be semi-dilute before 

crosslinking. Since micelles are thermodynamic objects, the size and shape of 

micelles needs to be investigated as a function of PDMAEMA concentration as it is 

related to the size and shape of the pores generated after removing micelles in the 

corresponding hydrogel. In this chapter, we will present small angle neutron 

scattering (SANS) results of sodium dodecylsulfate (SDS) micellization in 

PDMAEMA solutions using H/D contrast variation method and the model fit results 

will be discussed. 

 

3.1 Introduction 

When ionic surfactants are added to a polymer solution in water, polymer/surfactant 

complexes are formed due to specific interactions between the components. The 

structure of these complexes is highly dependent on whether the polymer is neutral or 

charged.29, 30 For a mixture of neutral polymer and ionic surfactant in solution, such 

as the poly(ethylene oxide) (PEO)/SDS system, spherical micelles are formed along 
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the polymer chain, which is called a necklace-like structure.29, 32-34, 40, 64 Since the 

micellization is assisted by polymer segments, the polymer conformation is governed 

by the micelles, causing the polymer chains to expand due to electrostatic repulsive 

interactions between charged micelles.33, 34, 40, 64 When a positively charged 

polyelectrolyte solution is mixed with an anionic surfactant, growth of anionic 

micelles from spheres to cylinders or lamellae is observed as the positive charge of 

polyelectrolyte screen the electrostatic repulsion between the anionic head groups in 

the micelles.69-72 Although a growth of spherical micelles is also induced by the 

addition of an electrolyte to anionic micelle solutions,66, 67, 73, 74 the micelles in the 

polyelectrolyte solution are connected to each other by polyelectrolyte chains, 

resulting in various hierarchical structures. Sometimes, the complexes precipitate 

from the solution when the charges are neutralized. It has been suggested to create 

structured hydrogels where are templated using micelles by crosslinking monomers or 

polymers in monomer/surfactant solutions or in polymer/surfactant solutions for 

applications as separation materials.10-13 PDMAEMA is one of promising polymers to 

achieve this goal since it is possible to crosslink the polymer in water through the 

Menschutkin reaction between a dihalide and two tertiary amines.37, 38 We have 

demonstrated that in a dilute PDMAEMA solution, SDS interacts with PDMAEMA 

to form the necklace-like structure, (similar to PEO/SDS), as PDMAEMA is only 

weakly charged in pure D2O. In order to create a structured hydrogel templated using 

micelles, the solution should be semidilute before crosslinking. It has been reported 

that the micellization of SDS in PEO solutions is affected by the PEO concentration 

and the SDS concentration as three different regions exist in the phase diagram.29, 31 
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As visualized in the phase diagram developed by Cabane and Duplexssix33, starting 

from a pure PEO solution, the first SDS surfactants added dissociate into free 

unassociated dodecylsulfate (DS-1) and Na+ ions and remain unassociated below the 

critical aggregation concentration (CAC), which is insensitive to polymer 

concentration. At the CAC, the chemical potential of the isolated DS-1 ions becomes 

equal to that of DS-1 ions in PEO/SDS complexes. The SDS added beyond the CAC 

form PEO/SDS complexes. This association continues until the PEO chains are 

saturated with SDS micelles. After this point, the additional SDS surfactant again 

dissociates into free ions until it reaches the critical micelle concentration (CMC). 

Finally, the solution contains PEO/SDS complexes and free SDS micelles and ions. 

Although the behavior of SDS micellization in PEO solution was investigated by 

many authors, whether the aggregation number of SDS per micelle in polymer/SDS 

solutions is maintained or not, regardless of polymer concentration, is ambiguous as 

the phase behavior is generally studied by conductivity, surface tension, and 

viscosity.29, 31 SANS is a powerful tool to investigate the micellization of SDS in 

polymer solutions since it is possible to distinguish scattering between polymer and 

micelle using H/D contrast-matching methods.14, 16 From the SANS data, the size and 

shape of the micelles can be obtained using a modeling. Recently, SDS micellization 

in poly(propylene oxide) methacrylate (PPOMA) solutions was investigated using 

SANS.70 They have found that as the PPOMA concentration increases, the SDS 

aggregation number per micelle decreases as more PPOMA participates in the 

micellization. When it comes forming to a structured hydrogel templataed with 

micelles, the size and shape of the micelles in the polymer solution before 
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crosslinking is crucial since it is related to the size and shape of the pores generated 

after removing micelles in the corresponding hydrogel. In this work, we have studied 

the micellization of SDS as a function of PDMAEMA concentration using H/D 

contrast matching methods with SANS.  

  

3.2 Experimental 

For SANS measurements, D2O and deuterated SDS (d-SDS) were purchased from 

Cambridge Isotope Laboratories, Inc. and, hydrogenated SDS (h-SDS) was purchased 

from Aldrich. PDMAEMA of 60,000 g/mol with 1.12 PDI was synthesized using 

group transfer polymerization. A series of PDMAEMA solutions in D2O with desired 

SDS concentrations were prepared by mixing two stock solutions: PDMAEMA 

solution and SDS solution. The shape of d-SDS micelles formed in solution was 

observed at the H2O/D2O ratio where the PDMAEMA was contrast-matched (80% 

H2O / 20% D2O). Each solution was kept in a demountable titanium sample cell with 

a 1 mm or 2 mm path length for SANS measurement. SANS experiments were 

carried out at the Center for Neutron Research at the National Institute of Standards 

and Technology on the 30 m NIST-NG7 instrument.41 The raw data were corrected 

for scattering from the empty cell, incoherent scattering, detector dark current, 

detector sensitivity, sample transmission, and thickness. Following these corrections 

the data were placed on an absolute scale using a direct beam measurement and 

circularly averaged to produce I(q) versus q plots where I(q) is the scattered intensity 

and q is the scattering vector (q=4πsinθ/λ). The q range was 0.005–0.40 Å-1 and the 

neutron wavelength was 6 Å with a wavelength spread Δλ/λ =0.11.  
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3.3 Theory 

In general, the SANS intensity of charged spherical micelles can be described in 

terms of a form factor ( )P q  and a structure factor ( )S q .14 

( ) ( ) ( )pI q n P q S q=                                            (3.1)  

where pn  is the number density of charged spherical micelles. The form factor ( )P q  

depends on the shape of the scattering particles. Because micelles are formed in water 

due to the hydrophobic effect,63 the chemical composition of the hydrophobic core 

and the hydrated shell are quite different, resulting in different neutron scattering 

length densities of the core and the shell. A spherical micelle, as shown in Figure 3.1, 

can be considered a spherical core-shell system where ( )P q  is described by14, 75 

( ) ( ) ( ) ( ) ( )( )2
1 1 2 0 1 3 2 0 0 3P q V f qR V f qRρ ρ ρ ρ= − + −                      (3.2) 

with ( ) ( ) 3
0 3 sin cos /f x x x x x= − . 1ρ , 2ρ  and 0ρ  represent neutron scattering length 

densities of the core, the shell, and solvent, respectively. The volumes of the core 1V  

and of the whole micelle 3V  are calculated from the radius of the core 1R  and the 

external radius 3R .  

 

In the Hayter and Penfold model68, which describes single-chain surfactants 

comprising an alkyl chain ( )3 2 n
CH CH , a head group HG±  and a counterion CI ∓ , the 

dry core of radius 1R  has its methyl group and a fraction α  of its methylene groups. 

The remaining methylenes, the hydrated headgroups and any non-ionized hydrated 

counter ions are distributed uniformly in the shell, while the methyl distribution in the  
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Figure 3.1. A schematic of a spherical core-shell micelle of mean radii 1R  and 3R  
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core is taken as random. In the model, the micelle geometry is calculated for a given 

aggregation number ν  and a given degree of ionization δ as follows. First, the radius 

of the sphere, which contains all of the hydrocarbons, is calculated by the 

relationship: 

( )3 2

1/3
3 / 4h CH CHR V nVν π⎡ ⎤= +⎣ ⎦                                        (3.3) 

where n  is the number of methylene groups in the surfactant, and 
3CHV and 

2CHV  are 

the volumes of the methyl and methylene groups, respectively. If h cR l≤ , they set 

1α =  and take 1 hR R= . Otherwise, they set 1 cR l=  and calculate 

( )3 21 /CH CHV V nvVα ν= − where 3
1 14 / 3V Rπ= . Here, cl is the length of the hydrocarbon 

chain and is taken as 0.2765+0.1265 n  (nm). From the total volume, 

 ( )( )
3 23 1CH CH HG HG S CI CI SV v V nV V V V Vω δ ω⎡ ⎤= + + + + − +⎣ ⎦                 (3.4) 

( )1/3
3 33 / 4R V π=  is obtained, where SV  is the volume of a solvent molecule in the 

head group or counter ion hydration shell. The remaining required parameters are the 

volume of the head group HGV  and hydration number HGω  of the head group, together 

with the corresponding values CIV  and CIω  for the counter ion. Table 3.1 shows 

volumes of chemical groups (V ) and hydration numbers (ω ) used in the data 

analysis.68 

  

The structure factor ( )S q  represents a correlation between charged micelles and 

can be calculated from the interparticle potential that determines the equilibrium 

arrangement of charged micelles. The interaction between identical charged spherical 
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micelles of radius 3R  can be described by a screened coulomb interaction potential 

( )U r  as follows61-63: 

( )
( )

( )
2

32
0 3

exp 2 /
4 1

mzU r r R r
R

κ
πε ε κ

= − −⎡ ⎤⎣ ⎦+
     for 32r R>               (3.5) 

where r  is a center-to-center distance. mz  is the charge on the micelle, 0ε  is the 

permittivity of free space, ε  is the dielectric constant of the solvent, and κ is the 

Debye-Hűckel inverse screening length. The structure factor of charged spherical 

micelles is calculated for a given micellar charge and ionic screening using the mean 

spherical approximation (MSA) given by Hayter and Penfold when a volume fraction 

of scattering objects is sufficiently large. For smaller volume fractions, a rescaled 

MSA model was proposed which introduced a rescaled radius larger than the radius 

3R .60 
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Table 3.1. Volumes of chemical groups (V ) and hydration numbers (ω ) used in the 

data analysis. The values were adopted from the Hayter and Penfold model.68 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chemical 
group V (nm3) ω  

3CH  0.0543  

2CH  0.0248  

4SO−  0.0606 5 

Na+  0.0136 6 

2D O  0.0302  

2H O  0.0299  
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3.4 Results 

3.4.1 Concentrated PDMAEMA solutions with 100 mM h-SDS or d-SDS 

Figure 3.2 shows the SANS intensity of 100 mM h-SDS in D2O as a function of 

PDMAEMA concentration. For comparison, the SANS intensity of 100 mM h-SDS 

in D2O (black squares) was also measured. In our ternary system, SANS intensity can 

be expressed in terms of three partial structure factors ( )ijS q , where the subscrips i  

and j  refer to PDMAEMA (P) and SDS (S).15  

( ) ( ) ( ) ( ) ( ) ( )( ) ( )2 2
0 0 0 0P PP S SS P S PSI q S q S q S qρ ρ ρ ρ ρ ρ ρ ρ⎡ ⎤− + − + − −⎣ ⎦∼      (3.6) 

Here, Pρ  and Sρ are neutron scattering length densities of the polymer and surfactant, 

respectively. Since neutron scattering lengths of H and D atoms are different, the 

scattering contrast can be enhanced (or varied) through isotopic labeling. Table 3.2 

shows neutron scattering length densities of PDMAEMA76, h-SDS54, d-SDS54, D2O 

and H2O. In Figure 3.2, the overall intensity increases as the PDMAEMA 

concentration increases. The measured SANS intensity shows a characteristic peak 

from the h-SDS micelles and the peak position has shifted to higher q with increasing 

PDMAEMA concentration (h-SDS concentration was fixed at 100 mM in all the 

solutions). In general, a shift of the position of the correlation peak to higher q 

represents a decrease of the inter-distance between particles in the solution. In our 

case, it can be understood that the number density of h-SDS micelles in the solution 

increases due to a decrease of the CAC or the aggregation number per micelle, as the 

polymer concentration increases. 
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Figure 3.2. SANS of PDMAEMA solutions with 100 mM h-SDS in pure D2O: no 

polymer (black squares), 50 mg/ml PDMAEMA (red circles), 100 mg/ml 

PDMAEMA (green triangles) and 200 mg/ml PDMAEMA (blue diamonds) 
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Table 3.2. Neutron scattering length densities of the molecules used in this work 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Molecule ρ  ( Å-2*10-6) 

PDMAEMA76 0.8 

h-SDS54 0.389 

d-SDS54 6.736 

D2O 6.34 

H2O -0.56 

80%H2O/20%D2O 0.82 
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Both require favorable interactions between the h-SDS and the PDMAEMA.51-53 

Although binding of SDS to PDMAEMA and the structure of SDS micelles in a 

dilute PDMAEMA solution has been observed by many authors,39, 43 (including our 

group), the origin of the change in SANS intensity in Figure 3.2 needs further 

clarification since the SANS intensity is composed of three components, as shown in 

equation (3.6). In order to understand the measured SANS intensity in Figure 3.2, h-

SDS surfactants were replaced with d-SDS surfactants to vary the SANS intensity. 

Since the neutron scattering length density of d-SDS surfactant is very close to that of 

D2O, d-SDS micelles can be considered as contrast-matched to D2O.33, 34, 39, 55, 56 

Figure 3.3 shows SANS intensity of PDMAEMA solutions with 100 mM d-SDS in 

D2O. The measured SANS intensity increases with the PDMAEMA concentration 

and all curves show a peak. The peak position shifts to high q as the PDMAEMA 

concentration increases, similar to the behavior observed in Figure 3.2. Since SANS 

intensity from the PDMAEMA solutions without d-SDS in D2O shows a 

monotonically decreasing function with angle, the observed peak indicates that d-

SDS micelles wrapped by PDMAEMA chains are formed in the concentrated 

PDMAEMA solutions. The shift of a peak position to high q region means there is a 

smaller distance between d-SDS micelles as PDMAEMA concentration increases. 

This requires a decrease in the aggregation number per micelle as the CAC in a 

polymer solution is usually insensitive to polymer concentration.29, 31, 33 When it 

comes to contrast-matching PDMAEMA/d-SDS solutions, it is questionable whether 

d-SDS micelles remain invisible in D2O as the solvent. Although scattering from d-

SDS micelles in pure D2O is negligible,70 when d-SDS micelles are formed in a 
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polymer solution in D2O, where strong interactions exist between the polymer and d-

SDS surfactant, like our system, the scattering from d-SDS micelles cannot be 

ignored as chemical composition of the shell of d-SDS micelles can change due to the 

incorporation of hydrogenated PDMAEMA segments to the micelle shell. This can 

induce a large change in the contrast factor of the micelle. It has been shown that 

when a neutral polymer such as PEO binds to SDS micelles, the polymer segments 

are incorporated into the shell using 13C-NMR.32 When similar binding occurs in 

PDMAEMA/d-SDS solutions, the contrast-matching conditions are shifted. From the 

shift in the scattering peak, it is clear that the micelles are decreasing in size as the 

PDMAEMA concentration increases, leading to a decrease in the aggregation number 

per micelle. This leads to a decrease in the volume of the d-SDS micelles. 

Correspondingly, the number of charged micelles in the solutions will increase due to 

the formation of smaller micelles, and this contributes to an increase of the SANS 

intensity. Although the decrease in the aggregation number has two opposing effects 

on the SANS intensity, overall effect is expected to decrease the SANS intensity since 

it is proportional to the volume squared, but is proportional to the number of 

PDMAEMA segments wrapping d-SDS micelles. In Figure 3.3, although the increase 

of free PDMAEMA segments with the increase in PDMAEMA concentration makes 

it difficult to determine an absolute contribution of PDMAEMA segments wrapping 

the micelles to the measured SANS intensity, it is pointed out at the SANS intensity 

around the peak position increases indicating an change in the micelle contrast factor. 
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Figure 3.3. SANS of PDMAEMA solutions with 100 mM d-SDS in pure D2O: 50 

mg/ml PDMAEMA (black squares), 100 mg/ml PDMAEMA (red cricles), 150 mg/ml 

PDMAEMA (green triangles), and 200 mg/ml PDMAEMA (blue diamonds). 
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3.4.2 A model fit of 100 mM d-SDS in PDMAEMA solutions 

It is possible to obtain information about the structure of the micelles and to 

determine whether the contrast factor of the d-SDS micelles was affected by the 

interaction with the PDMAEMA segments by measuring the SANS intensity at the 

condition where PDMAEMA is contrast matched. This condition was achieved by 

using a mixture of 80% H2O and 20% D2O, and the results are shown in Figure 3.4. 

Since the neutron scattering length density of PDMAEMA does not change by adding 

d-SDS to the solution, the first and the last terms in equation (3.6) are cancelled out, 

and the SANS intensity is attributed to only the d-SDS micelles. When the measured 

SANS intensity of 100 mM d-SDS in PDMAEMA solution was compared to that of 

100 mM d-SDS without the polymer, the peak position shifted to higher q, consistent 

with the previous results, and overall intensity decreased with increasing PDMAEMA 

concentration. Both facts explain a decrease in the aggregation number per micelle, 

leading to a increase of the number of d-SDS micelles. The driving force of the 

micelle formation is the elimination of the contact between the alkyl chains and 

water.63 The larger a spherical micelle is, the more efficient it is since the volume-to-

surface area ratio increases. Therefore, decreasing the micelle size always leads to 

increasing hydrocarbon-water contacts, which is unfavorable. A decrease of the 

micelle size is observed in a mixture of a neutral polymer and surfactants in water, 

caused by the reduction in the micellar core-water interfacial energy owing to the 

partial shielding provided by the polymer.51-53 In this case where the polymer is 

interacting with the micelle shell, there is a chemical composition change, which 

affects the SANS intensity. 
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Figure 3.4. SANS of PDMAEMA solutions with 100 mM d-SDS in a mixture of 80% 

H2O and 20% D2O: no polymer (black squares), 50 mg/ml PDMAEMA (red circles), 

100 mg/ml PDMAEMA (green triangles), 150 mg/ml PDMAEMA (blue diamonds), 

and 200 mg/ml PDMAEMA (sky blue stars) The solid lines represent fit results 

obtained using a spherical core-shell model with the rescaled MSA closure.  
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Model fitting to the SANS data enables us to gain insight into the size and shape of 

micelles and also understand the chemical composition change due to the 

incorporation of hydrogenated polymer segments into the micelle shell. The 

schematic representation in Figure 3.5 represents the structure of d-SDS micelle in 

PDMAEMA solutions. 

 

It has been reported that for spherical polyelectrolyte systems, the location of the 

scattering peak moves to high q as the concentration increases, following the scaling 

law q* n
PN∼ , with 1/ 3n =  , where PN is the number of particles in the solution. This 

corresponds to a simple volume expansion of the interparticle distance with 

decreasing particle number. 46, 57-59 Recently, a peak position shift to high q in SANS 

intensity of PPOMA/d-SDS solutions as the polymer concentration increased was 

observed70, similar to our findings. Due to the low molecular weight of the PPOMA 

(437 g/mol), it was proposed that d-SDS micelles associated with the PPOMA chain 

uniformly. The authors calculated the micelle aggregation number from the peak 

position, assuming different cubic lattices such as simple cubic (sc), body-centered 

cubic (bcc), and face-centered cubic (fcc), and showed that for the aggregation 

number, for the sc lattice lead to a better agreement with fluorescence data71, the bcc 

and the fcc lattices gave overestimated values of the aggregation number. The above 

approach was adopted for our SANS analysis as it is expected that the micelles are 

distributed evenly in the solution since PDMAEMA solutions are relatively 

concentrated. To quantitatively understand d-SDS micellization in PDMAEMA 

solutions, the SANS data were fit to a spherical core-shell model with the rescaled 
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Figure 3.5. A schematic of the mixed micelle of mean radii 1R  and 3R  in PDMAEMA 

solutions 

: Alkyl chain

: Head group

: Counter ion

: Water molecule

: PDMAEMA

2R
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MSA closure.60 The fit results are shown in Figure 3.4 as solid lines. The micellar 

concentration micC  (mol/l) is proportional to ( )3*q : 

 

 
27

3
10

2
mic

A

C a
Nq

π
∗

= ×
⎛ ⎞ ×⎜ ⎟
⎝ ⎠

                                             (3.7) 

where AN is Avogadro’s number and a  is a numerical factor which depends on the 

average position between micelles and a  = 1 for a sc lattice.70 The aggregation 

number v  of d-SDS can be evaluated as 

( )d SDS

mic

C CAC
v

C
− −

=                                                   (3.8) 

where d SDSC −  is the added d-SDS concentration. The core radius 1R  is composed of a 

methyl group and of a fraction α  of 11 methylene groups, and α  can be calculated 

from the following equation.  

( )3 21 /11CD CDV V vVα ν= −                                             (3.9) 

where 
3CDV and 

2CDV  are the volumes of methyl and methylene groups, respectively. 

The shell is composed of the remaining fraction of the methylene groups, sulfate 

groups, sodium ions, water molecules solvating the sulfate groups and sodium ions, 

and PDMAEMA segments. From the measured q*, the aggregation number v  of d-

SDS per micelle in each solution was calculated using equation (3.7) and (3.8). Based 

on the aggregation number v , the radius of the sphere, which would contain all of the 

hydrocarbons, was calculated by ( )3 2

1/3
3 / 4h CD CDR V nVν π⎡ ⎤= +⎣ ⎦ . According to the 
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Hayter and Penfold model68, when h cR l≤ , all hydrocarbons are contained in the core. 

Otherwise, 1 cR l=  and α is calculated from equation (3.9). From the aggregation 

number v , it is also possible to calculate neutron scattering length density of the core 

since the scattering length density of the core 1ρ  is represented by 1
1

iv b
Vρ = ∑  

where ib∑  is the sum of 
3CDb and 

2
11 CDbα  from the d-SDS surfactant in the core. 

Table 3.3 summarizes the values, which are adopted from Cabane et al.54 and used to 

calculate 1R , α , and 1ρ . In the fit process, the scattering length density of solvent 

was fixed at 8.2*10-7 Å-2. However, the scattering length density of the shell and the 

shell thickness were left as floating values to account for the participation of 

PDMAEMA segments in the micelle shell. The PDMAEMA chains are potentially 

incorporated into the shell to prevent water from penetrating into the core. To 

calculate a structure factor, 2.5 mM CAC was used.43 Table 3.4 summaries the values 

of the optimized fit parameters together with v  and α calculated using equation (3.7), 

(3.8) and (3.9). 

 

Based on v , which decreases from 59 to 12 as the PDMAEMA concentration 

increases, hR  was calculated to yield 1R  and α according to the Hayter and Penfold 

model68. 1R  decreased from 16.7 Å to 10 Å, and α  increased from 0.93 to 1, 

indicating that in the PDMAEMA solutions, all hydrocarbon tails in the surfactant are 

found in the core of the micelle. Since the optimized 3R  is lower in the PDMAEMA 

solutions than in water, the surface area per d-SDS surfactant ( 2
34 /SA R vπ= ) in the  
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Table 3.3. Scattering lengths, volumes and neutron scattering length densities of 

chemical groups adopted from Cabane et al.54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b  : Neutron scattering length per group in cm*1012 
 
V  : Volume per group in Å3 at 24 oC 
 
ρ  : Neutron scattering length density in Å-2*10-6 

 

Chemical 
group b  V  ρ  

2CD  1.999 27 7.41 

3CD  2.666 54.3 4.91 

4SO Na  2.965 67.8 54.37 

12 25C D  24.655 353.7 6.97 

2H O  -0.168 30 -0.56 

2D O  1.92 30 6.39 
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micelle increases from 94 nm2 to 204 nm2 as the PDMAEMA concentration 

increases. The increase of surface area accompanies the increase of the micellar core-

water interfacial energy, which is unfavorable for the formation of micelles, so the 

partial shielding provided by PDMAEMA segments is required to maintain the 

micelle structure. The volume of PDMAEMA segments solvated with water PV  in the 

shell was estimated form the following relationship: 

     ( ) ( ) ( ) ( )( )2 4 4
3 1 1 1 1P CD sSO Na SO Na

V V V v V V V Vα σ ω σ ω− + − +
⎡ ⎤= − − − + + − + + −
⎣ ⎦

   (3.10) 

where 
4SO

V −  and 
Na

V + , are the volume of 4SO−  and Na+ , respectively.  Here, 
4SO

ω −  and 

Na
ω +  are hydration numbers of 4SO−  and Na+ .  The fraction 3 1( /( ))PF V V V= −  in the 

shell was calculated and is shown in Table 3.4. It is notable that the fraction of 

PDMAEMA in the shell obtained from the fit for the d-SDS solution without 

PDMAEMA is -0.0036, confirming the validity of the adopted values to calculate PV . 

In PDMAEMA solutions with 100 mM d-SDS, the faction in the shell was positive 

and increased from 0.18 to 0.5 with PDMAEMA concentration. In the mixed micelle 

in PPOMA/SDS system, a similar behavior with a decrease of SDS volume fraction 

from 1 to 0.5 was observed as the PPOMA concentration increased.70 The 

incorporation of hydrogenated PDMAEMA segments into the shell was also reflected 

in the decrease of the scattering length density of the shell as PDMAEMA 

concentration increased, as shown in Figure 3.6. The form factors of the mixed 

micelles are calculated using the optimized values and plotted in Figure 3.7, which 

shows reduced SANS intensity at low q region due to the smaller aggregation number  
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Table 3.4. Optimized parameters from model fits 

 

 

v  : Aggregation number of d-SDS per micelle 
 
α  : Fraction of methylene groups in the core 
 

1R  : Core radius in Å 
 

3R  : External radius in Å 
 

1ρ  : Neutron scattering length density of the core in Å-2*10-6 
 

2ρ  : Neutron scattering length density of the shell in Å-2*10-6 
 

mz  : Surface charge per micelle 
 
F  : Volume fraction of PDMAEMA segments solvated with water in the shell 
 
SA  : Surface area per d-SDS surfactant in a micelle 

PDMAEMA 
concentration v  α  1R  3R  1ρ  2ρ  mz F  SA  

0 mg/ml 59 0.927 16.7 21 6.99 4.49 29 -0.0036 94 

50 mg/ml 35 1 14.3 18.4 7.01 1.64 16 0.18 120 

100 mg/ml 18 1 11.6 15 7.01 1.19 11 0.3 153.7

150 mg/ml 15 1 10.8 14.48 7.01 0.97 8.2 0.39 175 

200 mg/ml 12 1 9.8 13.5 7.01 0.9 7.3 0.5 204 
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of d-SDS surfactants per micelle and the lower contrast due to the PDMAEMA 

segments in the micelle shell as the PDMAEMA concentration increases. This 

explains the decrease in overall SANS intensity as the PDMAEMA concentration 

increases. Also, it is rationalized that the increase of SANS intensity at the peak 

position in Figure 3.3 is attributed to the enhanced contrast of d-SDS micelles in D2O 

due to the incorporation of hydrogenated PDMAEMA segments in spite of the 

decreased volume of the micelles.  

 

Another characteristic of the measured SANS intensity, shown in Figure 3.4, is that 

the peak gets broader as the PDMAEMA concentration increases. In the scattering 

from charged micelles, the peak position and broadness is governed mainly by the 

structure factor although the overall scattering intensity is represented by both 

product of the form factor and the structure factor. From the values obtained from the 

fit results to the SANS data, the structure factors of the micelles were calculated and 

plotted in Figure 3.8. In the structure factors, all three features in SANS intensity in 

Figure 3.4 are reflected: a peak position shift to higher q, a reduced peak maximum, 

and a broader peak with increasing PDMAEMA concentration. The shift of the peak 

position agrees with the decrease in the aggregation number as the PDMAEMA 

concentration increases as it indicates more mixed micelles are formed at a fixed d-

SDS concentration. Although the distance between charged micelles is smaller in 

more concentrated PDMAEMA solutions, it is interesting that the peak also gets 

broader and the height is reduced. This indicates that the liquid-like order of the 

micelles worse.  
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Figure 3.6. The scattering length densities of core and shell obtained from the model 

fit. (black line : no PDMAEMA, red line : 50 mg/ml PDMAEMA, green line : 100 

mg/ml PDMAEMA, blue line: 150 mg/ml PDMAEMA, sky blue line : 200 mg/ml 

PDMAEMA) R1 and R3 represent the core radius and the external radius, 

respectively. 
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Figure 3.7. The form factors of d-SDS micelles in PDMAEMA solutions at the 

condition that PDMAEMA was contrast matched to a mixture of 80% H2O and 20% 

D2O: no polymer (black squares), 50 mg/ml PDMAEMA (red circles), 100 mg/ml 

PDMAEMA (green triangles), 150 mg/ml PDMAEMA (blue diamonds), and 200 

mg/ml PDMAEMA (sky blue stars) 
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The charged spherical micelles of radius R3 are interacting with each other through a 

screened coulomb interaction potential given by equation (3.5). Since the potential 

increases exponentially as the spacing decreases, it is apparent that a change in the 

potential is required for the formation of smaller micelles favorable. micelles worse. 

The charged spherical micelles of radius 3R  are interacting with each other through a 

screened coulomb interaction potential given by equation (3.5). This is consistent 

with the reduction in the surface charge of the micelles from 29 to 7.3, as the 

PDMAEMA concentration increases. Also, it is responsible for a reduced peak 

maximum and a broader peak. The change of the interaction potential can be roughly 

estimated as follows. Using equation (3.5), a relationship for the repulsive interaction 

potentials between charged micelles at lower PDMAEMA concentrations (a) and 

charged micelles at higher PDMAEMA concentrations (b) was obtained with the 

assumption that ( )U r  is affected mainly by 3R  and mz  as no salt is present in the 

solutions.    
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          (3.11) 

Since both terms are positive from the fit results, ( )a
U r is always higher than ( )b

U r  

at a distance r . This indicates that as the PDMAEMA concentration increases, the 

repulsion between the micelles decreases which enables more micelles to form with a 

corresponding drop in the liquid-like order. 
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Figure 3.8. The structure factors of d-SDS micelles in PDMAEMA solutions. 

PDMAEMA contrast match point (80%H2O/20%D2O): no polymer (black squares), 

50 mg/ml PDMAEMA (red circles), 100 mg/ml PDMAEMA (green triangles), 150 

mg/ml PDMAEMA (blue diamonds), and 200 mg/ml PDMAEMA (sky blue stars) 



 

 77 
 

3.5 Conclusions 

SDS micellization was studied as a function of PDMAEMA concentration using 

H/D contrast matching methods with SANS. Both h-SDS and d-SDS interacts with 

the polymer in water, leading to PDMAEMA/SDS complexes, as shown by the shift 

of the scattering peak position to higher q as the PDMAEMA concentration increases. 

A structural analysis of the d-SDS micelle/PDMAEMA mixture was performed at the 

condition where the PDMAEMA was contrast-matched with a mixture of 80% H2O 

and 20% D2O. From the model fit, it was found that the size of d-SDS micelle 

decreased with increasing PDMAEMA concentration, while maintaining its spherical 

shape. The result explains the observed peak position shift due to a reduction in the 

aggregation number of d-SDS per micelle with increasing PDMAEMA concentration. 

The reduction in size would generally be energetically unfavorable as it would cause 

an increase in the hydrocarbon-water interfacial area. However, the participation of 

PDMAEMA segments in the micelle shell, as evidenced by the decrease in the 

neutron scattering length density of the shell, allows for the reduction of the micelle 

size since the PDMAEMA segments provide a partial shielding of the hydrocarbon 

tails from contacting water. It is pointed out that the incorporation of PDMAEMA 

segments in the shell also changed the contrast factor of the d-SDS micelle, shifting 

the system away from the contrast match point. The reduction in the aggregation 

number of d-SDS surfactant molecule per micelle led to a smaller average distance 

between micelles as the PDMAEMA concentration increased. Although the smaller 

distance would be expected to be unfavorable due to the repulsive potential, from the 

form factors and the structure factors obtained from fitting the SANS data, it was 
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found that the formation of smaller micelles with lower surface charge reduces the 

repulsive interaction potential between the micelles significantly.  
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Chapter 4: Construction of structured hydrogels with 

anionic micelles 

 
In this chapter, we created poly((2-dimethylamino)ethyl methacrylate) 

(PDMAEMA) hydrogels containing sodium dodecylsulfate (SDS) micelles using a 

crosslinker, 1,2-bis(2-iodoethoxy)ethane (BIEE). The size and shape of SDS micelles 

before and after crosslinking was studied using small angle neutron scattering 

(SANS) with H/D contrast matching method as a function of a crosslinking ratio. 

 

4.1 Introduction 

Molecularly imprinted polymer (MIP)77-79 is created by crosslinking polymers or 

monomers in the presence of template molecules, usually in a solvent such as water.  

Initially, functional groups on the polymer or the monomer are bound either 

covalently or noncovalently to the template molecule, and crosslinking results in a 

highly crosslinked hydrogel. The MIPs containing templates are immersed in a large 

amount of fresh solvent and the difference in the osmotic pressure between the 

hydrogel and surrounding solvent drives the templates out of the MIP, leaving pores 

in the polymer network containing the functional groups in a geometric arrangement 

related to the original template molecule. It is argued that these pores are 

complementary in size and shape to the template molecules and the functional groups 

of the polymer are positioned to preferentially rebind to the template molecule, so that 

this material has potential for applications in separation, drug delivery, biosensors, 
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etc. There is also interest in creating nanoporous hydrogels using micelles as 

templates which could be used as separation materials,10-13 similar to MIPs although 

micelles are at a larger size scale than single molecules. In order to understand the 

proposed templating mechanism in MIPs, it is necessary to compare the resultant 

pores to the original templates with respect to size and shape. Moreover, when 

micelles are used as templates, the size and shape before and after crossinking needs 

to be characterized as micelle structure depends on the solution thermodynamics.63 In 

the previous chapters, we demonstrated that SDS surfactants form mixed micelles 

associated with PDMAEMA chains in a dilute PDMAEMA solution and concentrated 

PDMAEMA solutions. As PDMAEMA concentration increased from 0 to 200 mg/ml, 

the external radius of the micelle decreased from 21 Å to 13.5 Å, while spherical 

shape of the micelle was maintained. The PDMAEMA/SDS complexes in water give 

a convenient way to construct hydrogels containing micelles, which can be used as 

separation materials, since it is possible to crosslink PDMAEMA in water through the 

Menschutkin reaction between a dihalide and two tertiary amines.37, 38 SANS has 

been widely used to investigate structures ranging from sub-nanometer to sub-

micrometer.14-16 Because the scattering lengths of H and D atoms are very different, 

the scattering contrast can be enhanced (and varied) through isotopic labeling. It is 

possible to investigate the structure of micelles in polymer solutions and hydrogels 

using H/D contrast-matching methods with SANS by contrast matching the polymer 

to the solvent. In this work, SANS of PDMAEMA/deuterated SDS (d-SDS) solutions 

and the corresponding hydrogels in water was measured to investigate the effect of 

crosslinking on the structure of the micelles.  
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4.2 Experimental 

For the SANS measurements, D2O and d-SDS were purchased from Cambridge 

Isotope Laboratories, Inc. 60,000 g/mol PDMAEMA with 1.12 PDI was synthesized 

using group transfer polymerization. A series of PDMAEMA solutions in water with 

desired SDS concentrations were prepared by mixing two stock solutions: 

PDMAEMA solution and d-SDS solution. To create hydrogels with micelles, a 

crosslinker, BIEE, was added to PDMAEMA/d-SDS solutions and was completely 

mixed. As shown in Figure 4.1, crosslinking occurs between PDMAEMA and BIEE 

where two quaternized amines on the PDMAEMA are connected to each other 

through the BIEE (2-ethoxy) ethane. The amount of BIEE was used to control the 

positive charge density of the resulting hydrogels. A half of each mixture was injected 

using a syringe into a demountable titanium cell and was kept for 2 days until 

hydrogels are formed. Scattering intensity of PDMAEMA/d-SDS solutions and the 

corresponding hydrogels was varied by changing a volume ratio of H2O and D2O. 

Each solution or hydrogel was kept in a demountable titanium cell (1 mm or 2 mm 

path length) for the SANS measurements. Complete crosslinking was determined by 

the inversion of the rest of each mixture. SANS experiments were carried out at the 

Center for Neutron Research at the National Institute of Standards and Technology on 

the 30 m NIST-NG7 instrument.41 The raw data were corrected for scattering from 

the empty cell, incoherent scattering, detector dark current, detector sensitivity, 

sample transmission, and thickness. Following these corrections the data were placed 

on an absolute scale using a direct beam measurement and then circularly averaged to  
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Figure 4.1. A scheme of the crosslinking reaction between PDMAEMA and BIEE 
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produce I(q) versus q plots where I(q) is the scattered intensity and q is the scattering 

vector (q=4πsinθ/λ). The q range was 0.005–0.40 Å-1 and the neutron wavelength was 

6 Å with a wavelength spread Δλ/λ =0.11. 

 

4.3 Results 

The black squares in Figure 4.2 represent SANS intensity of a 200 mg/ml 

PDMAEMA solution in D2O. The measured scattering is a monotonically decreasing 

function with angle, which is a characteristic of concentrated polymer solutions. It 

was fit to a modified Lorentzian function:80, 81 

( )
( )1 m
AI q B
qL

= +
+

                                                 (4.1) 

In this function, A  is the scattering scale, L  is a correlation length, m  is the Porod 

exponent, and B  is a background. The solid line shows the fit result where C  is 36.5 

cm-1, L  is 42.6 Å, and m  is 1.92.  Since the Porod exponent m  is related to the Flory 

excluded volume exponent v  as 1/m v= ,80 it is apparent that D2O is approximately a 

theta solvent at 25 oC. Since the scattering length density of d-SDS surfactant is close 

to D2O, scattering of d-SDS micelles in D2O is negligible.33, 34, 39, 55, 56, 70 However, 

when hydrogenated PDMAEMA segments participate in d-SDS micellization, it 

enhances the scattering from the micelles. This fact gives a convenient way to 

confirm the interactions between PDMAEMA and d-SDS in solutions and hydrogels. 

SANS intensity of a 200 mg/ml PDMAEMA solution with 100 mM d-SDS in D2O 

decreases in all measured q ranges compared to SANS of the corresponding solution  
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Figure 4.2. SANS intensity of a 200 mg/ml PDMAEMA solution with 100 mM d-

SDS in D2O (red circles) and its corresponding hydrogels. (Crosslinking ratio: 0.02 

(green triangles), and 0.04 (blue diamonds)) For comparison, SANS of 200 mg/ml 

PDMAEMA solution in D2O is shown (black squares), and it was fit to a modified 

Lorentzian function. (black line)  
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without d-SDS, but the decrease of SANS intensity in low q region is higher, 

resulting in a peak in SANS intensity. Since the observed peak is a characteristic of 

ionic micelles, it indicates that d-SDS micelles incorporate PDMAEMA segments. 

PDMAEMA hydrogels with 100 mM d-SDS were created by adding BIEE to a 200 

mg/ml PDMAEMA solution in D2O. Here, a crosslinking ratio is defined as the moles 

of BIEE over the moles of PDMAEMA monomer. At a crosslinking ratio of 0.02, the 

peak shifts to a lower q and, it disappears at a crosslinking ratio of 0.04. The 

disappearance of the charged micelle characteristic peak might be interpreted as the 

micelles being destroyed in the crosslinked hydrogel. However, it should be 

emphasized that in our case, crosslinking generates quaternized PDMAEMAs which 

can interact more strongly with d-SDS micelles through electrostatic attractive 

interactions. The observed phenomena can be explained by screening of the surface 

charges on the micelle induced by the electrolyte. Generally, SDS micelles repel each 

other in water due to their negative charge, and the repulsion causes SDS micelles to 

maintain a long range order in water.29, 31, 50, 63 The order is reflected in the SANS 

data as a peak, suppressing the SANS intensity in the low q region due to the 

structure factor. When electrolytes are added to a SDS solution, two behaviors are 

generally observed.50, 63, 66, 67 First, the electrostatic repulsion between the charged 

SDS head-groups is screened due to the added electrolyte, leading to a loss of the 

peak in the SANS data. Then, with further addition of electrolyte leads to a transition 

from spherical to cylindrical micelles as the micelle shape is dependent on the critical 

packing parameter,34, 50, 63 which is the ratio of the effective head group area of the 

surfactant to the area of its tail. It is notable that in Figure 4.2, the increase of 
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scattering intensity at low q is observed as the crosslinking ratio increased. When 

quaternized PDMAEMA segments participate in d-SDS micellization, the 

hydrogenated PDMAEMA segments alter the scattering contrast of the micelles as 

well as alter the electrostatic repulsions between the charged headgroups.  

 

The size and shape of the mixed micelles in solution and in the corresponding 

hydrogels with different crosslinking ratios was investigated by SANS at the 

condition where the PDMAEMA was contrast-matched to solvent (80% H2O and 

20% D2O).76 As shown in Figure 4.3, the SANS intensity for a 200 mg/ml 

PDMAEMA solution and its hydrogels with 100 mM d-SDS in contrast matched 

H2O/D2O increases in the low q region as the crosslinking ratio increases. As a 

control experiment, we confirmed that the SANS intensity of a 200 mg/ml 

PDMAEMA hydrogel in contrast matched H2O/D2O without d-SDS is flat in the 

measured q region. This means the crosslinking of PDMAEMA with BIEE did not 

induce the phase separation of the hydrogel and the contrast factor of the PDMAEMA 

hydrogel is not significantly different from the PDMAEMA solution. When the 

crosslinking ratio is 0.02, the peak position has shifted to slightly lower q compared 

to the corresponding solution, indicating that the form factor and the structure factor 

have changed. This trend continued, leading to a disappearance of the peak at 0.04 

crosslinking ratio. Both results agree well with the change of SANS intensity shown 

in Figure 4.2. Since the change of micellization in the hydrogels induced by 

crosslinking was reflected in scattering, regardless of whether either PDMAEMA or  
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Figure 4.3. SANS intensity of a 200 mg/ml PDMAEMA solution with 100 mM d-

SDS (black squares) and its corresponding hydrogels in a mixture of 80% H2O and 

20% D2O (Crosslinking ratio: 0.02 (red circles), and 0.04 (green triangles)).  The 

measured SANS intensity was fit to a core-shell model with or without the rescaled 

MSA closure and the results are shown as lines.  
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d-SDS was contrast-matched to the solvent, this indicates that the formation of mixed 

micelles is assisted by the PDMAEMA segments in the corresponding hydrogels, and 

the polymer conformation is governed by the micelles. The measured SANS intensity 

in Figure 4.3 was fit to a spherical core-shell model with and without the rescaled 

MSA closure14, 60-62, 75 in order to determine the size and shape of the mixed micelles. 

In the fit process, the core radius of the mixed micelle was constrained to be less than 

16.7 Å,68 which is the length of a fully extended alkyl chain of d-SDS, and the 

scattering length densities of the core and solvent were fixed at 7.01*10-6 Å-2 and 

8.2*10-7 Å-2, respectively. The neutron scattering length density of the core ( )coreρ  

was calculated from the relationship: i
core

b
Vρ =∑  where ib∑  is the sum of 

3CDb and 
2

11 CDb  of a d-SDS surfactant and V is the volume of the alkyl chain, 

composed of a methyl group and 11 methylene groups. The scattering length and the 

volume per chemical group were adopted from Cabane et al.54 However, the 

scattering length density of the shell left as a floating value to allow for the 

participation of polymer segments. The results are shown as lines in Figure 4.3. As 

the crosslinking ratio increases, the core radius, 1R , increased from 9.8 to 10.8 and 12 

Å. According to the Hayter and Penfold model,68 when 1R  is less than a fully 

extended hydrocarbon length for the surfactant, all hydrocarbons are contained in the 

core. Based on the core radius, the aggregation number of d-SDS surfactants per 

micelle, ν , can be calculated from the relationship:  

( )3 2

3
1

4 / 11
3 CD CDR V Vπν ⎛ ⎞= +⎜ ⎟

⎝ ⎠
                                         (4.2) 
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where 
3CDV and 

2CDV  are the volume of the methyl and methylene groups, 54.3 Å3 and 

27 Å3,54 respectively. The aggregation number of d-SDS surfactants per micelle, 

calculated using the equation (4.2), increased from 12, 15 to 21 as the crosslinking 

ratio increased from 0, 0.02 to 0.04. All the values are lower than the aggregation 

number of SDS (~ 7034) in water at 25 oC. This condition is satisfied when the 

polymers, added to the SDS solution, provide a partial shielding in order to lower the 

interfacial area between water and hydrophobic hydrocarbons. When the polymer is 

positively charged, the screening of the electrostatic repulsions between charged 

head-groups in a micelle occurs in addition. Since the screening reduces the distance 

between charged head-groups of the surfactants in the micelles, more water can 

contact hydrophobic hydrocarbons as the screening increases. From the fit results, it 

can be seen that the unfavorable interactions were decreased with increasing 

aggregation number of micelles. 

 

Another aspect of the charge screening induced by quaternized PDMAEMA 

segments is observed in the structure factor of the SANS intensity. Since the repulsive 

interactions between ionic micelles are long-range, they form a liquid-like ordered 

structure. When the surface charges on ionic micelles are screened, the correlation 

between them is randomized as hard sphere interactions become short-range. This 

behavior is reflected in the measured SANS intensity in Figure 4.3. The surface 

charge per micelle of 7.3 in 200 mg/ml PDMAEMA solution decreased to 2 in the 

corresponding hydrogel at a crosslinking ration of 0.02. The fact that the SANS 

intensity of the hydrogel at 0.04 crosslinking ratio was fit to a spherical core-shell 
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model means that all of the surface charge on the micelle was effectively screened. 

With an assumption that all the BIEE was reacted at 0.02 and 0.04 crosslinking ratio, 

a molar concentration of quaternized PDMAEMA monomer in the hydrogels is 50.9 

mM and 101.8 mM, respectively, since the BIEE can generate two quaternized 

amines. As the d-SDS molar concentration in the hydrogels is fixed at 100 mM, the 

molar ratio of quaternized PDMAEMA monomer to d-SDS corresponds to 

approximately 0.5 and 1, respectively. When we consider that the degree of ionization 

of SDS micelles in water is less than 30%,68 the degree of quaternization of 

PDMAEMA seems to be sufficient to fully screen the electrostatic repulsions 

between micelles. 

 

4.4 Conclusions 

The micellization of d-SDS surfactants in a concentrated PDMAEMA solution and 

the corresponding hydrogels were investigated using SANS at the condition where 

either the d-SDS surfactant or the PDMAEMA was contrast-matched to solvent. 

When 100 mM d-SDS was added to a 200 mg/ml PDMAEMA solution, it was found 

that mixed micelles containing PDMAEMA segments are formed along the polymer 

chains. Since incorporation of PDMAEMA segments into the shell of the d-SDS 

micelles provides partial shielding which reduces the unfavorable contact between 

hydrocarbons and water and results in smaller micelles being formed, compared to in 

pure water. Using the PDMAEMA/d-SDS complexes in solution, structured 

hydrogels with micelles were created by crosslinking the polymers with BIEE. Since 

each BIEE molecule generated two quaternized amines, the quaternized amines 
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influenced d-SDS micellization similar to the effect of an electrolyte. From the model 

fits, it was found that the aggregation number of d-SDS surfactants per micelle 

increased to compensate for increased water contact due to the charge screening. The 

effect of the charge screening on the d-SDS micellization was confirmed from the 

reduced surface charges per micelle as the crosslinking ratio increased, disrupting the 

liqulid-like order and eventually leading to a randomized distribution of the mixed 

micelles in hydrogel. 
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Chapter 5:  The effect of the degree of quaternization of 

poly((2-dimethylamino)ethyl methacrylate) on deuterated 

sodium dodecylsulfate micellization  

 

In order to control the size and shape of sodium dodecylsulfate (SDS) micelles in 

poly((2-dimethylamino)ethyl methacrylate) (PDMAEMA) hydrogels, PDMAEMA 

was quaternized to have various degrees of charge density using methyl iodide. In this 

chapter, we will address the modification of PDMAEMA and its characterization. 

And, SDS micellization in quaternized PDMAEMA solutions and hydrogels was 

investigated using small angle neutron scattering (SANS).   

 

5.1 Introduction 

Interactions between polymers and surfactants in water have been widely 

investigated because of potential applications such as detergents,25 rheology 

modifiers,26 and gelation agents.27, 28 Recently, there has been interest in creating 

nanoporous hydrogels using micelles as templates which could be used as separation 

materials,10-13 similar to MIPs.77-79 Several methods have been introduced in the 

literature to create hydrogels with micelles. For example, monomers in solution with 

surfactants can be crosslinked,10-13 or polyelectrolyte hydrogels can be immersed into 

surfactant solutions in order to take up surfactants. In both cases, since the micelle 

containing hydrogels were analyzed using small angle x-ray scattering, it was only 
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possible to determine the existence of micelles (or hierarchical micelle/polymer 

structures) formed in the hydrogels. It is important to investigate the size and shape of 

micelles in hydrogels as the structure will be directly related to the size and shape of 

pores that are generated after the removal of the micelles. SANS has been widely 

used to investigate similar structures ranging from sub-nanometer to sub-

micrometer.14-16 And, because the scattering lengths of H and D atoms are quite 

different, the scattering contrast can be enhanced (and varied) through isotopic 

labeling. Therefore, it is possible to investigate the structure of micelles in polymer 

solutions and hydrogels using H/D contrast matching methods with SANS. In the 

previous chapters, we demonstrated that deuterated SDS (d-SDS) surfactants form 

spherical micelles associated with PDMAEMA chains in water and the 

PDMAEMA/SDS complexes can be used to construct hydrogels with spherical 

micelles, since it is possible to crosslink PDMAEMA through the Menschutkin 

reactions between a dihalide and two tertiary amines.37, 38 In this study, we attempted 

to induce the transformation of spherical micelles to cylindrical micelles using 

positively charged polyelectrolytes. For this aim, PDMAEMA was quaternized to 

various degrees by reacting with methyl iodide.82 SANS of (quaternized) 

PDMAEMA/ d-SDS solutions and the corresponding hydrogels in water was 

measured to investigate the effect of the degree of quaternization on d-SDS 

micellization. 
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5.2 Experimental 

All reagents were purchased from Aldrich, unless otherwise stated. D2O and d-SDS 

were purchased from Cambridge Isotope Laboratories, Inc. 60,000 g/mol 

PDMAEMA with 1.12 PDI was synthesized using group transfer polymerization. To 

quaternize the PDMAEMA, the polymer was dissolved in tetrahydrofuran (THF) and 

different amounts of methyl iodide was added dropwise and by regulating the ratio of 

moles of added methyl iodide to moles of PDMAEMA monomer. During the 

quaternization, transparent PDMAEMA solutions turned turbid yellow. After 

complete reaction, all the polymers precipitated as THF is a non-solvent for the 

quaternized polymers. The resulting polymers were filtered and washed in hexane 

several times. The polymers were dried in a vacuum oven for 1 day at 45 °C. The 

degree of quaternization was determined using a Bruker 400 MHz 1H-NMR with D2O 

as the solvent. The effect of the degree of quaternization on the d-SDS micellization 

in PDMAEMA solutions and the corresponding hydrogels was measured using 

SANS. SANS experiments were carried out at the Center for Neutron Research at the 

National Institute of Standards and Technology on the 30 m NIST-NG3 and NG7 

instruments.41 The raw data were corrected for scattering from the empty cell, 

incoherent scattering, detector dark current, detector sensitivity, sample transmission, 

and thickness. Following these corrections the data were placed on an absolute scale 

using the direct beam measurement and circularly averaged to produce I(q) versus q 

plots where I(q) is the scattered intensity and q is the scattering vector (q=4πsinθ/λ). 

The q range was 0.005–0.40 Å-1 and the neutron wavelength was 6 Å with a 

wavelength spread Δλ/λ =0.11 or 0.15. A demountable titanium cell with a 1 mm or 2 



 

 95 
 

mm path length was used for SANS measurement. A series of (quaternized) 

PDMAEMA solutions in water with desired d-SDS concentrations were prepared by 

mixing two stock solutions: (quaternized) PDMAEMA solution and d-SDS solution. 

To create hydrogels with micelles, 1,2-bis(2-iodoethoxy)ethane (BIEE) crosslinker 

was added to the solutions. Half of each mixture was injected using a syringe into a 

demountable titanium cell which kept until hydrogel formed. Complete crosslinking 

was determined by the inversion of the remaining mixture.  

 

5.3 Results 

5.3.1 Quaternization of PDMAEMA and characterization 

In the previous chapter, we demonstrated that structured hydrogels templated using 

mixed micelles can be created by crosslinking PDMAEMAs with BIEE in the 

presence of d-SDS surfactants. Additionally, it was found that the aggregation 

number of d-SDS per micelle in PDMAEMA hydrogels increased as the degree of 

quaternization of the PDMAEMA increased due to charge screening, although the 

spherical form of the micelles was maintained. In literature, the growth of spherical 

SDS micelles into cylindrical micelles has been observed by adding electrolytes,50, 63, 

66, 67 or polyelectrolytes69-72. When the growth occurs in polyelectrolyte hydrogels, it 

can provide a method to control the size and shape of pores in the hydrogels, 

generated after the removal of the micelles. In creating such hydrogels, the control of 

the size and shape of SDS micelles in polyelectrolyte solutions is a prerequisite. In 

contrast to simple electrolytes, when polyelectrolytes are added to SDS micelle 
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solutions, the charge ratio of polyelectrolyte to SDS surfactants plays an important 

role in determining phase behavior of polyelectrolyte/SDS complexes in water. For 

example, when either SDS or the polyelectrolyte is in sufficient excess, the solutions 

are clear and isotopic. On the other hand, as the charge ratio of polyelectrolyte to SDS 

approaches 1, phase separation into a precipitate and a clear liquid solution occurs. 

Prior to precipitation, as the charge ratio is varied, the solutions are turbid due to the 

existence of large polyelectrolyte/SDS complexes. In the current study, since we have 

interest in controlling the size and shape of d-SDS micelles, we will vary the positive 

charge density of the PDMAEMA. PDMAEMA is positively charged at acidic pH, 

but using pH may also alter the SDS micellization behavior50. To avoid this, 

PDMAEMA was quaternized using methyl iodide in THF at room temperature. To 

regulate the degree of quaternization, the total amount of methyl iodide added was 

varied. After methyl iodide was added, the PDMAEMA solutions turned turbid 

yellow as THF is a non-solvent for quaternized PDMAEMAs. The solutions were 

stirred overnight to ensure the completion of chemical reaction, and then the 

polymers were filtered and dried in vacuum for one day at 45 °C. The resulting 

polymers were dissolved in D2O and 1H-NMR was used to determine the polymer 

structure. The chemical structure of PDMAEMA before and after quaternization and 

their 1H-NMR results are shown in Figure 5.1. The chemical shifts of peaks of side 

chain protons to higher ppm due to the quaternization can be observed, and are 

assigned in Figure 5.1. On the other hand, the peaks from the main-chain methylene 

protons and side methyl group protons are not affected as these protons are far from 

the reaction site.  
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Figure 5.1. 1H-NMR of (quaternized) PDMAEMAs in D2O 
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Table 5.1. Degree of quaternization (DQ) obtained from 1H-NMR results 

 

 

 

 

 

 

 

 

 

 

 

 

 

Polymer Expected 
DQ (%) (n-x)/n x/n Calculated 

DQ (%) 

PDMAEMA 0 1 0 0 

24% quaternized 
PDMAEMA 25 0.76 0.24 24 

51% quaternized 
PDMAEMA 50 0.49 0.51 51 

74% quaternized 
PDMAEMA 75 0.26 0.74 74 

100% quaternized 
PDMAEMA 100 0 1 100 
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The degree of quaternization was calculated by comparing the peak area of tertiary 

amines to the peak area of quaternized amines, and the results are summarized in 

Table 5.1. 

 

5.3.2 SANS of quaternized PDMAEMA solutions/hydrogels with 100 mM d-

SDS 

Since a 200 mg/ml PDMAEMA solution, corresponding to 1.27 M concentration of 

monomers, mixed with 100 mM d-SDS, was successfully crosslinked using BIEE, 

each polyelectrolyte solution was prepared with the same monomer molar amount, 

resulting in an increase in the polymer concentration as the quaternized PDMAEMA 

contains (heavy) iodine ions. In all the polymer solutions, the d-SDS concentration 

was fixed at 100 mM. This resulted in transparent homogeneous polymer/d-SDS 

solutions since the ratio of quaternized PDMAEMA monomer charge to d-SDS is 

well above 1. This means that the d-SDS micelles are well-dispersed in the 

concentrated polymer solution before crosslinking. Before addressing the d-SDS 

micelle structures in the quaternized PDMAEMA solution, it is useful to compare the 

effect of d-SDS on chain conformation for PDMAEMA and quaternized PDMAEMA 

as it can give direct evidence for interactions between the d-SDS and the polymer. 

Figure 5.2 shows SANS intensity of (quaternized) PDMAEMA solutions with or 

without 100 mM d-SDS in D2O. The SANS intensity of the 200 mg/ml PDMAEMA 

solution is a monotonically decreasing function with angle, which is a characteristic 

of concentrated neutral polymer solutions. The data was fit to a modified Lorentzian 

function as follows:80, 81 
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Figure 5.2. SANS intensity of a 200 mg/ml PDMAEMA solution (black squares) and 

a 290 mg/ml 51% quaternized PDMAEMA solution (red circles) in D2O. SANS 

intensity of a 200 mg/ml PDMAEMA solution was fit to a modified Lorentzian 

function. (black line). The changes of SANS intensity of the polymer solutions 

induced by adding 100 mM d-SDS with are also measured: 200 mg/ml PDMAEMA 

solution with 100 mM d-SDS (green triangles) and 290 mg/ml quaternized 

PDMAEMA solution with 100 mM d-SDS (blue diamonds) 
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( )
( )1 m
AI q B
qL

= +
+

                                                 (5.1) 

In this function, A  is the scattering scale, L  is a correlation length, m  is the Porod 

exponent, and B  is a background. The solid line shows the fit result where C  is 36.5 

cm-1, L  is 42.6 Å, and m  is 1.92.  Since the Porod exponent m  is related to the Flory 

excluded volume exponent v  as 1/m v= ,80 it is apparent that D2O is approximately a 

theta solvent at 25 oC. The SANS intensity of the 290 mg/ml 51% quaternized 

PDMAEMA solution shows an upturn in the low q region and a peak at about q~0.08 

Å-1, which are characteristic of polyelectrolyte solutions. When 100 mM d-SDS is 

added to the polymer solution, the SANS intensity changed significantly, indicating 

that the polymer conformation is altered by the added surfactant. For example, a peak 

observed in SANS intensity of 200 mg/ml PDMAEMA mixed with 100 mM d-SDS 

indicates that charged d-SDS micelles containing PDMAEMA segments are 

preferably formed. However, in the 51% quaternized PDMAEMA solution, the 

presence of 100 mM d-SDS surfactants caused an increase in SANS intensity as well 

as the disappearance of the upturn at low q region. Since the upturn represents large 

clusters in the polyelectrolyte solution, its disappearance indicates that the added d-

SDS surfactants have disrupted the electrolyte behavior of the quaternized 

PDMAEMA. The anionic d-SDS surfactants will bind to the positively charged 

PDMAEMA monomers via electrostatic attractions in the solution. At the same time, 

it is expected that the d-SDS surfactants should form micelles to shield the d-SDS 

hydrocarbon tails from water. In the micellization of d-SDS surfactants, the 

oppositely charged PDMAEMA monomers interacting with d-SDS surfactants via 

electrostatic attractions should to be involved.  
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Figure 5.3. SANS intensity of (quaternized) PDMAEMA solutions with 100 mM d-

SDS in a mixture of 80% H2O and 20% D2O: 200 mg/ml PDMAEMA (black 

squares), 245 mg/ml 24% quaterized PDMAEMA (red circles), 290 mg/ml 51% 

quaternized PDMAEMA (green triangles) and 335 mg/ml 74% quaternized 

PDMAEMA solution (blue diamonds) The solid lines represent the fit results. 
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The presence of d-SDS affects the conformation of the 51% quaternized PDMAEMA 

chains in the solution, not to form clusters although the ratio of the molar of d-SDS 

surfactant to the molar of the quaternized PDMAEMA monomer is ~0.2, while the 

disappearance of an upturn in SANS intensity is observed at excess electrolytes in 

polyelectrolyte/electrolyte solutions. The structure of micelles was investigated at the 

condition where the polymer was contrast-matched to a mixture of 80% H2O and 

20% D2O,76 as shown in Figure 5.3. A peak characteristic of charged micelles is 

observed only in the PDMAEMA solution, and not in the quaternized PDMAEMA 

solution. It is observed that the SANS intensity in the low q region increases as the 

degree of quaternization of PDMAEMA increases, indicating a growth of mixed 

micelles in the solution. Several different shapes are possible for the micelles, 

including spheres, ellipsoids, cylinders, and bilayers. In general, the shape of the 

micelle can be rationalized based on the net geometry of the amphiphilic molecules 

using a term called the critical packing parameter (CPP),34, 50, 63 which is defined as: 

tail

hg

aCPP
a

=                                                      (5.2) 

where hga  is the effective area of hydrophilic headgroup and taila  is the average area 

of the hydrophobic tail. The larger the headgroup area compared to the tail area, the 

more curved the aggregates. At, a CPP less than 1/3, corresponding to a cone shape, 

leads to spherical micelles while a CPP between 1/3 and 1/2 corresponds to 

cylindrical micelles. Finally, a CPP between 1/2 and 1 assemble into bilayer 

structures in water. It is notable that one can change hga  by decreasing or increasing 

the electrolyte concentration in the case of ionic surfactants. In our case, as the molar 
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concentration of quaternized PDMAEMA monomers at fixed d-SDS molar 

concentration increases, the CPP of the d-SDS surfactant will decrease, resulting in a 

change in the favored micelle structure. It has also been observed that a long range 

interaction between charged d-SDS micelles disappears due to charge screening 

between the anionic d-SDS and the positively charged PDMAEMA. The size and 

shape of the micelles was obtained by modeling the SANS data. Depending on 

whether the polymer was quaternized or not, different models were used. For 

example, in the case of PDMAEMA/d-SDS solution, a spherical core-shell model 

with a rescaled mean spherical approximation closure14, 60-62, 75 was adapted as 

PDMAEMA is almost neutral at its natural pH. However, in case of quaternized 

PDMAMEA/d-SDS solutions, a cylindrical core-shell model83 was used to account 

for the charge screening effect. For spherical micelles, the core radius of the mixed 

micelle was constrained to be less than 16.7 Å,68 which is the length of a fully 

extended alkyl chain of d-SDS, and the scattering length density of the solvent, 

8.2*10-7 Å-2 was used. The neutron scattering length density of the core ( )coreρ  was 

calculated from the relationship: i
core

b
Vρ =∑  where ib∑  is the sum of 

3CDb and 

2
11 CDb  of a d-SDS surfactant in the core and V is the volume of the alkyl chain, 

composed of a methyl group and 11 methylene groups, as found in a d-SDS 

surfactant. The scattering length and the volume per chemical group were adopted 

from Cabane et al.54 However, the scattering length density of the shell was left as a 

floating value to account for the participation of PDMAEMA segments in the shell. 

The values obtained are used in the fit of the cylindrical core-shell model, by 

allowing the core radius and the cylinder length to float during the fit process in order  
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Table 5.2. Optimized parameters from model fits 

 

 

Polymer 
Concentration 

1R  
(Å) 

L   
(Å) 

200 mg/ml 
PDMAEMA 9.8 - 

245 mg/ml 
24 % quaternized PDMAEMA 10.5±0.36 19.85±1.41 

290 mg/ml 
51 % quaternized PDMAEMA 13.34±1.44 23.45±4.99 

335 mg/ml 
74 % quaternized PDMAEMA 15.85±1.07 27.96±3.75 

 

 

 

1R  : Core radius in Å 

L  : Core length in Å 
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to describe the growth of the micelles. The results are shown as lines in Figure 5.3 

and the optimized values are given in Table 5.2. The fit results indicate that the 

charge screening provided by quaternizing the PDMAEMA leads to a transition of 

spherical to cylindrical micelles in both directions: radius and length. It was shown 

before that PDMAEMA hydrogels with spherical d-SDS micelles can be created 

through chemical crosslinking of PDMAEMA monomers using BIEE. The same 

method was adapted to create quaternized PDMAEMA hydrogels with cylindrical 

micelles. To control the crosslinking ratio, the desired amount of BIEE was added to 

290 mg/ml 51% quaternized PDMAEMA solution with 100 mM d-SDS. Here, the 

crosslinking ratio is defined as the moles of BIEE over the total moles of PDMAEMA 

monomer. The structure of d-SDS micelles in the hydrogels was observed using 

SANS at the condition where the polymer was contrast-matched and the results are 

shown in Figure 5.4. The results confirm that the micelles are stable after the 

crosslinking reaction. From a cylindrical core-shell model fit, it was found that 

although the shape of the micelles in the solution was maintained after crosslinking, 

the core radius and the length of mixed micelles increased to 14.8 ± 0.6 Å and 26.6 ± 

2.2 Å, respectively. Since the chemical reaction between two uncharged monomers of 

the 51% quaternized PDMAEMA and BIEE generates two quaternized monomers, at 

the crosslinking ratio (0.04), the degree of quaternization increases from 51% to 59%, 

leading to the growth of the mixed micelles. 
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Figure 5.4. SANS intensity of a 290 mg/ml 51% quaternized PDMAEMA solution 

with 100 mM d-SDS (black squares) and its corresponding hydrogel with 0.04 

crosslinking ratio (red circles) in a mixture of 80% H2O and 20% D2O. The solid lines 

represent the fit results. 
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5.4 Conclusions 

PDMAEMA of 60,000 g/mol with 1.12 PDI was synthesized using GTP and 

quaternized using methyl iodide in THF. The degree of quaternization of the resulting 

polymers was easily controlled, as determined using 1H-NMR.  Using (quaternized) 

PDMAEMAs with different degrees of quaternization, it was attempted to control the 

micellization of d-SDS surfactants in the (quaternized) PDMAEMA solutions, and 

the structure was investigated using H/D contrast-matching methods with SANS. 

When 100 mM d-SDS was added to a 200 mg/ml PDMAEMA solution in D2O, a 

peak characteristic of ionic micelles was observed. Since d-SDS is contrast-matched 

to D2O, the result indicates that the liquid-like order of the d-SDS micelles is 

transferred to PDMAEMA chains by forming necklace-like structures, similar to what 

has been observed in PEO/SDS complexes. However, in a 290 mg/ml 51% 

quaternized PDMAEMA solution, the added d-SDS surfactants disrupted the cluster 

formation via electrostatic attractive interactions between the quaternized 

PDMAEMA monomers and the d-SDS surfactants, as evidenced by the 

disappearance of the large upturn in the scattering in the low q region. The effect of 

the charge screening was also observed in d-SDS micellization process as the 

positively charged PDMAEMA monomers reduced the effective area of anionic 

headgroup. Therefore, the characteristic micelle peak was not observed in SANS of 

the 51% quarternized PDMAEMA/d-SDS solution. 

 

The structure of the micelles in (quaternized) PDMAEMA/d-SDS solutions was 

investigated at the condition where polymer was contrast-matched with a mixture of 
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80% H2O and 20% D2O. The characteristic peak of the ionic micelles is observed 

only in the PDMAEMA/d-SDS solution and the SANS intensity of the quaternized 

PDMAEMA/d-SDS solutions increases at low q as the degree of quaternization of the 

polymer increases, indicating a growth of mixed micelles due to charge screening. 

From the model fits, it was found that spherical micelles in the PDMAEMA/d-SDS 

solution grew in radius and length and transformed to cylindrical micelles. A 

quaternized PDMAEMA hydrogel with cylindrical micelles was created by adding 

BIEE to a 290 mg/ml 51% quaternized PDMAEMA solution with 100 mM d-SDS. 

Since the crosslinking reaction generates quaternized monomers, the increased degree 

of quaternization in the hydrogel caused a change in the size of the micelles while the 

cylindrical shape was maintained. 
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Chapter 6:  A simple method for creating oriented 

nanopores in block-copolymer thin films 

 

A difficulty in directly observing the change of pores during swelling and 

deswelling of molecularly imprinted polymers (MIP) comes from the fact that pores 

exists inside MIPs. In order to overcome the restriction, it is required to make pores 

observable at the surface of MIPs. In order to create nanoporous films, we used the 

self-assembly of polystyrene-b-poly(4-vinyl pyridine) (PS-b-P4VP)/poly(4-vinyl 

pyridine) (P4VP) blend films. Using preference of the solvent (THF) for polystyrene 

(PS) compared to P4VP and by varying the total P4VP weight fraction, we could 

control the size of phase-separated P4VP domains in the films. The extraction of 

P4VP homopolymer from the films in ethanol enabled us to generate nanopores at 

multiple length scales.  

 

6.1 Introduction 

Block copolymers are well-known to self-assemble into nano- and mesoscale 

structures and the use of block copolymers for nanostructured patterns has attracted 

increasing attention due to their potential use as templates and scaffolds for the 

fabrication of functional nanostructures.22, 84-86 In order to realize the potential of 

these materials, it is required that orientation of the nanostructured patterns is 

controlled in a designated manner. Numerous methods have been developed to 

control orientation of nanostructures which include the manipulation of the interfacial 
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interactions,87 use of electric fields,88 and controlling the rate of solvent evaporation89. 

In addition, it has been shown that nanopores within cylindrical block copolymer 

domains oriented normal to the substrate can be generated by several novel 

methods.90, 91 These methods use a homopolymer/block copolymer solution where a 

homopolymer has the identical chemical structure to or prefers one of the blocks in 

the block copolymer and nanoporous structures are generated by dissolving the 

homopolymer in a selective good solvent for the homopolymer. To control orientation 

of the cylinders in polystyrene-b-poly(methyl methacrylate) block copolymer (PS-b-

PMMA) and PMMA homopolymer or poly(ethylene oxide) (PEO), a tailored surface 

to balance interactions between the segments of the copolymer and the interfaces as 

well as extended annealing of the films was required to induce a well-ordered self-

assembled structure.90 This drawback was overcome with polystyrene-b-

poly(ethylene oxide) block copolymer (PS-b-PEO)/PEO or PS-b-PEO/PMMA where 

self-assembly occurs at the air surface and ordering then propagates through the 

film.91 In this research, we adopted a similar strategy to generate nanopores oriented 

normal to the substrate in thin block copolymer films using polystyrene-b-

poly(4vinylpyridine) block copolymer (PS-b-P4VP) and P4VP homopolymer 

tetrahydrofuran (THF) solutions, where THF has a preferential affinity for PS. 

Although it might be possible to regulate the size or order of nanodomains in as-spun 

PS-b-P4VP/P4VP through solvent annealing, in this communication we will focus on 

explaining the phase-separation behaviors of PS-b-P4VP/P4VP during spincoating 

since P4VP homopolymers are solubilized in the P4VP blocks without a macro-phase 

separation within our experimental conditions. It enabled us to control the pore size in 
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multiple length scale after the extraction of P4VP homopolymer using ethanol from the 

film, meaning a simple way to control refractive index of the nanoporous films.  

 

6.2 Experimental 

PS-b-P4VP (number average molecular weight PS
nM = 310 kgmol-1, 4P VP

nM = 10 

kgmol-1, polydispersity index = 1.09), PS homopolymer ( nM = 300 kgmol-1, 

polydispersity index = 1.2) and P4VP homopolymer ( nM = 5.1 kgmol-1, 

polydispersity index = 1.06) were purchased from Polymer Source, Inc., and used 

without further purification. PS/P4VP and PS-b-P4VP/P4VP were dissolved in THF 

from Aldrich at 80 oC for 12 hours and cooled to room temperature. In the resulting 

solutions, the concentration of PS or PS-b-P4VP was fixed at 0.5 wt%, but the 

concentration of P4VP homopolymer was changed and, depending on the amount of 

P4VP homopolymer added, the P4VP weight fraction varied from 0.03 to 0.45. Here, 

P4VP weight fraction is defined by a ratio of the total P4VP weight to the total 

polymer weight in the solutions. The polymer solutions were prefiltered through 

Millipore 0.45 μm poly(tetrafluoroethylene) filters. PS/P4VP and PS-b-P4VP/P4VP 

blend films were prepared by spin-coating at 3000 rpm for 60 s on silicon substrates 

or mica. Thin film surface morphology was characterized using a Dimension 3000 

atomic force microscope (AFM) from Digital Instruments, Inc. Silicon tips on a 

cantilever with spring constants ranging between 20.0 and 80.0 Nm (as specified by 

the manufacturer) were used. To measure thin film thickness, the polymer films 

deposited on silicon substrates were scratched with a scalpel, and AFM images were 
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taken at the borders of the scratches. The surface morphology of as-spun PS/P4VP or 

PS-b-P4VP/P4VP blend films on silicon substrates was examined using AFM in 

tapping mode. Transmission electron microscopy (TEM) was performed using a 

JEOL JEM-2100F field emission TEM at 200kV coupled with a Gatan CCD camera. 

TEM samples were spun on mica with the same conditions described before, floated 

on deionized water, captured on a TEM grid, and stained with iodine. To prepare 

nanoporous films, as-spun PS-b-P4VP/P4VP blend films were soaked in ethanol, 

which is a selective solvent only for P4VP, for 3 hours and dried in air. In order to 

confirm whether nanopores penetrate through the entire film, the cross-sectional 

image of a PS-b-P4VP/P4VP blend film with 0.45 of P4VP weight fraction was 

observed using scanning electron microscope (SEM). A layer of gold was coated on 

the surface of a polymer film and then the film was cleaved in liquid nitrogen to 

preserve the morphology. SEM observation was conducted with a Hitachi SU-70 

Schottky field emission gun scanning electron microscope working at 3kV 

accelerating voltage and working distance around 5mm.  

 

6.3 Results 

It has been reported in the review paper by H. Colfen that P4VP is difficult to 

polymerize anionically due to insolubility in THF above a critical molecular weight.92 

For PS-b-P4VP block copolymers with P4VP weight fraction above 0.16, spherical 

PS-b-P4VP micelles in THF were observed using static and dynamic light 

scattering.93 Recently, in the work by Ali and Park, PS-b-P4VP block copolymers 

(12k-b-11.8k and 3.3k-b-18.7k) in a toluene/THF mixture, which have a smaller PS
nM  



 

 114 
 

and a similar 4P VP
nM  compared to our PS-b-P4VP block copolymer, were studied 

using small angle x-ray scattering to investigate the effects of solvent selectivity and 

block copolymer composition on the micellar structure.94 Ali and Park found that PS-

b-P4VP formed micelles only in the mixture of toluene/THF because toluene is a 

selective solvent for PS and THF is non-selective due to the small 4P VP
nM . Our 

PS/P4VP and PS-b-P4VP/P4VP polymer solutions in THF were optically transparent 

indicating that no large aggregates are formed due to the low P4VP weight fraction 

(~0.03) and the small 4P VP
nM . Also, the 5.1 kg/mol P4VP homopolymer used here 

completely dissolved in THF even at room temperature as the nM is relatively small. 

Figure 6.1 (a) is an AFM height image of an as-spun PS/P4VP blend film on a silicon 

substrate, from a 0.5 wt% PS solution in THF with 0.35 of P4VP weight fraction in 2 

μm × 2 μm scale. The AFM images show that nodules with on average 10 nm height 

protrude above a continuous matrix. Similar morphologies have been observed in 

various homopolymer blend films by other reseachers.95-99 The morphology is formed 

due to the rapid quench by solvent evaporation. Initially, PS and P4VP are dissolved 

in THF. During spincoating, THF evaporates and phase-separation of PS and P4VP 

occurs. Since THF prefers PS to P4VP, P4VP-rich phases are more quickly depleted 

of the solvent and solidified earlier. Subsequent evaporation of the remaining solvent 

leads to a collapse of the PS-rich phases, leading to elevated P4VP nodules. It was 

confirmed that the morphology can be used to generate nanopores, which resemble 

the nodules in size and shape, by selectively dissolving P4VP homopolymer in 

ethanol, as shown in Figure 6.1 (b). 
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(a) 
 

       
 

(b) 
 
 
 
 
 
 
 
 
Figure 6.1. AFM height images of (a) an as-spun PS/P4VP blend film with 0.35 of 

P4VP weight fraction and (b) the PS/P4VP blend film after immersed in ethanol for 3 

hours  
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The idea was extended to PS-b-P4VP/P4VP blend films. And, in an attempt to 

control the pore size, the amount of P4VP homopolymer in each solution was varied. 

As the concentration of P4VP homopolymer in the polymer solutions increases, the 

film thickness of the as-spun films increased from 25 nm to 45 nm. Figure 6.2 (a), (b), 

and (c) show AFM height images of as-spun PS-b-P4VP/P4VP blend films as a 

function of P4VP weight fraction. Although the PS-b-P4VP film without P4VP 

homopolymer in Figure 6.2 (a) has a weight fraction of about 0.03 of P4VP, the film 

showed a self-assembled structure with nodules in the PS matrix due to the strong 

repulsive interaction between the PS and the P4VP blocks. The reported Flory-

Huggins interaction parameter, χ, of PS-b-P4VP is approximately an order of 

magnitude greater than the largest values of reported χ in other nonionic systems,100 

which is corroborated by block copolymer order-disorder transition temperatures well 

beyond 300 oC.101 P4VP weight fraction in PS-b-P4VP/P4VP films was increased up 

to 0.45 by adding P4VP homopolymer to PS-b-P4VP solutions in THF. As the P4VP 

weight fraction in the polymer solutions increases, larger nodules are observed in the 

as-spun films, as shown in Figure 6.2 (b) and (c). In contrast to the PS/P4VP blend 

film (Figure 6.1), the nodules are more evenly and closely distributed throughout the 

films. A continuous structure, which has observed by Li et al. when the weight 

fraction of P4VP in a PS/P4VP blend film is about 0.5,97 was not observed in these 

PS-b-P4VP/P4VP blend films. TEM was used to identify the P4VP domains in a PS-

b-P4VP/P4VP film with 0.45 of P4VP weight fraction after iodine staining. Since 

iodine selectively stains the P4VP polymer, the P4VP domains appear darker in the 

TEM image, as shown in Figure 6.2 (d). As expected, the size and shape of nodules in  
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                                  (a)                                                               (b) 
 

         
 

                                 (c)                                                                (d) 
 
 
 
 
 
 

Figure 6.2. AFM height images of as-spun PS-b-P4VP/P4VP blend films as a 

function of P4VP weight fraction in the polymer solutions. P4VP weight fraction in 

the solutions was (a) 0.03, (b) 0.25, and (c) 0.45. (d) TEM image of PS-b-P4VP/P4VP 

film with 0.45 of P4VP weight fraction after iodine staining.  
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the AFM image of (c) film is comparable to those of darker domains in the TEM 

image of (d). These observations indicate that the P4VP homopolymer is solubilized 

in P4VP block domains during spincoating. It can be argued that the observed 

morphology of PS-b-P4VP/P4VP blend films is similar to that of PS-b-P4VP micelle 

films. To verify that nodules in PS-b-P4VP/P4VP blend films are formed due to the 

preferential affinity of THF for PS, similar to the blend films, we spincoated a PS-b-

P4VP/P4VP solution with 0.45 of P4VP weight fraction at different levels of relative 

humidity (RH). RH during spincoating was controlled by adding water vapor to a 

glass chamber enclosing the spinning chuck on which the substrate was placed. RH 

was measured with a hydrometer inside the glass chamber. Figure 6.3 shows AFM 

height images of as-spun films depending on RH. For clarity, all three images are set 

to an identical height scale (30 nm). When RH during spincoating increased from 

25% to 40%, the height of the nodules decreased. And, at 60% RH, the nodules were 

changed into pits. The observed behaviors are related to breath figure formation.102 

Generally, breath figures are ascribed to solvent-evaporative cooling on the surface of 

a polymer solution under humid conditions where water vapor is condensed into 

water droplets at the solution surface. The water droplets then interact with each other 

and become hexagonally packed. After complete evaporation of the solvent and 

water, traces of water droplets remain as a honeycomb structure in the polymer film. 

 

In our case, the fact that nodules, generated under dry conditions, were changed into 

pits at humid conditions indicates that THF evaporation rate was altered in the P4VP 

domains at humid conditions. Since THF evaporates faster in the P4VP domains than  
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(a) 

       
(b) 

 

       
(c) 

 
Figure 6.3. AFM height images of as-spun PS-b-P4VP/P4VP blend films with 0.45 of 

P4VP weight fraction as a function of relative humidity (RH). RH : (a) 25%, (b) 40%, 

and (c) 60%.   



 

 120 
 

in the PS matrix, at the early stage during spincoating at high humidity conditions this 

difference will cause the water vapor to condense preferentially on the P4VP 

domains.  The condensed water will lower the THF evaporation rate significantly 

from the P4VP domains and lead to an elevated PS matrix since P4VP domains 

solidify last after the complete evaporation of the THF and condensed water.  

 

Mean field calculations have shown that hexagonally packed P4VP cylinders 

embedded in PS can be expected for a volume fraction of P4VP block ranging from 

0.12 to 0.31.21 Therefore, as the concentration of added P4VP homopolymer 

increases, it can be expected that the PS-b-P4VP/P4VP blend films transition between 

sphere, cylinder and lamellar morphologies. Generally, in block copolymer melts, the 

morphology of the equilibrium microstructure is dependent on the volume fraction of 

minority block, the degree of polymerization and χ between the blocks.84 However, in 

block copolymer solutions, the phase behavior is more complicated and also depends 

on the polymer-solvent interaction parameters and the volume fraction of the polymer 

in the solution. During spincoating process, the solvent evaporates and the 

concentration of polymer solution varies from dilute to concentrated before formation 

of a thin film. Additionally, in our case, THF evaporates at different rates from the 

PS-rich phases compared to the P4VP-rich phases, depending on the preferential 

affinity. Therefore, the observed self-assembled structures of PS-b-P4VP/P4VP blend 

films, fabricated through spincoating, are far from thermodynamic equilibrium.  
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To confirm that the self-assembled structure can be utilized to generate nanoporous 

films, the P4VP homopolymer was removed from a PS-b-P4VP/P4VP film in 

ethanol. As a control experiment, a PS-b-P4VP film without P4VP homopolymer was 

also soaked in ethanol for 3 hours. After soaking, the nodules changed into holes. 

(Figure 6.4 (a)) Recently, Russell et al. found that PS-b-P4VP films, fabricated 

through spincoating of PS-b-P4VP solutions in toluene or toluene/THF mixtures, can 

be reconstructed by soaking the films in ethanol to leave P4VP on the surface, 

producing nanopores in the film.103, 104 The same trend was observed after PS-b-

P4VP/P4VP blend films were soaked in ethanol, while the size of holes increased as 

P4VP homopolymer amount in the polymer solutions increased, as shown in Figure 

6.4 (b) and (c). The average size, calculated using ImageJ program105, was 88.5 nm2, 

219.7 nm2, and 1452.6 nm2 for each film (a), (b), and (c). Correspondingly, in each 

polymer film, the number density of pores decreased from 545/μm2, 388/μm2, to 

141/μm2 due to the increased pore size. It was confirmed that the nanopores 

penetrated through the entire films by measuring the cross-sectional image of the PS-

b-P4VP/P4VP film with 0.45 P4VP weight fraction using SEM, as shown in Figure 

6.4 (d). The film was chosen since the film was thickest among the polymer films 

studied.  
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                                  (a)                                                               (b) 

 

         
 

                                 (c)                                                                (d) 
 
 
 
 
 
 
 
Figure 6.4. AFM height images of PS-b-P4VP/P4VP blend films after soaked in 

ethanol for 3 hours. P4VP weight fraction in the polymer solutions was (a) 0.03, (b) 

0.25, and (c) 0.45. The cross-section of the film (c) was observed using SEM (d).  
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6.4 Conclusions 

We have demonstrated using preferential solubility of PS in THF compared to 

P4VP, self-assembled structures can be generated in both PS/P4VP and PS-b-

P4VP/P4VP blend films. In the resulting films P4VP domains protruded from the 

surface and their size was easily controlled by regulating the amount of P4VP 

homopolymer in the polymer solutions. Due to the large incompatibility of PS and 

P4VP, the added P4VP homopolymer was readily extracted from the as-spun films in 

with ethanol, which is a selective good solvent for P4VP, resulting in multiple length 

scale nanopores in the corresponding films. It is noteworthy that in our method, 

nanopores oriented normal to the substrate were generated without the requirement of 

a neutral surface and were formed using a relatively simple spin casting process and 

subsequent ethanol wash. 
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Chapter 7:  Conclusions and Suggestions for Future Work 

  

7.1. Conclusions 

Poly((2-dimethylamino)ethyl methacrylate) (PDMAEMA) with 60,000 g/mol and a 

narrow polydispersity, 1.12, was synthesized using group transfer polymerization. It 

was observed that when PDMAEMA was dissolved in D2O or in acidified D2O, the 

polymer shows polyelectrolyte behavior as the tertiary amines in the chain are 

charged. The polyelectrolyte behavior can be screened by adding 1.3 mM d-SDS or 3 

mM NaCl in the solution. Above 3 mM deuterated sodium dodecylsulfate (d-SDS), 

small angle neutron scattering (SANS) intensity shows correlation peaks from 

charged micelles formed along the PDMAEMA chains. d-SDS micellization in the 

PDMAEMA solution starts below the normal SDS critical micelle concentration, 

which indicates that the PDMAEMA chains provide favorable interactions towards d-

SDS micellization. As the d-SDS concentration is increased, the observed scattering 

peak position shifted to high q, indicating more charged micelles are associating per 

PDMAEMA chain. In spite of the unfavorable repulsive interactions, the charged 

micelles associate with the PDMAEMA chains in preference to forming free d-SDS 

micelles as the unfavorable interactions are relieved by stretching of the PDMAEMA 

chain. 

 

A structural analysis of the d-SDS micelle/PDMAEMA mixture was performed at 

the condition where the PDMAEMA was contrast-matched with a mixture of 80% 

H2O and 20% D2O. From the model fit, it was found that the size of d-SDS micelle 
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decreased with increasing PDMAEMA concentration, while maintaining its spherical 

shape. The reduction in the aggregation number of d-SDS surfactant molecule per 

micelle lead to a smaller average distance between micelles as the PDMAEMA 

concentration increased. Although the smaller distance would be expected to be 

unfavorable due to the repulsive potential, from the form factors and the structure 

factors obtained from fitting the SANS data, it was found that the formation of 

smaller micelles with lower surface charge reduces the repulsive interaction potential 

between the micelles significantly. 

 
Using the PDMAEMA/d-SDS complexes in solution, structured hydrogels with 

micelles were created by crosslinking the polymers with 1,2-bis(2-iodoethoxy)ethane 

(BIEE). Since each BIEE molecule generated two quaternized amines, the 

quaternized amines influenced d-SDS micellization similar to the effect of an 

electrolyte. From the model fits, it was found that the aggregation number of d-SDS 

surfactants per micelle increased to compensate for increased water contact due to the 

charge screening. The effect of the charge screening on the d-SDS micellization was 

confirmed from the reduced surface charges per micelle as the crosslinking ratio 

increased, disrupting the liqulid-like order and eventually leading to a randomized 

distribution of the mixed micelles in hydrogel. 

 

PDMAEMA of 60,000 g/mol with 1.12 PDI was quaternized using methyl iodide in 

THF. Using (quaternized) PDMAEMAs with different degrees of quaternization, it 

was attempted to control the micellization of d-SDS surfactants in the (quaternized) 

PDMAEMA solutions, and the structure was investigated using H/D contrast-
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matching methods with SANS. From the model fits, it was found that spherical 

micelles in the PDMAEMA/d-SDS solution grew in radius and length and 

transformed to cylindrical micelles. A quaternized PDMAEMA hydrogel with 

cylindrical micelles was created by adding BIEE to a 290 mg/ml 51% quaternized 

PDMAEMA solution with 100 mM d-SDS. Since the crosslinking reaction generates 

quaternized monomers, the increased degree of quaternization in the hydrogel caused 

a change in the size of the micelles while the cylindrical shape was maintained. 

 
We have demonstrated using preferential solubility of polystyrene (PS) in 

tetrahydrofuran (THF) compared to poly(4-vinylpyridine) (P4VP), self-assembled 

structures can be generated in both PS/P4VP and polystyrene-b-poly(4-vinylpyridine) 

(PS-b-P4VP)/P4VP blend films. Due to the large incompatibility of PS and P4VP, the 

added P4VP homopolymer was readily extracted from the as-spun films in with 

ethanol, which is a selective good solvent for P4VP, resulting in multiple length scale 

nanopores in the corresponding films. It is noteworthy that in our method, nanopores 

oriented normal to the substrate were generated without the requirement of a neutral 

surface and were formed using a relatively simple spin casting process and 

subsequent ethanol wash. 

 

7.2. Suggestions for future work 

In this Section a suggestions are given for extension of the current work based on 

interesting behavior and ideas that were observed and developed during the 

experiments presented in this dissertation. 
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We have shown, using preferential solubility of PS in THF compared to P4VP, self-

assembled structures can be generated in both PS/P4VP and PS-b-P4VP/P4VP blend 

films. Since the polymers forms a glassy film during spincoating, the self-assembled 

structures are far from thermodynamic equilibrium. In general, equilibrium 

morphology of bulk diblock copolymer films is determined by a volume ratio 

between blocks, temperature and molecular weight. Although a surface and an 

interface have additional effects on equilibrium morphology in case of nano-thin 

diblock copolymers on substrates, several novel methods has been introduced to 

control nanostructures. Among those, controlling the rate of solvent evaporation in 

polystyrene-b-poly(ethylene oxide) (PS-b-PEO) and PS-b-PEO/(ethylene oxide) 

(PEO) films has critical advantages over others, such as no requirement of a neutral 

substrate, since a well-ordered self-assembly occurs at the air interface and ordering 

then propagates through the film.  

 

We found that a well-ordered self-assembly in PS-b-P4VP or PS-b-P4VP/P4VP 

blend films could be induced using a solvent annealing, similar to PS-b-PEO or PS-b-

PEO/PEO. Since P4VP homopolymers are solubilized in P4VP blocks in the films, 

the extraction of P4VP homopolymers in ethanol, which is a selective solvent for 

P4VP, from the blend films created a well-ordered nano-pores as well as 

reconstructed the films to leave P4VP blocks on the surface. The created pores are 

aligned to perpendicular to substrates, and it was possible to control the pore size by 

regulating the added amount of P4VP homopolymers in PS-b-P4VP/P4VP films. 
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Therefore, this method will give a convenient way to create nano-membranes with 

various pore sizes. 

 

Although both P4VP and PEO have several similar chemical properties, such as 

hydrogen bonding formation and hydrophilicity, P4VP can be positively charged in 

acidic pH or through a quaternization using a chemical with a halide group. The 

resulting films can be utilized as smart membranes responding to electrolyte 

concentration in water. In pure water, charged P4VP blocks will swell due to the 

repulsive interactions between charged P4VP monomers, causing nanopores to be 

closed. On the other hand, in an excess electrolyte concentration, the screening of the 

repulsions between charged P4VP monomers will cause the nanopores to be open 

since the charged P4VP blocks will be deswelled.   
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