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Systèmes macromoléculaires auto-assemblés sensibles à divers 

stimuli à applications biomédicales potentielles: caractérisation 

structurale par diffusion neutronique aux petits angles 
Par Arnaud Joset 

Résumé : Les colloïdes sont connus depuis le début du 19ème siècle mais ils ont suscité un 

regain d’intérêt durant les vingt dernières années, notamment grâce à leur utilisation dans des 

applications biomédicales ou la création de nouveaux matériaux.   

L’objectif de cette thèse est l’étude d’échantillons colloïdaux sensibles à un ou plusieurs 

stimuli (pH, température, ligand, ions métalliques) par diffusion neutronique aux petits angles 

(SANS). Cette technique permet d’obtenir des informations sur la structure interne des objets 

mais aussi, dans certaines conditions, sur l’organisation des nano-objets en solution. À cette 

fin, plusieurs échantillons, formés par l’auto-assemblage de copolymères séquencés et de 

liposomes, ont été préparés. Une modélisation des sections efficaces a été menée afin de 

calculer l’évolution des principaux paramètres structuraux : taille, polydispersité, structure et  

volumes occupés par les différents composants hydrophiles et hydrophobes au sein des nano-

objets. Les mesures SANS ont été réalisées en fonction de l’intensité du stimulus afin de 

quantifier l’évolution de ces paramètres. 

La première partie expérimentale de ce travail porte sur l’analyse d’échantillons 

micellaires formés à partir de copolymères séquencés. Les séquences peuvent être 

biodégradables (ex. poly(ε-caprolactone)), biocompatibles (ex. poly(oxyde d’éthylène)), 

sensibles au pH (ex. poly(2-vinylpyridine), poly(acide acrylique)) ou à la température (ex. 

poly(N-isopropylacrylamide)). L’influence de la concentration et du pontage entre micelles a 

été étudiée via l’analyse de gels formés à partir de polystyrene-b-poly(tert-butylacrylate) 

PS-b-PtBA-tpy (-tpy: terpyridine) en présence d’ions métalliques. 

 La seconde partie expérimentale consiste en l’analyse de liposomes en présence d’une 

quantité croissante de β-cyclodextrine méthylée aléatoirement (RAMEB). Cette partie est 

divisée en deux chapitres. Le premier traite du cas de liposomes majoritairement composés de 

dimyristoylphosphatidylcholine (DMPC) et le deuxième traite de liposomes de DMPC dopés 

à l’aide de 30% de cholestérol. 



  



Stimuli-responsive self-assembled macromolecular systems with 
potential drug delivery applications: structural characterization by 

Small-Angle Neutron Scattering 

By Arnaud Joset 

Abstract: Colloids are known since the early 19th century but they have mainly sparked 

interest since the last few decades thanks to their use in biomedical applications or in the 

design of new materials.  

The aim of this thesis is the study of stimuli-responsive colloids by Small-Angle Neutron 

Scattering (SANS). The stimuli may be the pH, the temperature, the addition of a ligand or of 

metallic ions or a combination of them. SANS is a useful technique which provides 

information about the internal structure of nano-objects but also, if appropriate conditions are 

met, about the organization of the objects in solution. Several samples built from the auto-

assembly of block copolymers and liposomes have been prepared. The macroscopic cross 

sections have been modeled with the aim to infer the main structural parameters of the 

samples: the global size, the polydispersity, the structure and volume occupied by the 

hydrophilic and hydrophobic components inside the nano-objects. The SANS measurements 

have been performed as a function of the intensity of the stimulus, in order to quantify the 

evolution of the structural parameters.  

The first experimental part focuses on micellar samples built from sequenced block 

copolymers. The blocks may be biodegradable (e.g., poly(ε-caprolactone)), biocompatible 

(e.g., poly(ethylene oxide)), pH-sensitive (e.g., poly(2 vinylpyridine), poly(acrylic acid)) or 

temperature-sensitive (e.g., poly(N-isopropylacrylamide)). The influence of the concentration 

and the formation of bridges between micelles have been investigated through the analysis of 

metallo-supramolecular micellar gels resulting from the self-assembling of polystyrene-block-

poly(tert-butylacrylate) PS-b-PtBA-tpy (tpy stands for terpyridine) block copolymers in the 

presence of transition metal ions. 

The second part focuses on the analysis of liposomes interacting with an increasing 

concentration of Randomly Methylated β-cyclodextrins (RAMEB). This part is divided into 

two chapters. The first one deals with liposomes mainly composed of 

dimyristoylphosphatidylcholine (DMPC) and the second one investigates the effects of 

cholesterol doping on the same DMPC liposomes interacting with RAMEB. 
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Even if colloids have been used for many centuries, their scientific investigation started 

in the early 19th century. The word “colloid” is derived from the Greek word “kolla” which 

means glue with the suffix “oid” meaning “of similar form to”. Before 1830, Brown [1] 

observed them using a microscope and described their random motion which was later named 

in his honor. Between 1850 and 1852, Sobrero [2] and Selmi [3,4] studied inorganic colloids 

made of silver chloride and Prussian blue, a pigment consisting of iron cyanide complexes. 

Later, Graham [5,6] managed to isolate some colloids with a dialysis system and published 

his results during the 1860s. He showed that colloid systems cannot diffuse through semi-

permeable membranes. He discovered the ripening process which explains the growth of 

droplets through the continuous phase. In the beginning of the 20th century, the progress in 

chemistry and physics about atomic structure, diffusion processes, electrophoresis and light 

scattering favored the development of the colloid studies. Ostwald [7], Buzagh [8] and Hauser 

[9] worked for the promotion of colloid science while most of their colleagues still considered 

this field as a side branch of physical chemistry. In this context Ostwald wrote [10,9] in 1914 

“Die Welt der vernachlässigten Dimensionen” (The world of neglected dimensions) and 

fought for the use of “colloid science” against “colloid chemistry”.  Today colloidal solutions 

are well known and extremely common in everyday life applications like paintings, inks, 

drugs, gelatin or food. Furthermore, many “smart” stimuli-responsive colloids have been 

developed during the last decades. The improvement of analysis and optical instruments has 

contributed to the development of this quite recent field.  Colloidal dispersions are composed 

of nanoparticles and their building bricks have sizes of a few nanometers up to the micrometer 

range for the aggregates. Figure 1 shows three colloidal nanostructures architectures which 

will be considered in the present work i.e. polymeric micelles, nanogels and liposomes. 

Micelles are spherical self-assemblies of amphiphilic molecules formed to decrease the 

surface tension. A common example is the self-assembly of fatty acids whose properties have 

been known for centuries. The first evidence of soap use is from Babylonian times and oil, 

soap and scrappers were commonly used in ancient Greek and Roman times. Surfactants have 

been used for ages to stabilize emulsions like Hollandaise Sauce for which the first references 

can be found already in 1593 and 1651 [11,12]. The cleaning properties of surfactants are also 

known for ages but the advent of nanotechnology has promoted them to the forefront during 

the two last decades. The understanding of the nature of micellar solutions has only started in 

the beginning of the 20th century. One of the precursors is McBain [13,14] who played a role 

in the study of surfactants, micellisation processes, their composition, charge and mobility.  
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Figure 1 a) micelle formation from block-copolymers b) micellar gel c) liposome 

When the surfactant concentration is higher than the critical micelle concentration (or 

CMC), the micellisation process takes place. In a polar solvent, the hydrophobic tails 

assemble to form the core and the hydrophilic tails form the corona toward the solvent. 

Nowadays micelles, liposomes and other soft matter material are extensively used in many 

fields [15] like thickening agents in water-based paints [16], cleaning agents in the 

restauration of art pieces [17] or to produce new mesoporous materials [18,19].  But the 

largest number of publications are devoted to possible nano-medicine applications. They are 

investigated to solubilize poorly soluble drugs in aqueous medium. [20-26]. The drug is 

encapsulated into the hydrophobic core of micelles which are designed to release it near the 

targeted sick tissues. The corona composition is designed to allow biocompatibility with 

plasma and to increase the selectivity while decreasing the drawback effects [27,28,20,29-34]. 

Such systems have complex structures in order to achieve their task e.g. access a tumor 

without being caught by the immune system [35-38,25,39-41,24,26].  

Liposomes are spherical vesicles which have at least one lipid bilayer. They were 

discovered during the 1960’s by Bangham et al [42]. When liposomes are made of several 

concentric lipid bilayers, they are called Multilamellar Large Vesicles (MLV). Their size may 

vary from 100 nm up to several micrometers. On the other side, the Small Unilamellar Vesicle 

(SUVs) are smaller than 100 nm. 
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Liposomes are used in a large variety of applications like drug delivering structure [43-

45,38] and as models of biological membranes because of their similar composition but 

without organelles, which simplifies the data interpretation. [46]. 

In 2012, 53 systems based on liposomes were investigated as therapeutic treatment and 7 

were already commercially available. Moreover, 8 systems based on micelles were 

investigated and 3 were commercially available [26]. Nowadays, the nano-objects are 

extensively studied but their size range and atomic content make it difficult to access their 

inner structure with the help of usual technique widely available like dynamic light scattering 

(DLS), atomic force microscopy or electron microscopy [28,35-37,39,47-49,25,50-52]. 

Nowadays the nano-object are expected to undergo structural changes under controlled 

stimuli i.e., modification of the temperature, pH change, or the presence of a triggering 

molecule. The stimuli-responsive behavior may allow the nano-object to target sick tissues. 

The structural change may result in the disruption of the objects, their aggregation or their 

reorganization. The study of the inner structure is challenging and the common techniques to 

study soft matter i.e. transmission microscopy or light scattering does not allow to isolate each 

component of the colloid. Small Angle Neutron Scattering is a helpful technique in this 

context because, coupled to a tailored modelling, it gives information on the organization of 

amphiphilic molecules inside the objects. Furthermore the measurements are performed in 

solution and dynamic processes can be studied over periods of several hours or days. The aim 

of this thesis is to study several stimuli-responsive colloids and the evolution of their internal 

structure when the intensity of the stimulus is tuned. 

Context and aim 
The synthesis of smart nanomaterials and their analysis with the help of SANS are tasks 

requiring distinctive but complementary skills. The birth of this project with the partnership of 

the Molecular Dynamics Laboratory and the Center for Education and Research on 

Macromolecules (CERM) was an excellent opportunity to study samples which have already 

potential use or which are good candidates in their area but lack some structural information.  

This manuscript is divided into three parts. The first part (see Chapter 2) introduces SANS 

in order to (i) describe the general experimental and theoretical framework, (ii) enlighten the 

advantages of this technique in the study of soft matter samples and outline its peculiarities 

and (iii) introduce some models which are instrumental to our work.  
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In a second part (chapters 3 to 7) the experimental results are set out and discussed. In 

chapter 3, the effect of pH stimuli is assessed on polymeric micelles bearing polybase 

sequences. The studied objects are built from mixtures of two diblock copolymers, a 

polycaprolactone-b-poly(ethylene oxide) one and a polycaprolactone-b-poly(2-vinylpyridine)  

one. The hydrophobic core is built from polycaprolactone (PCL). The corona of hydrophilic 

poly(ethylene oxide) (PEO) stabilizes the nanocarriers. Thanks to a pH-sensitive sequence of 

poly(2-vinylpyridine) (P2VP), the micelles can adopt different structures in acidic and basic 

conditions. When the pH is acidic, the P2VP is protonated and the chains are repulsive. The 

diffusion of a hydrophobic drug would be facilitated in acidic conditions because the core is 

smaller than at basic pH when the P2VP collapses on the PCL core. SANS helped us to 

understand the behavior of the P2VP which is correlated with the micelle size evolution, a 

fact that DLS experiment could not explain. 

In chapter 4, the stimuli are both the pH and the temperature. This section presents the 

investigation of micelles built from triblocks copolymers of polyacrylic acid (PAA), poly(N-

isopropylacrylamide) (PNIPAM) and poly(ethylene oxide) in several conditions. At low pH, 

the PAA is protonated and expected to be hydrophobic, while at high pH, deprotonation leads 

to a hydrophilic polyelectrolyte. The PNIPAM is hydrophilic at temperatures below the 

transition temperature (32°C) and hydrophobic at higher temperature [53]. SANS 

measurements have been performed at pH equal to 2, 6 and 8 and at at 20, 30, 40 and 50°C. 

Dynamic light scattering and SANS revealed a bimodal distribution for micelles and 

aggregates. The presence of free chains at pH 6 and 8 that could not be detected by other 

common techniques is proved and quantitatively estimated by the analysis of the experimental 

data. 

The three next chapters aim to study structural perturbation by addition of a triggering 

molecule.  

The formation of metallo-supramolecular micellar gels is investigated by SANS in 

chapter 5. The micelles consist of polystyrene-b-poly(tert-butylacrylate), PS-b-PtBA-[, 

(-[ represents terpyridine) block copolymers, dissolved in deuterared ethanol. The 

hydrophobic polystyrene core is stabilized by the poly(tert-butylacrylate) corona. The 

influence of the copolymer concentration on the micelle structure and on its space 

organization has been investigated, as well as the significant rheological impact of the 

subsequent addition of three metal ions (Fe(II), Ni(II) and Zn(II)) [54]. 
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In chapters 6 and 7, the action of cyclodextrins (CDs) on liposomes (doped or not with 

cholesterol) is investigated.  CDs are known to interact with the constituents of the membrane. 

The global size and the polydispersity of the liposomes, the thickness of both the hydrophilic 

and the hydrophobic parts of the membrane, and the coverage by the cyclodextrins of the 

liposome-water interface are inferred from the SANS data in the presence of an increasing 

concentration of CDs. The effect of CDs on the liposome structure was investigated at two 

temperatures bracketing the phospholipidic phase transition of the DMPC. 

Finally, in a third part (Chapter 8) the general conclusions which summarize and 

encompass all our experimental and modelling results as well as possible perspectives for 

future work are presented. 
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 The aim of this chapter is to introduce the small angle scattering (SAS) techniques, their 

advantages and limitations. The first section describes briefly some useful neutrons properties. 

The second section explains the reasons for choosing SANS to analyze our samples. The 

principles of SANS theory are presented in Sections 3 to 6. The production of neutrons and 

concerns about the experimental resolution are presented in Section 7. Sections 8 and 9 deal 

with examples of soft matter samples analyzed by SANS. Molecular Dynamics Simulations, a 

complementary theoretical method, is briefly discussed in Section 10.  

1 Introduction to neutron properties 
Neutrons show useful and amazing properties. This section will illustrate several of them. 

In order to simplify the account of these properties and the benefits of neutrons, a radiography 

experiment of an old camera is discussed. Figure 1 shows two radiographies of a usual 

camera. Figure 1a is a neutron radiography and Figure 1b shows an X-ray radiography. The 

camera is not digital as the photographic films holder is visible. The camera absorbing a few 

neutrons, the first image appears to be transparent: the inner parts are visible. The lenses, 

mirrors and film holder absorb more neutrons and the internal mechanism is clearly visible. 

At the time, camera housings were typically made of light metal (e.g. magnesium alloy) or 

thermosets. This part appears almost transparent on the X-ray radiography because the X-rays 

are weakly absorbed by light atoms which substantiates the hypothesis of a plastic housing 

frame. Furthermore the inner parts made of metal absorb the X-rays and appears black. The 

contrasts are strong and the inner structure of the camera is not as well defined on the X-ray 

radiography as on the neutron radiography and some parts are only visible with the help of 

neutrons.  

 

Figure 1 Radiography of a camera. a) neutron b) X-rays. [1] 
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The study of micelles with the help of neutron scattering is motivated by the above-

explained advantages. While dynamic and static light scattering give information on the size 

of objects, both small angle scattering (using neutrons or X-rays) techniques allows 

determining the internal structure of self-assembled polymeric materials in solution, like the 

radiographies shown in Figure 1.  

2 Why using small angle scattering? 
Most micellar sample characterizations are performed using dynamic light scattering 

(DLS), static light scattering (SLS) and transmission electron microscopy (TEM). These 

techniques have their well-known advantages but they give only limited information about the 

inner structure of samples. Light scattering, for example, gives access to the size distribution 

and hydrodynamic radius but all the information on the size and composition of the core and 

corona is lost. Electronic microscopic pictures provide average radius of the core cR and size 

distribution. Unfortunately, most block copolymers only contain light atoms like carbon and 

oxygen which give poor contrast with the background. Sometimes, information can however 

be obtained on the core or corona by using a contrast agent [2]. Moreover the measurements 

have to be made in dry conditions, leading to potential artefacts [3]. Contrarily, small angle 

neutron scattering (SANS) and X-ray small angle scattering (SAXS) do not suffer from this 

drawback because they can be directly performed on micellar solutions.  

Small-angle scattering of neutrons (SANS) or X-rays (SAXS) techniques were originally 

developed by Guinier [4,5]. Both techniques are contemporary. The sources differ: a 

synchrotron or an X-Ray laboratory source for the SAXS and a nuclear reactor for SANS but 

these two techniques are based on common principles. In 1955 Guinier & Fournet [4] 

published “Small-Angle scattering of X-rays” to summarize the state of the art in the SAS 

field at the time. Since the first scattering experiments in the 1930’s, numerous applications 

were found already in the 1950’s in fields like chemistry, biology, and metallurgy.  

In the following sections 3 to 6, we aim to give the necessary information to understand 

the main principles of SAS (Section 3 and 4) and the features of SAS study of soft matter 

samples (Section 5 and 6).   
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3  Scattering of X-rays or neutrons by a target 
A neutron beam is focused on the sample and part of it is scattered by its atoms. The 

velocity of the neutrons and therefore the wavelength of the beam must be well-defined (see 

Section 7). The scattered neutrons undergo a change of direction which is characterized by the 

diffusion vector q⃗, which is also called scattering vector.  

3.1 Incoming and outgoing wave functions 
We shall focus here on elastic scattering and consider how the scattered wave can be 

written as a function of the scattering vector.  

 

 Figure 2 A : Neutron scattering by an isotropic sample. The production of neutrons is 

described in section 7. B: enlargment of the neutron path difference between the scatterer at 

the origin of the target O and the scatterer j. 

 

The incoming plane wave of wavelength  can be written as 

  ( , ) expin r t B i k r t    
    (1) 

where k


 is the wave vector whose modulus is equal to k = 2π/, B is a normalization 

factor and  is the angular frequency. Some dephasing will appear between the waves 
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scattered by the various scatterers of the target. Let’s consider two of them: one at the origin 

and one at the position jr . The wave scattered by j will be dephased with respect to that 

scattered by 0 by a quantity equal to the product of the wave vector and of the optical path 

difference. 

  '' ' 'j j j j j jk k k r k r k k r q r           
            (2) 

where the scattering vector 'q k k 
   has been defined.  

 

Figure 3 Definition of the scattering vector 풒⃗. 

The modulus of	푞⃗ is given by the following formula: 

  4 sinq  





  (3) 

For N scatterers, the outgoing wave is therefore equal to 

      
1

exp '
, exp

N

out j j
j

i k r t
r t B b iq r

r






    
      (4) 

if the sample-detector distance is much larger than the sample size. As the scatterers act as a 

source of scattered spherical waves, the last factor is divided by r. We can re-write (4) as 

  
 exp '

, ( )out

i k r t
r t B A q

r




   

     (5) 

with the scattering amplitude defined as 퐴(푞⃗): 

  
1

( ) exp
N

j j
j

A q b iq r


      (6) 
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The coefficient bj accounts for the particle-scatterer interactions and is called the 

scattering length because it has the dimension of a length. It can be shown that, within the 

so-called Born Approximation valid for weak target-particle interactions, bj is given by the 

following equation  

  2 ( )exp
2j j

space

mb V r iq r dr


  
   


  (7) 

bj is therefore proportional to the Fourier transform of the particle-scatterer interaction 

potential ( )jV r . For neutrons, the potential is short-range with respect to the usual q-1domain 

(~1Å-1) so that  xp 1e iq r
    and  

 2 ( )
2j j

space

mb V r dr


  
 


  (8) 

which does not depend on q . bj varies  relatively randomly through the periodic table as 

displayed in Figure 4. For X-rays, the range of the electromagnetic interaction is close to q-1 

so that bj depends on q . The Cromer-Mann formula reproduces empirically this dependency. 

In SAXS, for q < 0.5Å-1, however, bj can be considered as constant. It is given by the 

following formula at high X-ray energy: 

 
2

2
04j j

e

eb Z
m c

   (9) 

where Zj is the atomic number of atom j and me is electron mass at rest. For X-rays, bj 

increases therefore linearly with the atomic number. 
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Figure 4 Scattering lengths b of neutrons with respect to the atomic number Z. b varies 

relatively randomly through the periodic table.[6] 

3.2 Differential scattering cross section 

If N is the number of neutrons scattered per unit time into the solid angle d  around 

direction q , the differential scattering cross section (dσ(q)/dΩ) is defined as [7] 

  
density of flux of incoming neutrons

d q
d d



 
 N   (10) 

where the density of flux is the number of incident neutrons per unit area per second. The 

measured intensity during SANS experiments is thus related to the cross section of the sample 

(see Section 7). 
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Figure 5 Scattering geometry for an incident neutron beam (풌⃗) scattered by a target 

(green cube). 

If we denote the incoming and outgoing densities of flux as Jin and Jout, we have 

 
2 2( ) ( )( ) out out

in in

J q r d J q rd q
d J d J
 

 
 

 
  (11) 

In quantum mechanics, the density of flux is given by 

  * *

2 i i i i
i
m

J      
 

  (12) 

where 


is the gradient operator. Inserting (1) and (5) into (12) leads to  

 2
inJ B k

m


 
   (13) 

and 

 
2

2
2

( )'
out

A qkJ B
ù r


  

  (14) 

Inserting now (13) and (14) into (11), noting also that 'k k
 

 for elastic scattering, we can 

write that 
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  2

1 1

( ) ( ) exp
N N

j l l j
j l

d q A q b b i q r r
d


 

             (15) 

This relationship is valid for both neutrons and X-Rays scattering. For neutron scattering an 

additional subtlety arises due to the fact that isotopes of the same element usually have quite 

different scattering lengths and that the different isotopes are distributed randomly in the 

sample. In addition, the neutron possesses a spin (I=1/2) which can interact with magnetic 

nuclei (that is, those that also have a non-zero spin). The resulting coupling can lead to 

different value of the total angular momentum, each situation being characterized by a 

different value of the associated scattering length. As a result, an ensemble average has to be 

performed so that (15) now becomes: 

    
1 1

exp
N N

j l l j
j l

d q b b i q r r
d


 

           (16) 

Separating the diagonal and the non-diagonal contributions 

    2

1 1

exp
N N N

j j l l j
j j l j

d q b b b i q r r
d


  

             (17) 

If we consider that all nuclei of the sample correspond to the same element (but with a 

distribution of isotopes), we can write  

 2 2
jb b  when l= j  

 2
j lb b b b b   when l j  because the isotopes are randomly distributed. 

As the variance  2b  is equal to   22 2b b b   , we can also write that

 2 22b b b   . So that (17) becomes 

      2 2exp
N N

l j
j l

d q b i q r r N b
d
              (18) 

The cross section is now the sum of two terms called, respectively, the coherent 

(푑휎(푞⃗)/푑훺)  and the incoherent (푑휎(푞⃗)/푑훺)  cross sections. 
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    2 exp
N N

l j
j lcoh

d q b i q r r
d
         

      (19) 

 This contribution depends on the spatial organization of the scatterers within the 

sample and, as a consequence, it is a function of q . From this q  variation, 

information can be inferred about the sample structure. 

    2

inc

d q N b
d
     

   (20) 

 This contribution represents a constant background which provides no structural 

information. Incoherent scattering can represent a problem for polymer samples and 

for aqueous polymeric solutions because these samples contain a large fraction of H-

scatterers, for which 

 
3.74

25.27
h

h

b fm

b fm

 

 
  

As a consequence, coherent scattering by H nuclei represents only a small contribution on a 

large incoherent background. For 2H (D) nuclei, however, the coherent contribution is larger 

than the incoherent one: 

 
6.674

4.041
d

d

b fm

b fm



 
  

This is the reason why most of our experiments were performed in D2O solutions. 

In the following, we shall focus on the coherent scattering contribution. The incoherent 

background will always be subtracted during the experimental data handling procedure. For 

modelling purposes, we shall use, according to eq(19), the average b  for each kind of nuclei 

of our polymer samples. In practice, only H, C, N and O need to be considered. 
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4 Small Angle Neutron Scattering (SANS) 
Most of what will be presented in this section is valid for both X-Rays and Neutrons and 

for various kinds of samples. However, as we shall be interested mostly in polymer samples 

investigated by neutron scattering, we shall focus on self-assembled polymeric nano-objects 

like micelles or liposomes and neutron scattering. 

Micelles of amphiphilic copolymers have usually a size of a few tens of nanometers. As a 

rule, they adopt a spherical shape so that we consider first the scattering cross section by a 

homogenous sphere. According to equations (15) or (19), and adopting the approximation of 

continuum, we can write that 

      
2

2 exp
coh space

d q b r i q r dr
d
       

       (21) 

where 

 b  has been simply denoted as b. 

  r
  is the constant particle density:  

34
3

Nr
R





  where R is the radius of the 

sphere. It can be easily shown that 

  
 

 
2 2

2
6

9 sin( ) cos( )
coh

d N bq qr qR qR
d qR
     

  (22) 

Because of the isotropic nature of the problem, the cross section depends only on the 

modulus of the scattering vector. 

This relationship is graphically displayed in Figure 6 which shows that that the cross 

section reaches the zero line for qR ~ 4.5 and remains small afterwards (although it continues 

to oscillate). The q-domain where relevant information can be obtained is thus defined by 

typical size 1.q   For polymer micelles, the typical size is located between: 

 the monomer lengths:~3Å 

 the global micellar radius:~a few hundred Å 
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so that the useful q-range is 

 3 1 110 Å 0.3Åq      (23) 

For thermal neutrons,  is in the Å range, i.e. 5Å. Converting the q range in a 2 range using 

(3) leads to: 

 0.04 2 14     (24) 

This means that, only the small angle neutron scattering angle range needs to be sampled, 

hence the denomination “Small Angle Neutron Scattering” (SANS). The same is of course 

also valid for X-Rays (SAXS). 

 

Figure 6 Form factor of a sphere (Eq (22)) The cross section reaches the zero line for 

qR ~ 4.5 and remains small afterwards. 

5 Form and Structure factors for micellar and liposomes solutions 
We shall focus here on what represents the nucleus of our research that is the investigation 

of aqueous solutions of self-organized copolymer micelles or phospholipid liposomes. We 

consider only the coherent scattering contribution. In this section we limit ourselves to 

monodisperse nanosized objects. The problems linked with the influence of polydispersity 

will be dealt with in the next section. The problem at hand is sketched in the figure below.  
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Figure 7 Micellar solution. The micelles are built from a polymer block forming the core 

P (red), a polymer block forming the corona P' (blue) and solvent molecules S 

 (not displayed). 

We are confronted to a multicomponent system: 

 the polymer blocks forming the core (P) 

 the polymer block forming the corona (P’) 

 the solvent molecules (S) 

Because of the large density of particles in a liquid, we shall adopt a continuum formulation 

of eq(19). To simplify the notations, we replace b  by b. We shall also use the so-called 

“macroscopic cross section” obtained by dividing the cross section by the sample volume, and 

denoted as d
d


푑훴/푑훺. Equation(19) becomes then, for a one-component system, 

      
2

exp ' ' '
V V

d b i q r r r r dr dr
d V

 
      

         (25) 

where V is the volume of the entire sample.  r
  is, as before (equation(21)) the particle 

(scatterer) density. Because of the fluctuating nature of polymer samples (and in general of 
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soft matter samples) and of liquid solvents, an ensemble average has to be performed, which 

is denoted by the  brackets. 

5.1 Scattering by one-component (quasi) continuous sample 
Because of the already mentioned fluctuating nature of the systems considered in this 

work, when we focus on the situation at a given position r , we observe density fluctuations, 

 r
 , so that we can write, in general, 

    r r    
    (26) 

where   is the average density around which fluctuations take place. Eq (25) becomes now 

        
2

exp ' ' '
V V

d bq i q r r r r dr dr
d V

   
                 

          (27) 

Expanding the expression between brackets gives 
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i q r dr i q r dr
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   (28) 

An alternativeway of writing (28) is: 

   

           

     

2 exp exp ' '

exp exp ' ' ' exp ' exp

exp ' ' '

V V

V V V V

V V

i q r dr i q r dr

i q r dr i q r r dr i q r i q r r dr

i q r r r r dr dr

   

 

 

     

      

 

   

 

      

               

      

 

(28 bis)  

The average of the fluctuations of the number of scatterers in volume V, N, is equal to 
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It is clear that 0N N N N N      . Taking into account that 

 

     

   

3exp 2
V

i q r dr q

q q

 

 

 

 


   

    

where   is the Dirac distribution. Denoting  n q  the Fourier transform of  r
 : 

      exp
V

n q i q r r dr 
       

we can write (28) and (28 bis) as: 

          2 62 q q n q n q     
      (29) 

This is the sum of two contributions: 

 an infinitely narrow contribution at 0q   which will be in any practical situation 

suppressed by the beam stop 

 the          exp ' ' '
V V

n q n q i q r r r r dr dr         
          contribution 

originating from the density fluctuations. 

The final result for the cross section becomes: 

            
2 2

exp ' ' '
V V

d b bq n q n q i q r r r r dr dr
d V V

 
          

            (30) 

It is interesting to look at the situation when 푞⃗	approaches 0. 

      
2

0 ' '
V

d b r r dr dr
d V

 
  

 
      (31) 
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Because the average of the square of the fluctuations of the number of scatterers in 

volume V,  2N  is equal to 

        
2

2 ' '
V V V

N r dr r r dr dr  
 

      
 
  

        (32) 

it follows that 

    
2

20d b N
d V


 


  (33) 

A well-established relationship for the grand canonical ensemble which applies here for 

density fluctuating systems is 

   22
T

kTN N
V
    (34) 

where k is the Boltzmann constant, T is the temperature and  

 1
T

T

V
V P

      
  (35) 

is the isothermal compressibility. As a result 

  
2 2

2
2 20 T

T

N b kTd b kT
d V





 

 v
  (36) 

where v = V/<N> is the volume of the elementary scatterers. 

Equations (30) and (36) are essential because they show that, for a one-component system, 

no scattering will be detected in the absence of any density fluctuation, that is, if   0r 
 . 

Fluctuations must be present for any scattering to be observed. For a one-component system, 

this requires density fluctuations. For a multi-component system, concentration fluctuations 

can take place as well, even if the system is incompressible. 
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5.2 Scattering from incompressible multi-component systems 
Consider the system described in the Figure 7; if the scatterers are characterized by 

scattering lengths denoted as bp, bp’ and bs
1 for respectively, the hydrophobic polymer block, 

the hydrophilic one and the solvent, we can write, just by generalizing equation (30) 

 

         

       

       

2 2
'

' '

2

' '

' '

2

2 2

p p
p p p p

s
s s p p p p

p s p s p s p s

b bd q n q n q n q n q
d V V

b n q n q b b n q n q
V
b b n q n q b b n q n q


   



   

   

    

   

   

  (37) 

The following partial scattering factor is now defined by 

      I J
IJ I J

v vS q n q n q
V

 
  

  (38) 

with  I, J ≡ p, p’ or s. vI is the molecular volume of the elementary scatterer of constituent I, 

that is, either a monomer or a solvent molecule. We also define the scattering length density 

for constituent I 

 
bI

I vI
    (39) 

Inserting (38) into (37) leads to 

 

       

     
 

2 2 2
' ' '

' ' ' '2 2 2

                       with , , ',

p pp p p p s ss

p p pp p s ps p s p s

I J IJ
I J

d q S q S q S q
d

S q S q S q

S q I J p p s

  

     

 


  


  

 

   

  


  (40) 

As, under normal working conditions, liquids can be considered as incompressible, we make 

the so-called incompressibility assumption: 
                                                

1  For polymer chains in the q-range investigated here, the monomer is considered as the elementary 

scatterer. For the solvent, the molecule is the elementary scatterer. The scattering length of a molecular scatterer 

is simply the sum of the scattering lengths of its individual atoms. 
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      ' ' 0p p p p s sv r v r v r       
     (41) 

As      expI I
V

n q iq r r dr  
     , it follows that 

      ' ' 0p p p p s sv n q v n q v n q  
  

  (42) 

As a result: 

      ' 's s p p p pv n q v n q v n q  
     (43) 

With this condition, we derive the expression for the scattering factors involving the solvent 

        ' ' '2ss pp p p ppS q S q S q S q  
      (44) 

Similarly 

      'ps pp ppS q S q S q  
     (45) 

Also 

      ' ' ' 'p s p p ppS q S q S q  
     (46) 

We now finally insert (44), (45) and (46) into (40) 

               2 2

' ' ' ' '2p s pp p s p p p s p s pp
d q S q S q S q
d

       
      


   

  (47) 

This latter equation can be generalized to a larger multicomponent system, consisting of 

I=1,2,… nI components in addition of the solvent: 

       
1 1

I I

I J

n n

I s J s IJ
I J

d q S q
d

 

   
 

 


  

  
   (48) 

This equation is of course valid only in the incompressibility regime. This approximation 

has allowed us to get rid of the solvent contribution and to obtain an equation for the cross 

section which emphasizes that what determines the magnitude of 푑훴/푑훺  is the contrast 
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(I-s) between the different components and the solvent. More precisely, (I-s) is called the 

“excess scattering length density”, the word “excess” being in reference to the solvent. 

For example, Figure 8 shows a micelle made of diblock copolymers in D2O and H2O.  

Figure 8a shows a large contrast between the solvent and the objects itself. The core and the 

corona show similar contrasts. Therefore the accuracy on the global radius of micelle is high. 

Information about the size of the core and the corona can be obtained if the contrast between 

the core and the corona is high enough. Figure 8b shows the same micelle in H2O. The 

contrast between the micelle and the solvent is poor. Therefore the accuracies on the global 

radius, core and corona are poor. Figure 8c shows the same micelle in D2O but the sequence 

in the corona is deuterated. The accuracy on the global radius is smaller than in Figure 8a but 

the accuracy on the size of the core is larger. The standard procedure consists in using a 

deuterated component with un-deuterated ones in order to increase the contrast of specific 

parts of the self-organized nano-object. The components can be the solvent [8,9], polymer 

[10], membrane constituents [11], etc. 

 

Figure 8 Contrast of several polymers compositions in several solvents. a) un-deuterated 

polymers in D2O, b) un-deuterated polymer in H2O, c) un-deuterated core and deuterated 

corona in D2O. 

In section 5.1, we emphasized that no scattering is observed at 푞 ≠⃗ 0 in the absence of 

density or concentration fluctuations. In a multicomponent system in the liquid state at 

atmospheric pressure, the concentration fluctuations are by far larger than the density 

fluctuations which can be neglected (incompressibility approximation). The detected 

scattering signal comes from the concentration fluctuations exclusively. 
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5.3 Contribution of the interactions between the nano-objects 

We may also define the excess scattering length ib as follows 

 
1sI I I

I I s I s
I s I s I

bb v bb b
v v v v v

  
 

        
 


  (49) 

Then, using (48), (49) and (38), we obtain 

      1
I J I J

I J

d q b b n q n q
d V



       (50) 

Coming back from the continuous representation to the discrete one and remembering the 

developments leading to (28) and (29), it comes 

 
   

 

1 exp
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I J j l
I J j I l J

I J j l
I J j I l J
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b b i q r r
V

 

 

     

    

 



     

    
  (51) 

In a sample like the one displayed on Figure 7, we have two components (and the solvent) 

which are distributed among different micelles, P forming the cores and P’ the coronas. In 

equation (51), we favor a particular procedure to calculate the scattering cross section. 

 We first calculate the contribution of the P blocks regardless which micelle they 

belong to; 

 we then make the same for the P’ blocks; 

 and then we calculate the crossed PP’ terms. 

Another way to organize the terms appearing in (51) would be to calculate  

 first the contributions of the individual micelles, that is, the  exp j li q r r   
    

terms where j and l belong to the same micelle but not necessarily to the same 

block. 

 and then, the cross-terms between different micelles. 

If we denote the micelles as , etc, we can then write the cross section as follows: 
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  (52) 

We emphasize that (51) and (52) are completely equivalent. They correspond just to two 

different ways of grouping the terms. Nmic is the number of micelles present in the sample and 

N is the number of scatterers per micelle. Remember that we consider the micelles as 

monodisperse. 

We refer to a common origin (the center of an arbitrarily chosen nano-object) to express all 

position vectors and we write: 

 '
j jr R r   

    (53) 

where: 

 R


 is the position vector of the center of micelle  

 '
jr

  is the position vector of the scatterer j of the micelle  with respect to the 

center of micelle . 

In the first term of (52),  ' '

1 1

exp
N N

j l j l
j l

b b i q r r 
 

          is clearly independent of  if all 

micelles are identical. This contribution is directly linked to the shape and internal structure of 

the individual micelles. The so-called form factor,  P q , is defined by the following equation: 

    
2

' '

1 1 1

exp
N N N

j l j l j
j l j

b b i q r r b P q 
  

         
         (54) 

In equation (52), there are Nmic such terms. There are Nmic(Nmic-1) terms of the form 

  
1 1

exp     with 
N N

j l j l
j l

b b i q r r   
 

            (55) 

Inserting (53) into (55) leads to: 
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  (56) 

As the positions within one micelle are not correlated to those within another randomly 

chosen micelle, we can factorize the averages and write 
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  (57) 

We define the form factor amplitude,  F q , as follows 

  ' '

1 1

exp exp
N N N

j j l l j
j l j

b iq r b iq r b F q 
 

 
           

 
            (58) 

It should be noted that, because of the ensemble average,  P q  is, as a rule, different 

from   2
F q . We also define  S q , the interparticle structure factor, as 

      1 1exp 1 exp
mic mic

S q i q R R i q R R
N N   

    

             
         (59) 

so that 

    exp 1mici q R R N S q 
  

       
     (60) 

The second term of (52) becomes therefore: 

      
2

2

1 1 1 1

exp 1
mic micN N N N N

j l j l mic j
j l j

b b i q r r N S q b F q 
      

            
          (61) 

Taking (54) and (61) into account and inserting them into (52) leads to 
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  (62) 

If the density within the nano-objects is relatively uniform, it can be assumed that 

    2
P q F q   so that 

      
2

1

N
mic

j
j

Nd q b P q S q
d V 

 
    

     (63) 

The cross section is then simply the product of four factors: 

 a factor linked to the amount of material in the sample,	푁 /푉 

 a factor linked to the contrast, ∑ 푏   

 the form factor,  P q  , associated with the individual micelles 

 the structure factor,  S q  , linked with the spatial organization of the micelles with 

respect to each other 

Equation (59) shows that   1S q 
  when 

1q
R R 

    (see Figure 9). For dilute 

solutions, 1R R q 


 
  in the investigated q range. This means that in the q range outside 

the beam stop,  S q  is equal to 1 and that 

    
2

1

N
mic

j
j

Nd q b P q
d V 

 
    

    (64) 

The analysis of the scattered intensity in the dilute regime gives therefore directly access 

to the form factor from which information on the structure of the individual nano-objects can 

be inferred provided an adequate model is compared to the experimental data. 
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Figure 9 Structure factor S(q). The curve depends on both the distance r at which the first 

neighbors of a micelle placed at the origin are found and the volume fraction of the solution 

φ. The values of r and φ are respectively equal to 150 Å and 0.45. The position of first 

maximum is equal to 2π/r = 0.041Å-1. 

6 Influence of the polydispersity of the self-assembled objects 
All the previous discussion was based on a collection of identical nano-objects. Reality is 

of course not so simple or ideal. The number of polymer chains inserted into a micelle varies 

within limits and, of course, this is reflected in the micellar size. The form factor will 

therefore be affected. The interactions between the micelles will also undergo such an 

influence so that the structure factor is expected to be modified. 

In the so-called “decoupling approximation” [12], equation (62) is maintained but the 

form factor is averaged over the size distribution. As we mainly worked in the dilute regime, 

where equation (64) is valid, we shall focus here only on the effect of the polydispersity of the 

form factor. 
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We shall consider the aggregation number of the micelles2, Nm, as the most relevant 

parameter. The other structural parameters, like the core radius, are function of Nm but the 

way they depend on Nm can change from one model to another. 

Let us assume that dNmic micelles have an aggregation number between Nm and 

Nm + dNm. This number is related to a probability distribution: 

  mic
m m

mic

dN N dN
N

    (65) 

In agreement with this definition, the distribution must be normalized 

  
1

1m mN dN


    (66) 

In equation (64), ∑ 푏  is the sum over all scatterers of a micelle. It can be rewritten as 

 
1

N

j m T
j

b N b


     (67) 

where 푏  is the sum of the excess scattering lengths of all atoms of one of the Nm polymer 

chains of the micelle. The polymer polydispersity is generally negligible, so that 푏 	is the 

same for all chains. Taking (64)-(67) into account, we can write 
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  (68) 

where  ; mP q N  is the form factor for a particular Nm value. The total number of polymer 

chains in the sample, Nch, is therefore given by 

  
1

ch mic m m mN N N N dN


    (69) 

                                                

2 The aggregation number is the number of polymer chains within a micelle. 
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Finally the scattering intensity of a polydisperse micellar population can be summarized as 
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  (70) 

The behavior of equation (70) at 0q   can be calculated as  0; 1mP q N 
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20 mch
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NNd q b
d V N


 

    (71) 

If we consider a dense homogenous core of radius Rc 
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   (72) 

where vc is the volume of the hydrophobic block, Equation (71) then becomes 
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7 Experiment 
Neutrons are produced during nuclear reactions. There are two kinds of process able to 

deliver neutron fluxes usable for neutron scattering experiments: fission and spallation. [13]  

During a fission reaction, a thermal neutron is absorbed by an uranium nucleus 235U. The 

energy received by the nucleus is so high that it disintegrates into several fragments which 

correspond to moderately heavy atoms escorted by two to three neutrons. The amount of 

energy involved in this kind of reaction has a magnitude of several MeV. Some produced 

neutrons are involved in other fission reactions, leading to a chain reaction. 
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  (73) 

 

Figure 10 Illustration of the fission process and production of neutrons. Neutrons are 

shown as light blue spheres3. 

During the spallation process, high energy protons of the order of GeV energy hit a target 

composed of heavy atoms. After the impact, the target atoms are excited and spontaneously 

emit 20 to 25 neutrons. The energy of spallation neutrons varies from a few to hundreds of 

MeV. [13] 

The neutrons produced by these techniques initially have a wide energy distribution. They 

are slowed down in a moderator containing D2O. A velocity selector shown in Figure 11 is 

then used to obtain a neutron flux with a selected energy or wavelength. The velocity selector 

has the appearance of a many-bladed turbine. The blades are coated with a strongly neutron-

absorbing material, such as Boron-10 (10B)4. The resolution of the velocity selector is limited 

and it needs to be taken into account during the analysis of the data. The relative wavelength 

resolution 훥휆/휆 is constant and close to 10% [13]. Because of equation (3), 훥휆/휆 = 훥푞/푞. A 

triangular apparatus function is usually used to convolute the theoretical data in order to 

compare them to the experimental ones. 

Neutrons are finally focused on the sample with the help of neutron guides (based on total 

reflection like in optical fibers). Typical neutron fluxes are of order 5×105 n cm-2 s-1 at the 

sample position [15] while SAXS flux are around 1015 photons cm-2 s-1 for third-generation 

synchrotron sources. [16] 

                                                

3 This illustration is in the public domain. 

4 A video describing the process can be seen in ref [14]. 
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Figure 11 Velocity selector. A cylinder of length L bears helical grooves of pitch P. The 

cylinder rotates about its axis at the angular momentum . Each groove allows the neutron 

with a velocity 
2

P
V




   [17] 

As neutrons possess no charge, they are more difficult to detect than charged particle. 

Their magnetic momentum, -9.66 10-27 J T-1, is too low to be detected. However, neutron can 

be involved in reactions where ions are produced. During SANS experiments, gas detectors 

are commonly used. Nuclei with high cross-section react with thermal neutrons. The 

commonly used nuclides are 3He, 6Li and 10B. Once the neutron is captured, the product 

releases charged particles or ions which are easily detected. The number of charged entities is 

proportional to the number of neutrons entering the chamber. The macroscopic cross section 

is related to the neutron flux through the following formula: 

 d in
dJ J A T
d

    
l   (74) 

where   Jd is the  scattered neutrons flux, Jin is the initial neutron flux, ΔΩ is the solid angle, A 

is the sample area, ε is the detector response function, T is the transmission (attenuation 

coefficient of primary intensity) and l is the distance covered by the neutrons in the sample. 

[18]  



Chapter II: Small-angle neutron scattering 

42 
 

During this work a large amount of data were acquired in the Laboratoire Leon Brillouin 

at Saclay. The detector is based on the reaction of 10B with neutron producing 7Li and a α 

particle and γ radiation.  

 
10 1 7 4
5 0 3 2 2.3B n Li He MeV



       

The detector is composed of multiple tubes containing BF3. One of these tubes is shown in 

Figure 12a and they are disposed in a larger cylinder as show in Figure 12b. The position of 

the tube detecting the neutron is converted into an angle with respect to the incident direction. 

The intensity is proportional to the number of detected neutrons. 

Another series of data was obtained at KWS-1 and KWS-2 diffractometer at the Jülich 

Centre for Neutron Science at the Forschungsneutronenquelle Heinz Maier-Leibnitz (FRMII) 

Outstation in Garching, Germany.  

 6 1 3 4
3 0 1 2 4.78Li n H He Mev      

The neutron detectors installed on the instrument used are scintillation counters. They 

absorb the neutrons within a polymer or glass layer which is enriched by 6Li and ZnS.  

Neutron absorption then leads to fluorescence radiation of ZnS by reaction with the alpha 

particle. The photons are detected by a photo multiplayer or directly on photographic film. 
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Figure 12 a) BF3 detection tube. [19] b) Paxy’s detector at Laboratoire Leon Brillouin, 

Saclay. Several BF3 tubes enriched to 96% 10B are disposed in this chamber. Boron 

trifluoride is hightly toxic. Some samples discussed in this work were analyzed with the PACE 

diffractometer which uses a similar detector. [20,21] 

8 Form factors of common nano-objects 
Equation (6) has been applied to various nano-object shapes. We already mentioned the 

form factor of a sphere Ps which is known since 1911 (see eq (22)) [22]. Among all available 

expressions for form factors, we may mention Pch, the normalized form factor of a free 

Gaussian chain (Debye form factor) [23] and Pv, the normalized form factor of a vesicle [24]. 

Ps(q), Pch (q), and Pv(q) are displayed in Figure 13. 

    
 

2 2 2 2

22 2

exp 1
2 g g

ch

g

q R q R
P q

q R

  
   (75) 

where Rg is the radius of gyration of the chain. 
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where R is the radius of the vesicle and d is its thickness. Pv(q) is called the separated form 

factor (SFF) and it is valid if R >> d. 
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To analyze SANS data from spherical objects like micelles, the first and simplest 

approach is to describe them as spheres. The major drawback is the 4q  power law followed 

by this expression at high q range ( 20qR  ). Mortensen [25] successfully applied this model 

on a pluronic sample in 1996. They are made of poly(ethylene oxide) (PEO) and 

poly(propylene oxide) (PPO) (PEO25-b-PPO40-b-PEO25, PEO67-b-PPO39-b-PEO67, 

PEO96-b-PPO39-b-PEO96, and PEO99-b-PPO65-b-PEO99) . Mortensen [25] acknowledged that 

the behavior of the experimental form factor at large q-values does not follow the q-4 law but a 

q-2 behavior. In 1996, Pedersen [26] described its pluronic sample with an original model as 

summarized below. 

 

Figure 13 Normalized form factor of several objects as a function of the product qR 

where R is the radius of the object (or its radius of gyration in the case of the chains). The 

thickness of the vesicle is equal to the radius of gyration of the corona divided by 10. The 

power law in the domain where qR >20 is equal to q-2 for the Gaussian chains and micelles 

while a power equal to q-4 is found for the spheres model. The models have been convoluted 

with an apparatus function in order to display realistic curves (see section 7). A triangular 

shape has been assumed for the scattering vector spread (q/q = 10%). 

The power laws observed in scattering experiments in the qR>20 range are linked to the 

fractal dimension of the scattering objects. For the scattering by fractal masses of dimension 

D, the cross section is proportional to qD. For Gaussian chains in a -solvent, D=2 and a q2 
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behavior is observed. Taking the excluded volume into account (swollen chains in a good 

solvent) leads to D=5/3 and the cross section is proportional to q5/3. When the scattering 

object is delimited by a fractal surface of dimension D, the cross section becomes proportional 

to qD6. If the delimiting surface is a smooth one, D=2 and the Porod law obtains: d/d 

q4. This is the case of the scattering by a sphere. 

The model described by Pedersen & Gerstenberg (P&G model) [26] provides the macroscopic 

cross section 푑훴/푑훺(푞⃗) of a micelle made of diblock copolymer chains. It depends on the 

number of chains Nm, the radius of the core Rc and the radius of gyration of the corona Rg. The 

excess of scattering length of the blocks are noted 푏c and 푏ch for the core and the corona 

respectively. The excess scattering length of a sequence is defined as the product of its degree 

of polymerisation, z, by the excess scattering length of the repeating unit b . By applying the 

general relationship (64) to this particular situation, they obtained the following analytical 

expression for the cross section. 
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The first term of this sum stands for the interference between the scatterers of the core 

(which is assumed to be spherical), the second stands for the scatterers within a given chain of 

the corona (which is assumed to be Gaussian). Nm takes into account all the chains of the 

corona. The third term stands for the interferences between scatterers in the core and corona 

and the latter stands for the interferences between scatterers of different chains in the corona. 

The Gaussian chains of the corona are prevented to penetrate the core. As it is not possible to 

take into account the non-penetration in the analytical formula, the chain origins are shifted at 

a distance Rc+Rg from the micellar center. The outcome is the decrease of the penetration 

probability. 
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The first micellar samples which were analyzed with this model were composed of [poly-

(ethylene oxide)-poly(propy1ene oxide)-poly(ethy1ene oxide)] PEO25-b-PPO40-b-PEO25 in  

D2O  at  a temperature of  50  °C. At the specified experimental conditions, the copolymer 

forms micelles build from a PPO core and PEO corona [27-29,25]. The inter-micellar 

contribution was neglected because the solution was diluted enough in order to allow them to 

neglect the structure factor (see eq(64)). They took into account the polydispersity on the 

aggregation number through a Schultz distribution [26]. The core was assumed to be solvent 

free and the aggregation number is directly proportional to the volume of the core, see eq(72).  

 

Figure 14 Core-shell micelle with a core's radius equal to Rc and the gyration radius of 

the corona equal to Rg.  

 

9 A few examples from the literature 
To determine inner structural properties and the stability of micelles, there are two 

possible approaches. The first one is to actually prepare the sample and then perform 

experiments like SANS or SAXS. An analytical theoretical model of the sample depending of 

the structural parameters has to be assumed and developed. The parameters may be the 

aggregation number, the polydispersity of the sample, and the size of the core and the corona 

in the case of micelles or the radius and the thickness of the membrane in the case of vesicle. 

The model is then fit by decreasing the χ² between the macroscopic cross section given by the 

model and the experimental data. This approach was used for a long time and was fully 

developed since the progress of informatics. The present work is based on this approach. The 
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second approach is called Molecular Dynamics (MD) Simulation and it will be described in 

Section 10. 

Colloidal materials may display aggregation states and rheological behaviors which 

strongly depend on external stimuli like the pH, temperature, concentration… SANS can be 

used to study the transition between the different regimes. Hundreds of investigations can be 

found in the literature. The remaining of this section illustrates a few aspects, based on the 

analysis of some specific examples. 

In 2007, Joseph et al. [30] studied the micelle formation of Pluronics® F127 triblocs 

copolymers (PEO100-b-PPO65-b-PEO100) and their disruption in the presence of cyclodextrins. 

The PPO block becomes insoluble at temperatures higher than 18 to 23°C, depending on the 

concentration [31]. They first performed SANS experiments under several conditions of 

temperature and concentration and their model takes into account the formation of micelles at 

increasing temperature by introducing a balance between free chains and micelles in order to 

ensure mass conservation. They then characterized the structures resulting from the 

complexation with cyclodextrin and monitored the structural changes of the complexes over a 

wide range of temperatures (5 to 70 °C) and polymer/CD ratios. The scattering intensity, I(q) 

was defined as  

 ( ) ( ) ( )mic uni
ni

c cI q f P S q P q
M M

    (78) 

C is the polymer concentration (w/v), M is the mass of a micelle, Muni is the mass of a chain. 

Pmic(q) is the micellar form factor and S(q) is the micellar structure factor. Puni(q) is the form 

factor of the free chains and f is the weight fraction of chains included in the micelles. Puni(q) 

is the Debye function [23].  

The above example shows the great advantage of small angle scattering when information 

on micelles inner structure needs to be obtained. But SANS can also help to obtain structural 

information on the distribution of building molecules in other nano-objects i.e. vesicles. 

Liposomes are spherical vesicles with at least one lipid bilayer. They are widely studied as 

cell models. In addition to mimicking the membrane, liposomes can also be used as drug 

enhancers [32-37]. SANS gives access to the average radius, to the polydispersity, to the 

aggregation number, and to the thickness of the membrane. For example, Kučerka et al. [38] 

performed SAXS and SANS on liposomal solutions. The nature of the phosphatidylcholines 
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with fully saturated, mixed, and branched fatty acid chains, was studied at several 

temperatures. They showed that the bilayer thickness decreases as temperature increases 

because entropic driving force favors gauche conformations leading to a more compact 

molecular shape. Moreover, their study allowed them to show that longer saturated 

hydrocarbon chains have an increasingly larger chain to chain van der Waals attractive 

energy, resulting in smaller lateral areas. As expected, the unsaturated oleolyl fatty acid, 

whose unsaturated bond is cis, displays a larger area/lipid ratio. They also study the 

dependence between the double bond's position along the hydrocarbon chain and the chain 

disorder. 

Another example of vesicle study is the work of Borchert et al. [39], who investigated the 

triggered release of a dye from vesicles built from poly(2-vinylpyridine) and poly(ethylene 

oxide) PEO-b-P2VP block copolymers. The PEO block is hydrophilic. At basic pH, the P2VP 

block is neutral and hydrophobic. When pH decreases below ~4, the P2VP chains become 

substantially protonated and hydrophilic. The degrees of polymerization of the blocks are 

chosen in order to prevent the formation of micelles. The model written by Borchert et al. [39] 

allows them to infer the average radius 푅 of the vesicle, the standard deviation of R,  the 

thickness of the membrane (which is assumed to be homogenous). The pH-dependent 

solubility of the block copolymers has been investigated by titration with dilute HCl while 

monitoring the pH and conductivity of the solution. When the P2VP blocks become charged, 

the vesicle slowly shrinks because of the loss of protonated copolymers. When their size has 

decreased by 40 to 50% of its initial size, the bilayer ruptures. The authors have studied the 

release of a dye upon increasing acetic acid concentration. Using a weak acid slows down the 

process.  

Causse et al. [40] studied the solubilization behavior of tributylphosphate (TBP), a polar 

oil, in L64-pluronic micellar solutions by SANS and light scattering measurements. All 

measurements were performed at 308 K and the main varying parameter was the ratio c/csat 

where c is the TBP concentration and csat is its solubility in pure deionized water. While 

c/csat < 70, the system is monophasic: free chains are detected at low copolymer concentration 

(2%wt) and polydisperse core-shell micelles at larger ones (5%wt and 10%wt). At 

70 < c/csat < 150, a first phase separation occurs. When c/csat > 150, a second transition occurs 

and results in a new transparent phase. The authors detected the formation of larger objects 

and fitted the data with a model consisting of polydisperses spheres. Causse et al. [40] 
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observed the structure factor for most micellar samples and took it into account with the 

Percus and Yevick structure factor (PY), which accounts for the interactions between non 

charged homogenous spheres. The PY parameters are the interaction distance and the volume 

fraction of the spheres. Causse et al. [40] inferred the aggregation number of micelles, the 

thickness of the shell, the polydispersity of the core as well as the PY parameters. The 

parameters of the samples at c/csat > 150 are the aggregation number of the spheres, the 

number of TBP included, the radius of the spheres, and their polydispersity. 

The following paragraph describes another example of a shape tuning under varying 

experimental parameters. Chécot et al. [41] studied the self-organization of poly(butadiene)-b-

poly(L-glutamic acid) (PB-b-PGA) in aqueous or organic solutions. This diblock copolymer 

chains self-assemble either in micelles or in vesicles after direct dissolution in water, 

depending on the lengths of the blocks. The authors dissolved first the copolymer in water at 

pH 12 (PB48-b-PGA56, PB48-b-PGA114, PB48-b-PGA145) and in dichloromethane (PB48-b-

PGA20). Static and dynamic light scattering and SANS experiments were performed on the 

samples and it was found that the more symmetric samples (PB48-b-PGA56) form vesicles and 

the asymmetric ones form micelles. When the hydrophilic block is short enough, inverse 

structures are able to be formed in organic solvents. The SANS measurements were 

performed in D2O in order to increase the contrast between the copolymers and the solvent 

but Chécot et al. [41] found that the scattering of the PGA blocks is generally weak. The best 

fits of micelles and vesicles correspond to the form factors of spheres and of hollow spheres, 

respectively. The polydispersity of the sample was taken into account with a log-normal 

distribution of the radius.  

SANS measurements are also performed on cylindrical or on worm-like micelles. For 

example, Madenci et al. [42] studied mixed lecithin–bile salt micelles. They created a model 

to quantitatively link the length of the micelle to both the total amphiphile concentration and   

and the molar ratios of bile salt to lecithin. The SANS macroscopic cross-sections were fitted 

with a model of polymer-like micelles, that is worm-like chains, including polydispersity and 

intermicellar interactions. The parameters of the model are: the minor radius r of the cylinder, 

the contour length L and the ellipticity of the cross section. The persistence length of the 

cylindrical micelles and the relative polydispersity in length were fixed. L was found to 

increase with dilution for all investigated dilution series. Furthermore, the authors inferred the 

internal composition of the micelles in regard to the length. Their assumption is that the 
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highly-curved end caps are mainly filled with bile salt molecule and therefore their abundance 

leads to the observed decrease of the length of the micelles. 

The last example shows the effect of the excluded volume on the form factor of micelles. 

Most of the time, the corona contribution is taken into account with the help of the Debye 

formula (see section 8) which assumes a random walk pattern and a Gaussian distribution of 

the distances between the ends of the polymer chain. [23].  However, because of the 

constraints imposed by the valence bond angles and by the excluded volumes, not all 

configurations based on a random walk are allowed. 

In 2003, Pedersen et al. [43] studied the effect of the excluded volume of the corona on 

the form factor of micelles built from poly(styrene)-block-poly(isoprene) (PS-b-PI) in decane 

which is a strongly selective solvent of the PI block.  They performed contrast variation 

small-angle neutron scattering in combination with small-angle X-ray scattering 

measurements. SAXS provided scattering functions which were analyzed using Monte Carlo 

simulations for a model with a spherical core and a corona of semiflexible chains interacting 

with a hard-core potential [44]. They showed that two parameters affect mainly the shape of 

the corona: a reduced surface coverage of the corona chains (concentration relative to chain 

overlap concentration) and a curvature parameter, which is the width of the corona relative to 

the core radius. The fits of the experimental data provided the common parameters of micelles 

(aggregation number, polydispersity, core size, core solvation, and corona shape/size) but also 

some information on the interactions between the chains in the corona. Though the fits are 

good, this approach is quite time-consuming. Fortunately, many self-assembled systems do 

not require taking into account the excluded volume of the chains because the experimental 

data display a nearly q-2 behavior at qR > 20 (see Figure 13). [45,26,46] 

The previous examples showed that it is possible to have access to structural information 

of various colloidal samples with SANS experiment. Nowadays, micelles are mainly studied 

as stimulus reactive nano-objects and their properties are monitored as a function of the 

experimental conditions (pH, temperature, concentration, etc) [47,48,2,45,49-51]. Small angle 

scattering experiments are then often used to complement other experimental techniques like 

light scattering or electron microscopy [8]. Theory can, however, also bring an essential 

contribution to the unravelling of the structures of nano-objects: we briefly discuss now 

molecular dynamics simulation. 
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10 Molecular Dynamics Simulation 
A complementary approach to obtain structural information on micelles is to perform a 

molecular dynamics (MD) simulation [52-54]. This method is based on the study of the 

driving force for self-assembly [55]. Molecular dynamic simulations consist in the modelling 

of chemical systems in the context of N-body simulations. This method was initially 

developed to calculate the trajectory of stellar bodies in space. In molecular dynamics 

simulations, Newton’s equations of motion are solved for atoms or molecules interacting in a 

virtual box, which allows visualizing the atomic motion over a given time period. The process 

is based on time step dynamics and the calculation processes are relatively slow because the 

number of atoms is quite large (104 to 106). When too many resources are needed to calculate 

the trajectory over a period of time larger than a microsecond, coarse graining (CG) methods 

are used. Coarse-graining relies on the assumption of a group of atoms as a larger entity.  The 

MD simulations take into account the free energy difference between free surfactants and 

those located inside micelles at a given temperature. Let us denote the concentration of the 

free chains as C1 and the concentration of micelles as Cn:  if C1 >> Cn and if the aggregation 

number n is >> 1, it is possible to determine the critical micelle concentration (CMC), 

denoted as C. 

 3ln( ) GCa
kTn


   (79) 

a represents the size of a surfactant tail bead [52]. kT is the thermal energy, ΔG is the 

difference between the free energy of micelles made of n chains and free chains. If fn is the 

free energy of a micelle with an aggregation number n, and if 1f  is the free energy of a free 

chain: 

 1nG f nf     (80) 

The key step is the proper calculation of ΔG. Several models take into account different 

contributions to ΔG: electrostatic and hydrophobic [56-60,55,61-63]. Once equation (80) and 

the structural properties of surfactants are provided as an input to the program, iterations take 

place over a chosen time and length scale. The accuracy of the model depends on the 

expression of ΔG and on the size of the box where the surfactants evolve. The accuracy of the 

CMC and aggregation number estimations have been improved during the past decades 
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through the enhancement of computer capabilities [52,53]. But there remain relatively large 

differences between these simulations and SAXS or SANS experimental data. [52,64] 

11 Summary 
Small angle neutron scattering is a powerful technique to unravel the structure of micelles. 

The main advantages over usual techniques like TEM, DLS or even SAXS are: 

1) The sensitivity to light atoms like hydrogen, carbon or oxygen. 

2) The possibility to use deuterated molecules to tune the contrast of some parts of the 

micelles, like the core or the corona. 

3) The possibility to obtain structural information on the inner structure of micelles and 

to infer information on the aggregation number, the size of the core, the size of the 

corona, and the polydispersity of the sample. If the core is swollen with solvent 

molecules, it is possible to take this into account through the volume fraction of 

polymer in the core. 

The major drawbacks of the technique are the low neutron flux due to their production 

mode, the lower scattering cross sections for neutrons, and the fact that the analysis of the 

scattering cross sections requires some prior assumptions defining a reasonable model for 

the investigated systems. However, many research teams across the world successfully 

obtained information on various systems because the models are tailored and the data 

analysis workflow opens the door to self-made models. 
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Abstract 

In this chapter, the preparation of micellar nanocarriers made of a mixture of diblock 

biocompatible copolymers, and their structural analysis by Small-Angle Neutron Scattering 

(SANS) are presented and discussed. These micelles have potential use in drug delivery 

applications against cancer. Their core is built from the hydrophobic polycaprolactone (PCL) 

block. The corona of hydrophilic polyethylene oxide (PEO) stabilizes the micelles by 

ensuring their solubility. A pH-sensitive sequence of poly(2-vinylpyridine) (P2VP) was also 

incorporated. When the pH is acidic, the P2VP is protonated and the chains are affected by 

repulsive interactions. In order to quantitatively measure the extension of the P2VP block at 

low pH and the resulting effect on the sizes of the core, corona and global radius of the 

micelles, we prepared PCL34-b-P2VP52 / PCL37-b-PEO(d4),104 and PCL64-b-P2VP31 / PCL65-

b-PEO(d4)104 50:50 mixtures of diblock copolymers. The SANS cross sections of the resulting 

mixed micelles have been recorded under different pH conditions. To analyze the data and 

infer the relevant structural parameters, we developed theoretical models consisting of a 

spherical water-free PCL core surrounded by a PEO corona of Gaussian chains with a 

thickness estimated as twice the chain gyration radius, Rg. Several alternatives for handling 

the P2VP zone have been proposed. The P2VP molecules are either treated as Gaussian 

chains, as rigid rods or as filling a homogeneous shell of thickness L with possible water 

penetration. The fitting of the models to the experimental scattering cross sections gives 

access to important structural parameters like the aggregation number, the core radius, the 

radius of gyration of the PEO corona chains and the thickness of the P2VP shell. Even 

though both samples display a decrease of the P2VP shell thickness upon pH increase, their 

response is nevertheless differentiated. Contrary to the sample with the shorter PCL block, 

the sample with the larger PCL block and the shorter P2VP block shows barely any micelle 

reorganization unless the temperature is increased to 70°C. 
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1 Introduction 
Micelles built from mixed block-copolymers show many advantages for the development 

of colloid solutions with targeted compositions and properties. Such mixed copolymer 

micelles (MCM) result from the aggregation of chains of different compositions [1-8]. Their 

first obvious advantage is the easier synthesis of the building blocks. Generally, the 

preparation of multi-sequenced copolymers requires more steps, resulting in smaller yields 

compared to the preparation of several simpler copolymers [9]. The second advantage is the 

facility to study several micelles compositions by tuning one of the sequences (degree of 

polymerization, nature of the block, etc) without affecting the others. Finally, diblock 

copolymers are more easily available from commercial sources than triblock copolymers. 

Li et al [10] prepared multi-functional hybrid micelles with magnetic nanoparticles 

embedded in the core. The micelles are made of pluronic F127 block copolymers, and peptide 

amphiphiles (PA). The purpose of such nano-objects is to promote theranostic applications, 

that is, the combination of drug release and diagnostic. The hydrophilic block of the PA is 

able to link to Fe3+ and Fe2+ ions to provide magnetic properties. Finally, the core is loaded 

with a drug which can be released at the location of sick tissues. The formation of micelles is 

quite easily achieved by mixing PA and F127 in water in the presence of the drug, FeCl2 and 

FeCl3.  

Wu et al [11] described the formation of MCM in water from Poly(ethylene glycol)-b-

poly(lactide) (PEG-b-PLA) and poly(lactide)-b-poly(N-isopropylacrylamide) PLA-b-

PNIPAM. The core is built from the PLA sequence and the corona is composed of the PEG 

block. The PNIPAM is water-soluble at temperatures below the lower critical solution 

temperature (LCST=32°C) and is insoluble above. The LCST may be tuned by varying the 

copolymer composition and length. The micelles incorporated Ibuprofen, a well-known anti-

fever drug. The goal of this study was to trigger the release of Ibuprofen through PEG 

channels as the PNIPAM chains collapse on the core at higher temperature. Wu & al [11] 

studied the drug release at 37 and 42 °C and observed higher rates at 42°C. 

Kuo et al [6] prepared self-assembled hydrogen-bonded complexes that have vesicle and 

spherical structures from two block copolymers in non-selective solvents. First, they observed 

the formation of vesicles from the intermolecular complex formed after mixing 
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polystyrene-b-poly(4-vinylphenol) (PS-b-PVPh) with poly(methylmethacrylate)-b-

poly(4-vinylpyridine)(PMMA-b-P4VP) in tetrahydrofuran (THF). Hydrogen bonding between 

the sites on the PVPh and P4VP blocks drives the process. In contrast, well-defined spherical 

structures form after blending PS-b-PVPh with PMMA-b-P4VP in N,N-dimethylformamide 

(DMF): the hydrogen bonds between the PVPh and P4VP blocks in DMF are weaker than 

those in THF. The resulting nano-objects are spherical inverse micelles which compartmented 

coronas made of the PS and PMMA blocks. 

Halperin [8] demonstrated that a mixture of A-b-C and B-b-C diblock copolymers will 

only lead to co-micellization into mixed micelles if the two end blocks display low 

incompatibility. We may also mention the work of Koňák et al [7] who studied the 

comicellization of PS-b-PMMA diblock copolymers with different molecular weight.  

Van Butsele & al [12]  prepared micelle samples from a 50/50 mixture of diblock 

copolymers made of poly(-caprolactone) (PCL), poly(ethylene oxide) (PEO) and poly(2-

vinylpyridine) (P2VP) (Figure 1). Such systems are expected to find applications in drug 

delivery against cancer [13,14,12]. The sample compositions were: PCL34-b-PEO114 mixed 

with PCL32-b-P2VP52. The PCL is an aliphatic hydrophobic semi-crystalline polyester. Its 

melting point is relatively low (60°C). Its biocompatibility has been approved by the FDA in 

the USA [15-18]. It was chosen for its ability to be hydrolyzed in acidic conditions [19]. The 

PEO block is hydrophilic in the investigated temperature range (T< 60°C) [20]. It furthermore 

stabilizes the nanocarriers with respect to the plasma proteins in biological applications [21-

23,14,13,24,25] and is also biologically safe [26-30]. 

At neutral pH, the hydrophobic zone consists of a core of PCL surrounded by a shell of 

neutral P2VP [12,31,32]. The hydrophilic corona is made of PEO chains. When  pH decreases 

below ~4, the P2VP chains become substantially protonated and hydrophilic so that the 

hydrophobic zone is expected to have a reduced size, which facilitates the diffusion of the 

drug out of the core [33].  The pH in the neighborhood of tumor cells is lower than in healthy 

cells [13,14]. As a result, these micelles are expected to deliver their drug near the cancerous 

cells without affecting the healthy cells [13,14]. On the other hand, the extension of the 

repulsive P2VP charged chains might result in a global size increase of the micelles. 

Van Butsele et al performed Dynamic light scattering (DLS) and Transmission Electron 

Microscopy (TEM) measurements as a function of  the HCl concentration used for sample 
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preparation [12]. Both techniques led to the conclusion that the size of the micelles at neutral 

pH is larger than at acidic pH. Furthermore, the aggregation numbers (Nm) were inferred by 

Static Light Scattering (SLS) measurements and were found equal to 111 and 37 at neutral 

and acidic pH respectively. At this point, no information was available on the internal 

structure of the micelles, that is, the extension of the P2VP chains or the PEO radius of 

gyration.  

The purpose of the present work is to obtain a more complete image of the micellization 

process of these mixed systems by performing Small-Angle Neutron Scattering (SANS) 

measurements, taking advantage of the H/D contrast variation. Two samples were prepared: 

[PCL37-b-PEO(d4)104 mixed with PCL34-b-P2VP52] and [PCL65-b-PEO(d4)104 mixed with PCL64-

b-P2VP31]. The first sample is similar to those prepared by Van Butsele & al [12] but the PEO 

block of our version is fully deuterated in order to increase its contrast with PCL, P2VP and 

H2O. We call it sample I in the following sections. The second sample shows longer PCL 

sequences and a shorter P2VP block. It is called sample II in the next sections. Several 

experiments were performed on sample I at concentration 0.1 and 0.4% w/w to evaluate the 

dilution effect on the structure. Sample II was investigated at two temperatures: 25°C and 

70°C  in order to observe any contraction of the PEO in the vicinity of its LCST [20,34]. The 

concentration of Sample II was equal to 0.4 % w/w. 

 

Figure 1 Diblock copolymers and MCM made of PCL (red), PEO(blue) and P2VP 

(green). At acidic pH, the P2VP is positively charged and is hydrophilic. It precipitate on the 

core at basic pH. 
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2 Materials and methods 

2.1 Copolymer synthesis 
The synthesis of the diblock copolymers was performed as previously reported [12,35]. 

The first diblock PCL37-b-PEO(d4),104 was prepared from PEOd4 of molecular weight (Mn) 

equal to 5000 g mol-1 which was purchased from Polymer Source™ . The size of the PCL 

block was reached by using the appropriate ratio of monomer to the PEO macro-initiator. The 

degree of polymerization was determined by 1NMR by integration of characteristic 1H NMR 

resonances for the initiator and for PCL or P2VP.  

The second diblock PCL34-b-P2VP52 was prepared from a dual initiator bearing a primary 

alcohol and an alcoxyamine. The former allows polymerizing the -caprolactone (-CL) with 

a ring opening mechanism and the latter initiates the 2VP polymerization through a 

“controlled” nitroxide-mediated radical polymerization[12].. The composition of the blocks 

and their molecular weights are given in Table 1. 

 

Table 1 Composition of the block copolymers. aPolymer Source™ information determined 

by SEC measurements. bCalculated by integration of characteristic 1H NMR resonances for 

the initiator and PCL or P2VP. The micellar solutions were prepared from mixture of 

samples A+B (sample I) and C+D (sample II). 

 Sample PCLx-b-PEOy (P2VPz) Mn PClb / g mol-1 Mn  PEOa (or P2VPb) / g mol-1 
A PCL37-b-PEO(d4),104 4250 5000 
B PCL34-b-P2VP52 3900 5467 
C PCL65-b-PEO(d4),104 7470 5000 
D PCL64-b-P2VP31 7350 3259 

 

2.2 Micellization of diblock micelles 
Diblock copolymer solutions in D2O and H2O were investigated. The preparation of the 

aqueous micellar solutions was performed by adding 20 ml of water acidified with HCl to 5 

ml of a copolymer mixture (50/50) solution in N,N-dimethylformamide (DMF) (1% w/w). 

The DMF is a good solvent for the three blocks. The solution was stirred for 2 hours and was 

then dialyzed against 800mL of milliQ water (or D2O) acidified with HCl through cellulose 
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dialysis membranes (Spectrapor, cut off 3500Da). Because PCL is hydrophobic in these 

conditions, micellar solutions are obtained. Samples at higher pH conditions were basified 

with NaOH (0.1M). All samples were filtered through microfilters with an average pore size 

of 0.2 μm.  

Sample I was analyzed under two pH conditions (acidic and basic). Sample II was 

analyzed under three pH conditions: acidic, intermediate and basic conditions. Table 2 

displays the experimental pH and concentration conditions. 

Table 2 Experimental concentration and pH conditions at which the SANS measurements 

were performed. 

Acidic pH Intermediate 
pH Basic pH 

Sample I 0.1 % w/w 1.7 ± 0.50 / 10.8 ± 0.5 
  0.4 % w/w 1.2 ± 0.50 / 8.8 ± 0.5 
Sample II 0.4 % w/w 1.5 ± 0.50 4.5 ± 0.5 10.6 ± 0.5 

2.3 Small-Angle Neutron Scattering 
Small-angle neutron scattering (SANS) experiments were performed at the Laboratoire 

Léon Brillouin in Saclay, France, with the PACE instrument under the following conditions:  

(i) wavelength = 5 Å, sample-to-detector distance = 1.5 m, (ii) wavelength = 12.0 Å, 

sample-to-detector distance = 4.7 m, so that a scattering vector (q) range from 0.00344 to 

0.238Å-1 was available at a resolution (Δq/q) equal to 10%. The data were recorded with a 

two-dimensional detector consisting of 30 concentric rings of 1 cm thickness. Samples were 

contained in quartz cells with a 2 mm path length. Corrections for the electronic and ambient 

background noise and for sample holder contributions were carried out according to standard 

data handling procedures ([36]). The data corresponding to the copolymer solutions and to the 

pure solvent (D2O or H2O) were handled in an identical way, and the scattering intensities 

were converted to macroscopic scattering cross-sections per unit volume, dd (cm-1), by 

normalization with respect to the incoherent scattering of H2O. The copolymer contribution 

was obtained by subtracting the cross section of the solvent, weighted by its volume fraction.  

The concentrations mentioned in Table 2 correspond to the dilute regime where the 

structure factor can be assumed equal to 1 in the investigated q range, so that the macroscopic 

scattering cross section gives directly access to the form factor of the assembled nano-objects.  
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3 Models 
In order to obtain information on the internal structure of the micelles, three models have 

been developed. They all derive from the Pedersen and Gerstenberg (PG) approach [37]. 

These authors assume that the core is spherical (radius denoted as Rc) and solvent free. The 

corona consists of Gaussian chains with a radius of gyration called Rg. The chains are 

anchored at Rc + Rg in order to prevent the penetration of the chains in the core. In the models 

developed in the present work, the core is built from the PCL and the corona from the PEO 

chains. Depending on the pH, the P2VP block is part of the corona or of the core. Three 

models take into account this additional P2VP contribution in different ways. The first model 

assumes a homogeneous shell of P2VP around the PCL core. The second model assumes a 

corona built from two kinds of Gaussian chains: PEO and P2VP, each kind of chain having its 

own radius of gyration, Rg,PEO and Rg,P2VP, respectively. These corona chains are assumed to 

be randomly distributed without any bias in favor of either kind of copolymer chain. The third 

model assumes that the ionized P2VP chains in acidic solution are extended because of the 

electrostatic repulsion and can accordingly be described as rigid rods with an effective length 

L. Finally, the polydispersity of the micelles due to a dispersion of the aggregation number, 

Nm, is taken into account through a Gaussian size distribution: (Nm). The aggregation 

number is defined as the number of PCL blocks in a micelle. The number of PEO or PCL 

chains is then equal to Nm/2.  

The total excess scattering length 푏	of a block is calculated [38] from the atomic content 

of the monomer  and from its degree of polymerization. For example, the excess scattering 

length of the PCL block, 푏  is calculated from the following expression: 

 CL
PCL PCL CL w

w

vb z b b
v







 
  

 
   (1) 

where 푧  is the degree of polymerisation of the PCL block, b-CL is the scattering length of 

the -CL monomer unit, and v CL is its molecular volume. The volume and the scattering 

length of the solvent molecules, H2O or D2O are denoted as vw and bw respectively. 

3.1 Model 1: PCL core, P2VP homogenous shell and PEO Gaussian chains 
The first model involves a homogeneous P2VP shell surrounding the PCL core. The 

thickness of the shell is denoted as L and its outer radius is Re= Rc + L. The PG model is 
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modified to take into account the contribution of the P2VP shell and the additional 

interference terms. The following equations summarize the different contributions to the 

scattering cross section per micelle. The first three contributions [equations (2), (3), and (4)] 

arise from the scattering of the individual subparts of the micelles: the PCL core [Fc(q)], the 

PEO corona [Fco(q)] and the P2VP shell [Fs(q)]: 
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The other contributions are interference terms. The first one corresponds to the interference 

between the core and the corona Fc-co(q): 
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The second one is the cross-term between the core and the shell: 
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The third one describes the interference between the corona and the shell: 
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The last interference term takes into account the interference between scatterers belonging to 

different corona chains: 
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Finally, the cross section per micelle, Fshell(q), can be written as the sum of the previously 

described contributions (2) to (8): 

 ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )shell c s co c s c co s co co coF q F q F q F q F q F q F q F q            (9) 

3.2 Model 2: PCL core,mixed P2VP and PEO Gaussian chains 
A second model has been developed in order to assess the robustness of the analysis 

procedure. It takes into account the contributions of P2VP as Gaussian chains with a radius of 

gyration equal to Rg,P2VP. Such contributions are similar to the ones presented for the PEO 

chains in section 3.1, provided 푏  is replaced by 푏 . To save space in the mathematical 

developments, these changes are implicitly done by adding a “prime” to the name of the 

corresponding PEO contribution: for example, Fco(q) (equation (3)) applied to P2VP becomes 

P’co(q). The only additional cross-term takes into account the interferences between the 

scatterers of a chain of PEO and of a chain of P2VP, Pco-co’(q). 
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The cross section per micelle of the model involving two kinds of Gaussian chains, 

Fchains(q), is then equal to 
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3.3 Model 3: PCL core, P2VP rods, and PEO Gaussian chains 
A third model has been developed. It describes the P2VP blocks as rods with an effective 

length equal to L. Following the same logic as in 3.2, the different contributions are given 

below. 

The self-contributions of the rods is given by the following equation [39] 
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The interference term between the core and the rods Fc-r(q) is equal to: 
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The interference term between the corona chains and the rods Fr-co(q) is given by: 
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The last interference term takes into account the interference between scatterers belonging to 

different rod chains:  
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   (15) 

The cross section per micelle in this model Frods (q), is then equal to 

   ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )rods c co r c co c r co co r r co rF q F q F q F q F q F q F q F q F q              (16) 
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3.4 Fitting procedures 
The theoretical scattering cross section is finally convoluted with an apparatus function in 

order to take into account the experimental q-resolution. A triangular shape has been assumed 

for the scattering vector spread ( 10%q q  ). The resulting modelled SANS cross sections 

are then fitted to the experimental scattering curves and the quality of the fits has been 

monitored by calculating the 2 between the logarithm of the experimental and theoretical 

data, in order to weight similarly the whole q-range. 

4 Comparison of SANS and DLS size distributions 
To compare our SANS data with DLS data obtained by Van Butsele et al [12] in a 

previous work, we applied the following procedure. The analysis of the SANS data provides 

us with a number-weighted radius distribution, denoted n. The CONTIN algorithm used for 

the DLS data analysis leads to an intensity-weighted distribution, i, of the hydrodynamic 

radius. These two distributions are related but not equivalent and may be connected through 

the following equation [40,41]: 

 
  2

( ; )
i

n
M R RP q


 




   (17) 

where M(R) is the molecular weight of a micelle of  global radius R. R is defined as  Rc + T 

where T is equal to 2 Rg,PEO  or to L depending which sequence is longer. M(R) can be 

calculated based on the aggregation number Nm. P(q;R) is the form factor of the micelle at the 

q value corresponding to the wavelength and detection angle of the DLS instrument. Because 

all the information required to calculate P(q;R) is available from the analysis of our SANS 

data, we found more consistent and practical to convert the n SANS distributions into i 

distributions which are then comparable to the DLS distributions. This makes an easy and 

relevant comparison between hydrodynamic radii obtained by DLS, Rh, and average radii, Ri, 

obtained from SANS fits. 
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5 Results and discussion 
DLS and SANS size distributions are observed to be monomodal. Figure 2 shows typical 

experimental cross sections in D2O for sample I and II.  

 
Figure 2 Experimental cross sections of mixed micelles at acidic (red) and basic pH 

(blue). A: PCL37-b-PEO(d4),104 mixed with PCL34-b-P2VP52 (sample I) B: PCL65-b-PEO(d4),104 

mixed with PCL64-b-P2VP31 (sample II). The intensity of B is larger than that of A, indicating 

larger and/or more numerous objects. The different behaviors observed at intermediate and 

large q values can be assigned to the  structural response of the P2VP block upon pH 

variation. 

Figure 3 compares the fitting of the three models presented in Section 3 to an acidic mixed 

copolymer solution. The results show that the three models give very similar results. Slight 

discrepancies appear in the 0.1 – 0.2 Å1 range, where the experimental uncertainties are 

larger anyway. Because of the similar results provided by the three models, it was decided to 

focus on the first two models, which describe the P2VP contribution either as a homogeneous 

shell or as a Gaussian chain collection. 
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Figure 3 SANS macroscopic cross section of sample I 0.4% w/w at pH = 1.2 ( blue dots). 

Comparison of tree models accounting for the P2VP contribution as either a homogenous 

shell of thickness L (green solid line), a collection of Gaussian chains with a radius of 

gyration Rg (red dashed line), or rods of effective length L (black dotted line) [39](see 

appendix I). Rc= 39Å, L = 54Å and Rg = 18Å for the three curves.   

A representative series of experimental data and associated fits involving models 1 and 

2are displayed in Figure 4.  
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Figure 4 Comparison of the two models considered in the fitting process for the SANS 

form factor. A: Sample I in  D2O, 0.1%w/w, pH=1.7. B: Sample I in D2O, 0.1 % w/w, 

pH=10.8. C: Sample II in D2O, 0.4 % w/w, pH= 1.5, T=25°C. D: Sample I in D2O, 0.4 % 

w/w, pH=8.8. E: Sample II in D2O, 0.4 % w/w, pH=4.5, T=70°C.  F: Sample II in H2O, 0.4 % 

w/w, pH = 4.5, T = 70°C.  Divergences between the shell and the Gaussian chain models only 

occur at basic pH in D2O for sample I: the experimental data follow a q-4 Porod law (see 

chapter 2) that the Gaussian chain model cannot reproduce [47].  

Figure 5 to 8 summarize the data inferred from the fits. The structural parameters obtained 

using either model and in both solvents, H2O and D2O, are compatible within experimental 

error and have been averaged in these figures.  

As will be shown in the following discussion, the analysis of the SANS data for sample I 

leads to results compatible with, but more detailed than, the observations of Van Butsele & al. 



Chapter III – Mixed block copolymers micelles 

72 
 

[12]. The comparison with the data for sample II provides additional information on the 

influence of the chemical composition of the blocks on the micelle structure.  

Linked to the respective polymerization degree of the P2VP block, the thickness of the 

P2VP zone is larger in the micelles of sample I than in sample II. The first noticeable result, 

valid for both samples, is the expected decrease of the thickness (L) of this shell as the pH 

increases (Figures 5 and 7). A decrease of 50 to 65% is observed. This suggests that P2VP is a 

good choice for pH responsive behavior, even with relatively short blocks (Sample II, DP = 

31). The most noticeable collapse is logically observed for sample I with its longer P2VP 

sequence. . For sample I,the P2VP thickness at acidic pH is larger for the 0.4% w/w sample 

than for the 0.1 % w/w one. This difference may be related to the lowest pH value for the 

more concentrated sample (see Table 2): the additional positives charges may increase the 

electrostatic repulsions between the 2-VP monomer units, resulting in more extended P2VP 

chains. 

Sample I exhibits results compatible with the original study of van Butsele et al. [12]: the 

total radius (Rc + T see section 4) of the micelles increases with pH. The size increase of 

sample I was also confirmed by DLS measurement. The average hydrodynamic radius Rh 

increases by nearly 50% from 16.5 to 25 nm (C = 0.1 % w/w). This is compatible with our 

increase of Ri from 12.9 to 16.5 nm (+28%) and from 15.3 to 18.5 nm (21%) for the 0.1 and 

0.4 % w/w samples respectively. The aggregation number (Nm) increases accordingly from 62 

to 140 and from 90 to 150 respectively (Figure 5). Van Butsele measured an increase from 37 

to 111 by static light scattering (SLS). The differences between both sets of data could be 

ascribed to the difference of experimental approach. SLS provides information on the average 

molar mass of the micelles, Mw,mic, but data extrapolation at infinite dilution and zero 

scattering angle need to be performed . When Mw,mic is divided by the molar mass of a chain, 

the result is equal to the aggregation number [42-48]. The difference between SANS and SLS 

values are then probably linked to different hypotheses (i.e. the micelles are described as 

homogeneous spheres in SLS and the aggregation number is assumed invariant with 

concentration in our SANS data procedure) [49].  It has also to be kept in mind that Nm is 

proportional to the volume of the core and thus to Rc
3 so that an increase of 25% of the core 

radius leads to a factor 2 for the aggregation number.  

Whatever its exact extent, the increase of Nm with pH is linked to the decrease of the zeta 

potential of the micelles. Van Butsele measured it previously [12] to be lower than 10 mV at 
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basic pH. The lack of electrostatic repulsion between the chains might favor micelle 

reorganization.  

Furthermore, the average area per chain at the core-corona interface, <Ac>, can be inferred 

from the aggregation number and from the core radius.  

 
2 14 3c

c PCL CL
m c

RA z v
N R     (18) 

<Ac>  is observed to decrease upon pH increase, from 600 Å2 to 370Å2 for the 0.1 %w/w 

sample and from 570Å2 to 510Å2 for the 0.4 %w/w sample (Figure 6). This could mean that 

when the P2VP collapses on the core, the surface of hydrophobic material exposed to water, 

before the micelles reorganize, becomes too large. The response of the system to this 

unfavorable lipophilic/hydrophilic balance is then the formation of larger micelles with a 

smaller interfacial area per chain.  

 

This chain reorganization mechanism is compatible with the observed significant increase 

of the micelle polydispersity upon pH increase, from 26Å to 32Å and from 37 to 45Å for the 

0.1% w/w and 0.4% w/w sample, respectively.  

 

 

 

dupl i cat e/ O i _exp i _expD2O 
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Figure 5 Average structural parameters for sample I (PCL37-b-PEO(d4),104 mixed with 

PCL34-b-P2VP52) as a function of pH at concentrations equal to 0.1 and 0.4 % w/w. <Rc>: 

average PCL core radius; : standard deviation of the core size; L/2: half thickness of the 

P2VP shell; it is assumed to be equal to the radius of gyration of P2VP in the mixed Gaussian 

chain model (model 2); Rg: radius of gyration of the PEO chains. 
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Figure 6 Average aggregation number, Nm, and average surface per PEO chain, Ac,  for 

sample I at concentrations equal to 0.1 and 0.4 % w/w. 

At 25°C, Sample II undergoes limited chain transfer between micelles upon pH increase.  

Comparing Figure 8 and figures 5 and 7 shows that the surface available per PEO chain at the 

core-corona interface is similar to that in sample I, at least at acidic pH, but that the P2VP 

thickness is, as already mentioned, 40% smaller. The fact that micelle reorganization is 

limited in sample II might be due to the small contribution of the short P2VP chains to the 

hydrophilic/lipophilic balance at this temperature, so that P2VP collapse on the core plays no 

significant role for the micelle stability. An additional reason to explain the absence of 

reorganization is the presence of a larger PCL block which increases the stability of the 

micelles [50]. At 70°C, however, the core size tends to slightly grow from acidic to basic pH, 

which is linked to an increase of the aggregation number (Figure 7 and 8). The lower 

hydrophilic character of the PEO block at higher temperature might be responsible for a less 

favorable hydrophilic/lipophilic balance and to a higher sensitivity to the P2VP collapse. The 

reorganization process leads then, as for sample I, to larger micelles whose interfacial area per 
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PEO chain slightly decreases. Furthermore, the radius of gyration of the PEO chains is 

slightly larger at 25°C than at 70°C.  

Compared to sample I, the polydispersity of sample II seems to be less affected, at both 

temperatures, by the pH increase. The size distribution is not expected to change at 25°C but 

the stability of the standard deviation,  at 70°C is somewhat surprising since Rc and Nm 

increase with pH. It must be noticed that, already at low pH,  σ for sample II is larger than for 

sample I, so that it might be less sensitive against any micellar reorganization. 

For all experimental conditions adopted in this work, the volume fraction of PEO within 

the corona, , ranges between 0.05 and 0.2. This has to be compared to the critical volume 

fraction*, which is calculated in the 0.03 < * < 0.1 range. This means that the PEO corona 

corresponds to the dilute to semi-dilute regime. This will affect the extent of solvation of the 

PEO chains, which will in turn govern their radius of gyration.  Based on a Kuhn segment 

length of 7Å, a radius of gyration of 21Å is estimated for ideal PEO chains [39], while a value 

of 29Å is obtained if the chains are assumed to be swollen by the water solvent [51]. A 

reasonable increase of the Kuhn length to 12Å leads to, respectively, 27Å and 36Å for the 

ideal and swollen chains. A comparison of figures 5 and 7 shows that we are clearly here in a 

transition situation between the dilute and semi-dilute regimes where variations of the core 

radius upon pH increase induce changes in the solvation degree of the corona which in turn 

affect the radius of gyration to an extent which is, however, difficult to predict. 
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Figure 7 Average structural parameters of sample II (PCL65-b-PEO(d4),104 mixed with 

PCL64-b-P2VP31) as a function of pH at 25°C and 70°C. <Rc>: average PCL core radius; : 

standard deviation of the core size; L/2: half thickness of the P2VP shell; it is assumed to be 

equal to the radius of gyration of P2VP in the mixed Gaussian chain model (model 2); Rg: 

radius of gyration of the PEO chains. 
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Figure 8 Average aggregation number Nm and average surface per PEO chain at the 

core-corona interface, Ac,  for sample II a function of the pH at 25 and 70°C. 

 

6 Conclusions 
pH sensitive micellar solutions have been prepared by mixing two diblock copolymers. 

The micelles are built from a PCL hydrophobic core, a PEO corona which is hydrophilic 

below T = 70°C, and a P2VP, pH responsive sequence, which becomes substantially charged 

at pH < 4-5. Two samples have been investigated [PCL37-b-PEO(d4),104 mixed with PCL34-b-

P2VP52] (sample I) and [PCL65-b-PEO(d4),104 mixed with PCL64-b-P2VP31] (sample II). SANS 

experiments were performed in the dilute regime in order to analyze the form factors. Three 

models were tested to ensure the robustness of the results. They are derived from the Pedersen 

and Gerstenberg model [37] and differ by the way the P2VP is described. The first model 

describes the P2VP zone as a homogenous shell at the surface of the PCL core, the second 

one describes it as a corona of Gaussian chains and the third one, limited to the acidic regime, 
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describes it as a collection of rigid rods. The analyses based on the three models are shown to 

lead to compatible structural parameters for the mixed micelles. 

Both samples show a decrease of the P2VP thickness as the pH rises. This behavior is 

expected because the P2VP becomes hydrophobic at pH > 5 and collapses then on the core. 

Sample I shows an increase of the core radius and thus of the aggregation number as 

previously reported [12]. The reorganization of the micelles occurs in order to minimize the 

total size of the core-corona interface. The micellar size for sample II stays stable in all pH 

conditions at 25°C but tends to increase when pH increases at T = 70°C, as a result of a lower 

PEO water solubility. Two factors explain this behavior: the larger polymerization degree of 

the hydrophobic PCL block in sample II and the smaller polymerization degree of the P2VP 

chains. 

This latter behavior of sample II is appealing because micelle reorganization at basic or 

neutral pH is an undesirable effect in therapeutic applications. Furthermore, a bigger core may 

encapsulate a larger quantity of drug. This will take place, however, at the cost of larger 

micelles [52], which are, of course, more easily detected and eliminated by the immune 

system. This is the reason why triblocks copolymers showing similar chemical compositions 

and sizes are now also the subject of detailed investigations [13,14,53]. 
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Abstract 

This chapter sets out the investigation of the self-assembling of triblock copolymers 

consisting of polyacrylic acid (PAA), Poly(N-isopropylacrylamide) (PNIPAM) and poly 

(ethylene oxide) (PEO) in response to pH and temperature stimuli. At low pH, the PAA is 

protonated and expected to show a hydrophobic behavior, while at high pH, deprotonation 

leads to a hydrophilic polyelectrolyte. PNIPAM is hydrophilic at temperatures below the 

LCST (32°C) and hydrophobic at higher temperature. SANS measurements have been 

performed under several pH (2, 6 and 8) and temperature (20, 30, 40 and 50°C) conditions. 

Two samples were studied, PAA13-b-PNIPAM45-b-PEO45 and a PEO fully deuterated 

version, PAA11-b-PNIPAM46-b-PEOd4;46, for which the PEO contribution to the SANS 

macroscopic scattering cross-section in heavy water is minimized. Several models have been 

developed to take into account the possible simultaneous presence, depending on the 

external stimuli, of free chains, micelles and aggregates, as well as the changes induced in 

the core and corona composition of the micelles. The fitting of these models to the 

experimental data leads to a detailed picture of the response of these colloidal systems when 

the external parameters are tuned.   
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1 Introduction 
Among the various application fields of block-copolymers, the design of furtive nano-

medicine treatments has been the subject of several investigations [1-8]. Some ongoing 

research projects aim at preparing stealthy and temperature-sensitive magnetic nanoparticles 

(MNPs) [9]. In order to prevent the coalescence of the particles, one particular promising 

approach is the preparation of “ferrofluid” dispersions of magnetics nanoparticles associated 

with short surfactants [10-12]. In this framework, Fe3O4 particles have been widely studied 

[13,14,11,15]. As this kind of particle is positively charged, poly(acrylic acid) (PAA) in basic 

conditions is often used to anchor a copolymer on the nanoparticle. In the perspective of 

preparing magnetic particles coated by temperature responsive copolymers, a specific triblock 

copolymer has been recently designed and synthesized in the Centre for Education and 

Research on Macromolecules (CERM) at the University of Liège (Belgium). This copolymer 

consists of a poly(acrylic acid) (PAA) block, a poly(N-isopropylacrylamide) (PNIPAM) 

central block, and a poly(ethylene oxide) (PEO) block. As the pKa of PAA is equal to 4.2 

[16], this sequence is expected to be negatively charged at pH above 4.2 and neutral 

below [17]. The goal of designing such nano-objects is to use them as possible tumor-

targeting treatments which release the drug close to sick tissues. The specific role of PNIPAM 

is to induce drug release upon temperature increase, because it displays a low critical solution 

temperature (LCST), which is equal to 32°C for pure PNIPAM and can be tuned in a limited 

range by copolymerization with acrylic acid. Below the LCST, PNIPAM is hydrophilic 

whereas it is hydrophobic at higher temperature.  The PEO block is added to prevent the 

aggregation of the copolymer chains in conditions where PAA and PNIPAM are both 

hydrophobic, that is at acidic pH and temperature above the LCST. The second essential role 

of the highly flexible PEO chains is to make the nanoparticles stealthy with respect to the 

proteins of the immune system [2-5]. 

The aim of the present study is to reach a detailed picture of the structural response to 

temperature and pH of these self-assembled copolymers in a temperature and pH range 

bracketing respectively the LCST (20, 30, 40 and 50°C) and the pKa of PAA (pH = 2.5 ±1 , 

6.5±1, 7.5±1). 

Based on the known behavior of the constitutive blocks of these copolymers, Figure 1 

displays the prior expectations for the micellar structures as a function of temperature and pH. 
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At low temperature, in acidic conditions, the PAA chains are insoluble in water, whereas the 

PNIPAM and PEO blocks are hydrophilic. Micelles with a PAA core are thus expected to 

assemble. When the temperature crosses the LCST upwards, PNIPAM becomes hydrophobic 

and is expected to collapse on the core, leading to an increase of the core diameter. At basic 

pH and low temperature, the three blocks are soluble so that a free chain solution is likely to 

obtain. Above the LCST, a reorganization of the chains is predicted, leading to micelles with 

a hydrophobic PNIPAM core.  

The samples were first analyzed by Sibret et al [18] and DLS experiments revealed 

bimodal size distributions for all pH and temperature conditions, as illustrated by Figure 2. 

The size of the smaller detected objects, with a hydrodynamic radius of about 200 Å, suggests 

that micelle self-assembling takes place. The second contribution has a maximum in the 600-

800 Å range, that is, larger than the length of the completely extended copolymer chains. 

Concomitant aggregate formation is therefore the most reasonable hypothesis. 
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Figure 1 SANS experimental data on the undeuterated polymer and prior expectations for 

the triblock copolymers self-assembled morphologies under typical (pH, T) experimental 

conditions. Color code: PEO (blue),  PAA (red), PNIPAM (green).  

 

Figure 2 Dynamic light scattering distribution of a PEO45-b-PNIPAM45-b-PAA13 aqueous 

solution at pH=7.5±0.5 and 30°C. The average radii of the respective subpopulations 

(micelles and aggregates, respectively) are equal to 180 and 900 Å.  
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To reach a deeper understanding of the complex behavior of such triblock copolymer self-

assembled nano-objects when they are submitted to pH and temperature stimuli, we used a 

methodology based on small-angle neutron scattering (SANS). Two copolymers compositions 

were analysed: PEO45-b-PNIPAM45-b-PAA13 and PEO(d4),46-b-PNIPAM46-b-PAA11 where the 

PEO block of the latter is fully deuterated in order to increase its contrast with PNIPAM and 

PAA. The SANS technique, coupled with relevant modelling, is known to provide detailed 

information on the internal structure of self-organized nanosized objects [19-23]. 

2 Materials and methods 

2.1 Materials 

Acrylic acid (AA) was purified by distillation under reduced pressure. 

N-Isopropylacrylamide (Aldrich; 97%) was recrystallized twice from benzene–hexane 

3 : 2 (v/v) and dried under vacuum prior to use. Hydrochloric acid (Aldrich) was used as a 

25% v/v aqueous solution.  2-Dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid 

(DMP) 2,2′-azobis (isobutyronitrile) (AIBN), 2,2-azobis(4-methoxy-

2,4-dimethylvaleronitrile) (V-70), N,N’-dicyclohexylcarbodiimide (DCC), 

4-dimethylaminopyridine (DMAP), poly(ethylene oxide) methyl ether (CH3-PEO-OH 

Mn ≈ 2000 g mol-1), dimethylformamide (DMF), tetrahydrofuran (THF), 

(Trimethylsilyl)diazomethane were purchased from Sigma-Aldrich and were used without 

further purification. Deuterated poly(ethylene oxide) methyl ether (CD3-PEO(d)-OD 

Mn ≈ 2200 g mol-1) was purchased from Polymer Source. 

2.2 Synthesis 
The PEO-b-PNIPAM-b-PAA was synthetized using Reversible Addition-Fragmentation 

chain Transfer (RAFT) polymerization. The synthesis and characterization is described 

elsewhere [11,24]. The deuterated version was synthetized accordantly to the same protocol.  

α-methoxy-ω-DMP-poly(ethylene oxide) (PEO-RAFT) macro-CTA was synthesized by 

esterification of the hydroxyl end-group of the mono-methoxy poly(ethylene oxide) by DMP 

accordantly to literature [12]. The PEO-b-PNIPAM was prepared in DMF, employing V-70 as 

the primary source of radicals. Typically 1 g of the macro-CTA PEO-DMP (Mn = 2400 

g/mol, 0.4 mmol), 2.4 g of NIPAM (0.02 mol), 0.006 g of V-70 (0.02 mmol) and 10 ml of 

DMF were added into a reaction tube. The mixture was degassed by bubbling nitrogen during 
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5 minutes. This reaction mixture was heated in an oil bath at 30°C for 6 hours. The resulting 

polymer was precipitated twice in cold diethyl ether under vigorous stirring drying in vacuo 

for 24 hours.   

2.2.1 Synthesis of PEO-b-PNIPAM-b-PAA block copolymer  
The triblocks was synthesized using PEO-b-PNIPAM diblock as macro-CTA. Triblocks 

were prepared in DMF, employing AIBN as the primary source of radicals. Typically 1.5 g of 

PEO-b-PNIPAM (Mn = 6500 g/mol, 0.23 mmol), 0.3 g of AA (4 mmol), 0.0037 g of AIBN 

(0.02 mmol) and 4 ml of DMF were added into a reaction tube. The mixture was degassed by 

bubbling nitrogen during 5 minutes. This reaction mixture was heated in an oil bath at 80°C 

for 5 hours. The copolymer was precipitated into cold ether and dried in vacuo for 24 hours. 

Molecular weight composition and conversion rate were determined by 1H NMR in DMSO-

d6. Molecular weight composition was determined by 1H NMR in CDCl3. Molar mass 

distributions (Mw/Mn) were determined by size exclusion chromatography (SEC). The 

chemical composition of the copolymers is shown in Table 1. 

2.2.2 Preparation of Triblock Copolymer solutions 
A dialysis method was used to prepare aqueous copolymer solutions. The triblock copolymer 

was dissolved in DMF, a good solvent of the three blocks, at a 5 mg/mL concentration. After 

5 hours of stirring, the solution was transferred into a dialysis bag (MWCO = 6000-8000 D) 

and dialyzed against a D2O solution acidified with DCl (pH = 2.5  1). Another batch of 

sample was dialyzed against pure D2O. The resulting pH was then equal to 6.5±0.5. A basic 

solution was prepared by dissolving directly the copolymer (again at a 5 mg/mL 

concentration) in an NaOD solution in D2O (pH~11). The resulting pH is equal to 7.5±0.5.  
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Table 1 Degree of polymerization of the blocks determined by NMR, z. The monomeric 

segment lengths were determined based on equilibrium geometry data.  The polydispersity 

index (Mn/Mw or PDI) obtained by size exclusion chromatography in N,N-

dimethylformamide were equal to 1.24 and 1.21 for PEO45-b-PNIPAM45-b-PAA13 and 

PEOd4,46-b-PNIPAM46-b-PAA11 respectively. 

 z 

(Un-deuterated) 

z 

(Deuterated) 

Monomeric segment 

length 

Kuhn segment 

length 
PAA 13 11 2,51Å 15.7Å [25] 
PNIP 45 46 2,51 Å 7Å [26] 
PEO 45 46 3,58 Å 7.1Å [27] 

 

Table 2 Volume of the monomer units inferred from the respective densities: PAA [28]; 

PEO [29]; PNIPAM [30]; D2O [31,32] and excess scattering lengths 푏 of the monomer unit 

(1012 cm) [33]. 

Monomer Volume (Å3) b / (10-12 cm) 
AA 98 -4.62 

NIPAM 171 -9.60 
EO 65 -3.73 

EOd4 65 0.440 

D2O 30 0 

2.3 Small-Angle Neutron Scattering (SANS) 
Small-angle neutron scattering (SANS) experiments were performed at the Laboratoire 

Léon Brillouin in Saclay, France, with the PACE instrument under the following conditions:  

(i) wavelength = 5 Å, sample-to-detector distance = 2.0 m, (ii) wavelength = 13.0 Å, sample-

to-detector distance = 4.7 m, such that a scattering vector (q) range from 0.00318 to 0.213Å-1 

was available. The neutron wavelength resolution (Δq/q) was equal to 10%, and the beam 

diameter was set at 12 mm. The data were recorded with a two-dimensional detector 

consisting of 30 concentric rings of 1 cm width. Samples were contained in quartz cells with a 

2 mm path length. Corrections for the electronic and ambient background noise and for 

sample holder contributions were carried out according to standard data handling procedures 

(see, e.g. [34]). The data corresponding to the copolymer solutions and to the pure solvent 

(D2O) were treated in an identical way, and the scattering intensities were converted to 

macroscopic scattering cross-sections per unit volume, dd (cm-1), by normalization with 
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respect to the incoherent scattering of H2O. The copolymer contribution was obtained by 

subtracting the cross section of the solvent, weighted by its volume fraction.  

PEO45-b-PNIPAM45-b-PAA13 (0.40 %w/w) and PEO(d4)46-b-PNIPAM46-b-PAA11 (0.45% 

w/w) triblock copolymers solutions in D2O were investigated. The above-mentioned 

concentrations were sufficiently low to reach the dilute regime where the structure factor can 

be assumed equal to 1 in the investigated q range. As a matter of fact, the first peak of the 

interparticle structure factor was not observed in the present SANS data, so that the 

macroscopic scattering cross section gives directly access to the form factor of the assembled 

nano-objects.  

2.4 SANS Data handling 
Based on the data of Table 1, the contour length, L, of the block copolymers is estimated 

to be 310 Å. For a homopolymer, the radius of gyration Rg is related to the contour length and 

to the Kuhn segment b by the following equation: 

 2

6g
LbR     (1) 

For a multiblock copolymer, a generalization of this formula allows estimating the radius of 

gyration of the free chains: 

 2 1
6g i i

blocks
R L b    (2) 

A radius of gyration of 20 Å is then obtained for both the deuterated and the non-

deuterated copolymer chains, which dismisses a free chain assignment to contribution with 

hydrodynamic radii larger than 100Å in the size distributions obtained by DLS (Figure 2) 

[18].  The sample must therefore also consist of micelles and aggregates whose internal 

structure have to be modelled in an appropriate way based on reasonable assumptions in both 

acidic or neutral/basic conditions.  

The first qualitative conclusion which can be drawn from the general shape of the SANS 

cross sections inserted in Figure 1 is that they confirm the DLS-based conclusion that the size 

distributions are multimodal in all pH and temperature conditions. The scattering intensities 

measured by both techniques are strongly affected by the experimental pH and temperature 

conditions. 
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To analyze our SANS data, we adopted a similar approach to that of Joseph & al [35] who 

studied the structure of micelles made of PEO-b-PPO-b-PEO (pluronic) where PPO stands for 

poly(propylene oxide) with respect to the addition of cyclodextrin at several temperature. At 

15°C, these copolymers are soluble and no micelles were identified but the formation of 

micelles was observed to take place upon temperature increase as PPO becomes more 

hydrophobic. This transition is extremely broad and micellization occurs on a large 

temperature scale. However, above 25°C, micellar structures are found. The cyclodextrins 

have the ability to disrupt the micelles, releasing free chains. These authors determined the 

molar fraction of copolymers involved either in free chains or in micelles or in aggregates, the 

total copolymer concentration being known.  

Given a sample composed of three populations in the dilute regime, free chains (index ch), 

micelles (index m) and aggregates (index a), the resulting macroscopic scattering cross 

section can be written as the sum of three independent contributions: 
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Γ (R)dR

Γ (R)dR

  (3) 

Each contribution is the product of its normalized form factor P(q,R) weighted by the 

associated intensity at q=0, I(q=0). Micelle and aggregate populations are characterized by 

their polydisperse size distribution (R) where R is the radius of the nano-objects (micelles or 

aggregates). In the contribution of Sibret et al, refered to before [18], a simplified model has 

been developed in order to assess the relative contributions of micelles and aggregates to the 

scattering cross section. In the present paper, we propose more elaborate models for the 

different couples of temperature and pH conditions and we derive the corresponding 

analytical formulae for the scattering cross sections. By fitting these formulae to the 

experimental data, we shall then infer the parameters describing the inner structure of the 

objects for each set of experimental conditions.  
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Small objects scatter less than larger ones. Therefore any free chain contribution is too 

small to be detected by DLS. The simplified model used by Sibret et al [18] takes into account 

only two contributions of spherical objects, the micelles and the aggregates, each with its own 

Gaussian size distribution. To test the robustness of the procedure, two analytical form factors 

P(q;Rg) have been tested: the Guinier law and the form factor of a homogeneous sphere. 

However, by doing so, no information about the internal structure of the micelles can be 

obtained. Furthermore, the quality of such simple model fits degrades as expected when q > 

1/Rg. In the perspective of investigating the whole q range, more sophisticated approaches 

need to be considered. 

Micelles are expected to contribute substantially in the whole investigated temperature 

and pH domain but for the low temperature, basic pH range, where all three block are water 

soluble. Their contribution to the scattered intensity depends on the composition of the core, 

of the corona and on the aggregation number. This section describes how the form factor has 

been modelled. 

The intensity of the micelle contribution at q=0, Im(q=0), is related to the number of 

chains involved in micelles per unit volume, n. The polydispersity of the micelles due to a 

dispersion of the aggregation numbers, Nm, is taken into account through a size distribution: 

(Nm).  

The following equation describes the micelle contribution.  

        2

0

;T m m m m m
m m

d nq b N N P q N dN
d N

       Γ   (4) 

where mN  is the average aggregation number per micelle, 푏  is the total excess scattering 

length of all scatterers within a micelle built from Nm chains and Pm(q;Nm) is the 

corresponding normalized form factor. By convention, the indices “c” and “co” refer to the 

core and the corona, respectively. Based on the assumption of a dense hydrophobic core, the 

aggregation number of a micelle is related to its core radius Rc, to the volume of the monomer 

unit vc (see Table 2) and to the degree of polymerization of the hydrophobic block zc: 

 
34

3 c
m

c c

R
N

z v


   (5) 
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The macroscopic cross-section of the micelles can be expressed as a function of the radius 

of the objects (eq(3)) or of the aggregation number (eq(4)). Depending on the problem, either 

approach may be more suitable. The conservation of matter implies that  

    m m c cN dN R dRΓ Γ   (6) 

In this work, a Gaussian size distribution (Rc) has been assumed.  

The total excess scattering length of a micelle,	푏 , is determined by the chemical content 

of the copolymer chains and by the micelle aggregation number. If 푏  and 푏  stay 

respectively for the excess scattering length of the individual polymer blocks in the core and 

in the shell, 푏  can be expressed by eq(7). Eq(5) and eq(7) lead then to eq(8) from which 

eq(9) follows for the micelle contribution to the scattering cross section at q=0. 

    T m m c cob N N b b      (7) 
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Eq(9) allows us to determine n from the physical properties of the copolymers, 푏  , 푏  , zc 

and vc and from parameters related to the size distribution of the sample, that is 3
cR  and

6
cR , which will be inferred from the fits of the analytical cross sections to the experimental 

data.  

The contribution of the aggregates is mainly detected at small q values.  Because we have 

no prior expectation about their structure, which might also be ill-defined, we described them 

as homogenous spheres.  
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2.4.1.1 Acidic condition 

At acidic pH, the free chain contribution can be neglected and the experimental scattering 

cross section is fitted by the following equation:  

 
       2

&
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T m m P G m g m
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  (10) 

where the Pedersen & Gerstenberg model (P&G) [36]  is selected for the micelle form factor. 

Rg is the radius of gyration of the corona chains. 3
cR and 6

cR  are calculated during the 

procedure, allowing us to obtain n, as the value of  0md d q     is available from the 

simplified model [18] valid at low q.  Several structural parameters can then be obtained 

through the fit of the modelled analytical scattering cross sections to the experimental data: 

the average radius of the micellar core, <Rc>, the standard deviation of the core radius 

distribution, m, the radius of gyration of the corona chains, the average radius of the 

aggregates, < Ra >, and the associated standard deviation, a. The Guinier Law and the sphere 

form factor were both used for the contribution of aggregates Pa(q,R) and lead to similar 

results. 

In the Pedersen-Gerstenberg model, the core is assumed to be dense and homogeneous 

whereas the corona consists in Gaussian hydrophilic chains. Prior to any fit, 푏  and 푏 , which 

depend on the structure assumed for the micellar inner structure, have to be determined The 

copolymer consists of three blocks but, because of the temperature-dependent hydrophobicity 

of PNIPAM, and in order to simplify the problem, we assumed a mixed PEO-PNIPAM 

corona (below the LCST) or a mixed PAA-PNIPAM core (above the LCST). Average 

scattering lengths need then to be determined. At temperature lower than the LCST, the 

polymerization degree of the corona is equal to zco: 

 co PEO PNIPAMz z z    (11) 

The averaged excess scattering length of a monomeric scatterer in the corona 푏   is therefore 

equal to: 
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 PEO EO PNIPAM NIPAM
co

PEO PNIPAM

z b z bb
z z






    (12) 

The volume of a monomeric scatterer is also weighted according to the polymerization degree 

in a similar way. At temperature larger than the LCST, the PNIPAM is expected to be 

hydrophobic and to be part of the core. The polymerization degree of the core, zc, is equal to 

 c PAA PNIPAMz z z    (13) 

In a similar way to eq(12): 

 PAA PAA PNIPAM PNIPAM
c

PAA PNIPAM

z b z bb
z z





    (14) 

 

2.4.1.2 Neutral and basic conditions 

In neutral and basic conditions, the scattering intensity remains low (Figure 1), about one 

to two orders of magnitude smaller than in acidic conditions. Below the LCST, the copolymer 

chains are expected to be water soluble. However, the Debye model (Figure 3) for a pure free 

chain population fails to reproduce the observed cross sections. Scattering by free polymer 

chains remains a low intensity process. Micelles and aggregates have therefore also to be 

taken into account in order to account for the experimental data (see appendix I and II). The 

intensity at q=0 increases upon increasing temperature (Figure 3A). This suggests that the 

number of larger objects increases in parallel. Micelles most probably self-assemble from the 

free chains when PNIPAM becomes insoluble. The micelles are therefore assumed to consist 

of a PNIPAM core and of a corona made of PEO Gaussian chains, and negatively charged 

PAA extended chains (Figure 3B). Such extended chains may be modelled as rigid thin rods 

with an effective length L. To the best of our knowledge, the form factor of such complex 

objects has not been described in the literature. A more simple model involving only a dense 

core surrounded by rigid rods [37] has already been successfully used. For a core-Gaussian 

chains-rods situation, the following formula is obtained (the demonstration is given in 

Appendix I): 
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where 
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sin '
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x x
Si x dx

x
    (16) 

The excess scattering length of a block i, 푏 , is equal to product of the excess scattering length 

of the monomer unit by its degree of polymerization zi. Rc is the radius of the PAA core, Rg is 

the radius of gyration of the PEO corona, and L is the effective length of the PAA rods.  
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Figure 3 A: Experimental data (symbols) in basic conditions for non-deuterated 

polymers. The solid line displays the Debye model prediction for free chains with a 30 Å 

radius of gyration at 0.4% w/w concentration. The behavior is similar for the deuterated 

sample and in neutral condition. B: The fits which will be discussed in section 3 have been 

performed with a model involving a mixed population of free chains, of aggregates (grey) and 

of micelles with a core of PNIPAM (green), a corona of PEO and rods of PAA extending 

toward the solvent (eq(15)). 

As in eq(4), this cross section has to be averaged over the aggregation number 

distribution. The structural parameters inferred from the model are then: the average radius of 

the micellar core <Rc>, the standard deviation of the core radius distribution, the radius of 

gyration of the PEO corona chains, the effective length of the PAA anionic chains, the 

average radius and the associated standard deviation for the aggregates.  

2.5 Fitting procedures 
Once the form factor of the micelles has been inserted into eq(3), the theoretical 

scattering cross section can be convoluted with an apparatus function which takes into 

account the experimental q-resolution. A triangular shape has been assumed for the scattering 

vector spread ( 10%q q  ). The resulting modelled cross sections are then fitted to the 

experimental scattering curves and the quality of the fit is monitored by calculating the 2 
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corresponding to the logarithm of the cross sections in order to weight similarly the whole 

sampled q-range. 

3 Results and discussion 
SANS cross-sections of micellar solution at pH = 2.5, 6.5 and 7.5 and at T = 20, 30, 40 

and 50°C are displayed in  Figure 4 together with fits based on the models described in 

section 2. A good agreement is observed between the experimental and fitted data. Figure 5 

illustrates the relative contribution of micelles, aggregates and, when necessary, free chains 

under the three pH conditions. 
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Figure 4 SANS macroscopic cross sections of aqueous PEO-b-PNIPAM-b-PAA solutions 

in acidic (pH=2.5, non-deuterated PEO), neutral (pH=6.5, deuterated PEO) and basic 

(pH=7.5, deuterated PEO) conditions. Symbols: experimental data. Dotted lines: theoretical 

models (described in section 2). 
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Figure 5 SANS macroscopic scattering cross section of aqueous PEO-b-PNIPAM-b-PAA 

solutions. A: Non-deuterated copolymers at 20°C and pH=2.5; B: Deuterated copolymers at 

20°C and pH=7.5; C: Deuterated copolymers at 50°C at pH=7.5. The contribution of 

micelles increases with temperature in basic condition. The contribution of free chains is 

neglected at acidic pH. 

3.1 Acidic conditions (pH < pKa,PAA) 
Typical SANS curves displaying micelle and aggregate contributions in acidic conditions 

(pH=2.5) are presented in Figure 4. Deuterated and un-deuterated samples lead to similar 

results. The quality of the fits is not affected by the use of the Guinier law or of the 

homogeneous sphere form factor for the aggregate contribution. Figure 6 shows structural 

data obtained by averaging the results inferred from both undeuterated and deuterated 

polymers. A sigmoid behavior is observed for all parameters but for the corona chain radius 

of gyration, with an inflexion point located at 367.°C,  which shows a good correlation with 

the PNIPAM LCST, which is known to vary within limits upon copolymerization [38]. The 

total micelle radius is estimated as Rtot = 2c gR R . An increase of the average radius of the 

both the micelles (by about 50-60%) and the aggregates are observed upon crossing the LCST 

upwards. For the micelles, this increase results from an increase of the core radius whereas the 

radius of gyration of the corona chains remains nearly constant. This increase of the core 

radius has two origins: (i) because PNIPAM becomes hydrophobic above the LCST, the core 

is now composed of PAA and PNIPAM; (ii) the aggregation number is observed to roughly 
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double as the temperature crosses the LCST. We interpret this reorganization as resulting 

from chain exchange between micelles which is facilitated at higher temperature [39,40]. This 

chain reorganization is compatible with the observed significant increase of the micelle 

polydispersity through the LCST, measured as the standard deviation of the core size 

distribution, m. 

The size increase of the aggregate contribution is most probably linked to the fact that, 

above the LCST, the PEO block is the only water-soluble one, so that micelle aggregation 

becomes favored. This is also compatible with the increase of the aggregates polydispersity, 

as shown by the increase of the a parameter. A corresponding increase of the fraction of 

chains included in the aggregates by 20 to 30% has also been noted. 
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Figure 6 Structural parameters obtained in acidic conditions (pH=2.5). Micelles: A: 

average aggregation number, B: average core radius; C: standard deviation of the radius 

size distribution; D: radius of gyration of the corona; E: total micelle radius; F: average 

surface per chain at the surface of the core; Aggregates: G: average radius; H: standard 

deviation of the radius size distribution. The dotted curves are intended to guide the eye. The 

position of the inflexion point is equal to T = 36±7°C. 
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Contrarily to the others parameters, Rg, the radius of gyration of the corona chains remains 

unaffected when the temperature increases, even though the contour length of the chain is 

reduced because the PNIPAM45 block has collapsed onto the core, so that the corona consists 

only of PEO45 chains. In addition, the available area per PEO chain at the core-corona 

interface increases as the LCST is crossed (Figure 6F). We propose the following 

interpretation of this somewhat unexpected and paradoxical behavior. Below the LCST, the 

interfacial area per chain is relatively small (about 160 Å2, see Figure 6F) and corresponds to 

a lateral extension of about 13 Å, much less than twice the radius of gyration of the corona 

chains, so that chain entanglement must take place. The volume fraction of the PNIPAM-b-

PEO chains within the corona is then large: it can be estimated from the data of Tables 1 and 

Figure 6 to exceed 0.8. This corresponds to a situation similar to the bulk, from which most of 

the solvent molecules have been expelled. In such a quasi-bulk situation, the chains are 

expected to display an ideal behavior [41-43] with a radius of gyration related to the Kuhn 

segment length, b, and to the contour length of the PNIPAM-b-PEO chain, L, by eq(1). Based 

on the data of Table 1, in particular a Kuhn length of 7 Å, we then predict a radius of gyration 

for the corona chain of 18 Å. Above the LCST, only PEO belongs to the corona. Figure 6F 

shows that the interfacial area per chain is significantly larger (about 550 to 600 Å2) so that a 

much smaller PEO volume fraction results. The latter can be estimated at 0.18, which 

corresponds to the semi-dilute regime with much less severe chain entanglement and with 

favored interactions with the solvent. In a good solvent, the radius of gyration is given by [43] 

 2 6/5 4/525
176gR L b   (17) 

Based again on the parameters of Table 1, we now predict a radius of gyration of 17 Å, close 

to the value below the LCST. It can be argued that the values found for Rg from the fits are 

larger, on average 21 Å. A moderate tuning of the Kuhn length can, however, account for this 

difference. Based on the fitted radius of gyration and on eq(1) (below the LCST) and eq(17) 

(above the LCST), we infer Kuhn segment lengths of 10 Å and 11 Å, respectively. These 

values remain reasonable. As a matter of fact, Vangeyte et al [37]  found for PCL-b-PEO114 

copolymer micelles, Kuhn lengths of the PEO chains between 8 and 14 Å, depending on the 

aggregation number.   

To summarize, the Kuhn segment length describing the chain stiffness does not vary much 

through the LCST. What significantly changes is the volume fraction of the hydrophilic 
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chains within the corona, from a bulk-like situation below the LCST, to a semi-dilute good 

solvent regime above the LCST, which leads to swollen PEO chains. Above the LCST, the 

hydrophilic chains have a smaller polymerization degree, but they are swollen, which leads to 

some compensation for the radius of gyration. 

3.2 Neutral and slightly basic conditions (pH > pKaPAA) 
Samples at pH larger than the pKa of PAA display a very different behavior (Figures 1 and 

4). The model based on a spherical PNIPAM core surrounded by negatively charged PAA 

rods and PEO Gaussian chains (eq(15)) has been used. Because of the small polymerization 

degree of the PAA block, the L parameter does not influence much the quality of the fits. We 

found an optimal value in all cases for L~25Å (80% extension). Figure 7 shows the evolution 

of several parameters with temperature.  

A first result is that, even if they provide a small contribution to the scattering cross 

section, the free copolymer chains represent more than 90% of the samples below the LCST. 

When the LCST is crossed, the free chain fraction decreases with a concomitant self-

assembling of micelles and also of aggregates. The percentage of chains inserted into micelles 

represents, however, barely more than 10% at 50°C, which means that micellization is not a 

favored process in conditions where the PAA is deprotonated and thus negatively charged. 

The average aggregation number of these micelles is of the same order of magnitude as under 

acidic conditions at low temperature. 

These low micelle fractions explain the low scattered intensity at q=0 at pH>6. The 

scattered intensity does not exceed a few tenth of cm-1 compared to a few hundred at acidic 

pH. 

The amount of deprotonated acrylic repeat units is larger at pH=7.5 than at pH=6.5. The 

electrostatic repulsion is then expected to lead to smaller aggregates and micelles at the higher 

pH. Indeed the fraction of free chains remains always larger than 70% for the pH=7.5 sample, 

whereas it decreases to 23±7% at 50°C at pH=6.5. In a similar way, the fraction of chains in 

the aggregates increases as expected as the PNIPAM becomes insoluble. The negative charges 

of the PAA at pH = 7.5 keeps the fraction of chains in the aggregates lower than 24±7% 

whereas it reaches 65±7 % at pH 6.5±0.5.  
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The average radius of the aggregates under these pH conditions decreases upon crossing 

the LCST. Again, the aggregates are larger at pH=6.5 than 7.5 but their radius decreases by 40 

% and 60% respectively from 20 to 50°C  as seen in Figure 7F. As PNIPAM becomes more 

hydrophobic, the shift of the size distribution toward smaller radii might be linked to the 

decrease of water content of the aggregates. 

 

Figure 7 Evolution of the structural parameters with respect to temperature. A-C: 

Fraction of free chains and of chains inserted in micelles and aggregates in the given nano-

objects; D: Average aggregation number of the micelles; E: Radius of gyration of the corona 
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chains or the free chains. F: average radius of the aggregates. Orange: pH=6.5; blue: 

pH=7.5.  

4 Conclusions 
Amphiphilic PEO45-b-PNIPAM45-b-PAA13 and a PEO fully deuterated version, PEO(d4)46-

b-PNIPAM46-b-PAA11, were investigated by SANS. These samples are pH- and thermo-

responsive. At low pH, the PAA is protonated and relatively hydrophobic, while at pH>5, the 

deprotonation leads to a hydrophilic polyelectrolyte. The PNIPAM is hydrophilic at 

temperature below the LCST (32°C) and hydrophobic at higher temperature. Somewhat 

surprisingly, DLS and SANS measurements reveal bimodal distribution at all pHs and 

temperatures investigated. To infer detailed information about the internal structure of the 

self-assembled nano-objects, the SANS cross sections have been fitted with analytical models 

involving a mixed population of core-corona micelles, spherical homogeneous aggregates and 

free chains. Polydispersity has been explicitly taken into account for the self-organized 

nanostructures through Gaussian distributions. 

The scattering cross sections measured in acidic conditions are compatible with the 

presence of micelles built from a core of PAA and a corona of PNIPAM and PEO which we 

treated as undifferentiated to limit the number of fitting parameters. The Pedersen- 

Gerstenberg model (P&G) [36] successfully fits the micelle contribution. When temperature 

exceeds the LCST, the micelles reorganize through copolymer chain transfer and the 

aggregation number increases as well as the polydispersity. The PNIPAM collapses on the 

core and the only hydrophilic sequence is the PEO. The radius of gyration of the corona 

chains shows barely any change through the LCST as a result of some compensation between 

the chain length reduction and the swelling of the chains whose polymer volume fraction 

decreases leading to stronger interactions with the good solvent. The unfavorable 

hydrophilic/hydrophobic balance results in micelle aggregation leading to larger and more 

polydisperse aggregates. 

The samples at pH= 6.5 and 7.5 show low intensities as the three sequences are soluble 

below the LCST. More than 90% of the chains are then freely dispersed in the solution. As the 

LCST is crossed, the free chain population decreases down to 70% at pH=7.5 while the 

micelle fraction increases. The majority of chains remain, however, unassembled, resulting in 

low scattering cross sections through the whole temperature range investigated. The strong 
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electrostatic repulsion induced by the negatively charged PAA blocks obviously hinders the 

self-assembling of the copolymer chains into micelles and this effect gets even more severe 

upon pH increase. 
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Abstract 

This chapter sets out a SANS investigation of metallo-supramolecular micellar gels built 

from polystyrene-block-poly(tert-butylacrylate) PS-b-PtBA-tpy (-tpy: terpyridine) block 

copolymers and transition metal ions is presented. The influence of the copolymer 

concentration on the structure and spatial organization of the micelles, as well as the impact 

of the subsequent addition of metal ions (Fe(II), Ni(II) and Zn(II)) on these characteristics 

were extensively studied. The experimental scattering cross sections were fitted with an 

analytical formula based on the Percus-Yevick hard sphere model and on the Pedersen-

Gerstenberg model for the structure and the form factor, respectively. The resulting 

structural information was correlated with previously performed light scattering and 

rheology experiments. 
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1 Introduction 
In the past decade, important efforts have been made toward novel and complex 

polymeric materials for applications in nanotechnology and other fields. A typical tool to 

produce well-defined nanostructures consists in using the self-assembly process of block 

copolymers either in bulk or in solution [1].  In solution, block copolymers are well known to 

undergo phase separation in a selective solvent of one of the blocks leading to micelles 

composed of a core formed by the insoluble blocks, which is surrounded by a corona formed 

by the soluble blocks [2,3].  One noteworthy feature of this self-assembly process is the 

accessibility of a wide range of distinct morphologies (i.e. spherical micelles, rod-like 

micelles, vesicles) depending on the characteristics of the block copolymers (composition, 

architecture, chemical structure of the monomers, etc). In addition, the combination of 

supramolecular interactions with block copolymer self-assembly has recently attracted a great 

attention in the field of polymer science, paving the way towards hybrid polymeric materials 

with unique properties [4-8]  Indeed, the precision of modern polymer chemistry associated 

with the outstanding potential of supramolecular interactions has appeared to be an extremely 

promising area of research. Among the existing supramolecular interactions, metal-ligand 

interactions are of high interest: the coordination bond is highly directional, a wide range of 

easily functionalized ligands is available, and the characteristic stability and life-time of 

coordination bonds can be fine-tuned by selecting appropriate metal ions [8]. The 

incorporation of those metal-ligand complexes into polymeric architectures has led to the so-

called metallo-supramolecular block copolymers showing magnetic [9,10],  catalytic [11] or 

photo-physical [12-15] properties. Moreover, metallo-supramolecular block copolymers have 

recently proven to be extremely valuable precursors of advanced functional materials such as 

nanocages [16,17], stimuli-responsive micelles [18-20] and nanoporous membranes [21,22]. 

In this context, we have recently described an original method to trigger the hierarchical 

self-assembly of block copolymers using metal-ligand interactions [23-25]. Firstly, a 

polystyrene-block-poly(tert-butylacrylate) diblock copolymer bearing a terpyridine moiety at 

the chain end (PS-b-PtBA-tpy) was dissolved in ethanol, a selective solvent of the PtBA 

block, to yield micelles composed of a PS core and PtBA coronal chains bearing a terpyridine 

ligand at their extremity. The second level was then triggered by addition of metal ions to give 

flower-like micelles in dilute solutions [23], and micellar gels in the concentrated 
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regime [24,25]. Such attractive interactions are somewhat similar to those found in other 

associating systems such as telechelic polymers bearing hydrophobic stickers at the chain end 

[26]. Furthermore, the accordingly prepared micellar gels exhibited interesting viscoelastic 

properties, which could be easily fine-tuned as a function of the nature and concentration of 

the added metal ions. Besides the impact of metal ions, our group has recently demonstrated 

that the morphology of micelles also directs the mechanical properties of the micellar gels 

[25]. Interestingly, the possibility to break those metal-ligand complexes holding the micelles 

together was achieved either by addition of competing ligands or, in a reversible way, by 

mechanical stresses, leading to materials exhibiting self-healing properties [24]. Until now, 

light scattering was used to determine the typical sizes of those micelles in the dilute regime 

[23], while rheology enabled us to probe the mechanical properties of the micellar gels 

obtained in the concentrated regime [24,25]. However, no detail is yet available about either 

the inner structure of the micelles or about their organization in the gel state. Small angle 

neutron and X-ray scattering techniques provide ideal analysis tools to probe the morphology 

of ordered phases in block copolymer melts, solids and gels since the length-scale of these 

nanostructures ranges from 1 to 100 nm. While Small Angle X-ray Scattering (SAXS) is 

convenient to probe systems where the electron density contrast between polymer blocks is 

large enough, Small Angle Neutron Scattering (SANS) is more appropriate to investigate 

polymer structures in which the contrast is generated via isotopic labeling [27]. In case of 

SANS investigations of block copolymer micelles, two strategies have been described so far. 

The first one consists in selectively replacing hydrogen atoms by deuterium for one of the 

blocks in order to enhance the scattering contrast. The second more straightforward strategy 

consists in using a deuterated solvent to solubilize the corona of the micelles. In the dilute 

regime, the analysis of the SANS data highlights the form factor of the isolated micelles [28]. 

At higher concentrations, the contribution of the structure factor becomes significant, which is 

particularly interesting since the short-range organization of the micellar network or gel can 

then be monitored [29-34]. 

In the present contribution, a detailed SANS analysis of metallo-supramolecular micellar 

gels from polystyrene-block-poly(tert-butylacrylate) PS-b-PtBA-tpy diblock copolymers is 

presented and the results are correlated with previous rheology experiments [24,25]. To that 

end, a two-level hierarchical self-assembly is performed. The first level of organization is 

reached by solubilization of the PS-b-PtBA-tpy diblock copolymer in ethanol-d6 to yield 
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micelles formed by a polystyrene core and surrounded by PtBA coronal chains bearing 

terpyridine at the chain end. A significant neutron scattering signal is thus generated due to 

the contrast between the non-deuterated copolymer micelles and deuterated ethanol. The 

second level is triggered upon addition of metal ions to generate a micellar network, which 

gives rise to a micellar gel whenever the metal-ligand complexes are stable enough to 

strengthen the network. This paper focuses on the SANS investigation of metallo-

supramolecular gels and on the impact of metal ions on the micellar structure using 

appropriate models from the dilute to the concentrated regime.  

2 Experimental Section  

2.1 Instrumentation 
1H-NMR spectra were recorded on a 300 MHz Bruker spectrometer at 25°C. Chemical shifts 

are given in ppm downfield from tetramethylsilane (TMS). Size exclusion chromatography 

(SEC) was carried out on a system composed of two PSS Gram columns (100 Å and 1000 Å) 

connected to a Waters 410 differential refractometer and a Waters UV detector, with 

dimethylformamide containing 5 mM NH4PF6 as the carrier solvent (35 °C, 1 mL min-1). 

Polystyrene standards were used for calibration. Dynamic light scattering (DLS) experiments 

were performed on a Malvern CGS-3 apparatus equipped with a He-Ne laser with a 

wavelength of 632.8 nm. The measurements were performed at 25 °C (90°) at 0.05 g L-1 

concentration. The method of the cumulants was used to analyze DLS results, while the size 

distribution histograms were obtained by the CONTIN method. The polydispersity index 

(PDI) of the micelles was estimated from the Γ2/ Γ1
2 ratio in which Γ1 and Γ2 represent the 

first and second order moments calculated from the cumulants method. Atomic force 

microscopy (AFM) analysis was performed on a Digital 50 Instruments Nanoscope V 

scanning force microscopy in tapping mode using NCL cantilevers (Si, 48 N m-1, 300 kHz, 

Nanosensors). The silicon wafers were cleaned by immersion in a piranha solution (H2SO4 

98% (70% v/v) and H2O2 35% (30% v/v)) for 15 minutes and thoroughly rinsed with ultrapure 

water. A few drops of the micellar solution (0.05 g L-1 concentration) were spin-coated onto a 

dried wafer at 2000 rpm for 40 s. Samples were then dried in vacuum at 35°C overnight, prior 

measurement. 
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SANS (Small Angle Neutron Scattering) experiments were performed on the KWS-2 

diffractometer of the Jülich Centre for Neutron Science at the Forschungsneutronenquelle 

Heinz Maier-Leibnitz (FRMII) Outstation in Garching, Germany [35]. The solution samples 

were loaded in Hellma quartz cuvettes (404.000QX), while gels were sandwiched into quartz 

cells. The data were recorded at 20 °C and at a wavelength of λ = 4.5 Å (with a spread of Δλ/λ 

= 20%) at 2 m and 8 m sample to detector distances, and a wavelength of λ = 12 Å at 8 m 

sample to detector distance to cover a wide range of scattering vectors, q, from 3x10-3 to 0.5 

Å-1. The dead time of the detector is 0.64 μs for the temporal convolution. 

The scattered intensity was corrected for empty cell scattering and incoherent background 

by subtracting the ethanol-d6 solvent. The 2D scattering patterns were radial averaged around 

the beam center and the macroscopic scattering cross sections, 푑Σ 푑Ω⁄ , were obtained in 

absolute scale by normalizing the data with respect to the flat incoherent scattering of a 

Plexiglas sample according to standard procedures developed at the Jülich Centre for Neutron 

Science at FRM(II) using the QtiKWS software. 

2.2 Synthesis of terpyridine end-functionalized poly(tert-butylacrylate) 

macro-initiator PtBA180-tpy 
The 2,2,5-trimethyl-3-(1-(4'-(4"-terpyridinyloxy)methyl)phenylethoxy)-4-phenyl-3-

azahexane (6.8x10-2 g, 1.2x10-4 mol) initiator was dissolved in purified tert-butylacrylate (6 g, 

4.6x10-2 mol). For a degree of polymerization (DP) of 400 (at 100% conversion), 5% of free 

nitroxide with respect to the amount of initiator were added (12.8x10-4 g, 5.8x10-6 mol). Ten 

freeze-pump-thaw cycles were then applied to remove oxygen prior to polymerization in a 

carousel at 125 °C. A polymerization time of 1260 min was used in order to yield the 

PtBA180-tpy block. After polymerization, the monomer was removed under low pressure in 

presence of acetone. The solid polymer was then dried overnight in a vacuum oven at room 

temperature. 1H-NMR (CDCl3; 300 MHz): δ = 8.66 (m, 2H; H6,6"), 8.58 (m, 2H; H3,3"), 8.08 

(m, 2H; H3',5'), 7.83 (m, 2H; H4,4"), 7.57-7.18 (m, 22H; Haromatics, H5,5"), 5.35 (m, 2H; 

tpyOCH2); 2.45-0.53 (m, 2160H; PtBAbackbone aliphatics), Mn (1H-NMR) = 23,600 g mol-1, PDI 

(SEC) = 1.18, Yield: 62%.  
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Synthesis of terpyridine end-functionalized polystyrene-block-poly(tert-

butylacrylate) block copolymers PS70-b-PtBA180-tpy 

The terpyridine functionalized poly(tert-butylacrylate) macro-initiator PtBA180-tpy (1 g, 

4.1x10-5 mol), was dissolved in styrene (0.9 g, 9.3x10-3 mol). The degree of polymerization 

was set at 240 for a monomer conversion of 100%. Anisole (40% w/t) was added, and the 

reaction mixture underwent ten freeze-pump-thaw cycles to remove oxygen. The vessel was 

then transferred in an oil bath at 125°C. The polymerization was carried out during 510 

minutes to reach a degree of conversion of 30%. After the polymerization reaction, the crude 

mixture was dissolved in acetone, and further dried under low pressure to remove the residual 

monomer. Finally, the block copolymer was dried overnight under vacuum at room 

temperature. 

Analytical data for PS70-b-PtBA180-tpy: 1H-NMR (CDCl3): δ = 8.69 (m, 2H; H6,6"), 8.62 

(m, 2H; H3,3"), 8.20 (m, 2H; H3',5'), 7.93 (m, 2H; H4,4"), 7.57-6.32 (m, 400H; PSbackbone aromatics), 

5.35 (m, 2H; tpyOCH2), 2.45-0.53 (m, 2520H; PSbackbone aliphatic and PtBAbackbone aliphatic); Mn 

(1H-NMR) = 30,400 g mol-1; PDI (SEC) = 1.26; Yield: 69%. 

2.3 Preparation of micellar gels  
The PS70-b-PtBA180-tpyblock copolymer was dissolved in deuterated ethanol 

(CD3CD2OD) at a concentration of 200 g L-1, then stirred several days at room temperature 

and further diluted at concentrations of 20 g L-1, 80 g L-1, 120 g L-1. A series of micellar gels 

of 80 g L-1, 120 g L-1 and 160 g L-1 concentrations were respectively prepared from the 120 g 

L-1, 160 g L-1 and 200 g L-1 micellar solutions upon addition of a determined volume of 

deuterated ethanol containing half an equivalent (with respect to the amount of terpyridine 

groups) of metal ions (NiCl2.6H2O; FeCl2.4H2O and ZnCl2). 
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3 Results and Discussion 
A PS70-b-PtBA180-tpy copolymer was synthesized by nitroxide-mediated radical 

polymerization (Scheme 1) as described elsewhere [23-25].  

 

Scheme 1 General synthetic strategy used to prepare the PS70-b-PtBA180-tpy copolymer 

(the numbers in subscript represent the average degrees of polymerization). 

This copolymer was dissolved in deuterated ethanol, a selective solvent for the PtBA block 

and a non-solvent of the PS block. The characteristic features of the resulting micellar 

solutions in the dilute regime were first investigated by DLS at a concentration of 0.05 g L-1. 

The experimental autocorrelation function and the particle size distribution obtained by the 

CONTIN analysis of the DLS data revealed a unimodal distribution as shown in Figure 1. 

Cumulant analysis showed well-defined objects with a hydrodynamic radius of 25.8 nm (PDI 

as determined by DLS: 0.06). AFM analysis was used to determine the micellar morphology 

in the dry state, by analyzing the micelles spin-coated onto a silicon wafer. According to the 

AFM image (Figure 2), spherical micelles were obtained. The height of the objects measured 

by AFM corresponds essentially to the diameter of the micellar core with a small contribution 

from the collapsed coronal chains [36] and is equal to 18.0 ± 1.9 nm. 
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Figure 1 Intensity autocorrelation function and the associated distribution function 

obtained by CONTIN analysis of the PS70-b-PtBA180-tpy micellar solution at a concentration 

of 0.05 g L-1. 

   

 

Figure 2 AFM height image of micelles formed by the PS70-b-PtBA180-tpy copolymer at a 

concentration of 0.05 g L-1 and the plot of the height values obtained from a cross-section 

profile. 
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Figure 3 shows the scattered intensities obtained by SANS on micellar solutions in deuterated 

ethanol at 2, 8, 12 and 20% w/v concentrations. At the lowest concentration investigated (2 % 

w/v), the macroscopic scattering cross section, (푞), decreases monotonically, suggesting 

that only isolated micelles are observed in this concentration regime, and giving thus access to 

the form factor of the micelles. In contrast, by increasing further the concentration to 8, 12 

and 20% w/v, the scattering profiles revealed more and more clearly a structure factor peak 

arising from mutual interferences between the neutron waves scattered by different micelles. 

 

Figure 3 SANS intensities (푞) versus q for the PS70-b-PtBA180-tpy block copolymer 

dissolved in deuterated ethanol for several copolymer concentrations. For clarity reasons the 

intensities of the concentrated solutions (8%; 12% and 20% w/v) were slightly shifted upward. 

The impact of the addition of metal ions on the structure and spatial organization of the 

micelles was further investigated upon addition of 0.5 eq. (with respect to the concentration of 

terpyridine ligands) of each metal ion (i.e. Fe(II), Ni(II) and Zn(II)) to the micellar solutions. 

The resulting scattering cross sections are plotted in Figure 4 for the micellar solutions at a 

concentration of 12% w/v. In the case of the micellar solutions dosed with Fe(II) and Ni(II) 

ions, an increase of the intensity of the structure factor peak in the low q regime was observed 

compared to the micellar solution with no metal ion. Such an increase results likely from the 

formation of a network of micelles connected via metal-terpyridine complexes, since Ni(II) 

and Fe(II) ions form preferentially bis-terpyridine complexes [37]. These complexes can be 

formed either in an intra-micellar way (thus leading to the formation of loops in the micellar 

corona) or in an inter-micellar way (thus leading to a network of connected micelles). In the 
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case of Zn(II), no structure factor peak was observed because Zn(II) rather forms mono-

terpyridine complexes [37], which do not lead to a network of micelles. These observations 

are in agreement with previous results from rheology experiments, which revealed that upon 

addition of 0.5 eq. of Fe(II) and Ni(II) ions to the micellar solution at a concentration of 12% 

w/v, a hard gel exhibiting high moduli (both G’ and G”) was formed, while addition of Zn(II) 

ions only resulted in a viscous solution [24]. 

 

Figure 4 SANS intensities (푞) versus q for the gels prepared from the PS70-b-PtBA180-

tpy block copolymer in deuterated ethanol for different metal ions at a copolymer 

concentration of 12% w/v. 

To obtain quantitative information, the experimental scattering data have been fitted to an 

analytical model. In the framework of the so-called decoupling approximation [38],  the 

macroscopic neutron scattering cross section of a system of polydisperse spherical micelles, 

, can be split into two factors. The first one is the form factor, P(q), which describes the 

shape and internal structure of the micelles [39] and which must be averaged over the size 

distribution of the micelles. The interference effects arising from the spatial organization 

induced by the interactions between micelles is represented by a structure factor, S(q). [29,39] 

The scattering intensity , can thus be written as (Equation 1).  

퐼(푞) =
푑훴
푑훺 = 	

푁
푉 푃(푞) × 푆(푞)		(1)	 
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where 	is the average number of micelles per unit volume. For dilute systems, where the 

scattering particles are separated by distances large enough so that no interference between 

neutrons scattered from different particles are detected, the structure factor S(q) is equal to 1 

in the investigated q range. The intensity of the scattered neutrons is thus a function of the 

average form factor only. Since no structure factor peak was observed for the dilute solution 

at 2% w/v concentration, these data have been selected to choose an appropriate model for the 

form factor. The model of Pedersen and Gerstenberg was found to reproduce well the form 

factor of the micelles [28]. This model describes a block copolymer micelle as a desolvated 

dense spherical core formed by the insoluble blocks, surrounded by a corona of Gaussian 

chains dissolved in the selective solvent (e.g deuterated ethanol) (Scheme 2). Briefly, the form 

factor is the sum of four terms: the self-correlation of the spherical core, the self-correlation of 

the individual coronal chains, the cross term between the core and the chains, and the cross 

term between different coronal chains. It can be expressed as an analytical function of the 

core radius, Ri, of the radius of gyration of the individual coronal chains, Rg, of the degrees of 

polymerization of the two blocks, and of the excess scattering lengths of the elementary 

scatterers. As suggested by Pedersen and Gerstenberg, the coronal chains were anchored at a 

distance equal to Rg from the core-corona interface, in order to avoid any penetration of the 

PtBA coronal chains into the dense PS core. As we assume a dense PS core, its radius Ri is a 

single-valued function of the micelle aggregation number, Nm, the volume of the monomer 

and the degree of polymerization of the PS block being known. The average form factor P(q) 

can then be written as: 

푃(푞) = ∫ 푏 (푁 )푃 푞;푁 ,푅 훤(푁 )푑푁     (2) 

푃 푞;푁 ,푅  is the Pedersen-Gerstenberg form factor normalized to unity at q = 0.		훤(푁 ) 

is the probability density of the micelle size distribution, assumed to be a log normal one and 

expressed as a function of the aggregation number. 푏 (푁 ) is the sum of the excess scattering 

lengths of all scatterers of a micelle whose aggregation number is equal to 푁 . The monomers 

are assumed to be the elementary scatterers. Their scattering lengths are simply the sum of the 

scattering lengths of their constituent atoms and are given in Table 1 together with the 

corresponding molecular volumes, and scattering length densities. All required excess 

scattering lengths have been calculated based on these data. The contrast is seen to be optimal 
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between the corona and the solvent but a non-negligible contrast also appears between the 

hydrophobic core and the hydrophilic corona. 

Table 1 Scattering lengths b, molecular volumes V, and scattering length densities, b/V, 

determined for the monomers and the solvent used in this study. 

 Styrene tert-Butylacrylate Ethanol-d6 

b (cm) 2.32510-12 1.32410-12 5.91410-12 

V (Å3) 165 207 97 

풃
푽	

(풄풎 ퟐ) 1.4091010 6.396109 6.0971010 

 

 

Scheme 2 Schematic representation of the PS core (gray) with a radius Ri, surrounded by 

a PtBA coronal chain with a Gaussian conformation exhibiting a gyration Rg. Rt = Ri + 2Rg is 

taken as an estimation of the total radius of the micelle. 

When the density of the scattering particles increases, the distance, r, between the particles 

decreases on average and interparticle interferences become significant, leading to a structure 

factor peak at increasing q values (Figure 3). Equation (3) relates the structure factor S(q) to 

the radial distribution function g(r). 

푆(푞) = 1 + 4휋
푁
푉

[(푔(푟) − 1]
sin	(푞푟)
푞푟 푟 	푑푟	(3) 
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An analytical expression for S(q) is available in the Percus-Yevick approximation applied to a 

solution containing a volume fraction of hard spheres with a diameter equal to  [29]. The 

micelles are therefore modeled as effective hard spheres and represents the shortest possible 

distance between the centers of two neighboring micelles, that is, the intermicellar distance at 

which the potential energy becomes in theory infinite, in practice much larger than the 

thermal energy. The parameter also corresponds to the position of the first, most intense 

peak of g(r), and will be called the “hard sphere interaction distance” in the following. Of 

course, as the micelles are in fact soft spheres, it is not unexpected that the value of might 

change depending on the packing conditions of the micelles. 

The macroscopic scattering cross section corresponding to Equations (1)-(3) depends 

therefore on the following independent parameters: the average core radius (푅 ), the standard 

deviation of the core radius distribution (∆푅 ), the radius of gyration of the PtBA chains (Rg), 

the volume fraction of the micelles () and the interaction distance between the micelles (). 

As already mentioned, the aggregation number and the core radius are linked by the 

assumption of a dense core. The cross section has been calculated using a homemade IGOR 

procedure and the parameters have been tuned using a non-linear least-square fitting 

procedure to optimize the agreement with the experimental data. It has to be mentioned that 

the theoretical cross sections have been convoluted by a triangular apparatus function to take 

the wavelength spread into account (see experimental section). 

The experimental and calculated SANS intensities based on the Pedersen-Gerstenberg model 

are shown in Figure 5-a for the 2% w/v micellar solution. The average core radius was 

determined to be 99 ± 2 Å (note that this confidence interval takes only the precision of the 

numerical fitting procedure into account), in very good agreement with the AFM analysis (90 

± 10 Å). A radius of gyration of 46.0 ± 1 Å was obtained for PtBA coronal chains, leading to 

a total micellar radius of 191 ± 2 Å. These results are also compatible with the size of the 

micelles previously determined by DLS, that is, an average hydrodynamic radius Rh of 258 Å. 

In DLS, size averaging involves an intensity-weighted size distribution while the SANS data 

correspond to a simple number distribution. By converting the SANS number distribution to 

an intensity-weighted one [40,41], a value of 205 Å is calculated for the overall average 

radius.  
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The experimental and modeled scattering cross sections of the concentrated micellar solutions 

(concentrations ranging from 8 to 20 % w/v) are represented in Figures 5 (b-d). The model fits 

well the experimental curve in the low q regime, although at high q regime the model slightly 

peels off of the experimental curve and does not completely overlap. In the q range between 

0.07 and 0.25 Å1, the experimental cross section scales as 푞 . ± .  for all four 

concentrations. This corresponds to the expected law for chains with excluded volume and 

results from the large aggregation number of the micelles and from the good solvent 

conditions of the coronal chains. The adopted Pedersen-Gerstenberg model, however, neglects 

excluded volume effects; this implies a 푞 	dependence of the scattering cross section at high 

q. Additional interactions between terpyridine moieties, such as π-π interactions [42],  which 

affect the conformation of the coronal chains, could also contribute to the observed 

deviations. 

 

Figure 5 Experimental and calculated SANS intensities of 2% w/v (a), 8% w/v (b), 12% 

w/v (c) and 20% w/v (d) micellar solution prepared from the PS70-b-PtBA180-tpy block 

copolymer in deuterated ethanol. 
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The results obtained from the fits of the data are presented in Table 2. They include the core 

radius, the standard deviation of the core radius (∆푅 ), which gives an indication on the 

polydispersity of the micelle size, the radius of gyration of the PtBA chains, the total micellar 

radius (Rt), the hard sphere fraction volume, and the hard sphere interaction distance. Based 

on the large polydispersity (∆푅 = 15	Å	corresponding	to	∆푁 = 180) observed for the 

dilute solution, we consider that the decrease of the total micellar radius, that is, 20 Å from 

concentrations of 2 to 20 % w/v, is not significant. This is not surprising since the investigated 

micelles are formed of a glassy PS core which is not prone to reorganization and can therefore 

be considered as frozen. 
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Table 2 Results obtained from the fits of SANS data for the PS70-b-PtBA180-tpy diblock copolymer micellar solutions at different concentrations 

in deuterated ethanol and upon addition of different metal ions at 8 and 12 %w/v concentration. 

%a 푹  / Å b,c ∆푹풊/	Å d Rg / Å 
b,c Rt  / Å f  b,g  / Å b,h PG i

2 99 14.7 46.0 191 - - 0.03 

8 92 9.2 45.3 182 0.08 553 0.14 

12 91 9.5 42.6 176 0.19 470 0.20 

20 87 2.9 42.0 171 0.27 420 0.35 

Addition of metal ions at 8% w/v concentration  

Fe(II) 100 15.4 43.7 187 0.20 549  

Ni(II) 100 15.4 43.9 188 0.17 552  

Zn(II) 99 25.4 40.6 180 0.08 576  

Addition of metal ions at 12% w/v concentration  

Fe(II) 95 11.5 43.2 182 0.24 455  

Ni(II) 95 12.8 43.5 182 0.22 435  

Zn(II) 95 22.6 40.0 175 0.12 503  
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(a) Concentration w/v 
(b) The confidence intervals, resulting from the numerical fitting procedure, are estimated 
to about 2 Å for the core radius, to 1 Å for the coronal chain radius of gyration, to 0.01 for 
the hard sphere volume fraction, and to 2 Å for the hard sphere interaction distance. 
(c) Average radius of the PS core, deduced from the average aggregation number 푁   
(d) Standard deviation on the PS core radius due to the polydispersity of 푁   
(e) Radius of gyration of PtBA coronal chains  

(f) Micellar total radius (2Rg+푅 ) 

(g) Hard sphere volume fraction 
(h) Hard sphere interaction distance 
(i) Volume fraction estimated based on the Pedersen-Gerstenberg form factor analysis   
     (Equation 4) 
 

At concentrations larger than, or equal to, 8% w/v, a structure factor is visible and 

information on and can be inferred. As expected,  increases steadily with increasing 

copolymer concentration reaching 0.27 at 20% w/v. The hard sphere interaction distance,  

decreases when the concentration increases. No overlapping of the coronal chains takes place, 

however, since  remains significantly larger than 2Rt, even at 20% w/v. As mentioned 

previously, because the micelles are in fact soft spheres, it is not surprising that varies with 

the micelle concentration. At 20% w/v, micelles are thus more closely interacting but the 

coronal chains of neighboring micelles still do not overlap. The volume fraction can also be 

estimated independently based on the copolymer concentration ( ) and on the parameters 

deduced from the Pedersen-Gerstenberg form factor analysis, that is the core radius and the 

total micellar radius (Rt = Ri + 2Rg), according to the following formula: 

휙 =
푁 푧 푉

푀
푚
푉

푅
푅 						(4) 

where 푁  is Avogadro’s number, 푧  is the degree of polymerization of the PS block,  

푉  is the volume of a styrene elementary scatterer, and 푀  is the copolymer molar mass. 

The values of 휙 	are provided in the last column of the top part of Table 2. They are seen to 

correlate semi-quantitatively with the 휙  values deduced from the Percus-Yevick structure 

factor analysis. However, as the volume fraction depends on the third power of 푅 , it is very 

sensitive to any variation on the total radius. This total radius is, in addition, a somewhat ill-
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defined quantity because of the floppy nature of the Gaussian coronal chains, so that the 

definition of Rt  as Ri + 2Rg must be considered as only providing a reference value for 

comparison purposes. 

After having inferred the internal structure of the micelles from diluted to concentrated 

solutions, we investigated the impact of the metal ions on the formation of a micellar network. 

To this end, the micellar solutions were exposed to three metal ions (i.e. Ni(II), Fe(II) and 

Zn(II)). These transition metals form complexes with terpyridine ligands exhibiting various 

binding strengths. As already reported, the addition of 0.5 eq. of Fe(II) and Ni(II), with 

respect to the terpyridine, to a PS-b-PtBA-tpy micellar solution in ethanol induces the 

formation of a micellar gel already at 8% w/v concentration, while only a viscous solution is 

obtained in presence of Zn(II) [24]. The neutron scattering data of the micellar gels were 

analyzed as described above using the models of Percus-Yevick for the structure factor and of 

Pedersen-Gerstenberg for the form factor. The experimental and the fitted neutron scattered 

intensities of the gels obtained upon addition of metal ions to the PS70-b-PtBA180-tpy micellar 

solutions are shown in Figure 6 while the structural parameters inferred from these fits are 

summarized in Table 2. 

 

Figure 6 Experimental and calculated SANS intensities of the micellar solutions, from the 

PS70-b-PtBA180-tpy block copolymer at a concentration of 8% w/v in deuterated ethanol, in 

the presence of Fe(II) (a), Ni(II) (b) and Zn(II) (c) ions. 

The addition of 0.5 eq. of Ni(II) or Fe(II) to the 8% w/v micellar solution leads to the 

formation of a network since these ions form stable complexes with terpyridine ligands. 

Table 2 shows that an increase of the copolymer volume fraction is observed, corresponding 

to a contraction of the system which becomes a gel. Volume fractions similar to those 

obtained for the 12% w/v micellar solution without metal ion (Table 2) are reached. 

Interestingly, the hard sphere interaction distance, σ, is not affected meaning that the network 

is consistent with micelles interconnected via metal-terpyridine complexes, without, however, 
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interpenetration of the coronal chains that may lead to coronal chain entanglements 

(Scheme 3).  

 
Scheme 3 Schematic representation of the micellar network prepared by addition of Ni(II) 

or Fe(II) ions, and of the "flower like" micelles obtained in the case of Zn(II) ions at a 

concentration of 8% w/v. 

This interconnection process by chelation is responsible for the appearance of a hard gel. 

Two kinds of bridges between the PtBA chains are in fact expected: intramicellar and 

intermicellar. Most probably only a small fraction are intermicellar (the aggregation numbers 

are in the 350±200 range, taking the polydispersity into account) but these bridges are 

nevertheless responsible for the sol-to-gel transition. It must be noted here that the Percus-

Yevick model of course does not take the intermicellar connectivity into account. As the 

number of connections must be small with respect to the aggregation number, their direct 

contribution to the cross section is not expected to be significant. Only their indirect 

contribution, i.e. the changes that they induce on the spatial ordering of the micelles, affects 

significantly the cross section. 

Previous rheological measurements revealed that unlike Fe(II) or Ni(II), Zn(II) ions do not 

induce the formation of a network since Zn(II) ions form preferentially mono-complexes with 

terpyridine ligands [24]. Consistent with this hypothesis, SANS data for the micellar solution 

dosed with Zn(II) ions revealed a slight contraction of PtBA coronal chains of approximately 

5 Å, which represents a decrease of 11% compared to the initial radius of gyration of PtBA 

coronal chains without metal ions. In this case, mono-complexes are formed, resulting likely 

in a partial collapse of the coronal chains bearing those mono-complexes due to the reduced 

solubility of the latter. Our group has previously reported a similar behavior on PS47-b-

PtBA55-tpy block copolymer micelles in the dilute regime using DLS as characterization 
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tool [23] giving additional credit to the results obtained here by SANS. We also note that the 

hard sphere interaction distance increases by about 4% in the presence of Zn(II). This might 

result from the long-range electrostatic repulsion between the micelles, which now bear 

charges within the corona without being linked by intermicellar chelation. 

At a micellar concentration of 12% w/v, the structure factor peak was observed prior 

addition of metal ions, meaning that micelles are initially already relatively closely packed. 

The addition of 0.5 eq. Fe(II) or Ni(II) ions resulted in an increase of the micellar volume 

fraction, as already described for the 8% w/v concentration, but also in a decrease of the 

interaction distance (Table 2, Figure A1, Appendix III). As already mentioned for the pure 

micellar solutions, this reflects the fact that the micelles cannot be rigorously described as 

hard spheres, so that some dependence of the interaction distance on the volume fraction 

occurs. For Zn(II), a slight decrease of the radius of gyration of the PtBA chains as well as an 

increase of the hard sphere interaction distance were evidenced, following the tendency 

already observed for the 8% w/v concentration. The global micellar radius remains, however, 

not affected within experimental uncertainties. As discussed above, this increase of  might 

be due to the presence in the corona of charged terpyridine Zn(II) mono-complexes. 

The most concentrated micellar gels were prepared at a concentration of 16% w/v (Figure 

A2, Appendix III). We should mention that the blank solution of the same concentration was 

not investigated. In order to be able to compare the micellar gels at 16% w/v with the situation 

without metal ions, a hard sphere interaction distance and a volume fraction obtained by linear 

interpolation between 12 and 20% w/v concentration are mentioned in Table A1, Appendix III. 

At a higher concentration, micelles are closely interacting as revealed by a higher volume 

fraction as well as a shorter interaction distance for the micellar solution with no metal ion 

(Table A1, Appendix III). The addition of 0.5 eq. Fe(II) and Ni(II) ions yields a hard gel in 

agreement with the inferred shorter intermicellar distances and higher volume fractions. The 

observed volume fractions remain, however, below the freezing transition () for a 

hard sphere solution [43]. As mentioned above, the observed hard gel results from the 

reticulation process induced by intermicellar chelation between the terpyridine ligands and the 

metallic cations. Although Zn(II) ions do not induce the formation of a gel, a higher volume 

fraction as well as a shorter hard sphere interaction distance are evidenced compared to the 

previous lower concentrations. At such high concentration, the already dense packing of the 
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micelles is not expected to be much affected by the intermicellar chelation of the metal ions. 

The fact that the volume fraction for Fe(II) and Ni(II) ions remains close to 0.23 is thus not 

surprising. Taking into account a micellar radius in the dilute regime (2 % w/v) of 190 Å, the 

critical distance at which the overlap between coronal chains of neighboring micelles begins 

to occur is equal to 380 Å (2Rt). The addition of Fe(II) and Ni(II) ions therefore makes 

possible a slight interpenetration of the coronal chains of neighboring micelles, as evidenced 

by the decrease of  to reach 365 Å and 357 Å, for Fe(II) and Ni(II) ions respectively. The 

larger decrease of , compared to the situation at 8 and 12 % w/v, might be interpreted as 

resulting from a larger number of intermicellar complexes due to the denser micelle packing. 

In the case of Zn(II) ions,  decreases and becomes close to 2Rt because the formed mono-

complexes do not induce a micellar network. At 8 and 12 % w/v, an increase of  was 

observed upon addition of Zn(II) and was interpreted as resulting from long-range 

electrostatic repulsion by the charged terpyridine Zn(II) mono-complexes present in the 

corona. At higher concentration (both of the copolymer and of the ions), the larger ionic 

strength is expected to induce screening effects which, together with the already discussed 

decrease of the radius of gyration of the coronal chains, might account for the decrease of the 

interaction distance. 

 

4 Conclusion 
This contribution presents a detailed SANS investigation on metallo-supramolecular 

micellar gels based on PS-b-PtBA-tpy copolymers and transition metal ions. The influence of 

the concentration on the structure and spatial organization of the micelles was first studied 

without metal ions. At low concentration, the form factor prevails and may be described by 

the Pedersen-Gerstenberg model, from which the characteristic structural features of isolated 

micelles were determined. The inferred global sizes of these isolated micelles were found to 

be in agreement with dynamic light scattering results as well as with an AFM analysis. Upon 

increasing concentration, a structure factor peak arises from the interferences between the 

neutron waves scattered by more closely packed micelles. Fitting the experimental scattering 

cross section data with an analytical formula based on the Percus-Yevick hard sphere model 

for the structure factor and on the Pedersen-Gerstenberg model for the form factor allowed us 
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to determine the evolution of the volume fraction of the micelles and of the hard sphere 

interaction distance, as a function of the copolymer concentration. At a concentration of 20% 

w/v, micelles are closely interacting, but still without interpenetration of the coronal chains, a 

situation that would result in a hard sphere interaction distance shorter than twice the global 

micelle radius. 

In a second step, the impact of the addition of three metal ions (Fe(II), Ni(II) and Zn(II)) 

on the micelle structure and the formation of a network was investigated. Ni(II) and Fe(II), 

which exhibit higher binding strengths, lead to a micellar gel where micelles are 

interconnected by metal-terpyridine complexes, as revealed by an increase of the micellar 

volume fraction. A decrease of the hard sphere interaction distance is observed only at 

concentrations larger than 12 % w/v. At the highest investigated concentration (16 % w/v), a 

slight interpenetration of the coronal chains of neighboring micelles is deduced but the 

volume fraction remains, however, below the value corresponding to the freezing transition 

for hard spheres. The large G moduli previously observed result therefore from the 

intermicellar reticulation induced by the terpyridine-metal ion complexation.  On the other 

hand, Zn(II) forms intramicellar mono-complexes with terpyridine ligands. As a result, no 

micellar network is created, but rather a moderate collapse of the coronal chains was revealed 

by the decrease of the radius of gyration of PtBA coronal chains.  

In conclusion, SANS appears to be a powerful tool to investigate such complex systems 

based on supramolecular micellar gels, by providing insight on the inner structure and on the 

spatial organization of the micelles, in correlation with previously performed light scattering 

and rheology experiments. 
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Abstract 

In this chapter, the Small Angle Neutron Scattering technique (SANS) has been applied 

to investigate the interaction between a cyclodextrin (CD) and liposomes. From the 

modelling of the experimental neutron scattering cross sections, the detailed structure of 

dimyristoylphosphatidylcholine (DMPC) liposomes is assessed upon addition of increasing 

amounts of randomly methylated β-CD (RAMEB). This study has been performed at two 

temperatures bracketing the phase transition of the DMPC bilayers. The fraction of DMPC 

molecules incorporated into the vesicles is inferred. The dose-dependent phospholipidic 

extraction by RAMEB is quantified as well as the concomitant evolution of the liposome 

radius and of the thickness of the hydrophobic and hydrophilic parts of the membrane. The 

possible formation of CD-DMPC inclusion complexes is also assessed. The data suggest the 

dose-dependent coverage by RAMEB of the outer liposome interface. Our analysis 

highlights the important role of temperature on the mechanism of action of RAMEB. These 

results are discussed in the framework of the Area-Difference-Elasticity model. 
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1 Introduction 
Cyclodextrins (CD) were first described by Villiers in 1891[1,2]. However, Schardinger and 

Cramer, at the beginning of the 20th century, really laid the foundations of cyclodextrin chemistry 

[3,4]. They discovered three types of natural cyclodextrins (CD), α-, β- and γ-CD, which consist 

respectively of six, seven and eight glucopyranose units linked head-to-tail to build a ring and 

which adopt each the shape of a truncated cone. CD present an hydrophilic surface and a 

lipophilic central cavity leading to inclusion and non-inclusion complexes for a variety of host 

molecules [5,6]. Intensively investigated due to their cavitant properties, CD are nowadays 

widely used in the food, cosmetic, textile or pharmaceutical industry [7-14].  

β-CD are prone to include cholesterol because their cavity size is sufficiently large [15]. As a 

consequence, they are relevant tools to investigate the plasma cell membrane and particularly the 

lipid raft function [16-18]. Several studies showed that cholesterol-containing membranes are 

more sensitive to methylated CD than to natural CD [16,19,20]. Among the former, the randomly 

methylated β-CD (RAMEB) passed all toxicological tests [16,19-23]. 

Despite several studies [24], the mechanism of action of RAMEB on cell membranes remains 

poorly understood. Most measurements focused only on the cholesterol extraction and did not 

address the possible competitive phospholipid removal which might also be of major importance. 

β-CD are widely used indeed in the presence of phospholipids and some recent investigations 

have pointed out that lipid desorption induced by CD can lead to the formation of aggregates with 

solubilizing properties[25,26]. The understanding of CD action on phospholipid membranes is 

thus of the highest importance. In this paper, we investigate the interaction between a methylated 

β-CD and a model membrane using the Small-Angle Neutron Scattering technique (SANS), 

which is a powerful method to investigate model membranes [27-36]. This technique will first be 

applied to analyze the interaction between RAMEB and liposomes containing only 

phospholipids. In a second paper, the interaction between cyclodextrins (RAMEB) and 

cholesterol-doped liposomes will be addressed.  

In a previous work, our group focused on the evaluation of the RAMEB action directly on 

cell membranes using electron spin resonance [37]. A more common way to evaluate the damage 
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caused by a CD on biomembranes is to use a lipid assay kit [16]. As the CD action on natural 

membranes is extremely complex, the use of models consisting of lipid bilayers is a relevant 

approach to reach a better understanding of the involved processes. Liposomes represent such an 

appropriate model. In addition to mimicking the membrane, liposomes can also be used as drug 

enhancers [38-43]. Another field also uses cyclodextrins as drug release modulators within 

liposomes [44-46].  

Various techniques have been applied in order to understand the influence of CD on the 

stability as well as on the integrity of vesicle bilayers. Electron spin resonance highlighted the 

microviscosity changes induced by CD on liposome membranes [37]. The release of a fluorescent 

probe initially encapsulated in the liposomes has been used to evaluate the liposome integrity in 

contact with different amounts of CD [47]. Turbidity measurements have been performed to 

quantify the lipid leakage induced by CD on the liposome bilayer [19]. The structural changes 

were also assessed using differential scanning calorimetry [48], freeze-fracture electron 

microscopy [47], binding isotherms [49] or photon-correlation spectroscopy [19,23,49,50]. 

Despite all these studies, rare are those involving specifically the interaction between β-CD and 

phospholipids [19,49,51]. And, to the best of our knowledge, only information on the global 

liposome size and dispersity could be inferred from the previously mentioned techniques which 

do not give access to the internal structure of the bilayer.  

The SANS technique is a powerful way to infer, from the modelling of the experimental 

neutron scattering cross sections, the detailed liposome structure which we define by the 

following parameters: average radius, thickness of both the hydrophobic and hydrophilic parts of 

the liposome bilayer, and liposome size polydispersity. In the present work, the evolution of these 

parameters has been monitored as a function of RAMEB concentration. The possible coverage by 

the RAMEB molecules at the liposome-water interface was also considered.  

Because of the existence of a phase transition associated with a change in the conformational 

order of the phospholipid acyl chains influencing the membrane fluidity [52], the influence of 

RAMEB on the liposome structure was considered at two temperatures (above and below the 

bilayer phase transition). In this study, we selected liposomes resulting from the self-assembling 



Chapter VI – Investigation of the interaction between a β-cyclodextrin and DMPC liposomes 

145 

 

of dimyristoylphosphatidylcholine (DMPC) which have a phase transition temperature close to 

23°C. Dynamic light scattering (DLS) and surface tension measurements were performed in 

parallel to the SANS investigation. 

2 Materials and methods 

2.1 Liposome preparation 
Dimyristoylphosphatidylcholine (DMPC) and octadecylamine (also called stearylamine , SA) 

were purchased from Sigma (Aldrich, Belgium) and were used without further purification. 

Phospholipid vesicles were prepared by hydration of lipid films as described by Hope et al. [53]. 

DMPC was first dissolved in chloroform to a concentration of 7.4 mM. The liposomes contained 

a molar fraction of 90% of DMPC (4.5 mg/mL) and were doped with 10% of SA (0.2 mg/mL): 

SA was added to the vesicles in order to prevent their spontaneous fusion, which is known to 

appear above the DMPC bilayer phase transition temperature [54]. The chloroform/phospholipid 

mixture was then stirred for 5 min and the solvent was evaporated under vacuum. The resulting 

lipid film was suspended in deuterium oxide (Sigma Aldrich, Belgium), and stirred by a vortex 

mixer in order to obtain large multilamellar vesicles (MLV) [55]. After hydration, five freeze-

thaw cycles using liquid nitrogen were carried out to allow a better incorporation of the SA into 

the liposome phospholipidic bilayers. The MLV suspension was then transferred into an extruder 

(Lipex Biomembrane, Canada) with two (stacked) polycarbonate filters (0.1 m pore size, 

Nucleopore, CA), under a pressure gradient up to 6800Pa of nitrogen (Air Liquide, Belgium). 

The procedure was repeated ten times at 35°C and resulted in unilamellar liposomes, as 

demonstrated by Olson et al. [56]. Once prepared, the liposomes were incubated with RAMEB 

(degree of substitution equal to 12.6; purchased fromWacker Chemie GmbH, Germany) at 

selected concentrations. The RAMEB solution had been first filtered on a microfilter with a pore 

size of 0.2 µm.  
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2.2 Surface Tension Measurements 
Aqueous RAMEB solutions were prepared at various concentrations in the 10-5 to 10-1 M 

range. Surface tension measurements were collected in multi-well plates supplied with a 

MicroTrough S (Kibron, Germany) apparatus. Each plate contained 15 wells with a volume of 

500 µl each and the data collection was performed with the Film Ware software (version 3.4). 

Each measurement was repeated 15 times at room temperature. 

2.3 Dynamic Light Scattering (DLS) 
DLS measurements were carried out with a particle size analyzer (Delsa Nano C, Particle 

Analyzer, Beckman Coulter) at a fixed scattering angle of 165°. The light source is a diode laser 

operating at =658 nm and 30 mW power.  Measurements on the DMPC-liposome solutions in 

contact with different amounts of RAMEB were performed at two different temperatures (14 and 

34°C) in duplicate. Each measure lasted about 20 minutes. Initially the liposome and RAMEB 

solutions were both filtered on a microfilter with a pore size of 0.2 µm. Data were handled using 

the CONTIN algorithm using the Delsa Nano software. At least four individual histograms were 

averaged leading to smooth distributions. 

2.4 Small-Angle Neutron Scattering (SANS) 
The SANS cross-sections of unilamellar DMPC vesicles in D2O in contact with different 

concentrations of RAMEB were collected at the Jülich Centre for Neutron Science (JCNS) at two 

temperatures: 14°C and 34°C. The KWS1 and KWS2 small-angle instruments were used to 

collect data at three sample-detector distances: 2, 8 and 20m. The neutron wavelength, λ, was 

equal to 6.00 Å ± 0.60 Å after mechanical velocity selection. These conditions correspond to a 

momentum transfer range, q, from 2.36 10-3 Å-1 to 1.96 10-1 Å-1 where 푞 = 4휋
 	sin	(휃) and 2θ 

is the scattering angle.  

The scattered neutrons were detected on a two-dimensional 6Li scintillation counter. Radial 

averaging led to a one-dimensional scattering function I(q). The incoherent background was 

removed using a blank sample. Corrections for the background and sample holder contributions 

were carried out according to standard data handling procedures (see, e.g. [57]. The data 
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corresponding to the liposome solutions and to the pure solvent (D2O) were handled in an 

identical way, and the scattering intensities were converted to macroscopic scattering cross-

sections per unit volume, dd (cm-1), using calibration with a Poly(methyl methacrylate) 

sample. The liposome contribution was obtained by subtracting the cross section of the solvent, 

weighted by its volume fraction.  

2.5 SANS Data handling 
The liposomes are assumed to be spherical, consisting of concentric shells of mean radius R. 

The inner hydrophilic shell, the hydrophobic shell and the outer hydrophilic shell thicknesses are 

respectively denoted as din, D, and dout. (Fig. 1a) The macroscopic scattering cross-section for the 

liposomes is given by the following formula 

푑훴
푑훺 =

[퐷푀푃퐶]	푁 10
〈푁〉

|퐴(푞)| 푃 (푅)푑푅		 	(1) 

with 〈푁〉 = ∫ 푁(푅)푃 (푅)푑푅		 

where [DMPC] is the total DMPC concentration in mol/L, N(R) is the aggregation number of 

liposomes with radius R and Pn(R) represents the liposome size distribution. Because the 

liposome solution was sufficiently diluted, the interferences between waves scattered by different 

liposomes may be ignored [58]. The scattering amplitude A(q) is given by 

퐴(푞) = 4휋 ∫ 휌 (푟) 	( ) 	푟²	푑푟	 (2) 

where the excess scattering length density 휌 is a function of the distance r from the center of the 

liposome and is equal to 

휌(푟) = 	 휌 휑 (푟) + 휌 휑 (푟)       (3) 
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We define as elementary scatterers the respective hydrophobic tails and  hydrophilic heads of 

SA and DMPC. Depending on the zone of the liposome considered, 휌 and 휌 correspond to 

the excess scattering length density of the head or tail of the molecules. φSA and φDMPC are their 

respective volume fractions.  A linear water penetration profile is assumed in the polar parts of 

the DMPC/SA bilayer (Fig. 1b). When cyclodextrin was added, its possible presence at the 

liposome/water interface has been included in the model in the following way. An additional 

layer with a thickness equal to 7.8Å [59], that is the height of a CD molecule, is considered. 

The scattering length density for this layer is calculated assuming a variable volume fraction of 

cyclodextrin within this layer which is otherwise filled by the water solvent. This volume fraction 

is then an additional fitting parameter. 
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Fig. 1(a) Structure of a modelled liposome (see text for details); (b) Volume fraction of the 

DMPC/SA constituents of the liposome as a function of the distance from the center of the 

liposome (dash-dotted line). The volume fraction of water is shown as a dashed line. The CD 

fraction is not shown. 
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The following size distribution, inspired from the analysis of the vesicle size obtained by 

Hope et al. (1985) [53], has been used 

푃 (푧) = 퐶	exp	(−푒 − 푧 + 1)  (3) 

푧 =       (4) 

where C is a normalization coefficient. The average radius is then given by  

〈푅〉 = 푅 + 0.577휎 and the standard deviation, δ, is proportional to σ: 훿 = 1.283휎. 

As will be discussed later, the addition of RAMEB leads to the partial disruption of the 

liposomes and to the possible formation of inclusion complexes between RAMEB molecules and 

extracted DMPC chains. The contribution of these complexes to the scattering cross section has 

to be also considered. Based on the work of Anderson et al.  [60] who detected 4:1 RAMEB - 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC) CD-POPC complexes, we assumed 

that 4:1 RAMEB-DMPC might be present and we modelled them as homogeneous spheres with a 

volume equal to four times the volume of a RAMEB molecule and with a scattering length 

density estimated from the atomic composition of the RAMEB and DMPC molecules. As the 

contribution of these complexes is not expected to be large, it does not seem relevant to 

implement a most sophisticated model. This contribution is then simply weighted by an 

additional fitting parameter and added to the liposome cross section. 

The model depends therefore on five independent parameters, that is: (i) the average radius of 

the liposome (〈R〉), (ii) the standard deviation of the radius, (iii) the thickness of the hydrophobic 

part (D), (iv) the volume fraction of RAMEB covering the surface of the vesicles (φ), and (v) the 

weighting factor of the contribution of the RAMEB-DMPC inclusion complexes.  The other 

parameters are not independent. The knowledge of R and D leads to the volume of the 

hydrophobic shell, from which the aggregation number (number of individual amphiphilic 

molecules that are self-assembled in the vesicle) can be calculated based on the individual 

molecular volumes of the hydrophobic scatterers. The knowledge of the aggregation number, of 
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the scatterer volumes, and of the volume fractions (see Fig. 1b) makes the calculation of dout and 

din, possible. 

Equation (1) involves the DMPC total concentration. However, due to the extrusion steps, the 

final total DMPC concentration is not precisely known. Part of the material must be retained by 

the polycarbonate filter during the repeated extrusion steps (see Material and methods). The 

actual final concentration of DMPC chains incorporated into the liposomes is related to the initial 

one (7.4 mM) via a correcting multiplying factor, denoted as m (m1). This factor, which results 

from the data fits, may also account for the possibility of (i) unassociated free DMPC chains 

which are too small to be seen in SANS and (ii) other types of self-assembled objects, like 

clusters of liposomes, whose size would be too large for them to be detected in our limited q 

range.  

The total scattering cross section is then convoluted with an apparatus function in order to 

take into account the experimental resolution (see experimental part). A triangular shape has been 

assumed for the scattering vector spread (q/q = 10%). The resulting model cross sections are 

then fitted to the experimental scattering curves and the quality of the fit has been monitored by 

calculating the 2 both in linear and in logarithmic mode. 

2.6 Comparison of SANS and DLS size distributions 
The analysis of the SANS data provides us with a number-weighted radius distribution, 

denoted Pn. The CONTIN algorithm used for the DLS data analysis leads to an intensity-

weighted distribution, Pi, of the hydrodynamic radius. These two distributions are not equivalent 

but may be connected through the following equation [61,62]: 

  푃 =
[ ( )] ( ; )

        (5) 

where M(R) is the molecular weight of a vesicle of  radius R. M(R) is proportional to the square 

of the vesicle radius: 

                            푀(푅) = 4휋푅²퐷휌̅       (6) 
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where 퐷 represents the global thickness and 휌̅ the average density of the bilayer. F(q;R) is the 

form factor of the vesicle at the q value corresponding to the wavelength and detection angle of 

the DLS instrument. Because all the information required to calculate F(q;R) is available from 

the analysis of our SANS data, we found more consistent and practical to convert the Pn SANS 

distributions to Pi distributions which are comparable to the DLS distributions. This makes an 

easy and relevant comparison between DLS and SANS data possible, as will be discussed in 

Section 3. It must be emphasized that the liposome radii obtained by averaging over Pi are as a 

rule larger than those obtained from Pn because of the R2 weighting factor appearing in equation 

(6). This has to be kept in mind when comparing different figures of the discussion section. 

3 Results and discussion 
Typical SANS cross-sections of DMPC vesicles without and with added RAMEB (at a 

concentration of 20 mM) as well as fits using the model described in Section 2.5 are displayed in 

Fig. 2.  A good agreement is observed between the experimental and fitted data. 
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Fig. 2 Experimental macroscopic cross-sections of the liposomes (+ gray symbols) and their 

fits to the analytical model described in section 2.5 (red dotted line). The individual contribution 

of RAMEB-DMPC inclusion complexes is displayed as a black dotted line. (a) Pure liposomes at 

14°C; (b) Liposomes at 14°C in contact with RAMEB at a concentration of 20 mM; (c) Pure 

liposomes at 34°C; (d) Liposomes in contact with RAMEB at a concentration of 20 mM at 34°C.   

3.1 Fraction of DMPC molecules included in the unilamellar liposomes 
The m parameter defined in Section 2.5 represents the fraction of the DMPC molecules which 

are actually included in liposomes. Three phenomena may be responsible for m values lower than 

unity: (i) the loss of DMPC material during the extrusion procedure, (ii) the presence of 

unassociated DMPC chains, and (iii) aggregation processes leading to structures which are too 

large to be detected in our q range. As RAMEB was added at the last step of the sample 

preparation procedure, the contribution of process (i) is the same for all samples. Relevant 

information may therefore be inferred about the possible additional influence of RAMEB on 

processes (ii) and (iii) globally, from the evolution of the m/m0 parameter upon increasing 
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RAMEB concentration at 14°C and 34°C (Fig. 3). m0 is the value of m in the absence of 

RAMEB. 

 

Fig. 3 Influence of RAMEB on the fraction of DMPC molecules included in the liposomes 

(m/m0 parameter) at 14°C (black squares) and 34°C (grey dots) 

Up to 10 mM of RAMEB, no significant variation of m/m0 is detected within experimental 

limits. The slight increase from 1.0 to 1.120.05 in the [RAMEB] = 0 – 10 mM range at 14°C 

lies at the limit of experimental significance. It may be either assigned to experimental 

uncertainties or to a possible de-clustering of initially undetectable aggregated liposomes, leading 

to an increase of the cross section in the sampled q range. The most significant effect is, however, 

a regular linear decrease which takes place above 10 mM of CD for both temperatures. 21 ± 5 % 

of the initial liposomes are no longer detected at [RAMEB] = 30 mM at 14°C. At 34°C, this 

amount becomes even larger, 47 ± 5%. This effect is assigned to the solubilization of part of the 

liposomes resulting from the extraction of DMPC phospholipid chains by the β-CD, in agreement 

with the conclusions drawn by Hatzi and coworkers [19]. This extraction is made in a dose-

dependent way and may lead either to aggregates composed of RAMEB and phospholipids that 

become larger with increasing RAMEB concentration [21,37] or to solubilized chains 

encapsulated by cyclodextrins [60] which provide a small contribution to the scattering cross 

section. As explained in section 2.5, we modelled this contribution by assuming, following 

Anderson et al [60] a 4:1 stoechiometry for the RAMEB-DMPC complexes and by describing 
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them as homogeneous spheres [63]. This contribution is displayed as black dotted lines in Fig. 2. 

It must be emphasized at this point that isolated DMPC or RAMEB molecules cannot be 

detected: they would lead to a scattering cross section in the 104 cm1 range at q = 0, which 

corresponds to the noise level. Based on the cross section at q = 0 for this contribution and on the 

relevant scattering length values, the concentration of the inclusion complexes and therefore, the 

fraction of DMPC molecules included into these complexes can be inferred. The accuracy of 

these data is, however, limited, due to the small associated cross section. At [RAMEB] = 30 mM, 

the inclusion complex concentration is estimated to be 2.3±1.7 mM and 3.8±1.3mM at 14°C and 

34°C, respectively. Compared to the total concentration of 7.4 mM, this corresponds to 31% and 

51%. These values compare favorably with the above-cited values of 21% and 47% inferred 

above from the m/m0 parameter, taking into account (i) the low accuracy of the determined 

inclusion complex cross section, and (ii) the fact that part of the DMPC molecules are lost during 

the extrusion process. Despite these caveats, these data suggest that DMPC extraction by 

RAMEB leading to inclusion complexes is probably one important mechanism operating under 

our experimental conditions. 

Surface tension measurements were also performed, showing that RAMEB is able to weakly 

cluster above 15 ± 2 mM in agreement with Messner et al. [26]. These observations and the fact 

that no significant liposome solubilization is observed below 10 mM of RAMEB suggest that 

CD-clusters might also play a role in the liposome destruction. 

The more efficient solubilization observed above the transition temperature is linked to the 

larger mobility of the DMPC chains in the fluid phase. 
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3.2 Liposome Radius, aggregation Number, and polydispersity 
The evolution of the average radius of the surviving liposomes inferred from SANS upon 

addition of increasing amounts of RAMEB is shown in Fig. 4a. Without RAMEB addition, the 

average radius and aggregation number are identical below and above the transition temperature. 

This situation results directly from the extrusion procedure which governs the size distribution. 

These results are also in agreement with Kiselev et al. [64]. As soon as RAMEB is added, 

temperature is seen to influence the liposome size evolution: below the DMPC transition 

temperature, the average liposome radius increases upon addition of CD whereas it remains 

nearly constant at 34°C.  

 

Fig. 4 Average liposome radius (a) and aggregation number (b) at different RAMEB 

concentrations at 14°C (black squares) and 34°C (grey dots). Note that the displayed radii are 

obtained by averaging over a number-weighted size distribution. 
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The evolution of the average size of the surviving liposomes is logically linked to that of the 

average aggregation number as shown in Fig. 4b. 

Fig. 5a displays the influence of RAMEB on the liposome polydispersity. An increase is 

highlighted at 14°C but at 34°C the polydispersity is not significantly affected. This evolution is 

directly visible on the SANS cross sections displayed in Fig. 2. 

This behavior as a function of the RAMEB concentration and of temperature is confirmed by 

DLS measurements (Fig. 5b and 5c). We recall here that the SANS size distributions have been 

converted into intensity-weighted distributions to make them comparable with the distributions 

inferred from DLS. As alluded to in Section 2.6, this is the reason why the maxima of the 

distributions in Figs. 5b and 5c correspond to larger radii than the average values of Fig. 4a, e.g. 

395 Å (Fig. 4a) compared to 490 Å (Fig. 5b). 
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Fig. 5 (a) Standard deviation of the radius of the DMPC liposomes at 14°C (black squares) 

and 34°C (grey dots), as inferred from SANS, as a function of RAMEB concentration. (b) 

Liposome radius distribution at 14°C determined by DLS (dotted line) and SANS (solid line) for 

pure liposomes and (c) for liposomes in contact with RAMEB at a concentration of 20 mM. The 

SANS size distributions have been converted into intensity-weighted distributions, Pi(R),  to make 

them comparable with the distributions inferred from DLS  
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3.2.1 Below the DMPC transition temperature 
Because it is well accepted that CD are not able to penetrate into phospholipid membranes 

[6,13,65], the increase in liposome size at 14°C could not be explained by a CD inclusion into the 

bilayer. We suggest that DMPC extraction by RAMEB leads to preferential destruction of the 

small vesicles so that the size distribution of the surviving liposomes is shifted towards larger R 

values. As will be discussed below (Section 3.2.3), small liposomes have a larger curvature and a 

higher elastic energy, so that phospholipid extraction by CD favors their solubilization compared 

to larger ones. 

However, because an increase of the polydispersity is also observed, this mechanism cannot 

be the only one which operates. It might be suggested that the DMPC molecules from small 

disrupted liposomes partly become included into the RAMEB-DMPC inclusion complexes 

discussed above and partly contribute to the formation of larger, more stable liposomes which 

would be responsible for the increased polydispersity. It has been proposed by Puskas and 

Csempesz that cyclodextrins may induce aggregation/or fusion of the vesicles [66]. This 

hypothesis is also compatible with the shift in the size distribution towards larger R values as 

observed on Fig. 4a.  

The comparison of Figs. 3 and 4a shows that the conclusions drawn from both the m/m0 and R 

parameters are compatible. A RAMEB concentration of 7.5 ± 2.5 mM must be reached in order 

that a significant effect is observed. 

3.2.2 Above the DMPC transition temperature 
Figs. 3 and 4 lead us to the  conclusion that, at 34°C, (i) the fraction of DMPC molecules 

within unilamellar liposomes decreases upon RAMEB addition but that (ii) the average vesicle 

size is not significantly affected by the interactions with the CD.  

These observations lead us to the hypothesis that phospholipid extraction above the DMPC 

bilayer transition temperature disrupts the liposomes to about the same extent whatever their size, 

contrarily to the situation prevailing below the transition temperature. As a consequence, the size 

distribution remains more or less unaffected and the average radius change is negligible.  
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3.2.3 Comparison between the behaviors below and above the transition temperature 
A double question arises. Why do small liposomes become more easily disrupted than bigger 

ones below the gel-fluid transition temperature? Why does this differentiated behavior vanish 

above the transition temperature? 

Bending a bilayer has an energy cost. In the frame of the Area-Difference-Elasticity (ADE) 

model [67], the total elastic energy, EB, of a bilayer of fixed mean area A is written as 

퐸 = 휅 ∫ 푑퐴 (퐶 + 퐶 ) + (∆퐴 − ∆퐴 )²                 (7) 

where 휅  is the bending modulus, C1 and C2 are the local curvatures along the two principal 

directions, D is the bilayer thickness, α is a constant which depends on the phospholipid and 

which is close to unity. ∆퐴  is the area difference between the outer and inner unstressed 

monolayers, due to the different numbers of phospholipid molecules they may contain, whereas 

∆A is the actual area difference within the liposome. The first term of equation (7) is the Helfrich 

bending energy [68], at fixed bilayer area, whereas the second contribution takes into account the 

fact that bending a bilayer involves stretching the outer monolayer and compressing the inner 

one. 

Equation (7) is strictly valid a 0 K. At finite temperatures, it becomes necessary to consider 

the membrane fluctuations through the renormalized bending energy [69,70]. The size 

distribution of a system of vesicles has been shown to depend exponentially on the renormalized 

bending energy, EB(R) divided by the thermal energy kBT [69]. This renormalized bending energy 

takes into account the fact that membrane undulations at finite temperature lower the free energy 

uptake associated with the membrane bending required to build a vesicle. Vesicles of radius R 

close to the undulation wavelength will be formed preferentially. The effective, renormalized 

bending modulus decreases with the characteristic length scale of the vesicle, so that for  

푅 ≈ 퐷		푒푥푝 	             (8) 
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where 휅 is the not renormalized bending modulus, the renormalized bending modulus is close to 

zero [70]. 휅 has been observed to decrease by about two orders of magnitude at the transition 

temperature [70]. 

Equations (7) and (8) provide two possible, and not mutually exclusive, explanations for the 

observed temperature-dependent behavior. First, our liposome preparation procedure leads to 

unilamellar spherical liposomes with an average radius of 400 Å and a moderately narrow size 

distribution (Fig. 5). Despite their bending, they are kinetically stabilized, in particular through 

the insertion of stearylammonium chains. Below the transition temperature, due to the large 휅 

value, the bending energy is expected to vary significantly through the sampled R range, so that 

the smaller vesicles are much less stable and more prone to disruption following RAMEB-

induced phospholipid extraction. Bilayer reorganization and formation of larger vesicles are 

expected to take place as inferred from the increase of the liposome polydispersity. Above the 

transition temperature, the Helfrich energy is much smaller due to the above-mentioned decrease 

of the bending modulus, so that the stability differences for different radii are significantly 

attenuated. The extraction of DMPC chains by RAMEB is probably favored by the higher 

mobility of the phospholipid chains (as we already pointed out when analyzing the m/m0 

parameter) but all vesicle sizes tend to be affected in a similar way. 

A second contribution may arise from the second term of equation (7). Extraction of DMPC 

molecules by RAMEB involves necessarily the outer monolayer so that  ∆퐴 	decreases leading to 

an increase of 	(∆퐴 − ∆퐴 )² . This effect will be particularly important for small liposomes 

(small mean area A) and in the gel phase (large	κ ). This is also compatible with the observed 

behavior. 

 

3.2.4 Coverage of the liposome external layer by RAMEB  
 Another parameter derived from the data modelling is the volume fraction of RAMEB 

covering the liposome surface. Fig. 6 highlights the dose dependent covering of liposomes by 

RAMEB. The coverage levels off at a volume fraction of about 0.5 and the largest increase takes 
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place between [RAMEB] = 0 and 10 mM. This can be correlated to the threshold observed in Fig. 

3 for efficient DMPC extraction. When 30 mM of RAMEB is reached, half of the vesicle surface 

is covered. An adsorption of native-CD on membranes has been previously reported [71] and 

explained by an hydrogen bond formation between the phospholipidic polar head group and one 

hydroxyl group of the CD. RAMEB, however, possesses less –OH groups, which are replaced by 

methyl groups, so that the interaction with DMPC is expected to be weaker. As a matter of fact, 

our data do not provide us with any information on the strength of the link between the RAMEB 

molecules and the liposome outer surface. The fact that a large molar excess of RAMEB with 

respect to DMPC is used and that evidence for inclusion complexes has been found, which pleads 

for reasonable interaction energies, may justify a relatively large volume fraction of RAMEB at 

the liposome-water interface. 

 

Fig. 6 Volume fraction of RAMEB on the liposome surface at 14°C (black squares) and 34°C 

(grey dots) 

3.3 Bilayer thickness 
The detailed liposome bilayer structure has also been assessed. Fig. 7 shows how the 

hydrophilic (Fig. 7a) and hydrophobic (Fig. 7b) sublayers of the membrane vary as a function of 

the RAMEB concentration. Note that d is the average thickness of the inner and outer hydrophilic 

sublayers. 
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Fig. 7 DMPC sublayer thickness as a function of RAMEB concentration at 14°C (black 

squares) and 34°C (grey dots). (a) Average hydrophilic sublayer thickness; (b) Hydrophobic 

sublayer thickness 

As inferred from the SANS data, the global thickness of the DMPC membranes in the 

absence of RAMEB is 41 ± 4Å at 34°C, with hydrophobic and hydrophilic contributions equal to 

respectively 25 ± 2 Å and 8,0 ± 0,9 Å. The membrane bilayer thickness of the same liposomes 

increases at 14°C and reaches 51 ± 3 Å with hydrophobic and hydrophilic contributions which 

are respectively 31,4 ± 1,5 Å and 9,9 ± 0,7 Å. These results are in agreement with Kiselev’s 

[64,72-74] and Kučerka’s works [33]. It has to be kept in mind that the Luzzati thickness 

displayed in the latter reference cannot be directly compared to our value [75,76]. The larger 

value of the DMPC membrane thickness at 14°C is associated with the DMPC phase transition. 

At 14°C, the DMPC molecules are in a rigid and structured phase: the hydrophobic chains adopt 

elongated anti-conformations which optimize their mutual non-covalent interactions. The 

maximum chain-length for the DMPC hydrophobic moiety in an all anti-configuration is equal to 
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6 2,5Å=15Å, so that the hydrophobic sublayer is then expected to be 30Å thick which 

corresponds exactly to the observed hydrophobic thickness at 14°C. At 34°C, the phospholipid 

chains are in a fluid state leading to a thinner membrane because the entropic driving force favors 

gauche conformations leading to a more compact molecular shape. These results have been 

confirmed by several study [75,76]. 

DMPC extraction by RAMEB leads at 14°C to a decrease of the bilayer thickness of the 

surviving liposomes. On an absolute scale, the decrease is slightly more significant for the 

hydrophobic part than for the hydrophilic part. This decrease of the global bilayer thickness upon 

addition of RAMEB is compatible with the findings of our previous work [37]. At 34°C, no 

significant change could be inferred. 

We suggest the following tentative mechanism, which is compatible with the results on the 

average radius presented in a Subsection 3.2. After phospholipid extraction by RAMEB, some 

liposomes are completely disrupted, some are not. Fig. 3 shows that, depending on the 

temperature, 25 to 45% of the liposomes are disrupted. They are either no longer detected in our 

SANS experiments or detected as RAMEB-DMPC inclusion complexes. In the surviving 

liposomes, the space made available by the extracted chains allows relaxation processes for the 

remaining ones. Intercalation of DMPC hydrophobic chains from the inner part of the liposome 

into the available free space of the outer part becomes possible. This space may also be used by 

their neighbor molecules which can now adopt a larger number of gauche-conformations and, as 

a consequence, a more compact shape leading to a thinner sublayer. From this point of view, it is 

logical that the long hydrophobic chains are more affected than the smaller polar heads, so that 

the hydrophobic sublayer thickness decreases more upon RAMEB addition than the hydrophilic 

ones. At 34°C, above the bilayer transition temperature, it can be argued that the larger 

proportion of gauche-conformations already present without RAMEB, as mentioned above, 

makes the bilayer less prone to an additional thickness reduction. 
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4 Conclusions 
The small angle neutron scattering technique has been applied to characterize the influence of 

a methylated β-cyclodextrin (RAMEB) on the structural parameters of DMPC liposomes. The 

SANS data are corroborated by DLS experiments but provide us with a more detailed picture of 

the liposome – cyclodextrin interactions.  

The evolution of the fraction of DMPC molecules inserted in the liposomes, and of the 

aggregation number, confirms that RAMEB at a concentration larger than 10 mM is able to 

significantly affect the vesicles by extracting phospholipids in a dose dependent way. Information 

about the coverage of the liposome outer interface by RAMEB was also accessed: at 30 mM of 

RAMEB, about half of the liposome is covered. Part of the extracted DMPC chains becomes 

inserted into RAMEB-DMPC inclusion complexes. Part of them participates in the 

reorganization of the vesicles, leading to larger, more stable liposomes. The fact that the RAMEB 

influence becomes significant only for [RAMEB] > 10 mM is compatible with the conclusions of 

Anderson et al [60], who conclude to minimal phospholipid membrane disruption below 15 mM.  

 The important influence of the temperature on the phospholipidic extraction has been 

highlighted. Below the bilayer transition temperature, the average liposome radius increases upon 

addition of RAMEB, an observation which we interpret as a preferential disruption of the small 

vesicles by the CD and which we correlate with the different contributions to the bilayer bending 

energy in the framework of the Area-Difference-Elasticity model [67]. The polydispersity 

increase is assigned to the reorganization process involving random insertion of extracted DMPC 

chains into larger liposomes. Above the transition temperature, due to a much smaller bilayer 

bending modulus, all vesicles are suggested to be affected to the same extent by the interaction 

with RAMEB, which leaves the size distribution nearly unaffected. 

The modelled SANS data allowed us to evaluate the effect of the CD on the DMPC 

membrane thickness below and above the transition temperature. At 14°C, addition of RAMEB 

leads to a decrease of the bilayer thickness, which is interpreted as a relaxation of the remaining 

chains in the space made available by the loss of the extracted ones. No significant effect is 

observed at 34°C. 
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Abstract 

In this chapter, the Small-Angle Neutron Scattering technique (SANS) has been applied 

to characterize the influence of a randomly methylated β–cyclodextrin (CD), called 

RAMEB, on dimyristoylphosphatidylcholine (DMPC) liposomes doped with cholesterol. 

From the modelling of the experimental neutron scattering crosssections, the detailed 

response of the vesicle structure upon addition of increasing amounts of RAMEB up to 30 

mM has been assessed. This study has been performed below and above the DMPC bilayer 

phase transition temperature and shows that cholesterol extraction by RAMEB is linked to a 

decrease of the average radius and of the aggregation number of the vesicles. This extraction 

takes place in a dose-dependent way until a more monodisperse population of cholesterol-

free liposomes were obtained. In addition, the bilayer thickness evolution was inferred, as 

well as the liposome coverage by RAMEB. 
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1 Introduction 
Cyclodextrins (CD) are cavitands with the shape of a truncated cone which consist of 6-8 

D-glucopyranose units presenting a hydrophilic outer surface and a lipophilic central cavity. 

Due to their particular structure conferring them the ability to encapsulate a large number of 

organic molecules [1], CD have found a large field of applications including cosmetics, food 

and pharmaceutics [2-4]. It is well known that natural cyclodextrins have a limited aqueous 

solubility [5]. A random substitution of the hydrogen bond forming hydroxy groups might 

increase this solubility and these particular CD are identified as cyclodextrin derivatives 

(CDs). However, only a few of them passed through the toxicological evaluation: among 

them, the randomly-methylated -cyclodextrin (RAMEB) [5].  

Recently, CDs have been described as drug release modulators within liposomes [6,7]. 

Understanding the mechanism of action of CDs on liposomes is expected to improve the 

potentialities and the efficiency of CDs in this new field of interest. Moreover, liposomes are 

not only used as medical drug vectors [8-12] but they represent also a relevant cell membrane 

model [13]. Knowledge of CDs action on liposomes doped with cholesterol is of particular 

interest. As a matter of fact, cholesterol appears to be the major component of the so-called 

lipid rafts, which have been recognized as specialized cell-signaling micro-domains within the 

plasma membrane [14,15]. Cholesterol plays a key role in maintaining their structure and 

function [15,14,16]. As -CDs like RAMEB have a significant cholesterol affinity [5,17,18], 

studying their interaction with membranes may contribute to a better understanding of the 

lipid raft functions.  

Numerous works focused on the mechanism of action of CDs on liposomes and on the 

influence of CDs on the stability as well as on the integrity of the vesicle bilayer [17-26]. The 

liposome integrity has been explored in the presence of CD by measuring the release of a 

fluorescent probe initially encapsulated in the liposomes [19,21,22,24]. Differential scanning 

calorimetry has also been employed to investigate the structural changes induced by CDs on 

membranes [19,25], as well as freeze-fracture electron microscopy [21]. Researches also 

demonstrated the CDs affinities with phospholipids by using binding isotherms [19-21,23]. A 

new approach to measure the permeability and the liposome size using Surface Plasmon 

Resonance has been reported [27], and we proposed to use Electron Spin Resonance 
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spectroscopy to study cholesterol extraction by CDs [17,18]. However, the easiest and most 

commonly used method to characterize the interaction of CDs with liposomes remains 

Photon-Correlation Spectroscopy (PCS) [19-21,23], also called Dynamic Light Scattering 

(DLS), even though the information inferred remains limited. 

Dynamic and static light scattering provide only information on the global liposome size 

and on the size dispersity. The internal structure of the bilayer cannot be assessed by such 

techniques [28]. The main purpose of the present investigation is to analyze the RAMEB 

action on liposome targets doped with cholesterol using Small-Angle Neutron Scattering 

(SANS). In a previous work [26], we have investigated the influence of RAMEB on vesicles 

made of dimyristiroylphosphatidylcholine (DMPC) only and demonstrated that SANS can 

significantly enhance our understanding about the influence of CDs on the liposome bilayer 

structure. We developed a tailored model of the liposome which includes its different 

substructures and which also allows for the possible coverage of the liposome outer interface 

by RAMEB molecules. By fitting this model to the experimental SANS cross sections, we 

could infer the average radius, the polydispersity, the thicknesses of the hydrophobic and 

hydrophilic parts of the bilayer and the volume fraction of RAMEB molecules at the surface 

of the vesicle, as a function of the RAMEB concentration and of the temperature which was 

chosen either below or above the transition from the rigid to the fluid membrane state (23.9°C 

for pure DMPC bilayers).  

In the present paper, we investigate by SANS together with an adapted structural model, 

how cholesterol-doped liposomes are perturbed by increasing amounts of RAMEB. As in our 

previous study, the influence of the temperature will be examined. It has to be noted here that 

the presence of cholesterol abolishes the endothermic phase transition of the bilayer [17,29]. 

Indeed, above 25 mol% of cholesterol, the DMPC bilayer is in a liquid ordered phase (l0), 

which is not significantly affected by a temperature change [30]. Cholesterol extraction by 

RAMEB is, however, expected to perturb this situation, which justifies the need to investigate 

both temperatures. Dynamic light scattering measurements will complement the SANS 

results. 
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2 Materials and methods 

2.1 Liposome preparation  
Dimyristoylphosphatidylcholine (DMPC), and octadecylamine, also called stearylamine 

(SA), were purchased from Sigma (Aldrich, Belgium). Cholesterol was obtained from Merck 

(Germany). All products were used without further purification. Lipid vesicles were prepared 

by hydration of lipid films as described by Hope et al [31]. Liposomes were doped with 10 

mol% of SA, in order to prevent their spontaneous fusion, which is known to appear above 

the DMPC bilayer phase transition temperature [31]. In addition, the specificity of the present 

work is that the liposomes were doped with 30 mol% of cholesterol. Lipids were first 

dissolved in chloroform to a final concentration of 7.4 mM. The chloroform/lipid mixture was 

then stirred for 5 min and the solvent was evaporated under vacuum. The resulting lipid film 

was suspended in deuterium oxide (Sigma Aldrich, Belgium), and stirred by a vortex mixer in 

order to obtain large multilamellar vesicles (MLV) [32]. After hydration, five freeze-thaw 

cycles using liquid nitrogen were carried out to allow a better incorporation of the SA and 

cholesterol into the liposome phospholipidic bilayers. The MLV suspension was then 

transferred into an extruder (Lipex Biomembrane, Canada) with polycarbonate filters (0.1 m 

pore size, Nucleopore, CA), under a pressure gradient of 6800 Pa of nitrogen (Air Liquid, 

Belgium). The procedure was repeated ten times at 35°C and resulted in unilamellar 

liposomes [33]. Once prepared, the liposomes were incubated with the selected concentrations 

of RAMEB (Wacker Chemie GmbH , Germany; degree of substitution equal to 12.6) which 

had been first filtered through a microfilter with a pore size of 0.2 µm. 

2.2 SANS measurements 
The SANS cross sections of unilamellar vesicles in D2O in contact with different 

concentrations of RAMEB were recorded at two temperatures (14°C and 34°C). The 

experiments have been performed at the Jülich Centre for Neutron Science (JCNS). The 

KWS-1 and KWS-2 small-angle instruments have been used to collect data at three sample-

detector distances: 2, 8 and 20m. The wavelength of the neutrons, λ, was equal to 6.00 ± 0.60 

Å after mechanical velocity selection. These conditions gave access to a momentum transfer 

range, q, from 2.36 10-3 Å-1 to 1.96 10-1 Å-1 where 푞 = sin	(휃)  and 2θ is the scattering 

angle. The scattered neutrons were detected on a two-dimensional 6Li scintillation counter. 
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Radial averaging led to a one-dimensional scattering function I(q). Corrections for the 

background and sample holder contributions were carried out according to standard data 

handling procedures [34]. The liposome dispersion and the pure D2O sample were treated in 

the same way, and the scattering intensities were converted to macroscopic scattering cross 

sections per unit volume, /d d   (cm-1), by using calibration with Poly(methyl 

methacrylate). The liposome contribution was determined by subtracting the D2O cross 

section weighted by its volume fraction.   

2.3 SANS data analysis 
The principle of the evaluation of the vesicle parameters from the SANS scattering cross 

section has been described in our previous work [26]. The model has been adapted to include 

the additional presence of cholesterol. The liposomes are described as a superposition of 

concentric homogeneous substructures. In our experiments, we select spherical unilamellar 

liposomes with a bilayer of average global radius R and this bilayer has been modelled by two 

peripheral hydrophilic parts (with thicknesses equal to din and dout) and one intermediate 

hydrophobic part (thickness equal to D). As the peripheral parts of the bilayer are polar, a 

linear water penetration profile is assumed in these zones. Due to the curvature of the 

membrane, the aggregation number corresponding to the inner and outer sublayers, Nin and 

Nout are in principle different.  Note also that the aggregation number includes all molecules 

present in the bilayer, that is, also cholesterol. 

We now briefly recall the main points. The macroscopic scattering cross-section is written 

as: 
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    (1) 

where [DMPC] is the total DMPC concentration in mol/L, <N> is the average aggregation 

number of the liposomes, R is the liposome radius and Pn(R) represents the liposome size 

distribution. In the dilute regime, the interferences between waves scattered by different 

liposomes may be ignored [35] and the scattering amplitude A(q) is given by 

     sin( )4  ²  
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qrA q r r dr
qr

      (2) 
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where the excess scattering length density 휌 is a function of the distance r from the center of 

the liposome and is equal to 

          SA SA DMPC DMPC CHOL CHOLr r r r              (3) 

The respective hydrophobic tails and  hydrophilic heads of SA and DMPC are taken as the 

elementary scatterers. φSA, φDMPC and φCHOL are the respective volume fractions of SA, DMPC 

and cholesterol. The distribution of the cholesterol molecules is considered to be uniform in 

the bilayer [17,30]. When cyclodextrin was added, its possible presence at the outer liposome 

interface has been included in the model by considering an additional layer with a thickness 

equal to the height of a RAMEB molecule (7.8Å). 

 As in our previous work [26], the presence of an additional small contribution to the 

cross section due to the possible formation of RAMEB-DMPC inclusion complexes [36] 

resulting from partial disruption of the membranes interacting with RAMEB has been 

checked . These complexes have been modelled as homogeneous spheres. However, the 

contribution of such complexes happened to be not significant in this case. When cholesterol-

doped liposomes are investigated, additional complexes involving cholesterol and RAMEB 

must, however, also be considered. An upper limit for the possible contribution of 1:2 

cholesterol-RAMEB complexes [37] was estimated to be 2.104 cm1
 at q = 0, by assuming a 

complete extraction of cholesterol: such a contribution corresponds to the background signal 

and was neglected. These complexes are too small indeed to give rise to a measurable SANS 

signal, so that we can draw no conclusion about their presence. 

The scattering cross section has then been averaged over the size distribution of the 

liposomes and convoluted by a triangular apparatus function to take into account the 

scattering vector spread (∆푞 푞⁄ = 10%). The fit quality has been assessed by monitoring the 

2 in either linear or logarithmic mode [26].  

 

2.4 Dynamic Light Scattering Measurements (DLS) 
DLS measurements were carried out with a particle size analyzer (Delsa Nano C, Particle 

Analyzer, Beckman Coulter) at a fixed scattering angle of 165°. The light source was a diode 
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laser operating at =658 nm and 30 mW power.  Measurements on the solutions composed of 

cholesterol-doped liposomes in contact with different amounts of RAMEB were performed at 

two different temperatures (14 and 34°C) in duplicate. Each measure lasted about 20 minutes. 

Initial liposome and RAMEB solutions were both filtered with a microfilter with a pore size 

of 0.2 µm. Data were handled using the CONTIN algorithm (Delsa Nano software). The 

average of several histograms leads to smooth distributions. 

As explained in our previous paper [26], in order to compare the DLS intensity-weighted 

distributions and the SANS number distributions, the SANS size distributions must be 

multiplied by R4 and by the form factor, F(q;R), of the vesicle at the q value corresponding to 

the wavelength and detection angle of the DLS instrument. Because all the information 

required to calculate F(q;R) is available from the analysis of our SANS data, we converted the 

SANS number distributions to equivalent DLS intensity  distributions.   

3 Results and discussion 
SANS macroscopic cross-sections of cholesterol-doped liposomes with or without added 

RAMEB, as well as fits using the model described in the “SANS data analysis” Section are 

displayed in Fig. 1. A good agreement, monitored by the 2 values, is observed between the 

experimental and modelled data. 
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Fig. 1 Experimental macroscopic cross-sections of the liposomes (+ gray symbols) and 

their fits to the analytical model (see “SANS Data Handling Section”) (red dotted line). (a) 

Pure cholesterol-doped liposomes at 14°C; (b) Liposomes at 14°C in contact with RAMEB at 

a concentration of 20 mM; (c) Pure cholesterol-doped liposomes at 34°C; (d) Liposomes in 

contact with RAMEB at a concentration of 20 mM at 34°C. 

3.1 Fraction of molecules included into unilamellar liposomes 
In the investigated q range, liposomes and DMPC-RAMEB inclusion complexes [26,36] 

can in principle be observed. Free DMPC chains as well as 1:2 cholesterol-RAMEB 

complexes provide a negligible cross section and large clusters of liposomes would only be 

detected at lower q values.  It turns out that for cholesterol-doped liposomes, no significant 

contribution of the DMPC-RAMEB inclusion complexes could be detected. Based on the 

known total DMPC concentration and on the experimental scattering cross section, the 

fraction of lipid and cholesterol molecules contained in the vesicles can be inferred. In our 

previous paper [26], we denoted as m the fraction of chains included in the unilamellar 

liposomes and we normalized it with respect to its value in the absence of RAMEB, m0. Fig. 2 
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shows the evolution of m/m0 upon increasing RAMEB concentration below (14°C) and above 

(34°C), the rigid-fluid transition temperature of the pure DMPC bilayer (23.9 °C). 

 The extracting role of RAMEB as well as its solubilization ability for pure DMPC 

liposomes has already been demonstrated [6,26]. For cholesterol-free DMPC liposomes, we 

observed that extraction by RAMEB started at [RAMEB]  10 mM. For cholesterol-doped 

liposomes, the effect seems more progressive, with no clear concentration threshold. At the 

largest RAMEB concentration investigated (30mM), 27 ± 6 % of liposomes happen to be 

affected by liposome solubilization at 14°C, whereas this ratio reaches 54 ± 6 % at 34°C. In 

comparison with our previous study [26], it can thus be inferred that RAMEB damages  5 to 

10 % more liposomes when they are doped with cholesterol. 

 

Fig. 2 Influence of RAMEB on the fraction of molecules included in the cholesterol-doped 

liposomes (m/m0 parameter) at 14°C (black squares) and 34°C (grey dots) 

3.2 Liposome Radius and Aggregation Number 
Fig. 3 shows the evolution of the average liposome radius inferred from SANS upon 

addition of increasing concentrations of RAMEB at 14°C and 34°C. A monotonous linear 

decrease of about 10% is observed over the RAMEB concentration range. No significant 

temperature effect could be detected. This size decrease has been confirmed by DLS 

measurements (Figs. 4b and 4c). 
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Liposomes doped with 30 % of cholesterol display a mean radius of 458 ± 18 Å (average 

between the values at 14 and 34°C) without RAMEB. When 30 mM of RAMEB is added, the 

average radius of the surviving liposomes reaches 424 ± 17 Å, which becomes closer to the 

size of cholesterol-free liposomes without RAMEB [26]. Therefore, even if RAMEB is able 

to extract DMPC phospholipids from membranes [26], the present data and the fact that no 

DMPC-RAMEB complexes could be evidenced here suggest that the high affinity of -CD 

for cholesterol [5,17,18] favours the competitive cholesterol extraction, also in agreement 

with our previous Electron Spin Resonance study [17]. However, as already emphasized, we 

have no direct possibility to detect the very small cholesterol-RAMEB complexes. 

The decrease of the liposome size is directly linked to a decrease of the average 

aggregation number (which also includes the cholesterol molecules), as shown in Fig. 3b.  At 

[RAMEB] = 30 mM, the relative decrease reaches 19 ± 8%. Invoking again the known 

affinity of RAMEB for cholesterol, this indicates that about two-third of the cholesterol 

molecules are extracted from the surviving liposomes at [RAMEB] = 30 mM. The m/m0 data 

discussed above show also that part of the liposomes are disrupted and may form clusters 

which are no longer detected in the investigated q range. 
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Fig. 3 Average liposome radius (a) and aggregation number (b) for increasing RAMEB 

concentrations at 14°C (black squares) and 34°C (grey dots). Note that the displayed radii 

are obtained by averaging over a number-weighted size distribution.    
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3.3 Polydispersity of the liposomes 
Fig. 4a shows the influence of RAMEB on the polydispersity measured as the standard 

deviation of the size distribution (Å). A decrease of 33 ± 5% is observed for both 

temperatures. These results were confirmed by DLS experiments (Figs. 4b and 4c). 

The polydispersity data suggest a lipidic reorganization of the vesicles to reach a more 

homogeneous population. Such a behavior have been previously reported on large liposomes 

[38]. The standard deviation reached at [RAMEB] = 30 mM is compatible with the 100-110 

(Å) range observed for cholesterol-free liposomes without RAMEB.  We emphasized in the 

previous parts of the discussion that, in liposomes surviving the RAMEB treatment, 

cholesterol extraction had been favoured compared to DMPC extraction. We repeatedly 

observed that the structure found for initially cholesterol-doped liposomes interacting with 

RAMEB (at 30 mM) tends to become closer to that of pure cholesterol-free liposomes without 

RAMEB.  We may therefore conclude that the decrease of the size dispersion is also a 

signature of the cholesterol extraction. 
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Fig. 4 (a) Standard deviation of the radius of cholesterol-doped DMPC liposomes at 14°C 

(black squares) and 34°C (grey dots), as inferred from SANS, as a function of RAMEB 

concentration. (b) Liposome radius distribution at 14°C determined by DLS (dotted line) and 

SANS (solid line) for cholesterol-doped liposomes without RAMEB and (c) in contact with 

RAMEB at a concentration of 30 mM. The SANS size distributions have been converted into 

intensity-weighted distributions, Pi(R),  to make them comparable with the distributions 

inferred from DLS. This has the effect of shifting the distribution towards larger R values. 
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3.4 Coverage of the outer liposome interface by RAMEB 
 Analyzing the SANS data gives us also access to the volume fraction of RAMEB 

which covers the vesicle outer interface. The presence of RAMEB molecules on membranes 

has been previously reported with DMPC-liposomes [26] in agreement with a study of 

Mascetti et al. [39]. It has been rationalized by invoking the formation of a hydrogen bond 

between the phospholipidic polar head group and one hydroxyl group of CD, even though this 

interaction should be somewhat less favoured for methylated CDs like RAMEB. The results 

obtained with cholesterol-doped DMPC liposomes are quite similar to those for pure DMPC 

liposomes with a coverage of about half of the vesicle outer surface at [RAMEB] = 30 mM 

and 14°C (Fig. 5). 

  

Fig. 5 Volume fraction of RAMEB on the liposome surface at 14°C (black squares) and 

34°C (grey dots) 
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3.5 Bilayer thickness 
 Fig. 6 highlights how the hydrophilic (Fig. 6a) and hydrophobic (Fig. 6b) sublayers of 

the membrane respond to an increasing RAMEB concentration. The total bilayer thickness is 

equal to D+2d. Note that the hydrophilic layer thickness has been averaged: 푑 =

1 2⁄ (푑 + 푑 ). 

 

Fig. 6 Liposome sublayer thickness for increasing RAMEB concentrations at 14°C (black 

squares) and 34°C (grey dots). (a) Average hydrophilic sublayer thickness; (b) Hydrophobic 

sublayer thickness 

As inferred from the data modelling, the cholesterol-doped liposomes at 14°C and 34°C 

have the same total bilayer thickness (48.5 ± 3Å) in the absence of RAMEB, with hydrophilic 

(d) and hydrophobic (D) contributions equal to respectively 9.0 ± 0.5 Å and 30.5 ± 2 Å. 

Temperature has no influence on the membrane thickness under such conditions because, as 

already mentioned, the endothermic phase transition of the bilayer is not observed in the 

presence of cholesterol [17,29]:  the DMPC bilayer is then in a liquid ordered phase (l0), 

which is not significantly affected by a temperature change [30]. The data obtained in the 
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present work are indeed very similar to those obtained below the transition temperature for 

cholesterol-free DMPC liposomes: D = 31.4 ± 1.5 Å and d = 9.9 ± 0.7 Å [26]. 

Progressive addition of RAMEB keeps the membrane thickness nearly unaffected at 14°C. 

It leads to a thinning of the bilayer at 34°C. At [RAMEB] = 30 mM, the bilayer thickness 

reaches 41 ± 3 Å with a hydrophilic contribution equal to 8.0 ± 0.5 Å and a hydrophobic 

contribution equal to 25 ± 2 Å. These values correspond to those found in our previous article 

[26] for cholesterol-free liposomes at 34°C without RAMEB (D = 25 ± 2 Å and d = 8 ± 1 Å) , 

suggesting that the thickness decrease is directly linked to cholesterol extraction, and that 

cholesterol extraction is significant enough to reactivate the membrane phase transition which 

is inhibited in the presence of cholesterol. This result supports the conclusions drawn in the 

previous subsections from the analysis of the aggregation number. If about two-third of the 

initial 30 mol% cholesterol doping is removed by RAMEB, the remaining cholesterol amount 

(10%) is below 25% and thus insufficient to inhibit the membrane phase transition [30]. 

 

4 Conclusions 
The small-angle neutron scattering technique was applied to characterize the influence of 

a methylated -cyclodextrin (RAMEB) on the structural parameters of liposomes doped with 

30 mol% cholesterol. The SANS data are corroborated by DLS experiments but provide us 

with a more detailed picture of the liposome – cyclodextrin interactions.  

The evolution of the fraction of lipid molecules inserted in the liposomes (m/m0 

parameter), of the aggregation number, of the average radius as well as of the bilayer 

thickness confirms that RAMEB is able to significantly affect the vesicles and to extract 

cholesterol in a dose dependent-way.  At a RAMEB concentration of 30mM, about two-third 

of the added cholesterol has been removed. At this CD concentration, the observed structure 

for the surviving liposomes tends to become close to that observed in our previous work for 

cholesterol-free DMPC liposomes without RAMEB. The membrane phase transition which 

was inhibited by the presence of the cholesterol molecules reappears.It is also concluded that 

RAMEB-induced extraction leads to a less polydisperse vesicle population 
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The combination of our various results strongly suggests that RAMEB extract 

preferentially cholesterol rather than DMPC chains when vesicle membranes are doped with 

30 mol% cholesterol.  

In the absence of RAMEB, the global thickness of the cholesterol-doped bilayer, as well 

as the respective thicknesses of the sublayers, are similar at 14°C and 34°C because 

cholesterol erases the rigid-fluid transition. After substantial cholesterol extraction by 

RAMEB, the membrane thickness is reduced at 34°C but remains nearly unchanged at 14°C. 

The decrease at 34°C can be explained by a relaxation of the chains due to the free space left 

by the extracted cholesterol molecules and by the recovered fluidity of the membrane.  

In conclusion, the model proposed in this paper leads to a consistent analysis of most of 

the data inferred from our SANS measurements and allows us to draw conclusions on the 

mechanisms of interaction between cyclodextrins and liposomes. The methods used in this 

work can be applied to the characterization of any kind of vesicles doped with cholesterol and 

incubated with different types of cyclodextrins. 
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The number of commercial products which include nanoparticles increases every year (i.e. 

[1] for nanomedicine applications). They are designed to display specific characteristics (i.e. 

highly soluble, non-toxic) and a controlled behavior, (i.e. stimuli responsive...). When the 

complexity of such systems increases, the chemical behavior of the samples (size distribution, 

aggregates formation, nano-object reorganization...) does not always fit the expected 

properties (see chapters 3 and 4). In these cases, Small-Angle Neutron  Scattering (SANS) is 

extremely useful to unravel a complex behavior. Unfortunately, SANS is not a turnkey 

technique. However, by developing tailored models and fitting them to the experimental data, 

the structural parameters of the colloids can be inferred. Furthermore, this technique gives 

precious structural information in solution, a direct advantage compared to microscopy 

techniques on dried samples. 

In the present work, various stimuli-responsive self-assembled nano-objects have been 

investigated by SANS analysis as a function of the intensity of the selected external stimulus. 

The nano-objects discussed in this thesis are micelles built from amphiphilic block 

copolymers and liposomes composed of a phospholipidic membrane. The present section 

summarizes the results obtained in chapters 3 to 7. The composition of the samples is briefly 

reviewed and the models which were used to analyze the macroscopic SANS cross section 

versus scattering vector q are discussed. 

Chapters 3 to 5 present our investigations of different micellar solutions using and 

extending form factors inspired by the work of Pedersen and Gerstenberg (P&G) [2]. The 

micelles result from the self-assembling of either a mixture of diblock copolymers (PCL-b-

P2VP and PCL-b-PEO), or of triblock copolymers (PAA-b-PNIPAM-b-PEO) or of a diblock 

copolymer bearing a terpyridine end to chelate transition metal ions. The stimuli were either 

the pH, the temperature, or the nature and the concentration of divalent ions. The structural 

parameters of the micelles inferred from these models are: the radius Rc of the spherical core, 

its standard deviation and the radius of gyration Rg of the corona whose chains are considered 

as being Gaussian. The aggregation number is inferred from the values of Rc. Table 1 gives a 

synopsis of the models used to fit the form factor of the micelles for each investigated sample.  



Chapter VIII: General conclusions and perspectives 

196 
 

 

Table 1 Summary of the micellar solution studies: block copolymer compositions; pH and temperature conditions, and  form factor models 

used to account for the micelle contribution to the scattering cross section.  

Samples Core Corona (GCa) 3rd sequence Conditions 
PCL37-b-PEO(d4)104 mixed with PCL34-b-P2VP52 PCL PEO P2VP (GCa) pH = 1.5 ; 4.5 and 9 

and PCL PEO P2VP (Sb) pH = 1.5 ; 4.5 and 9 
PCL65-b-PEO(d4)104 mixed with PCL64-b-P2VP31 PCL PEO P2VP (RRc) pH = 1.5 

PEO45-b-PNIPAM45-b-PAA13  PAA mixed PNIPAM-PEO / pH = 2.5; T = 20 and 30°C1  
and mixed PAA-PNIPAM PEO / pH = 2.5; T = 40 and 50°C 

PEO(d4)46-b-PNIPAM46-b-PAA11 PNIPAM PEO PAA (RRc) pH = 6,5 and 7,5, T= 20 and 30°C 
  PNIPAM PEO PAA (RRc) pH = 6,5 and 7,5, T = 40 and 50°C 

PS-b-PtBA-tpy PS PtBA / 

2%; 8%;12% and 20% w/w 

8%; 12%; 16% w/w and 
addition of 0.5 eq Fe(II), NI(II) or 

Zn(II) 
 

(a) Gaussian chains 
(b) Homogeneous shell  
(c) Rigid rods 

                                                
1 less than 1% of the chains are involved in the micelles 
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In chapter 3, micelles built from mixed block copolymers were prepared. Two 

compositions have been investigated: [PCL37-b-PEO(d4)104 mixed with PCL34-b-P2VP52] 

(Sample I) and [PCL65-b-PEO(d4)104 mixed with PCL64-b-P2VP31] (Sample II). The micelles 

have been prepared under acidic pH conditions and the SANS measurements have been 

performed in order to assess the structural reorganization of the micelles upon increasing pH. 

The P2VP is pH responsive and its contribution has been accounted for by three models to 

ensure the robustness of the results. They are derived from the Pedersen and Gerstenberg 

model [2] and differ by the way the P2VP is described. The first model describes the P2VP 

zone as a homogenous shell at the surface of the PCL core, the second one describes it as a 

corona of Gaussian chains and the third one, limited to the acidic regime, describes it as a 

collection of rigid rods. As expected, the P2VP sequence collapses on the PCL core as the pH 

increases. The size of the micelles as well as the aggregation number increase with pH for 

Sample I. This is a strong proof of a reorganization of the chains. This kind of sample was 

previously investigated by DLS and TEM but unambiguous evidence of the P2VP chain 

collapse on the core at high pH was lacking. The information inferred from the SANS 

experiments enlighten the role of the length of the copolymer blocks on the structural 

behavior of the micelles as a function of  pH.   

In chapter 4, amphiphilic PEO45-b-PNIPAM45-b-PAA13 and a version with fully 

deuterated PEO, PEO(d4)46-b-PNIPAM46-b-PAA11, were investigated by SANS. These samples 

are both pH- and thermo-responsive. At low pH, the PAA is protonated and relatively 

hydrophobic, while at pH>5, deprotonation leads to a hydrophilic polyelectrolyte. The 

PNIPAM is hydrophilic at temperature below the LCST (32°C) and hydrophobic at higher 

temperature. Because the presence of a bimodal size distribution has been observed at all pH’s 

and temperatures investigated, the SANS cross sections have been fitted with analytical 

models involving a mixed population of core-corona micelles, spherical homogeneous 

aggregates and free chains. A similar model has been previously developed by Joseph & al [3] 

and Willet & al [4] but it was limited to free chains and micelles. These samples were 

challenging because of the multi stimuli-responsive behaviour as well as the short lengths of 

the sequences. Indeed, the degrees of polymerisation of the sequences are quite small giving 

rise to several difficulties. First, the free chains are small and hardly detected by SANS. 

Secondly, the PEO failed to fully solubilize the micelles and the presence of aggregates has 

been detected at all temperature and pH investigated. Their presence complicates the analysis 

because the macroscopic cross section is affected in the low q domain investigated.  Finally, 
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not only the size of the core and the corona but even the organization of the copolymer blocks 

within the micelles is stimuli-dependent. The micelles were modelled as a PAA core and a 

mixed PEO-PNIPAM corona (below the LCST) or a mixed PAA-PNIPAM core (above the 

LCST) and a PEO corona as described in Table 1.At pH > pKaPAA, the free chain contribution 

had to be taken into account in addition to the aggregates and the micelles. The micelles were 

then assumed to consist of a PNIPAM core and of a corona made of PEO Gaussian chains and 

negatively charged PAA extended chains modelled as rigid thin rods.  

In Chapter 5, we describe the investigation of metallo-supramolecular micellar gels based 

on PS-b-PtBA-tpy copolymers and transition metal ions. The micellar solutions have been 

studied in the presence or not of transition metal ions (Fe(II), Ni(II) and Zn(II)). The form 

factors have been fitted by the P&G model [2]. At low concentration, the structure factor can 

be assumed equal to 1. As the copolymer concentration increases, a structure factor peak 

arises and the data were interpreted by combining the P&G model and the Percus-Yevick hard 

sphere model [5]. As the information about the internal structure of the micelles are given by 

the  P&G model, the Percus-Yevick hard sphere model allowed us to determine the evolution 

of the volume fraction of the micelles and of the hard sphere interaction distance, as a 

function of the copolymer concentration. The resulting structural information was correlated 

with previously performed light scattering and rheology experiments. Indeed, the gel 

formation as well as the an increase of the intensity of the structure factor peak in the low q 

regime has been observed in the presence of Fe(II) and Ni(II) since these ions form stable bis-

terpyridine complexes [6].  These complexes can be formed either in an intra-micellar way 

(thus leading to the formation of loops in the micellar corona) or in an inter-micellar way 

(thus leading to a network of connected micelles). The structure factor peak was not observed 

in presence of Zn(II) as it rather forms mono-terpyridine complexes [6].  

Chapters 6 and 7 cover the action of cyclodextrins (CD) on liposomes (doped or not with 

cholesterol). The form factor of undoped unilamellar liposomes has been widely studied in the 

literature [7-12]. The aim of these chapters is rather to get a deeper understanding of the 

interactions taking place between a cyclodextrin (CD) and liposomes. The structure of DMPC 

liposomes was assessed upon addition of increasing amounts of RAMEB. These studies have 

been performed at two temperatures bracketing the phase transition of the DMPC bilayers. 

We were able to determine the fraction of DMPC molecules included in the vesicles as well 

as the possible formation of CD-DMPC inclusion complexes. Moreover, several structural 

parameters have been inferred as a function of the CD concentration: the radius, the 
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polydispersity, the thickness of both the hydrophobic and the hydrophilic parts of the 

membrane as well as the aggregation number and the RAMEB coverage at the liposome-

water interface.  

In the absence of cholesterol at 14°C, a fraction of the extracted DMPC chains becomes 

inserted into RAMEB-DMPC inclusion complexes. Another fraction of them participates in 

the reorganization of the vesicles, leading to larger, more stable liposomes. This conclusion is 

also compatible with the increase of the polydispersity upon increasing RAMEB 

concentration. This observation was interpreted as a preferential disruption of the small 

vesicles by the CD. At 34°C, the average vesicle size is not significantly affected by the 

interactions with the RAMEB. We suggest that all vesicles are then affected to the same 

extent by the interaction with RAMEB.  

By using the same model for liposomes doped or not with cholesterol, we were able to 

enlighten his role in the membrane in accordance with the available literature [13-15]. 

Moreover, at 30 mM RAMEB, we showed that the observed structure for the surviving 

liposomes (chapter 7) tends to become close to that observed for liposomes without RAMEB 

(chapter 6). This is consistent with a favored cholesterol extraction by RAMEB.  

Perspectives 
Perspectives for a further development of this or related works could be envisaged in three 

directions: (i) sample preparation; (ii) data analysis, and (iii) extension to other colloidal 

systems. 

During this work, the solvent and the composition of the sample varied widely from one 

situation to another and this resulted in a large scattering of the difficulties associated with the 

analysis of the SANS macroscopic cross sections. Some options to facilitate the future 

exploitation of experimental data emerge from our work. From a chronological point of view, 

the first samples studied in this thesis were the micelles built from a mixture of diblock 

copolymers (chapter 3). The PEO sequence was deuterated and the data acquisition was 

performed in H2O and D2O. Unfortunately, the data obtained in H2O display a large 

incoherent contribution2. This led to an unfavorable signal-to-noise ratio after subtraction of 

the incoherent background, making a reliable data analysis very difficult. On the other hand, 

                                                
2 The origins of the incoherent scattering cross section are discussed in Chapter 2.  
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the most recently investigated samples are the triblock copolymers (chapter 4), for which two 

versions of the samples have been synthesized, with a deuterated and with a non-deuterated 

PEO block. The two samples displayed very close degrees of polymerization for each 

sequence. Such samples can be prepared if the synthesis procedure is well controlled. The 

availability of such “twin samples” helped a lot the analysis of the data. They made the 

comparison of the experimental data to several models possible with the strong constraint of 

the compatibility of the inferred structural data for the two samples. In our case, the 

deuterated PEO was chosen because of his commercial availability. Here also, some data have 

been recorded in H2O but the signal-to-noise ratio was unfortunately again unfavorable. 

A modelling procedure based on realistic hypotheses is essential to infer as much 

information as possible from the small-angle scattering cross sections. Different 

improvements could be proposed. As previously mentioned, the corona chains have been 

described in the majority of our models as Gaussian chains, according to the P&G 

methodology. This is often reasonable because most of our samples exhibit a q-2 behavior at 

large q-values. Some of them, however, display a q-1.7 behavior (chapters 3 and 5). This result 

indicates that the excluded volume of the corona chains has to be taken into account. In these 

cases, it should be possible to analyze the experimental data using a better suited model. For 

example, Perdersen & al [16] already investigated the effect of the excluded volume on the 

form factor through another approach: the attachment of a hard sphere potential to Kuhn 

segments in order to prevent them to merge. They managed to test several chain models  using 

Monte Carlo simulations and compared the results by fitting the corresponding form factors to 

their experimental data. This approach is more time consuming but it has proven its 

reliability. 

Our methodology was based on the development of analytical models leading to closed-

form formulas for the scattering cross section with parameters which could be fitted to mimic 

the experimental data. Alternative approaches based on molecular dynamics simulations could 

bring a complementary view on the problem, allowing to handle in a more realistic way 

questions like the excluded volume or interactions between scatterers. 

Finally, most of the approaches which we have developed are not specific to the 

copolymers investigated in this thesis and their application field is quite large. Situations 

where free chains, micelles and aggregates coexist may frequently arise, especially when 

various stimuli induce the reorganization of nano-objects. Even if it is desired that the 
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copolymer size and composition be designed to avoid, e.g., aggregate formation, such a 

procedure will always require some trial-and-error steps for which an information-rich 

structural analysis method like SANS is an essential tool. The methods developed here can be 

very helpful in such a context. Furthermore, specific models like the core-rod model can also 

find applications for the study of colloid systems involving polyelectrolyte, multi-charged, 

chains.  
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Appendix I 

Supporting Information of chapter IV 

SANS cross section of the polymeric micelles in at pH > 4.2 
The present section provides the demonstration of the SANS cross section of a polymeric 

micelle which consists of a PNIPAM core and a corona made of PEO Gaussian chains and 

negatively charged PAA extended chains described as rigid rods. 

A, B, and C denote blocks of PAA, PNIPAM or PEO, respectively. To denote two chains of 

the same sequence, we use a “prime”, i.e. B and B’. 



Chapter IX - Appendices 
 

ii 
 

 

Figure A1: Micelle made of negatively charged PAA extended chains (A), a PNIPAM 

spherical core (B), and a corona of PEO Gaussian chains (C). The position of the scatterers is 

defined from the center of the micelle which 푹⃗푨 = 푹⃗푪 = 푹, the radius of the core. Rg is the 

radius of gyration of the PEO chains and L is the effective length of the PAA rods. 푹⃗푨 is the 

position vector of the anchoring point of the rod A at the surface of the core. 푳⃗푨/ퟐ is the vector 

from this anchoring point to the middle of the rod A. 풓⃗′푨풋 is the position vector of the jth scatterer 

of rod A with respect to the middle of the rod. Θ is the angle between the scattering vector 풒⃗ and 

the direction of rod A. 

The differential scattering cross section of such a micelle is equal to: 

  
1 1

( ) exp
N N

j l l j
j l

d q b b i q r r
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           (A1) 
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where b is the excess scattering length of an elementary scatterer. In the present section, a 

monomer unit is considered as the elementary scatterer, whose scattering length is defined as the 

sum of the scattering lengths of its atoms. The degree of polymerization of a chain is 푧 and the 

indices “A”, “B” and “C” refer to the PAA, PNIPAM and PEO block, respectively, and Nm is the 

aggregation number of a micelle. For example, bA is the scattering length of the acrylic acid unit, 

C3H4O2 and zA is the degree of polymerization of the PAA chains. To simplify, we shall denote 

the cross section for an individual micelle as 퐹(푞⃗). 
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  (A2) 

 The following interference terms need to be taken into account: 

 core - Gaussian chains (c-co) 

 Gaussian chains – Gaussian chains (co-co) 

 core – rods (c-r) 

 rods – rods (r-r)  

 Gaussian chains – rods (co-r) 

1.1 Contribution of the core 
The contribution of the core is given by the first term of eq(A2). It is not needed to 

individualize the chains. We consider Nm × zB scatterers homogenously distributed in the core. 

The scattering amplitude is given by  A q  

  
 

 3
3 sin( ) cos( )m B BA q N b z qR qR qR
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   (A3) 

The contribution of the core to the scattering cross section is equal to   2
A q  , that is, 
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where R is the radius of the core. 

1.2 Contribution of the Gaussian chains of the corona 
The following well-known result is the Debye equation which also appears in the Pedersen-

Gerstenberg model.1 Rg is the radius of gyration of a single chain of the corona. 
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1.3 Contribution of the rods 
This section intends to demonstrate the contribution of the rods. The effective length of the 

rods is L (Figure A1). The contribution of the rods is equal to 
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If we assume that the rod is a continuum, we can write 
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where  is the length of a segment of the polymer block: L=zA×. θ is the angle between the 

scattering vector q  and the direction of the rod. 
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Eq(A8) needs to be averaged over all orientations with respect to the scattering vector.  
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By substituting cos
2

qLx 
  and solving by parts, we obtain the contribution of the rods 2: 
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where    
0

sin '
'

'

x x
Si x dx

x
    

1.4 Interference term between the core and the Gaussian chains 
This term accounts for the interference terms between the PNIPAM core (B) and the PEO 

Gaussian chains (C). The Gaussian chains are anchored at a distance R’ = Rc+Rg from the center 

of the micelles in order to avoid the penetration of the chains inside the core. The following 

equation is provided by the Pedersen- Gerstenberg Model:1 
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1.5 Interference terms between two Gaussian chains 
Each chain interferes with Nm−1 similar chains. The number of interference terms is therefore 

equal to Nm(Nm−1).  

      2
'

'
1 exp

C Cz z

co co c m m Cl C j
l C j C

F q b N N iq r r
 

           (A12) 

where l and j are two scatterers which belong to two different PEO chains C and C’ respectively. 

The contribution given by (A12) was already proven by Pedersen and Gerstenberg .1 
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1.6 Interference term between the core and the rods 
The interference term between the core (B) and the rods (A) is equal to 

     
1

2 exp
m B AN z z

c r A B m Bl Aj
l j A

B

F q b b N iq r r
 


        (A14) 

The position vector of j, Ajr , can be written as a sum (see Figure A1): 

 '

2
A

Aj A Aj
Lr R r  
    (A15) 

where AR


 is the position vector of the origin of rod A at the surface of the core. 2AL


 is the 

vector from this origin to the middle of the rod. '
Ajr  is the diffusion vector of the jth scatterer of the 

rod A measured from the middle of the rod. The PAA chains are assumed to be radially oriented 
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with respect to the center of the core to minimize the electrostatic repulsions between the charged 

rods. Therefore 

 '
A A AjR L r
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As in eq(A3), we can write 
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Making the assumption of a continuum, 
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Averaging over all all orientations with respect to the diffusion vector q , multiplying by (A18) 

and inserting into (A16) leads to: 
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1.7 Interference terms between the rods 

To obtain the interference terms between the rods  r rF q
  we proceed like in section 1.6. 

There are Nm(Nm1) interference terms: 
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           (A20) 

The scatterers l and j belong to two different rods A and A’ respectively. ' and Al A jr r   can be 

decomposed as follows (see Figure A1): 
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Therefore 
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The rods are randomly chosen, so both averages between brackets can be performed 

separately. The same line of reasoning as in the previous section leads to: 

        
2

2 2 1r r A A m m

Si q R L Si qR
F q b z N N

qL

        
  

   (A23) 

1.8 Interference terms between a Gaussian chains and a rod 

The interference term between the Gaussian chains and the rods  co rF q
  is obtained in a similar 

way as in the previous section. Each chain can interfere with each rod and vice versa. There are 

therefore 22 mN  interference terms.  
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As previously mentioned, we can decompose the position vector of each scatterer as follows (see 

Figure A1) 

 for the rods: '

2
A

Al A Ai
Lr R r  
    

 for the Gaussian chains: '
,Cj C g C Cjr R R r  

     

The Gaussian chains are anchored at a distance ,C g CR R
 

 from the center of the micelle in order 

to prevent the penetration of the corona chains into the core. Because the orientations of the 

Gaussian chains and the rods are random, the average on the orientation can be performed 

separately: 
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1.9 Scattering cross section of a micelle population 
If the number of chains per unit volume is equal to n, the macroscopic scattering cross section 

for a monodisperse micelle population  is given by  multiplying the sum of eq (A4) (A5) (A10) 

(A11) (A13)(A19) (A23)(A26) by n/Nm: 
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The scattering cross section at q=0 is equal to: 
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Appendix II 

Supporting Information of chapter IV 

Contribution of the aggregates 
In chapter IV, we have shown that the macroscopic cross section may be expressed as the 

sum of the contributions of free chains (index ch), micelles (index m) and aggregates (index a). 
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We shall focus in this section on the contribution of the aggregates. The intensity at q = 0, 

Ia(q=0), depends on the number of aggregates per unit volume (푁 /푉), the number of chains, 

Nm,a, involved in the aggregates and the composition of the chains through the excess scattering 

lengths 푏	and the degree of polymerization z. If f is the fraction of chains involved in free chains 

or micelles, Ia (q=0) can be expressed as a function of the number of chains in the sample Ncopo.  
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As the aggregates population display size polydispersity, we can introduce it through the 

expression of the size distribution: 

   , ,( )m a m aR dR N dN     (B31) 
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It is required to express Nm,a as a function of R.  

a) For a free chain, the size of the chain is usually expressed through	푅 = 5/3푅 .  

b) The expression of Rg, 푅 = 푧푙푏/6  (l is the length of the monomer unit and b is the 

length of the Kuhn) segment results from the hypothesis of the random walk.  

c) If the aggregate is built from Nm,a chains, we consider that the distance between the last 

monomer from a chain A and the first monomer of a neighbour chain B is in the same 

range than the length of the monomers.  The radius of gyration of the aggregates, Rg,a is 

therefore equal to the Rg of a longer chain made of Nm,a chains joined end-to-end. We can 

then write: 
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Therefore 

 2
,m aN R   (B33) 

where 훽 = =
,

. The number of spherical aggregates NS whose radius is in the range 

R and R+dR, is therefore equal to  

 ( ) ( )tot
s sN R dR N R dR    (B34) 

On the other hand: 
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Ia(q=0) is therefore equal to  
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If the aggregate is built from a unique chain, 〈 〉

, 〈 〉
= 1  
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C. Mugemana, A. Joset, P. Guillet, M.-S. Appavou, N. De Souza, C.-A. Fustin, B. Leyh, J.-F. 

Gohy, Macromolecular Chemistry and Physics 2013, 214, 1699. 

 

 

Figure A1 Experimental and calculated SANS intensities of the micellar solutions, from the 

PS70-b-PtBA180-tpy block copolymer at a concentration of 12% w/v in deuterated ethanol, in the 

presence of Fe(II) (a), Ni(II) (b) and Zn(II) (c) ions. 

 



Chapter IX - Appendices 
 

xvi 
 

 

Figure A2 Experimental and calculated SANS intensities of the micellar solutions, from the 

PS70-b-PtBA180-tpy block copolymer at a concentration of 16% w/v in deuterated ethanol, in the 

presence of Fe(II) (a), Ni(II) (b) and Zn(II) (c) ions. 
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Table A1 Results obtained from the fits of SANS data for the micellar networks prepared 

from different metal ions starting from the PS70-b-PtBA180-tpy block copolymer micelles at a 

concentration of 16% w/v in deuterated ethanol. 

Sample 푅  / Å a,b ∆푅 /	Å a,c Rg / Å 
a,d Rt  / Å e  a,,f  / Å a,g 

Fe (II) 84 5.9 41.0 166 0.24 365 

Ni (II) 82 6.6 40.7 164 0.23 357 

Zn (II) 89 9.5 41.2 171 0.27 389 

(a) The confidence intervals, resulting from the numerical fitting procedure, are estimated to 
about 2 Å for the core radius, to 1 Å for the coronal chain radius of gyration, to 0.01 for the hard 
sphere volume fraction, and to 2 Å for the hard sphere interaction distance. 

(b) Average radius of the PS core, deduced from the average aggregation number 푁   
(c) Standard deviation on the PS core radius 
(d) Radius of gyration of PtBA coronal chains  
(e) Micellar total radius (2Rg+푅 ) 
(f) Hard sphere volume fraction 
(g) Hard sphere interaction distance 
(h) Data corresponding to 16 % w/v obtained by linear interpolation between 12 and 20 % w/v  
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