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Zusammenfassung

Untersucht wurde die Selbst-Aggregation von poly-Styrol-block -poly-(L-Lys-
ine) Copolymeren mit verschiedenen Blocklängen. Die hohe Glassübergang-
stemperatur von poly-Styrol führt lediglich zur Bildung von eingefrorenen
metastabilen Aggregaten in Wasser bei Anwesenheit des nichtionischen Ten-
sids C12E6. Lichstreumessungen und direkte Abbildungsverfahren zeigen,
dass das Copolymer in Form von kugelförmigen Mizellen aggregiert. Die
Löslichkeit für Copolymere mit grossen Blöcken (nPS ≥ 258, nPLL ≥ 107)
ist sehr gering und es werden grosse Aggregate gefunden, selbst bei sehr
niedrigen Polymer-Konzentrationen (0.01wt.%). In diesem Fall liefert depo-
larisierte Lichtstreuung verlässlichere Informationen über die Partikelgrössen.
Die gefundenen Werte für den hydrodynamischen Radius in Abhängig von
der Blocklänge liegen zwischen 20 und 40 nm.
Messungen des Circulardichroismus zeigen das Umschalten der Polypeptid-
Sekundärstruktur bei Änderungen des pH. Der poly-(L-Lysine)-Block führt
zur Bildung von Knäueln mit willkürlicher Struktur bei niedrigem pH, während
bei einem pH ≥ 11 beta-Faltblatt konformationen vorliegen. Wie cryo-TEM-
Aufnahmen zeigen ändert sich die Form der Aggregate nicht durch diesen
Konformationswechsel. Der durchschnittliche Partikeldurchmesser
verändert sich jedoch um mindestens 10%. Die AFM-Untersuchungen der
Aggregate wurden Graphit-Oberflächen mit Lösungen des Copolymers mit
verschiedenen pH-Werten beschichtet. So konnten Änderungen der Benet-
zungseigenschaften nachgewiesen werden. Liegt das poly-(L-Lysine) in Knäuel-
Konformation vor, zeigen die Aggregate einen glatten, ebenen Querschnitt,
während in der apolaren beta-Faltblattanordnung geordnete Strukturen ge-
funden werden.
Toluol stellt ein besseres Lösungsmittel für die Copolymere dar. Mit Hilfe von
Licht und Neutronenstreuexperimenten wurde der Einfluss von zugesetztem
Pyridin verfolgt. Pyridin verursacht ein Schrumpfen der poly-Styrol-Ketten
in der Mizellhülle, was zu einer Abnahme der Aggregat-Lösungsmittel-Grenz-
fläche führt. Auf der anderen Seite führt ein Zusatz von Benzoesäure zu dem,
in Toluol gelösten, Copolymer zu einem Quellen der Mizellen. In Anbetra-
cht des Polypeptid/poly-Styrol-Verhältnisses ist daher anzunehmen, dass die
Benzoesäure-Moleküle in der Lage sind in die Mizellen einzudringen.

Weiterhin wurden andere amphiphile Systeme untersucht. Die lamellare
Phase auf Basis von PEO-PPO-PEO (P85) Copolymeren wurde bei ver-



schiedenen Scherraten geschert. Die gescherten Lösungen wurden mittels
Dynamischer Lichtstreuung charakterisiert und es konnte ein durchschnit-
tlicher Radius von etwa 30 nm ermittelt werden. Dieser Wert stimmt gut
mit dem theoretischen Wert für P85-Vesikel überein.
Des Weiteren wurden unilamellare Vesikel auf der Basis von Phospholipi-
den mit verschiedenen Cholesterol-Gehalten durch Extrusion erzeugt und
mit Hilfe von Streumethoden untersucht. Auf diese Weise konnten kohärente
Werte für das Biegeelastizitäts-Modul erhalten werden. Die Ergebnisse weisen
darauf hin, dass Cholesterol die Flexibilität der DPPC-Doppelschicht erhöhen
und bestätigen POPC-Doppelschichten ohne Änderung der Membrandicke.



Abstract

The self-assembly of polystyrene-block -poly(L-lysine) copolymers with dif-
ferent block lengths synthesized by anionic polymerization and subsequent
ring opening polymerization of N-carboxyanhydrides was studied. The high
glass transition temperature of polystyrene leads only to the formation of
frozen metastable aggregates in water in the presence of the non-ionic sur-
factant C12E6. Light scattering measurements and direct imaging techniques
show that the copolymers self-assemble into spherical micellar aggregates.
For copolymers with large blocks (nPS ≥ 258, nPLL ≥ 107) the solubility is
extremely low and large aggregates in solution are detected, even at very low
polymer concentrations (0.01wt.%). In this case, depolarized dynamic light
scattering improves the particle size determination. The obtained values for
the hydrodynamic radius of the micelles are between 20 and 40 nm, depend-
ing on the block lenghts.
Circular dichroism measurements show the switching of the polypeptide sec-
ondary structure upon changes of pH. Poly(L-lysine) block adopts a random
coil conformation at low pH and a beta-sheet conformation at pH ≥ 11. The
shape of the aggregates does not change with this conformational transition
as Cryo-TEM images show, while the average particle size increases at least
10%.
The analysis by AFM of the aggregates deposited on graphite surfaces from
solutions of the copolymer at different pH reveals changes in the wetting
properties of the aggregates with conformation. When polylysine is in the
random coil conformation, the aggregates present a smooth flat cross-section
profile, while in the apolar beta-sheet conformation, the aggregates wet the
graphite surface in some kind of ordered lattice.
In toluene, the copolymers are better solubilized. The effect of the addition
of pyridine to these solutions was tested by light and neutron scattering tech-
niques. It was shown that pyridine induces a shrinking of the polystyrene
chains in the micelle shell region decreasing the aggregates-solvent interface.
On the other hand, the addition of benzoic acid to solutions of the copolymers
in toluene yields a swelling of the copolymer micelles. This is well correlated
with the polypeptide/polystyrene monomer number ratio, suggesting that
benzoic acid molecules are able to penetrate into the copolymer micelles.

In addition, other amphiphilic systems have been studied. First, the
preparation of vesicles by shear of lamellar phases based on PEO-PPO-PEO



(P85) copolymer has been tested. The lamellar phase was sheared at differ-
ent shear rates and the evolution of the viscosity with time monitored. It
shows that the system reaches at any shear rate the same final steady state
of viscosity. The sheared solutions were measured by dynamic light scatter-
ing, presenting an average particle radius around 30 nm, compatible with the
theoretical value for P85 vesicles.
Secondly, monodisperse unilamellar vesicles composed of phospholipids were
prepared by extrusion at different cholesterol contents and studied by scat-
tering techniques, giving coherent values for the bending elastic modulus. It
demonstrates that cholesterol increases the flexibility of DPPC bilayers and
rigidifies POPC bilayers without any change in the membrane thickness.
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Chapter 1

Introduction

A major area of colloidal science involves association colloids formed by
amphiphilic molecules. The term amphiphilic indicates that one part of the
molecules likes the solvent, while the other does not. This area developed
more slowly than other areas partly because it depended on the synthesis
and isolation of amphiphilic molecules in a pure form [1, 2, 3].
Most colloidal phenomena involve a liquid phase. The colloidal self-assembled
structures arise from the delicate interplay between solute-solvent and solute-
solute interactions [4]. In aqueous solution surfactants usually adsorb at the
water/air interface, thus lowering the surface tension. Increasing the concen-
tration above the critical micelle concentration (CMC), or at a given concen-
tration by increasing the temperature beyond the critical micelle temperature
(CMT) self-assembly can be initiated [5]. Both parameters are fundamental
to characterize the behaviour of amphiphiles in solution. The selective sol-
vent responsible to promote the self-organization of amphiphilic molecules
must be very nonpolar or very polar. In terms of the Gordon parameter [6],
the cohesive energy of the solvent must be very high or very low. Functional
groups that are not “schizophrenic” enough to serve as effective amphiphilic
head groups undergo phase separation instead of forming self-assembly struc-
tures.
In many ways, amphiphilic self-organizing systems are more complex than
colloidal dispersions. One reason for this is that amphiphiles are associ-
ated physically, not chemically. Consequently, their microstructural size and
shape can change in response to subtle variations of the environmental condi-
tions and to the molecular parameters. This is in contrast with the relatively
immutable behaviour of colloidal solutions [6]. The molecular parameters are
basically the hydrophobic volume, the chain length and the head group area
and they are resumed as the packing parameter (also called surfactant param-
eter, NS). The surfactant parameter relates the properties of the molecule to
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the preferred curvature of the aggregates. For instance, small values of NS

imply high curvatures as spheres have, while for NS close to unity, planar
bilayers are obtained.
The free energy associated with surfactant self-assembly in dilute aqueous
solution can be resumed in three terms: the hydrophobic interaction, the
surface term and the packing term. A complete description of all contribu-
tions to the free energy in self-assembly processes is presented, for instance,
by Yuet and Blankschtein [7].
The self-assembly phenomena of short chain amphiphilic molecules like alkyl
sulphates (ionic surfactant) or glycol ethers (nonionic surfactant) have been
extensively studied [8, 9, 10, 11, 12]. Among the variety of applications of
such low molar mass surfactants the stabilization of microemulsions is found
[13].
In addition, the use of other amphiphilic molecules, as block copolymers as
constituent units for self-assembled structures demonstrated an enormous in-
crease of interest in the last years [14]. This is because they cover the typical
applications of surfactants, like the stabilization of microemulsions [15], but
also offer the possibility of large variation in total molecular weight, block
compositions and molecular architecture (diblock, triblock copolymers) [16].
One of the most useful properties of these copolymers is the ability of their
self-assembled structures to incorporate hydrophobic substances in aqueous
media [17]. Recently, studies concerning the self-assembly of copolymers in
organic solvents have been also reported [18, 19]. In the present work, the
study of three different amphiphilic systems is presented.

First, the self-assembly of polystyrene-block -poly(L-lysine) (PS-PLL) co-
polymers in water and in organic solvents is studied. The blocking of syn-
thetic polymers with peptides or proteins is especially interesting, hence con-
nects the worlds of synthetic and naturals polymers. Moreover, it combines
the possiblity to tune the self-assembly by variation of the block lenghts
with the switching of the polypeptide block between different conformational
states [20, 21, 22]. The aim of this work is to study the aggregation be-
haviour of PS-PLL copolymers in selective solvents and the effects of the
environmental conditions (pH, temperature, additions) on the properties of
the aggregates. Up to now, most of the previous studies only dealed with the
spontaneous self-assembly of low glass transition temperature block copoly-
mers (i.e. polybutadiene-polylysine) [22] or very short polystyrene-polylysine
block copolymers (n ≤ 10) [23].

Secondly, the preparation of vesicles by shear of lamellar phases composed
of PEO-PPO-PEO triblock copolymer is presented.
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Vesicles can be prepared in solution from a variety of different amphiphilic
systems, providing control over the types of vesicles produced [24]. Their
high stability and resistance to external stimuli, and ability to package both
hydrophilic and hydrophobic compounds make them excellent candidates for
use in medical, pharmaceutical, and environmental fields.
Symmetric triblock copolymers composed of polyethylene and polypropylene
are an interesting class of nonionic surface active agents and, in the last
decade, extensive studies on solution chemistry of these block copolymers
have been reported [25]. One of the special features of such copolymers is
their strong temperature dependence of the CMC with the temperature, due
to the hydrophilic nature of the PPO block [14].
In parallel, the effect of shear flow on the structure of self-assembled surfac-
tants has became a topic of a big interest in the last ten years since Diat
and co-workers found that under shear flow phase transitions from opened
lamellar to multilamellar closed vesicle phases can be induced [26, 27, 28].
However, up to now, the preparation of vesicles by shear of lamellar phases
composed of block copolymers was only reported in a small number of works
mainly by Richtering at al. [29]. For ternary or quaternary systems shear in-
duced vesicles were not yet found. Here, shear is applied to lamellar phases
of a quaternary system based on the triblock copolymer P85 [30]. Up to
now, most of avalaible information and applications refer to the use of such
copolymers in micellar form. Therefore, the preparation of vesicles made
of PEO-PPO-PEO is a very interesting topic, since it would provide better
encapsulation ratios in comparison with micelles.

Thirdly, phospholipid membranes forming nano-sized vesicles are studied
by scattering methods. The phospholipid bilayer of large unilamellar vesicles
is widely used as a model of the lipid part of biomembranes because its form
is equivalent to the real cell [31]. The experiments constitute a first piece of
work on the capability of neutrons for gaining insight on shape fluctuations of
submicron-sized lipid vesicles for the purpose of obtaining elastic constants.
Neutron spin-echo (NSE) in combination with small angle neutron scatter-
ing (SANS) and light scattering (LS) has revealed to be an adequate tool to
discriminate membrane shape fluctuations from the translational diffusion of
liposomes prepared by the extrusion method [32, 33].
The motivation for the study of phospholipid membranes is that, though syn-
thethic surfactants are among the most applied substances, amphiphiles also
represent one of the basic building units in biological systems. A multitude
of processes in the living cell rely on the unique and versatile properties of
the membrane lipid bilayer. For this reason, bilayers formed by amphiphilic
molecules and the effect of the cholesterol on them occupy a central position
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in the actual research [34, 35].

In all cases, scattering techniques proved to be a powerful ally to inves-
tigate such systems, providing some new interesting information concerning
various aspects, varying from the self-assembly to the mechanical properties
of amphiphilic systems.
An introduction to the theory and set-up of all the used experimental tech-
niques is included in chapter 2. A more detailed introduction to every topic
is presented at the beginning of each chapter, followed by the experimental
results and conclusions.



Chapter 2

Experimental techniques

2.1 Scattering techniques

Scattering methods are important tools in polymer, colloid and interface
science. In this section the common principles of these techniques as well as
a short description of each technique will be introduced.
When radiation interacts with a sample scattering or diffraction occurs due
to spatial and temporal correlations in the sample (figure 2.1). In elastic
and quasi-elastic scattering experiments the most important quantity is the
magnitude of the so-called scattering vector given by:

q =
4πn

λ
sin

θ

2
(2.1)

where λ is the wavelength of the used radiation, n is the refractive index
in the scattering medium and θ is the scattering angle. The choice of the
appropriate scattering method depends on the relationship length-scale to
q-range, since q determines the spatial resolution of a scattering experiment
(d = 2π

q
) [36]. At low q values the overall size and shape of the scattering

objects is seen, while at high q the internal structure of the particles can
be resolved. Static (SLS) and especially dynamic light scattering (DLS) are
well suited to study the overall size and shape of the scattering objects. In
neutron scattering experiments the wavelength is typically in the order of
few Å and the accessible q values are two or three order of magnitude big-
ger compared to light scattering methods. Therefore, small angle scattering
(SANS) and neutron spin-echo (NSE) are useful techniques to study local
(internal) structures and dynamics of scattering objects, respectively. SLS
and SANS are elastic scattering methods because they monitor the time av-
erage scattering intensity. Photon correlation spectroscopy (DLS) and NSE
are inelastic (or better quasi-elastic) scattering techniques. This means they
scrutinise the energy transfer between the sample and the used radiation.
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Figure 2.1: Scheme of the scattering process when radiation impinges on
materia. The scattering vector is shown. The modulus of q determines the
spatial resolution [36].

2.1.1 Correlation functions

Elastic and inelastic scattering techniques are based on the measurement of
the spatial and temporal correlations in the scattering medium. Here, some
of the important correlation functions will be introduced [37, 38].

2.1.1.1 Spatial correlations

The scattering function (also called static structure factor) establishes the
relationship between a sample and its scattering behaviour. The derivation
of the static correlation function can be based on the so-called pair correlation
function. This function describes the distance dependent interaction between
particles and takes the form:

g(~r12) =
P (~r1, ~r2)

P (~r1)P (~r2)
(2.2)

where P (~r) is the probability to find a particle at a certain position [39].
From the Fourier transform of the pair correlation function the scattering
function, S(q), can be found. The easiest example is to consider the case of
a monoatomic liquid, in which case the scattering function takes the form:

S(q) = 1 + ρd

∞∫
0

dr

[
4πr2g(r)

sin qr

qr

]
(2.3)

where ρd is the density number of atoms [40].
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At low q the static structure factor provides information about the density
fluctuations in the system. For large q the oscillations of the integral part
decay to zero and S(q) is 1 [39]. In figure 2.2 the general form of the static
scattering function is shown.

Figure 2.2: General form of the static structure factor, which describes the
interaction between scattering objects in a sample. For large values of q this
function goes to 1 [39].

The major difference between a monoatomic liquid and e.g. a polymer chain
in the melt or in solution is that the total structure factor consists of two
parts. The first is the inter-particle structure factor and the second the intra-
particle. In the literature they are usually called structure factor S(q) and
particle form factor P (q), respectively [39].

It is possible to calculate the P (q) for different soft matter objects of
arbitrary shape. Pedersen [41, 42] gives a comprehensive review of different
form factors. For instance, the scattering form factor function for a single
polymer chain in a melt, also called Debye function D(x), takes the form:

P (x) = D(x) =
2

x2
(e−x − 1 + x) (2.4)

where x = q2Nl2

6
, being N the number of scattering centers and l2 the root

mean square value of the chain length [43, 19].

The scattering intensity curves obtained from solutions of particles exhibiting
a low polydispersity can be described by

I(q)∼N
V

(ρ1 − ρ2)2P (q)S(q) (2.5)
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where N/V is the concentration, (ρ1 − ρ2) the scattering contrast, P (q) the
form factor and S(q) the structure factor [43]. When the solution is dilute,
S(q) ≈ 1 [44] and therefore the analysis of the experiments has mainly to
deal with the particle form factor [45]:

I(q) ∝ P (q) (2.6)

A first, straighforward analysis, which already reveals some information on
the shape of the investigated particles is the calculation of the scattering
exponent in the low q-regions of the experimental data (qR ≤ 1) by fit to
expressions of the type:

I(q) ∝ 1

qα
(2.7)

where α = 0 for spherical aggregates and α = 1 for cylindrical aggregates
[46].

In addition, a Guinier analysis can be performed in the intermediate q region
of the spectra [47, 48]:

I(q) = I0 exp

(
−R2

g

r
q2

)
qr−3 (2.8)

where Rg is the radius of gyration, I0 a constant and r ≈ 1, 2, 3 depending on
the shape of the objects, being 1 for a sheet like, 2 for a rod like object and
3 for globular objects. r ≈ 1 is also a good approximation for hollow spheres
with radii substantially larger than the shell thickness, such as unilamellar
vesicles [49].

2.1.1.2 Time correlations

In correlation spectroscopy the intensity scattered from a sample is measured
using counters [50]. Due to density fluctuations in the sample, this quantity,
here called Z, fluctuates around a mean value, 〈Z〉 (figure 2.3). Therefore, it
is necessary to use of the mathematical formalism of a correlation function
to characterize the scattering behaviour of a sample [51]:

〈Z(0)Z(τ)〉 = lim
T→∞

1

T

T∫
0

Z(t)Z(t+ τ)dt (2.9)

The correlation function expresses the difference between the intensity at
two different times depending on the delay time (τ).
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Figure 2.3: Example of intensity with time diagram in a light scattering
experiment. The intensity oscillates around a mean value.

The correlation function can be written as a sum of products of the
magnitude Z changing the borders to t = 0 and t =∞ [39]:

〈Z(0)Z(τ)〉 = lim
N→∞

1
N

N∑
j=1

ZjZj+n (2.10)

τ = n∆t
t = j∆t

(2.11)

From the last equation can be seen that when τ = 0

〈Z(0)Z(0)〉 = lim
N→∞

1
N

N∑
j=1

Z2
j (2.12)

Using the Schwartz inequality [52] it can be shown that:

N∑
j=1

Z2
j ≥

N∑
j=1

ZjZj+n → 〈Z(0)2〉 ≥ 〈Z(0)Z(τ)〉
(2.13)

Using a similar approach for 〈Z(0)Z(τ)〉 in the limit τ →∞ yields

lim
τ→∞
〈Z(0)Z(τ)〉 = 〈Z〉2 (2.14)
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For systems exhibiting simple dynamics the decay of the correlation function
from 〈Z2〉 to 〈Z〉2 can be described by a single exponential law of the form
(figure 2.4):

〈Z(0)Z(τ〉 = 〈Z〉2 +
(〈
Z2
〉
− 〈Z〉2

)
exp

(−τ
τr

)
(2.15)

where τr is the correlation time (also called relaxation time). However, in
real systems the decay is more complex due to polydispersity effects [39].
The Fourier transform of the time correlation function can also be used to

Figure 2.4: The time-correlation function. Initially this function is 〈Z2〉. For
very long times compared to the correlation time, τr, the correlation function
decays to 〈Z〉2.

describe the fluctuations of a magnitude Z. It is called the spectral density
(or power spectrum)

IZ(ω) =
1

2π

+∞∫
−∞

〈Z∗(0)Z(t)〉 exp(−iωt)dt (2.16)

where Z* is the complex conjugate of Z. This quantity plays an important
role in much of what follows. In fact, what is measured in a light scatter-
ing experiment is the spectral density of the electric field of the scattered
light. Fourier inversion of the last equation leads an expression for the time-
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correlation function in terms of spectral density.

〈Z∗(0)Z(t)〉 =
1

2π

+∞∫
−∞

exp(+iωt)IZ(ω)dω (2.17)

DLS measures the Fourier transform of S(q, w), the intermediate scattering
function S(q, t) (figure 2.5).

Figure 2.5: Scheme of the processes in quasi-elastic scattering experiments.
The incident radiation exhibit a broadness in frequencies, which is increased
by the scattering process. Finally, the Fourier transform (FT) of the spectral
density leads to the time correlation function [39].

2.1.2 Light scattering techniques

Among the scattering phenomena we find the Raman, Brilloun, Mie and
Rayleigh scattering. The basis of the experiments here are centred in the
so-called Rayleigh scattering, which was discovered and described more than
a century ago by Rayleigh, Mie, Smoluchowski, Einstein and Debye [52]. Let
us summarize the scattering phenomena in the following way: when light
penetrates a material, the oscillating electric field of the radiation causes a
rapid displacement of the electron density around the atoms nuclei. The
electron cloud oscillates with the same frequency as the light and therefore
generates an oscillating electric field and re-emits light in all directions. The
Rayleigh approximation tells us that IαR

6

λ4 .
Now, some equations for the scattering process from the molecular approach
will be introduced [52]. Let us consider what happens when an incident
monochromatic beam impinges on a single molecule which has an anisotropic
polarizability specified by the tensor α̃.

The electric field component of the light can be described in the following
way
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~E0(~r, t) = ~nE0 exp(i[~k · ~r − ω0t]) (2.18)

where ~n is a unit vector in the direction of the incident electric field; E0 is
the field amplitude; ~k is the wave vector

(
~k = ω0

c
~kunity

)
, being ω0 the the

angular frequency and c the speed of light in vacuum [52].

The incident light induces a dipole moment, which varies with time

~P (~r, t) = α̃ · ~E0(~r, t) (2.19)

According to the classical electromagnetic theory a time varying dipole emits
radiation

d ~Es(~R, t) =
n2

0

Rc2

∂2 ~P (~r, ts)

∂t2
d3~r (2.20)

here, t is the moment in which the scattered light arrives to the detector, ~r
is the position vector of a scattering mass in a volume d3~r, ~R is the position
where the scattered light is detected, n0 is the refractive index of the medium,
ts the time point of the scattering process and c is the velocity of light [52].
From integration of the last expression, the scattered electric field is obtained

~Es(~R, t) =
∫
V s

d ~Es(~R, t) (2.21)

The intensity measured in light scattering experiments is proportional to the
square of the scattered electrical field, 〈I〉 = 〈E2〉. The scattered electric
field fluctuates due to the rotational, vibrational and translational motions
of the molecules. Therefore, it is a fluctuating quantity and can hence be
analysed using the formalism of correlation functions.
When particles have dimensions much smaller than the wavelength of the
light (R< λ/20) they act as point scattering centres. In this case the angular
distribution of the Rayleigh scattering, governed by the (1+cos2θ) term, is
symmetric in the plane normal to the incident direction of the light, and so
the forward scatter equals the backwards scatter [53]. However, when the
particles are large in comparison with the wavelength (R> λ/20) exists an
interference of light from the different scattering centres on one particle and
the form factor is given by:

P (q) =
1

N2

∑
j

∑
k

sin(qrjk)

qrjk
(2.22)

where N is the number of scattering centers and rjk is the different
scattering path.

This means the scattering intensity depends on the scattering angle and on
size of the particles [54].
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2.1.2.1 Dynamic light scattering (DLS)

Dynamic light scattering (DLS) is one of the most commonly encountered in-
elastic scattering techniques. DLS provides fast non-invasive characterization
of the dynamic modes in a polymeric sample. As seen in section 2.1.1.2, the
initial wavelength distribution from the laser source is broadened by energy
transfer with the sample (Doppler broadening). DLS scrutinises the energy
transfer between sample and light to characterize the dynamics of the par-
ticles by directly measuring the scattering function S(q, t). Due to the fact
that the energy modification is very small in the frequency range this mag-
nitude is related to the time scale through the Wiener-Khintchine-Theorem
[55, 56] between the spectral density and the time autocorrelation function:

g1(q, t) ≈
∞∫
−∞

I(ω, q) exp(−iωt)dω (2.23)

There are two possibilities for detection in a DLS experiment, homodyne or
heterodyne [52]. In heterodyne detection the scattered signal is mixed with
a small portion of unscattered beam. In this case the normalized electrical
field autocorrelation function is directly measured:

g1(τ) =
〈E∗s (t)(Es(t+ τ)〉

〈I〉
(2.24)

Much easier to perform is the homodyne detection, where only the scattered
light impinges on the photocathode and which yields the second order time
autocorrelation function:

g2(τ) =
〈E∗s (t)Es(t)E∗s (t+ τ)Es(t+ τ)〉

〈I〉2
(2.25)

The normalized electrical field autocorrelation function, g1(τ), which con-
tains the information about the dynamics of the scattering system, can be
computed from the respective intensity time autocorrelation function g2(τ)
by the Siegert relation:

g2(τ) = β0 + β
∣∣∣g1(τ)

∣∣∣2 (2.26)

where β0 is the baseline and β the amplitude of the correlation function [44].

In the case of a monodisperse ideal sample, g1(τ) is represented by a single
exponential:

g1(τ) = exp(−Γτ) (2.27)
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where Γ is the average relaxation rate. Normally, samples are polydisperse
and the decay of the correlation function must be described by a weighted
sum of exponentials [57].

g1(τ) =

∞∫
0

G(Γ) exp(−Γτ)dΓ (2.28)

where G(Γ) is the distribution function of relaxation rates. In figure 2.6 four

Figure 2.6: Normalized electrical field autocorrelation function for
ML56/C12E6 aggregates in water at different scattering angles (section
3.5.2.1). The sinusoidal nature of the scattering vector modulus causes the
approximation of the curves by increase of the scattering angle up to 90˚.

typical examples for the DLS correlation functions are shown. An analysis of
the distribution of relaxation rates can be performed by an inverse Laplace
transform of g1(τ), by the use of the FORTRAN program CONTIN [58, 59,
60]. CONTIN can only separate different contributions to the decay of the
correlation functions when the relaxation rate of the respective modes differs
by a factor of approximately three. For this reason, in some cases, a double
exponential function is used to fit the normalized autocorrelation functions.
A third method to analyse the decay of the DLS correlation functions is the
so-called method of cumulants [61, 62, 63]. Here, the logarithmic form of
g1(τ) is expanded in a power series in terms of the delay time τ

ln g1(τ) = −k1(τ) +
k2

2!
τ 2 − k3

3!
τ 3 + ... (2.29)
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where kn are the cumulants of the relaxation rates distribution G(Γ). The
value of the first cumulant is the mean value of the relaxation rate Γ̄. The
variance of the distribution is given by the second cumulant. From the mean
value of the relaxation rate, one obtains the translational diffusion coefficient
by Γ = Dq2 [52], and the hydrodynamic radius Rh making use of the Stokes-
Einstein equation [64]

D =
kT

6πηRh

(2.30)

with η being the viscosity and k the Boltzmann constant. For weakly inter-
acting particles and low concentrations the concentration dependence of the
diffusion coefficient is usually expressed as [65]:

D = D0(1 + kDcM) (2.31)

where D0 is the diffusion coefficient at infinite dilution, cM is the molar con-
centration and kD a concentration coefficient. The concentration coefficient
can be written as:

kD = 2MA2 − kf − 2v (2.32)

where A2 is the second osmotic virial coefficient, kf is the relative concentra-
tion dependence of the frictional coefficient and v the partial specific volume
of the solute [66].
The last term is usually much smaller than the others. The sign of A2 pro-
vides information about the pair interaction between particles [6].

2.1.2.2 Static light scattering (SLS)

In classic SLS the time average or “total” scattering intensity is measured
as a function of the concentration and the angle. This is commonly sum-
marized in the Zimm plot [52]. From this plot it is possible to determine
the radius of gyration of the particles, the molecular weight, MW , and the
second viral coefficient, A2, for the species under investigation. Although,
it is possible to perform these experiments, such measurements are compli-
cated by slow drifts on the incident light, the effects of stray scattering from
sample cell walls and the necessity to determine the refractive index for every
polymer concentration. These complications can be overcome by using the
dissymmetry function, defined as:

dθ =
I(θ)

I(180− θ)
(2.33)

where I(θ) is the scattering intensity at an angle θ and I(180-θ) at the
supplementary angle [67].
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In addition, Debye [68] calculated that a sphere will scatter light according
to the relation:

I =
(

3

X3
(sinX −X cosX)

)2

(2.34)

where

X =
4πRg

λ
sin

θ

2
(2.35)

being Rg the radius of gyration. The advantage of static light scattering
measurements is the fact that the scattering intensity depends on particle size
but is not affected by other contributions as internal fluctuations or rotational
modes. It can be shown [67] that when q(θ)Rg< 1 the dissymmetry function
depends linearly on the cosθ:

dθ ≈ 1 +

(
4π

λ/n

)2 R2
g

3
cos θ (2.36)

It is possible then, to calculate directly Rg from the slope of d(θ) versus
cosθ, using the equation shown above.

Some examples of the dissymmetry functions for different particle sizes cal-
culated according to the model of Debye for spheres are shown in figure 2.7.
It can be seen that when the particle size increases the linear approximation
can be only used at low scattering angles.
The relation between the radius of gyration and the hydrodynamic radius
of the particles defined as Rg/Rh (here called ρ) provides information about
the geometry of the particles (i.e. spheres, oblate ellipsoids, rods) [67]. For
instance, ρ≈ 0.78 for spherical micelles and ρ≈ 1 for vesicles [69].

2.1.2.3 Depolarized dynamic light scattering (DDLS)

Depolarized dynamic light scattering (DDLS) can yield important informa-
tion on the rotational diffusion coefficient and on the internal dynamics of
macromolecules. The optical anisotropy of the macromolecules in solution
may arise from two sources: from the optical anisotropy of the monomer
units of the polymer (e.g. for polystyrene, nucleic acids) and from the non-
spherical shape of the polymer, called “form anisotropy” (e.g. proteins) [70].
In general particles are anisotropic and the components of the dipole moment
induced will not generally be parallel to the applied field. When three axes,
which define a particle are equal, as in spherical top molecules, the polariz-
ability is isotropic. Consequently, the light scattered from spherical molecules
is not expected to be depolarized. Nevertheless, even inert gas atoms depo-
larize the light [52]. DDLS is much more efficient than conventional dynamic
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Figure 2.7: Intensity dissymmetry function for spheres of different sizes ac-
cording the model of Debye [68]. The linearity is lost for large particles.

light scattering in providing size distributions of polydisperse samples [71]. It
probes the rotational diffusion coefficient, which has a stronger dependence
on the particle radius (R−3) than the translational diffusion coefficient pro-
vided by polarized dynamic light scattering (R−1).
The correlation function of the vertically (V ) and horizontally (H) polarized
field scattered by optically anisotropic particles with a true symmetric top
geometry and for a vertical incident polarization are well known:

IV V (q, t) ∝ m2(np − ns)2P (q) exp(−q2D)t+
4

3
IV H(q, t) (2.37)

IV H(q, t) ∝ m(∆n)2 exp−(6Θ + q2D)t (2.38)

where q is the scattering vector modulus, np is the average monomer refractive
index, ns is the solvent refractive index, ∆n is the intrinsic anisotropy of
the monomer, D and Θ the aggregate translational and rotational diffusion
coefficient, P (q) the aggregate form factor and m is related to the fractal
nature of the clusters (m ∝ adf ) [52, 72].

Hence, it is straightforward to calculate the rotational difussion coefficient
Θ by:

Θ =
Γ⊥ −Dq2

6
(2.39)

as well as the hydrodynamic radius by use of the analogous
STOKES-EINSTEIN equation for the rotational diffusion of a sphere:
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Θ =
kT

8πR3
h

(2.40)

2.1.3 Neutron scattering techniques

Neutron scattering is an excellent tool to investigate structuring processes
and dynamics of soft matter, especially the internal structure of colloidal
particles [73]. The wavelengths in neutron scattering are usually between
0.01-3 nm. This means various orders of magnitude smaller than in light
scattering. Therefore, the available q-values in neutron scattering experi-
ments are much larger, allowing to work at small scattering angles.
The main difference between neutron and electromagnetic radiation is the
mechanism by which the incident radiation interacts with matter. While
light and X-rays are both scattered by the electrons surrounding atomic nu-
clei, neutrons are scattered by the nucleus itself. This single fact has several
important consequences. Among these consequences there is the fact that
the interaction of neutrons with matter is very weak and neutron radiation
is therefore very penetrating, being possible to study the bulk properties
of samples with pathlength of several centimetres. Moreover, the neutron
has a small magnetic moment, which can interact with the spin and orbital
magnetic moments of unpaired electron specimens in the sample, giving rise
to an additional scattering mechanism, as used in neutron spin-echo (NSE)
experiments [74]. Moreover, the energy of neutrons is in the order of meV,
while X-rays of comparable wavelength have much higher energies and can
damage the samples.
In typical neutron inelastic experiment only a narrow wavelength can be
used, when a high energy resolution is desired, and the primary intensity is
very low. The NSE method [75, 76] improves this situation, since it decouples
the linewidth and the energy resolution. Thus, in NSE the energy resolution
is the order of nano-electron volts but the flux is high, since the wavelength
distribution is large. The energy exchange with the sample lead simply to
a loss of polarization of the re-focused neutrons compared to an elastically
scattering standard sample (e.g. graphite). NSE is a dynamic technique
and the Fourier transform of S(q,ω), the so-called intermediate scattering
function S(q, t) is directly measured [76].
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2.2 Direct imaging techniques

2.2.1 Atomic force microscopy (AFM)

Atomic force microscopy belongs to the family of the so-called scanning probe
microscopy techniques (SPM) [77]. AFM is a very high resolution technique
reaching the nanometer scale, more than 1000 times better than the optical
diffraction limit. Moreover, by AFM is possible to obtain 3D images of the
sample surface. The AFM apparatus consists of a microscale cantilever with
a sharp tip (probe) at its end (typically made of silicon or silicon nitride),
which is used to scan the specimen surface. When the tip is in the proximity
of the sample surface, forces between the tip and the sample lead to a deflec-
tion of the cantilever according to Hooke’s law. The deflection is measured by
laser reflection from the top of the cantilever into an array of photodiodes. In
the tapping AFM mode, the cantilever is externally oscillated at or close to
its resonance frequency and the oscillation amplitude, phase and resonance
frequency are modified by the tip-sample interaction (e.g. Van der Waals,
dipole-dipole interaction). This is an improvement of the conventional AFM
contact mode, where the cantilever just drags across the surface and can re-
sult in surface damage. The movement of the tip or sample is performed by
an extremely precise positioning device made of piezoelectric ceramics, most
often in the form of a tube scanner. The specimens can be prepared onto
different materials (mica, graphite, silicon, glass) depending on the wetting
properties of the sample and on the solvent.
However, AFM images can be affected by several aspects which can generate
results that may have artefacts [78]. For instance, hyteresis of the piezoelec-
tric material that moves the cantilever in the perpendicular motion to the
surface can cause edge overshoot (see figure 2.8).
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Figure 2.8: Edge overshoot artefact in AFM. The sample is scanned from
left to right and the height profile is obtained by trailing edge of the surface.

2.2.2 Cryogenic electron microscopy (Cryo-TEM)

The original form of a transmission electron microscope involves a high volt-
age electron beam emitted by a cathode and focused by electrostatic and
electromagnetic lenses. In transmission electron microscopy (TEM), the elec-
tron beam that has been transmitted through a specimen is magnified by a
series of electromagnetic lenses until it is recorded by hitting a fluorescent
screen, photographic plate, or light sensitive sensor such as a CCD camera.
Cryo-TEM is a form of transmission electron microscopy where the sample is
studied at cryogenic temperatures (generally liquid nitrogen temperatures).
It allows to analyse the specimens in their “native state”. The cryogenic
preparation is usually performed in the form of thin films: the sample is
spread on an electron microscopy grid and rapidly frozen, usually in liquid
ethane near nitrogen liquid temperature. The rapid freezing makes that form
vitreous (non-crystalline) ice. This preserves the specimen in a snapshot of
its solution state. The thin film methods is limited to thin specimens (typi-
cally < 500 nm) because the electrons cannot cross thicker samples without
multiple scattering events. To observe thicker specimens, samples can be
prepared by cryo-electron microscopy of vitreous sections (CEMOVIS) or by
freeze-fracture transmission electron microscopy (FF-TEM) [79].
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2.3 Other techniques

2.3.1 Circular dichroism (CD)

Circular dichroism is a form of spectroscopy based on the differential absorp-
tion of left- and right-handed circularly polarized light. It can be used to
determine the optical isomerism and secondary structure of proteins. CD
is closely related to the optical rotatory dispersion (ORD) technique. In a
CD experiment, equal amounts of left and right circularly polarized light are
irradiated into a sample. Due to different absorption for each kind of depo-
larized light, the electric field vector of the light traces out an elliptical path
while propagating (figure 2.9). As already said, in a typical CD experiment
the different absorbance of left circularly polarized (LCP) and right polarized
(RCP) light is measured:

∆A = AL − AR (2.41)

But this is usually expressed in terms of ellipticity:

Ψ ≈ tan Ψ =

∣∣∣ ~EL∣∣∣− ∣∣∣ ~ER∣∣∣∣∣∣ ~EL∣∣∣+ ∣∣∣ ~ER∣∣∣ (2.42)

The linear dependence of solute concentration and path length is removed

Figure 2.9: Components of the electric field for circularly polarized light (left)
and elliptical path after passing the sample (right) [80].
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by defining the molar ellipticity:

[Ψ] =
100Ψ

cMd
(2.43)

where cM is the molar concentration and d, the path length in centimetres.
The ultraviolet CD spectrum of polypeptides can be used to estimate the
fraction of molecules that is in a specific conformation [81]. The UV detection
is related to the π to π* orbital absorptions of the amide bonds linking the
aminoacids. Borate and ammonium salts are often used to establish the
appropriate pH for CD experiments, since other buffers (e.g. phosphate,
sulphate) can interfere in the UV measurements.

2.3.2 Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy (IR) provides interesting information about the sec-
ondary structure of polypeptides. In an IR or Raman spectrum of a protein,
the amide I band in the region of 1600-1700 cm−1 is the most sensitive vibra-
tion band for investigating the average polypeptide secondary structure [82].
In a FTIR experiment the sample is placed in a Michaelson interferometer
with one moveable arm. Moving this arm generates a so-called interferogram,
which is recorded on the detector. Performing a mathematical Fourier trans-
form on this signal results in a spectrum identical to that from conventional
(dispersive) infrared spectroscopy. It makes FTIR faster and more sensitive
than conventional IR.

2.3.3 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) monitors the amount of energy (heat)
associated with phase transitions and chemical reactions as a function of tem-
perature. In a DSC experiment the difference in heat flow to the sample and
a reference at the same temperature is measured. The basic principle un-
derlying this technique is that, when the sample undergoes a physical trans-
formation such as phase transitions, more (or less) heat will need to flow to
it compared with the reference to maintain both at the same temperature.
The temperature of both the sample and reference are increased at a con-
stant rate. A special case in which the temperature of a phase transform is
of great importance in polymers is the glass transition temperature, Tg [83].
This is the temperature at which amorphous (noncrystalline) polymers are
converted from a brittle, glasslike form to a rubbery, flexible form and it is
characteristic for every polymer. In the DSC experiment, Tg is manifested
by a drastic change in the base line, indicating a change in the heat capacity
of the polymer.
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2.3.4 Rheology

In practice, rheology usually restricts to the study of the so-called constitutive
relations, between force and deformation in materials, primarily liquids. For
liquids, the simplest constitutive equation and the basis for classical fluid
mechanics is Newton’s law of viscosity: the stress is proportional to the rate
of straining γ̇ (= dγ/dt),

τS = ηγ̇ (2.44)

where η, the Newtonian viscosity, is the constant of proportionality [84].
Many real materials, like gases and small molecules liquids obey these ide-
als laws, while many other important materials, such as blood, polymers,
paint, and foods lie between the ideal elastic solid and the ideal viscous fluid.
Among these non-Newtonian phenomenona we find the shear thinning and
the shear-thickening [84]. Shear rheometers can be divided into two groups:
drag flows, like the Couette apparatus in which shear is generated between a
moving and a fixed solid surface, and pressure driven flows, in which shear is
generated by pressure difference over a closed channel. All these rheometers
can be used to measure one ore more of the shear material functions: re-
laxation modulus, shear viscosity and normal stress coefficient. Today most
commercial instruments utilize similar design concepts to the developed by
Maurice Couette in 1890, the so-called concentric cylinder rheometers [85].
The shear stress as well as the shear rate depending on the distance from the
cylinder rotation axis can be calculated [84].

2.4 Experimental details

Light scattering

Most of the light scattering measurements were carried out at 20˚C using a
spectrometer consisting of a frequency doubled Nd:YAG laser (λ = 532 nm,
P = 150 mW, Coherent Compass series), a goniometer, a photocounter and a
multiple-τ correlator (ALV-5000 Fast). The solutions were filtered into stan-
dard cylindrical Quartz cells from Hellma. The samples were placed in an
index matching bath (toluene), which was kept at constant temperature with
a precision of ± 0.1˚C. The accessible scattering angle range was from 20˚
up to 150˚. For dilute solutions an Argon laser (λ = 514.5 nm, P = 600 mW)
was used. The bath of the argon laser was filled with an isotropic solvent
(decalin), allowing to measure the depolarized component of light without
solvent interferences. In figure 2.10, the experimental set-up of a light scat-
tering experiment is shown. The main setup difference between conventional
and depolarized dynamic light scattering is a second light polarizator at 90˚
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Figure 2.10: Schematic set-up of a light scattering instrument. The scattering
intensity is measured at different angles. For depolarized measurements a
second polarizer is placed before the photomultiplier at 90˚ respect to the
first polarizer.

with respect to the first vertical polarization of the beam coming from the
laser source. Before the measurements, the samples were filtered using filters
of pore size of 1µm (Whatman 13 mm, GF/B borosilicate glass microfiber
filter). For the samples in toluene and in pyridine the samples were filtered
using PTFE filters of 1 µm pore size (Rezist 30/1.0).

Small angle neutron scattering

Small angle neutron scattering experiments were carried out at the Instru-
ment V4 at the Hahn-Meitner-Institute (HMI) in Berlin, which is installed
on the neutron guide NL 3A (cold source). The neutron wavelength was set
to 6Å, with a spread of ca. ±10%. All measurements were done at three
sample-to-detector distances (1 m, 4 m and 16 m) covering a q-range from
0.003 up to 0.36 nm−1. The data were collected on a two-dimensional 3He-
detector with 64 x 64 quadratic elements with dimensions of 10 mm x 10
mm. After correction for the scattering of the solvent and the empty cell,
the data were brough to absolute scale. The dara reduction and the absolute
calibration was done using the program BerSANS by v. Kleiderling [86]. The
data analysis was performed using SASFIT by H. Kohlbrecher [87]. In figure
2.11, a scheme of a SANS instrument is shown. The main difference between
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the shown instrument and the apparatus at the HMI is that the second one
has a large sample chamber connected to a vacuum system with the detector
and collimator tubes.

Neutron spin echo

Neutron spin echo measurements were performed using the IN15 spin-echo
spectrometer, located at the guide hall no2 cold polarising guide H511 (Insti-
tute Laue-Langevin in Grenoble). Figure 2.12 shows the instrument layout.
The mechanical selector produces a neutron beam with a large wavelenght
distribution, which leads to higher intensities than in SANS experiments.
The super-mirrors generate polarized neutrons which are refocussed in the
precession coils.

Atomic force microscopy

Samples were prepared by drop deposition of polymer solutions onto differ-
ent surfaces. For solutions of the polymer in toluene, a hydrophilic substrate
was used (silicon). The silicon wafers were previously cleaned following the
standard RCA-1 method [88]. For solutions of the copolymer in water, a com-
pletely non-polar substrate was used, consisting of highly ordered pyrolytic
graphite (HOPG-graphite, GE Advanced Ceramics). The graphite surface
cleaning was simply done by taking a piece of tape (e.g. 3M R© ”Scotch
Brand”), pressing it onto the flat surface and then pulling it off. The tape
invariably takes with it a thin layer of HOPG. This freshly cleaved surface is
what is used as sample substrate material. Before the scanning, the samples
were dried in a dust protected environment.

Figure 2.11: Scheme of a Neutron scattering experiment (source: D22 at the
Institute Laue-Langevin, Grenoble). Incoming neutrons are monochroma-
tized by a mechanical velocity selector with a variable wavelength.
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Figure 2.12: Scheme of the neutron spin-echo experimental set-up of the IN15
machine (ILL, Grenoble).

The tip used for surface scanning was an OMCL-AC160TS provided by Olym-
pus (f = 300 kHz, single crystal silicon) and it was mounted onto a tapping
mode cantilever holder. The surfaces were analysed using a Nanoscope Mul-
timode Scanning Probe Microscope. The sample was not prepared by spin
coating in order to not induce an arrangement of the particles on the surface
or distortion of the particles shape. The cross-section analysis of the images
was performed using the Nanoscope III software in order to compare the
radius with the height of the particles deposited on the surface.

Cryo-TEM

Samples for Cryo-TEM were prepared by vitrification of thin liquid films
supported on a TEM copper grid (600 mesh) in liquid ethane at its freez-
ing point. The specimen was inserted into a cryotransfer holder (CT3500,
Gatan, Munich, Germany) and transferred into a cryo-electron microscope
Zeiss EM922 EFTEM operated at an acceleration voltage of 200 kV. Ex-
periments were carried out at temperatures around 90 K. Zero-loss filtered
images were taken under reduced dose conditions (500-2000 e/nm2).

Circular dichroism

Circular dichroism spectra were measured with a JASCO 715 spectrometer.
Solutions of the polymer at concentrations of 0.025 wt.%, were measured in
quartz cuvettes of thickness 0.1 cm. Every spectrum was the accumulation
of 10 measurements and corrected by measuring the pure solvent. The wave-
length measurement range was from 190 nm to 300 nm and the scan speed
was of 50 nm/min. The measurements were performed at room temperature
(∼ 20˚C).
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FTIR

Infrared spectra were collected using a Perkin-Elmer Spectrum One FTIR
Spectrometer equipped with an universal ATR sampling accessory. Inside
this accessory, a high refractive index zinc selenide crystal reflects the infrared
beam, leading to a penetration into the sample in the order of few microns.
Data were collected over a wavenumber range of 650-3500 cm−1. The best
resolution was 0.5 cm−1.

DSC

The determination of the glass transition temperature of PS-PLL copolymers
was carried up using a Perkin-Elmer DSC-7 differential scanning calorimeter.
The temperature was varied from -20˚C to 130˚C at a rate 10˚C/min. The
temperature scale was calibrated using a two-point calibration, measuring the
onset temperatures of indium and zinc standards. The enthalpy scale was
calibrated using the observed delta-H from an accurately known amount of
indium. Samples were encapsulated in disposable aluminium pans, typically
using 3 milligrams of sample. A blank pan was inserted into the reference
side.
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Rheology

Viscosity measurements were performed with a MCR 101 Rheometer from
Anton Paar (Germany), using a concentric cylinder system (CC32). The in-
strument was calibrated using 9696 Standard PSTD1000VE. The air bearing-
supported synchronous motor provides rapid and linear responses in a shear
rate range of 0.06-18.000 s−1.

Chemicals

• Aqueous solutions were prepared using high-purity (ultrapure) water
prepared by a MilliQ-50 water purification system of Millipore Co.

• High-purity C12E6 was purchased from Nikko Chemicals Tokyo Co.
Ltd. and used without further purification.

• The buffers used to prepare aqueous solutions at different pH were
purchased from Merck (Titrisol).

• Pure toluene (99%) and pyridine (99%) were purchased from Merck.

• The cationic surfactant n-octyltrimethylammonium bromide (C8TAB)
was purchased from Fluka (purity 99%) and used without further pu-
rification.

• o-xylene was purchased from Merck (purity 99%).

• Synthetic DPPC and POPC were purchased from Avanti Polar lipids
(Alabaster, AL) with purity of 99% and used without further purifica-
tion.

• Benzoic acid crystalline powder (99%) was purchased from Aldrich.



Chapter 3

Diblock copolymers based on
amino sequences

3.1 Introduction

Block copolymers are macromolecules composed of long sequences, called
blocks of the same monomer unit, covalently bound to sequences of unlike
type. This confers to the diblock copolymers many other properties compared
with homopolymers. In addition to the linear bounding, block copolymers
can also present other molecular architectures as branch (e.g. star) or cyclic
[89]. Due to the different chemical properties of each block, these copolymers
are amphiphiles. This means each block exhibits a different solubilization,
in extreme case being one hydrophilic and the other hydrophobic. The dis-
symmetry in the block copolymer chain is not only related to the chemical
potential; it can determine other physical properties, as for example the hard-
ness, dipole moment, flexibility or the chain conformation. The block length
can also determine the self assembly behaviour of the chains. For instance, it
is proved that for block copolymers the polypeptide/polystyrene molar ratio
can determine the preferential assembly into spherical micelles, rod micelles
or into vesicles [23, 22, 21].
The possibility of tuning the aggregate properties by varying either the kind
of monomer or the size and proportion of the constituting blocks, confers
to block copolymers a wider range of applications than for normal surfac-
tants. Amphiphilic block copolymers often form core-shell type micelles by
self-organization of the blocks in an aqueous medium or under specific exper-
imental conditions [5]. Polymeric micelles constructed from these polymers
that contain a segment whose physical or chemical properties respond to
small changes in environmental conditions are collectively called “stimuli-
sensitive” micelles. They can be used to modify drug release kinetics, biodis-
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tribution and the interactions with tissues and cells [5].

3.2 Phase behaviour of diblock copolymers

The immiscibility of the constituent blocks is responsible for the characteris-
tic behaviour of block copolymers in the undiluted state (solid mesophases),
in solution (solvent selectivity for one of the blocks) and at the interface
(e.g. air/liquid). Figure 3.1 shows various structures composed of block
copolymers.

Figure 3.1: Illustration of various self-assembled structures composed of block
copolymers. L = lamellar phase, H = hexagonal packed cylinders, F, B =
face and body centered packed spheres. The figure is courtesy of S. Förster
and T. Plantenberg [90]. On the right hand the theoretical phase diagram for
non-crystalline linear A-B copolymers by Matsen and Bates is shown [4]. χ:
Flory-Huggins interaction parameter; N= overall number of repeating units;
f= volume fraction of the A component.

3.2.1 Bulk phases

The phase behaviour of undiluted (bulk) (A-B)n block copolymers is de-
termined by three experimentally controllable factors: the overall degree of
polymerization N , the composition f (overall volume fraction of the A com-
ponent) and the A-B segment-segment Flory-Huggins interaction parame-
ter χ [91]. The first two factors are regulated through the polymerization
stoichiometry and influence the translational and configurational entropy,
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whereas the magnitude of (the largely enthalpic) χ is determined by the se-
lection of the A-B monomer pair.
By increase of the energy parameter χ (i.e. lowering the temperature) a
reduction in A-B monomer contacts is favoured, inducing a microphase sep-
aration. The spontaneous segregation into microphases occurs as a result
of a reduction in enthalpy and some loss of translational and configura-
tional entropy by local compositional ordering as illustrated in figure 3.2.
Strongly segregated block copolymers form a variety of ordered structures
[89]. Since the entropic and enthalpic contributions to the free energy den-
sity scale as N−1 and χ, respectively, it is the product χN that dictates the
block copolymer phase state. In figure 3.1 the theoretical phase diagram for
non-crystalline A-B linear copolymers by Matsen and Bates is shown [4]. On
the basis of the χN values three different limiting regimes can be recognized
for the diblock copolymer melt: for χN<<1, a disordered state and the A-B
interactions are sufficiently weak that the individual chain statistics are un-
perturbed (i.e. Gaussian). However, The connectivity of the two blocks and
the incompressibility of the melt lead to a correlation hole that is manifested
in scattering measurements as a peak corresponding to a fluctuation length
scale D ∼ Rg ∼ aN 1/2. Rg is the copolymer radius of gyration and a is a char-
acteristic segment length. As χN is increased, a delicate balance between
energetic and entropic factors produces a disorder-to-order phase transition.
It has been suggested that in the vicinity of this transition the individual
copolymers remain largely unperturbed since the A-B interactions are un-
til sufficiently weak [91]. The microdomain scales as N1/2, and the ordered
composition profile is approximately sinusoidal. This regime is designated
as weak segregation limit (WSL). Order-disorder transitions (ODT) theo-
ries are usually based on this WSL assumption because it greatly simplifies
calculations. The third regime of the phase behaviour is referred to as the
strong segregation limit (SSL) and corresponds to the situation of χN >>10.
In this regime, narrow interfaces of width a χ−1/2 separate well-developed,
nearly pure A and B microdomains. In figure 3.3, the one- dimensional com-
position profiles for the WSL and SSL are shown. The relation between the
phase behaviour of the block copolymer and the numeric value of χN strictly
depends on the architecture, i.e. diblock, triblock, graft. The value 10 men-
tioned above pertains to linear symmetric diblock copolymer architecture.
Several groups have reported the influence of block copolymer architecture
on the phase diagram by computer based simulation [92]. The microphase
separation behaviour in block copolymers becomes more complicated if one
or more of the blocks are crystallisable.
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3.2.2 Block copolymers in solution

Block copolymers are often amphiphiles (sometimes also called “schizophrenic
molecules”) where one part of the molecules likes the solvent, while the other
does not [6]. Therefore, block copolymers tend to self-assemble in selective
solvents as surfactants do. It can be assumed that the free energy of surfac-
tant self-assembly in dilute aqueous solution is given by three terms [6]:

Hydrophobic interaction

It is the main driving force for self-aggregation in water. It arises from the
non-favourable contanct between the hydrophobic chains of the surfactants
and water, since they tend to sequestering themselves within the interior of
the aggregates.

Surface term

The hydrophilic chains crowd close together to minimize the hydrophobic
groups-solvent contacts but tend to spread apart, as a result of the electro-
static repulsions, hydration and steric hindrance.

Packing term

The possible geometries should guarantee the exclusion of polar molecules in
the hydrophobic interior of the aggregates.
A more complete description of all contributions to the free energy in self-
assembly processes can be found in [7].

Figure 3.2: Schematic representation of ordered and disordered states in a
symmetric (f = 1/2) diblock copolymer showing lamellar order [91].
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Figure 3.3: Comparison of the one-dimensional composition profiles charac-
terizing the weak (WSL) and strong (SSL) segregation limits. ΦA and f refer
to the local and stoichiometric A-block volume fractions, respectively [91].

A variety of structures can be formed in solution depending on the “en-
vironmental variables” and on the molecular parameters. The molecular pa-
rameters are basically the hydrophobic volume, chain length and head group
area and they are resumed as the packing parameter (also called surfactant
parameter) [93]

Ns =
V

a0L
(3.1)

where V stands for the volume of the hydrophobic portion of the surfactant
molecule, L is the length of the hydrocarbon chain and a0 is the effective
area per head group. These surfactant parameters relate the properties of
the molecule to the preferred curvature of the aggregates. Small values of Ns

imply high curvatures andNs close to unity, planar bilayers. In table 3.1 some
values of the packing parameter NS are given together with the corresponding
schematic shape of the surfactant molecule and the expected shape of the
obtained self-assembled structure. However, surfactant parameters can only
be an approximate model of the surfactants self-assembly. A comparable,
but quantitatively different approach to analyze the aggregate geometries is
the mean curvature H

H =
1

2

(
1

R1

+
1

R2

)
(3.2)

where R1 and R2 are the radii of curvature in two perpendicular directions
[6]. For a sphere R1 = R2 = R and H = 1/R, for a cylinder R1= R and
R2= ∞ and H = 1/2R while for a planar bilayer, H = 0. The volume of the
saturated hydrocarbon chain, in cubic nanometres, can be calculated as [6]:

V = 0.027(nc + nMe) (3.3)

where nc is the total number of carbon atoms per chain and nMe is the
number of methyl groups which have twice the size of a methylene group.
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The maximum length (in nm) of a fully extended hydrocarbon chain is given
by

L = 0.15 + 0.127nc (3.4)

3.2.2.1 Micellization

The self-assembly into micellar structures has been the subject of extensive
investigations ever since the pioneering work of Merret, Climie and Burnett
[94].
Micellization of block copolymers can be initiated either at a given tempera-
ture by increasing the concentration beyond the critical micelle concentration
(CMC) or at a given concentration by increasing the temperature beyond the
critical micelle temperature (CMT).
The CMC of block copolymers is usually much lower than the CMC for short
chain typical surfactants. Moreover, the self-assembled structures are larger
and more robust, offering potential advantages. However, the micellization
process of amphiphilic block copolymers is inherently more complex und less
understood than that of conventional, low molar mass surfactants. In prac-
tice, a certain CMC range with some notable uncertainty is usually detected
and a large difference often occurs between the CMC determined by differ-
ent methods [95]. For block copolymers that form micelles in water, surface
tension measurements are commonly used to determine the CMC, although
light scattering, differential scanning calorimetry and other techniques can
be used.

Table 3.1: Surfactant packing parameter range for various surfactant aggre-
gates. On the right hand a schematic illustration of the respective surfactant
shape is displayed.
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The thermodynamics of micellization of block copolymers in organic solvents
and in aqueous medium is driven by different forces [5]. In organic solvents
the micellization is an exothermic process (enthalpy-driven). The negative
standard Gibbs energy arises from the dominant negative enthalpic values
from the core formation. It is favoured by replacement of polymer-solvent
interactions to polymer-polymer interactions. The negative value of the en-
tropy arises from the entropy loss due to the less swollen state of copolymers
chains in the micelle in comparison with the unassociated state.
In contrast, the micellization in aqueous medium is an entropy-driven pro-
cess. According to Liu et al. [96] the positive ∆S 0 values are due to the
destruction of the ordered hydrogen bonds in the vicinity of the polymer
chains. At high temperatures, disruption of hydrogen bonds can be induced,
converting sometimes hydrophilic chains to hydrophobic and leading to mi-
cellization or the opposite.
In addition to typical spherical micelles, other micellar morphologies such as
slightly elliptic, rod-like, crew cut , flower like or worm micelles have been
reported [89].
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3.3 Polypeptides

Polypeptides are among the most important chemical substances in the na-
ture. They are the basis of the proteins, from the Greek “proteios”, which
means “of primary importance”. Polypeptides are long molecules formed
from the linking, in a defined order, of many α-amino acids. About twenty
standard amino acids are used by cells in protein biosynthesis. All of them,
except glycine, have a chiral carbon and are L-aminoacids. The figure 3.4
shows the molecular structure of L-Lysine. Lysine is a base and the ε-amino
group often participates in hydrogen bonding and as a general base in catal-
ysis. The link between one amino acid residue and the next is an amide bond

Figure 3.4: Chemical strucure of L-lysine.

and is sometimes referred to as a peptide bond, which links the carboxylic
carbon of one aminoacid with the amino group of another. The peptide
bonds in proteins are metastable, meaning that in the presence of water they
will break spontaneously, releasing about 10 kJ/mol of free energy, but this
process is extremely slow. In living organisms, the process is facilitated by
enzymes. The peptide bond is only 132 pm long and the rotation around it
is rather restricted (rotational barrier: 88 kJ/mol), being the configuration
almost plane [97].

3.3.1 Secondary structure of polypeptides

The structure of a polypeptide is given by four structural levels. The pri-
mary structure is determined by the sequence of aminoacids. The secondary
structure is the conformation of the chain and can be stabilized by the ex-
istence of hydrogen bonds. Ramachandran calculated the theoretical depen-
dence of the secondary structure on the angle between the N-Cα and Cα-C
bonds [98]. The tertiary structure of a protein (i.e. globular) or any other
macromolecule is its three-dimensional structure, as defined by the atomic
coordinates. The quaternary structure is the arrangement of multiple folded
protein molecules in a multi-subunit complex. The most common secondary
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structures in polypeptides are the β-sheet and the α-helix. Chou and Fasman
[99] derived a propensity scale, which predicts the preference of polypeptides
to adopt the α-helix (and β-sheets) using just the amino acid sequence. This
has been an active area of research for over 20 years and the regions of α-helix
can be now predicted with a success rate of over 60%. In the papers of Pace,
Myers and Scholtz [100, 101], a compilation of the propensity scales based
on several sets of experiments can be found.

3.3.1.1 The alpha-helix

The amino acids in an α-helix are arranged in a right-handed helical struc-
ture, 5.4 Å (0.54 nm) wide. Each amino acid corresponds to a 100˚ turn in
the helix (i.e., the helix has 3.6 residues per turn), and a translation of 1.5
Å (0.15 nm) along the helical axis [102]. Most importantly, the N-H group
of an amino acid forms a hydrogen bond with the C=O group of the amino
acid four residues earlier. A helix has an overall dipole moment caused by
the aggregate effect of all the individual dipoles from the carbonyl groups of
the peptide bond pointing along the helix axis [103]. This can lead to desta-
bilization of the helix through entropic effects. As a result, α-helices are
often capped at the N-terminal end by a negatively charged amino acid, such
as glutamic acid, in order to neutralize this helix dipole. Another option is
the C-terminal capping with a positively charged amino acid, such as lysine.
The N-terminal positive charge is commonly used to bind negatively charged
ligands such as phosphate groups, which is especially effective because the
backbone amides can serve as hydrogen bond donors. Helix capping has been
hypothesized as a general mecanism that disriminates between helices and
other conformational alternatives [103]. A quantitative energetic description
of many factors that determine the stability of α-helical secondary structure
is avalaible [104]. Here, the factors responsible for the helix stability are
summarized as follows:

Stabilization by hydrogen bonding

A α-helix is mainly stabilized by favourable enthalpic contributions from the
formation of the backbone hydrogen bonds and from Van der Waals interac-
tions that are more favourable in the helix than in the coil . The randomly
coiled state is greatly favoured by conformational entropy [103]. The hydro-
gen bonds depend on the electrostatic repulsions. For instance, when there
are charged groups in the chain they repel each other, destabilizing the helix
[105].
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Tight main chain packing

All of the amino acid side chains extend perpendicular to the helical axis.
This minimizes unfavourable steric interactions between the different side
chains in the helix [106].

Released bond water

When the chains fold into a helix, bound water is released and returned to the
bulk phase. Water liberated by backbone polar groups upon helix formation
is an entropically favored event [103].

Temperature

Homopolymers of amino-acids can adopt α-helical structure at low temper-
ature that is ”melted out” at high temperatures [107]. This helix-coil tran-
sition was once thought to be analogous to protein denaturation.

3.3.1.2 The beta-sheet

The β−sheet conformation consists of polypeptide chains connected laterally
by hydrogen bonds, forming a generally twisted, pleated sheet. In this case
peptide backbones are almost fully extended and the distance between the
monomers is around 0.7 nm, while the average length of each repeating unit
is 0.35 nm for a random-coiled chain [102]. In the β-sheet the polypeptide
chains have either the same (parallel) or alternating (antiparallel) direction
(figure 3.5) [108]. A third type of β structure, the intramolecular hydrogen-
bonded “cross β”, has also been described [109, 110]. The understanding of

Figure 3.5: Illustration of the hydrogen bonding in a beta-sheet in the an-
tiparallel backbone chain order, the most stable for this conformation [102].

the elements that determine β-sheet stability is much less advanced than for
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the α-helix. A likely explanation for this is that helices form locally, whereas
β-sheets have elements of both secondary and tertiary structures. However,
Pal and Chakrabarti [111] made possible to determine the propensity values
for the β-sheet conformation, which may thus be considered to be intrinsic
to a residue independent of the surrounding. That suggests that the propen-
sity of a residue to be in the β structure is directly related to the energy
barrier that separates its α conformation from the β conformation. If the
polypeptide chain is synthesized with residues in the extended conformation,
then a portion of the chain containing barriers is likely to have an extended
conformation and will ultimately constitute a strand of the β-sheet in the
folded structure [112].
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3.3.2 Conformational transitions in poly(L-lysine)

Poly(L-lysine) is an important water-soluble polypeptide composed of L-
Lysine, which contains amine groups on the side chains. PLL can exist
among three different conformations, i.e., random coil, α-helix and β-sheet
depending on the external environments. The conformational transition of
the free-chain in solution has been studied quite extensively in the past. It
has shown that conformational transitions can be induced by various exter-
nal stimuli including pH, surfactants, anions, polyanions, solvents, heat, and
mechanical shear force [113].

pH

Previous studies in free polylysine chain have found that when it is proto-
nated in a neutral or acidic pH solution, it adopts a random coil confor-
mation because of the electrostatic repulsions among the side chains [114].
On the contrary, at alkaline pH, the deprotonated polylysine is capable of
forming regular α-helix structures with intramolecular hydrogen bonds be-
tween repeating units i and i + 3. Experimental results [80], show the onset
of appreciable α-helix formation around pH = 9. Interestingly, the helical
structure would further convert to β-sheet structure at pH ≥ 11 [113]. The
average extent of proton dissociation α and fraction of helix content θH for
PLL under various pH conditions at 298 K and 0.1 M KCl was determined
experimentally [114] and values are given in table 3.2. The average chain
length of the peptides considered in this study was about 670 residues.

pH α θH
< 9.3 < 0, 02 > 0, 02
9,3-9,8 0,2-0,4 0,02-0,07
10,3 0,7 0,5
10,8 0,9 0,9

Table 3.2: Experimental average extent of proton dissociation α and esti-
mated fraction of helix content θH for poly-L-lysine peptides at 298 K under
various pH conditions [114].

Temperature

The different behaviour of the two conformations with respect to temperature
and solvent is consistent with the proposal that α-helical PLL is stabilized
largely by intraamide hydrogen bonds while β-sheet PLL owes a large part
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of its stability to hydrophobic interactions between lysyl residues. Recently,
it was shown using DSC and CD that the α-helix to β-sheet conformational
transition in poly-(L-lysine) starts at ∼35˚C and is completed at 50˚C.
Moreover, it is proved that a longer chain leads to lower temperature of
the transition [115, 116]. Namely, the chains are arranged in an antiparallel
manner because of energetically favored antiparallel preassembly of dipolar
α-helices. The process from β-sheet into α-helix seems to be very slow and
metastable structures can be found [112].

Solvent, ions

In comparison to water, the β form is destabilized by 15% ethylene glycol
and is stabilized by 0.2 M NaCl. The α-helix PLL is destabilized by 2.0 M
LiBr and stabilized by 50% methanol [117]. Short-chain alcohols (methanol,
ethanol and 2-propanol) partially transformed α-helix PLL to β-sheet when
the concentrations were low. However, at higher concentrations these alco-
hols reversed the reaction [118]. Conversion from random coil to α-helix at
neutral pH can be also facilited by the presence of anions, which can form
neutral complexes with PLL [113] .

Binding surfactants

Anionic surfactants at lower concentrations can induce the conversion from
random coil to either α-helix [119, 120, 121] or β-sheet [113] at neutral pH.
The conformational transitions caused by binding of n-alkyl surfactants onto
ionic polypeptides can be explained by two interactions: one is the electro-
static interaction of side groups, and the other is the hydrophobic interaction
between alkyl chains. For the PLL-SDS system the hydrophobic interac-
tion predominates. Nonionic surfactants have been shown to interact with
sufficiently hydrophobic peptides, thereby inducing an increase of α-helix
conformation [122]. The onset of the α-helix stabilization effect occurs just
below the surfactant CMC. A further increase of the surfactant concentra-
tion above CMC does not increase the amount of peptide in α-helix confor-
mation. The peptide-micelle complex can be best described by a necklace
model, as illustrated in figure 3.6. The surfactant-peptide interaction occurs
mainly between the surfactant hydrophobic core of n-dodecyl-β-D-maltoside
(β-C12G2) and the phenyl rings of the co-poly-L-(lysine, phenylalanine) 1:1
HBr polypeptide (KF)n.
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Figure 3.6: Illustration of surfactant-peptide binding. Above the CMC, mi-
celles of nonionic surfactant, β-C12G2 yield to increase of PLL fraction in the
α-helix conformation [122].

3.4 Synthesis of PS-PLL copolymers

This section tries to briefly summarize the synthetic pathway followed by M.
Losik at the Max Planck Institute in Golm to obtain PS-PLL block copoly-
mers with different block lengths. For more details concerning this topic an
extended literature is avalaible [123, 22, 124]. The polystyrene/polylysine
molar ratio as well as the total number of monomer units demonstrates to
be an important parameter in the block copolymers self-assembly, determin-
ing the preferred structure in solution (micelles, vesicles, spheres, rod-like
aggregates) [125, 124, 22]. For this reason, three different copolymers were
synthesized.The three-step synthesis can be summarized as follows:
First ω-amino-functional polystyrene was synthesized by anionic polymeriza-
tion (figure 3.7). Secondly, block copolymers were obtained by ring opening
polymerization of N-carboxyanhydrides. Finally, the benzyloxycarbonyl (Z)
protecting group was removed by hydrobromic acid in acetic acid (30%) (fig-
ure 3.8).
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The characterization of the PS-P(ZLL) copolymers was done using gel
permeation chromatography and 1H NMR. The obtained values for the poly-
dispersity index (PDI) were around 1.2. The successful deprotection of the
final products was proved by infrared spectroscopy by the dissapearence of
C=O characteristic band corresponding to the protecting group. In table
3.3, the theoretical molecular weight and the maximal contour length for the
final products are shown. As preliminary analysis, the differential scanning

Polymer name MW /g mol−1 xlys L /nm
PS258-P(L-Lys)58 ML56 33639 18 88
PS258-P(L-Lys)107 ML55 39470 29 107
PS388-P(L-Lys)138 ML58 56549 26 152

Table 3.3: Description of the three PS-PLL copolymers object of study. The
molecular weight, the molar fraction of polypeptide (xlys) and the theoretical
maximal length (L) for the completely extended chains are shown.

calorimetry of the solid products was done (figure 3.9). The heat flow curve
versus the temperature shows a systematic deviation in the base line, due
to the instability of the nitrogen flow. However, it clearly shows a peak
around 92˚C, in good agreement with the glass transition temperature for
polystyrene [126, 83]. This parameter is of crucial importance, since it will
determine the obtention of frozen metastable self-assembled structures in

Figure 3.7: Scheme of the synthesis of the primary amino-functional polymer.
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Figure 3.8: Scheme of the ring opening polymerization of N-
carboxyanhydrides via the “amine mechanism” and removal of the protecting
group.

solution at room temperature (≈ 20˚C). Moreover, DSC dismisses the pos-
sibility to have the polypeptide block of polylysine crystallized in the alpha-
helix conformation, in which case the existence of another peak in DSC curve
around 43˚C would appear, corresponding to the alpha-helix to beta-sheet
transition [116].
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3.5 PS-PLL copolymers in water

3.5.1 Sample preparation

The solubility of the PS-PLL copolymers in water has been tested by addi-
tion of 1 mg of the dry polymer powder into 5 mL of mili-Q water. After
1 hour of sonication the solution remains highly dispersed. In order to im-
prove the solubility of the copolymer in water, the addition of a variety of
ionic and nonionic surfactants was tested. The solubility of the polymers in
water was rather restricted and only upon addition of the nonionic surfac-
tant C12E6 it was possible to quantitatively solubilize them in water. In all
cases the surfactant concentration was 5×10−5 M, which is below the critical
micellar concentration (≈7×10−5 M) [127]. Solutions of the surfactant with-
out polymer were measured by DLS, showing no evidences of the existence
of surfactant micelles under these conditions. After the polymer addition
the samples were sonicated for 10 hours at 20˚C. DLS measurements of
aqueous solutions of polymer-surfactant mixtures show the existence of two
contributions to the decay of the correlation function. The second contri-
bution is found at high frequencies and belongs to particles with an average
hydrodynamic radius around 10 nm. This is in good agreement with the
experimental values found for wormlike micelles of C12E6 [128]. It suggests
that the surfactant concentration required to achieve surfactant aggregation
in the presence of PS-PLL copolymers (critical aggregation concentration) is
lower than its CMC (critical micellar concentration). This has been already

Figure 3.9: DSC curve of PS-PLL copolymer. Only one peak is detected,
around 92˚C, close to the glass transition temperature of polystyrene [126].
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observed in other surfactant-polymer systems [122]. The two common models
in the analysis of surfactant-polymer binding are described by the Hill equa-
tion [129] and by the Satake-Yang model [130]. In this case, the mechanism
that explains how C12E6 improves the solubility of PS-PLL diblock copoly-
mers in water is not yet completely well understood, but two possibilities
are suggested here: Due to the favourable hydrophobic interactions between
the C12E6 micelles core and: (i) the frozen hydrophobic polystyrene groups
of the block copolymers chains and/or with (ii) the antiparallel beta-sheet
polylysine chains in the solid state [131].
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3.5.2 Poly(styrene)258-poly(L-Lysine)58/C12E6 (ML56) mixed
aggregates in water

3.5.2.1 Characterization of the aggregates

Solutions at a copolymer concentration of 0.1 wt.% were prepared as ex-
plained in the previous section and analysed by dynamic and static light
scattering, atomic force microscopy and cryogenic electron microscopy. The
analysis of the DLS results was done using CONTIN [59, 60], by exponential
fit of the correlation curves and also using cumulants.
In figure 3.10, the Laplace transform of the correlation curves generated by
CONTIN at different scattering angles is shown. At low scattering angles
(θ = 20 - 40˚) resolves two different modes contributing to the decay. At
a scattering angle of 30˚ two contributions are found, with hydrodynamic
radii approximately equal to 116 nm and 25 nm and polydispersities of 14%
and 10% respectively. Above scattering angles of 40˚, CONTIN computes
only one broad peak, corresponding to particles with a mean average radius
of 44 nm and an apparent polydispersity of 56%. The distribution of sizes
computed by CONTIN at a scattering angle of 90˚ is shown and no typical
Gaussian or Lorentzian particle size distribution can be assumed (see figure
3.18). As explained in section 2.1.2, larger particles lead to higher forward

Figure 3.10: Relaxation rate distributions obtained by Laplace transform of
the correlations curves using CONTIN. By increase of the scattering angle
only one contribution is found.

scattering intensities which varies assymetrically with the scattering angle.
For this reason, in a polydisperse distribution of particles larger particles
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Figure 3.11: Average relaxation rates computed by single exponential fit of
the correlation functions. The slope of the curve changes from low scattering
to high scattering angles. On the left corner the calculated hydrodynamic
radii are shown. One can see that the apparent size of the particles is highly
decreased by increasing the scattering angle.

dominate the scattering profile at low scattering angle. This can be seen in
figure 3.11 where the slope of the average relaxation rates found by single
exponential fit of the correlation functions versus the square of the scattering
vector drastically changes at high scattering angles and the apparent hydro-
dynamic radius highly decreases. The analysis of the correlation functions by
use of cumulants lead to similar results to those found by single exponential
fit.
The evidence of various distributions of particles sizes can be deduced by
the accuracy of the fit of the correlation functions: a single exponential fit is
not able to fit many of the experimental points, while a double exponential
functions fit them much better (figure 3.12). The advantage of the analysis
by double exponential fit respect to CONTIN is the capability to separate
the decay of the correlation curves in different contributions, even at high
scattering angles.
The amplitude of the peaks found by CONTIN as well as the amplitude for
each contribution of the double exponential fit depends on the particle size
and the number of particles. This means that although the particles corre-
sponding to the second contribution are approximately five times smaller in
size in comparison with the particles of the first contribution, the amplitudes
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are in the same order and therefore the number of small particles should be
enormously higher than the number of big aggregates. However, the exis-
tence of these bigger aggregates, even in a small quantity affects the light
scattering results, leading to an overestimation of the hydrodynamic radius.
Unfortunately, it was not possible to obtain solutions of the polymer with-
out these big aggregates, even by heating (see section 3.5.4.4) or filtration
through smaller pore size filters.
After analysing the dynamic light scattering in different ways, it can be
concluded the existence of a bimodal distribution of particles within the
most poblated corresponds to particles with an average hydrodynamic ra-
dius around 25 nm. The samples were also measured by SLS at scattering

Figure 3.12: Experimental intensity autocorrelation function (open circles)
for a solution of the surfactant-copolymer mixture at a polymer concentration
of 0.05wt.% and scattering angle of 45˚. The figures a, b and c show the
% deviation for single, double and triple exponential fits of the experimental
data, respectively.

angles, θ, between 30˚ and 150˚. The scattering intensity dissymmetry
function, dI, versus cosθ is only linear at scattering angles close to 90˚. This
fact arises from the polydispersity and from the existence of big aggregates
in the sample (see section 2.1.2.2). By fit the experimental SLS data in the
linear regime, a radius of gyration of 65 nm was calculated (figure 3.13),
which is related to a factor ρ ≈ 0.8 with the hydrodynamic radius of the
first contribution at high scattering angle found by DLS. This suggests the
existence of micelles in solution (see section 2.1.2.2). However, due to the
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Figure 3.13: Intensity dissymmetry function for ML56/surfactant aggregates
in water. The radius of gyration is calculated from the linear fit of the
experimental data at high scattering angles.

high polydispersity this value is probably not very reliable. For instance, if
the average size of the two contributions is used to make the same calcula-
tions, a value of ρ >1 is found. As we are going to see in this section, direct
imaging techniques can provide additional information to elucidate the real
morphology of the aggregates in water.
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Size determination by DDLS

As explained in the section 2.1.2.3, DDLS can estimate much better the
mean size of polydisperse samples. Due to the low intensity of the depo-
larized component of the scattered light, it was necessary to perform DDLS
measurements using a high output power Argon laser at low scattering an-
gles and long accumulation times (> 5000 s). The second polarizer, situated
between the sample and the detector, was adjusted at 90˚ respect to the first
polarizer. Then, it was fine adjusted in order to minimize light contributions
from scattering processes due to the translational dynamics. Although, the
Laplace transform of the correlation curves presents two peaks showing that
the translational contribution is not completely eliminated. In fact, this is
technically very difficult since the scattering intensity due to the translational
motion is much higher than for the rotation. The difference in frequencies
between the translational and rotational modes was about 20 times. From
the relaxation rate at high frequencies, the rotational diffusion coefficient was
calculated. The results are shown in table 3.4. These values are in good

angle Θ/s−1 Rh/nm
30 651 29
45 670 29
60 589 30

Table 3.4: Rotational diffusion coefficient and hydrodynamic radius calcu-
lated from DDLS measurements at T = 20˚C.

agreement with the size of the second contribution found by DLS. However,
DDLS measurements require long data acquisition times. Therefore, the po-
larized data were used to extract information about the rotational dynamics
of the mixed aggregates. The correlation curves obtained by classical DLS
vertical polarization, gV V (q, t) (section 2.1.2.3), were divided by the pure
translational function, gT (q, t) = exp(−Dq2t), leading to a “pure rotational
correlation function”:

gRV V (q, t) =
gvv(q, t)

gT (q, t)
= a0 + a1 exp(−6Θt) (3.5)

where a0 depends on the particles form factor and a1 is a constant . Then, by
single exponential fit of these functions, the rotational diffusion coefficient,
Θ, can be extracted (figure 3.14). The experimental relaxation rates found
by DDLS were compared with the values extracted from the reduction of the
polarized correlations curves, showing to be in a good agreement. Therefore,
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Figure 3.14: “Pure rotational correlation function” and single exponential fit
at a scattering angle of 30˚. The deviation is shown below.

reduction of the polarized correlation functions seems to provide similar re-
sults tho those found by experimental depolarized measurements. Solutions

Figure 3.15: Left: Cryo-TEM image of poly(styrene)258-poly(L-
lysine)58/C12E6 mixed aggregates at 90 K. Right: AFM image of a spherical
particle on graphite and its cross-section analysis. The particle wet the sur-
face.

of the copolymer at concentrations of 0.1 wt.% were also analysed by di-
rect imaging techniques. Cryo-TEM images at 70 K confirm the existence
of spherical micelles with diameters from 35 nm up to 53 nm (figure 3.15).
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From these images the distribution of particles sizes was calculated, leading
in an average diameter of 40 nm. Bigger particles were not observed by Cryo-
TEM, probably due to the thickness of the film, which could exclude them
(see section 2.2.2). The analysis of the mixed aggregates on graphite using
atomic force microscopy was also done. It also showed the existence of spher-
ical particles with an exponential distribution of particle sizes. However, the
cross-section analysis of the single particles shows very smooth height pro-
files (3.15). The darker regions on the right side of the particles could be
attributed to modifications or distortions of the real height profiles due to
the tapping action of the tip on the surface.

3.5.2.2 Secondary structure at high pH: β-sheet

It is well known that copolymers with polypeptide blocks are pH sensitive.
For poly(L-Lysine) a conformational transition is expected to occur between
pH = 10.3-10.6 [114]. Hence, in the context of the present study it is of
great interest to investigate the influence of pH and therefore the secondary
structure of the poly(L-Lysine) block on the size and shape of the mixed poly-
mer/surfactant aggregates. As seen in section 3.3.1.2, several factors can de-
termine the secondary structure of block copolymers with a PLL block: pH,
concentration, surfactants, temperature, ionic strength, chain length. To con-
firm the occurrence of conformational transitions in the secondary structure
of the polypeptide block in PS-PLL copolymer aggregates upon pH, circular
dichroism measurements of polymer/surfactant mixtures in water pH = 8, 10
and 11 were performed. It was necessary to dilute the samples at 50% since at
polymer concentration of 0.1 wt% the intensity was to high. The intensities
were corrected measuring the pure solvent. These experiments showed that
at pH = 11 the conformation has changed (figure 3.16). Comparing the curve
at pH = 11 with the curves calculated by Greenfield and Fasman [81], the
existence of 60-80% of beta-sheet structure is deduced. This result was not
expected, since several previous studies proved the preferential α-helix con-
formation for polylysine at T = 20˚ and pH = 11 (section 3.3.1.2). However,
recent studies suggest that steric effects arising from the close approach of
the polypeptide molecules during the drying process make the anti-parallel
beta-sheet structure energetically favourable in the solid state [131]. This
means that if the polypeptide chain is synthesized with residues in the ex-
tended conformation, then a portion of the chain containing barriers is likely
to have an extended conformation and will ultimately constitute a strand of
the β-sheet in the folded structure [112]. Therefore, the β-sheet conforma-
tion for PS-PLL diblock copolymers in water at pH = 11, could be explained
as follows: Segments of some of the polypeptide chains can remain in the
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Figure 3.16: Circular dichroism spectra of PS-PLL/C12E6 mixed aggregates
in water at different pH. At pH = 11 the conformation has clearly changed.
Approximately 60-80% of the polypeptide chains adopt a β-sheet conforma-
tion.

β-sheet arrangements when the polymer is dissolved in water, which could
induce the adoption of the extended chains, since the unfolding to the helical
conformation is a very slow process [112]. Moreover, the adoption of the
β-sheet in the solid state could explain, in addition to the long PS block, the
low solubility of the polymer in water and the fact that an increase in the
PLL block length reduces even more the solubility.
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3.5.2.3 Conformation and aggregate sizes

Solutions of the copolymer/surfactant mixtures at pH = 8 and pH = 11
were prepared by direct solubilization of the polymer powder in solutions
of boric acid based buffers (ionic strength approximately equal to 0.1) at
constant surfactant concentration (always below the CMC). The samples
were measured by light scattering methods and the results were analysed in
the same way as explained in the previous section. As already mentioned for
the previous case, CONTIN was able to separate the decay of the correlation
curve in two contributions at low scattering angles and it only computed a
broad contribution at high scattering angles. The results for the copolymer
solution at pH = 8 were practically the same as those for the copolymer at
pH = 6.8 (no buffer used). The DLS results for the copolymer at pH = 11 are

Figure 3.17: Relaxation rate distributions at pH = 11 and scattering an-
gle of 30˚ (filled circles) and 90˚ (open circles). At 90˚ only one broad
contribution is computed using CONTIN. On the right hand, the average
hydrodynamic radius at different scattering angles is shown.

shown in figure 3.17. Comparing the average values of the Rh at pH = 8 and
pH = 11 and scattering angle of 90˚, an increase in size from 45 nm to 63 nm
is found (∼40%). However, the maximum of the size distributions remains
almost constant. In figure 3.18, the distributions of particle sizes at pH = 8
and at pH = 11 computed by CONTIN at 90˚ are shown. In both cases the
distributions are highly asymmetrical taking the form of logarithmic normal
functions [146]. One can see that at pH = 11 the polydispersity is highly
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increased, probably due to an increase of the polylysine chain hydrophobicity,
since at this pH value almost 90% of the polylysine groups are deprotonated
(table 3.2). Then, it seems that by increasing the pH up to 11 the aggregates
become more insoluble in water, leading to an increase in the average size.

Figure 3.18: Size distribution of ML56/surfactant aggregates at pH = 8 and
at pH = 11. The analysis is done by use of CONTIN on the correlation
functions at scattering angle of 90˚. At pH = 11 the proliferation of large
aggregates can be observed.

3.5.2.4 Dependence of the diffusion coefficient with the tempera-
ture

Dynamic light scattering measurements were performed at temperatures be-
tween 20-40˚C. From the slope of the relaxation rates versus q2, the apparent
translational diffusion coefficient of the mixed aggregates at every temper-
ature is extracted. The diffusion coefficient shows to follow an Arrhenius
dependence with the temperature [132]. By fit the experimental data using
the logarithmic form of the Arrhenius equation:

logD = logD0 −
(
Ea
RT

)
(3.6)

the apparent activation energy for the translational motion (Ea) as well as
the diffusion coefficient at infinite temperature (D0) can be extracted. The
obtained values are shown in figure 3.19.



3.5. PS-PLL COPOLYMERS IN WATER 57

Figure 3.19: Dependence of the apparent diffusion coefficient with the tem-
perature. The dashed line corresponds to the linear fit of the experimental
data assuming an Arrhenius dependence. From this fit, the activation energy
for the translation (Ea) and the diffusion coefficient at infinite temperature
(D0) have been calculated.

3.5.3 Poly(styrene)258-poly(L-Lysine)107/C12E6 (ML55)
mixed aggregates in water

3.5.3.1 Characterization of the aggregates

Solutions of ML55 in water/surfactant at a copolymer concentration 0.1 wt.%
were prepared as explained in section 3.5.1. The DLS results also show
two contributions at low scattering angles and one broad contribution at
scattering angles above 40˚ (see figure 3.20). The average hydrodynamic
radius at several scattering angles is shown in the enclosed figure. One can see
that the average hydrodynamic radius computed by CONTIN at a scattering
angle of 90˚ is around 105 nm. This value is rather larger than the value
found for the analogous shorter polylysine copolymer ML56 (section 3.5.2.1).
DLS measurements were also performed at different temperatures between
20-40˚and the kinetic parameters for the diffusion were extracted assuming
Arrhenius behaviour. The activation energy for the translation is also highly
increased (Ea = 22 kJ/mol). However, from the AFM images on graphite a
value of 25 nm for the average particle radius is calculated. This means an
increase of only 25% respect to the value found for ML56 (see appendix A).
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Therefore, in this case the average radius found by DLS at a scattering angle
of 90˚ is highly overestimated. The real particle size can be only estimated
by DLS from the high frequency contribution found at low scattering angles,
while the second contribution can be attributed to large insoluble aggregates.
Therefore, the increase of the polylysine block length seems to drastically
decrease the solubility of the polymer in water. This fact was not expected
since the polylysine block is hydrophilic in the ionic form and water should be
a good solvent. It suggests that the polypeptide block in the solid state has
adopted some kind of structured conformation, which can be negative for the
solubilization process. Recently, the tendency of polylysine to crystallize in
the beta-sheet conformation has been reported [131]. Static light scattering
measurements were also performed. The total scattering intensity versus q
is plotted in figure 3.21. A complete description of the scattering curves can
be achieved by fit the experimental data for the scattering intensity using an
analytical expression for the form factor, P (q). A model for compact spherical
particles was able to fit very well the experimental data using a logarithmic
normal distribution for the particle size distribution [146]. It confirms the
high polydispersity of particle in solution (∼ 62%). As explained in section
techniques, for low concentrations (S(q) ≈1) the low q region (qR ≤ 1) of

Figure 3.20: Relaxation rates distribution obtained by inverse Laplace trans-
form of the correlation curves from solutions of ML55/surfactant in water.
The dependence of the average hydrodynamic radius calculated by CONTIN
with the scattering angle is also shown.
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Figure 3.21: Total scattering intensity versus q. A simple model for spherical
particles fit the experimental points.

the scattering curves can be described by a scaling law (equation 2.7), where
the scattering exponent α depends on the shape of the scattering objects.
However, in the present case this approach can not be applied due to the
existence of big aggregates in the system. In fact, the double logarithmic plot
shows a slope equal to 1.6, revealing that under these experimental conditions
we are probably closer to the Guinier region. The intensity dissymmetry
functions were fitted in the same way as for those of ML56, leading to a
value for the radius of gyration of 100 nm, which is related with a factor 1
to the hydrodynamic radius. In principle, this is the ρ factor for a hollow
sphere. It is demonstrated that the formation of micelles and vesicles for
polybutadiene-polylysine depends on the rod polypeptide molar ratio [133].
In principle, the higher the polypeptide molar fraction in the copolymer, the
more micellar arquitechture is favoured. As mentioned before, ML55 presents
the higher polypeptide/polystyrene molar ratio. ML56 seems to self-assemble
into micelles, as the Cryo-TEM images showed. Therefore, also for ML55 no
vesicle formation is expected.

3.5.3.2 Conformation and aggregate sizes

Solutions of the copolymer/surfactant mixture at pH = 8 and pH = 11 pre-
pared in boric acid based buffers were also measured by dynamic light scat-
tering. Comparing the average radius at a scattering angle of 90˚ with the
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Figure 3.22: Relaxation rate distributions computed by CONTIN for
Ml55/surfactant aggregates in water at pH = 11. The inset shows the de-
crease of the average hydrodynamic radius with increasing the scattering
angle.

Figure 3.23: Particle size distributions of ML55/C12E6 aggregates at pH =
8 and pH = 11 (left). At pH = 11 the formation of very large aggregates can
be also detected by AFM (right).
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value at pH = 8, only an increase around 4% is found. However, the particle
size distributions computed by CONTIN, the proliferation of bigger insolu-
ble aggregates at pH = 11 can be observed. Analysis of graphite surfaces at
basic pH by AFM show the existence of these big aggregates, proving the
information that the polymer becomes more insoluble (figure 3.23). This
fact was already expected, since the hydrophobicity of polylysine is highly
increased at high pH.
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3.5.4 Poly(styrene)388-poly(L-Lysine)138/C12E6 (ML58)
mixed aggregates in water

3.5.4.1 Characterization of the aggregates

Solutions of the copolymer were prepared in the presence of C12E6 (always
0.05 mM), as described in the previous sections. The polymer concentra-
tion was varied from 0.01 wt.% up to 0.1 wt.% and afterwards measured
by DLS. As mentioned for ML56 and ML55, the distribution of relaxation
rates obtained by CONTIN at small scattering angles shows two contribu-
tions to the decay of the correlation functions and at higher angles only one
broad peak is computed. This is due again to the high polydispersity of
particles in solution. From the average relaxation rate it is possible to cal-
culate the apparent hydrodynamic radius for the mixed polymer/surfactant
aggregates. Plotting this value versus the polymer concentration leads to the
results given in figure 3.24. In the plot two regimes can be identified since for
polymer concentrations above 0.01 wt.% the found aggregates become sig-
nificantly larger. Hence, in the following we discuss the “dilute” (copolymer
concentration below or equal to 0.01 wt.%) and the “concentrated” regimes
separately.

Figure 3.24: Apparent hydrodynamic radius of ML58/C12E6 mixed aggre-
gates in water at different polymer concentrations. Above concentration wP
= 0.01% the size is highly increased and we speak of “concentrated” regime.
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Dilute solutions

For this system dilute solutions means copolymer concentrations less or equal
to 0.01 wt.%. Due to the low scattering intensity obtained by these samples,
an Argon laser with high output power (600 mW) was used. For a solu-
tion with a polymer concentration of 0.01 wt.% CONTIN could separate two
different contributions to the decay of the correlation functions at small scat-
tering angles, corresponding to particles with hydrodynamic radius around
113 and 40 nm, respectively. At high scattering angles only one broad peak
was found corresponding to a mean hydrodynamic radius of about 100 nm
(figure 3.25). The polydispersity computed from the DLS results was 40%.
Unfortunately, for polydisperse solutions the apparent radius computed from
DLS and SLS measurements can be overestimated, due to the contribution of
the bigger particles to the scattering intensity. At this low polymer concen-
tration it was not possible to use direct imaging techniques to characterize
the mixed polymer/surfactant aggregates.

Figure 3.25: Relaxation rates distribution functions, G(Γ), obtained by in-
verse Laplace transform of the normalized electrical field autocorrelation
functions, g1(τ), for ML58/C12E6 mixed aggregates in water at a copoly-
mer concentration of 0.01 wt.%.

Concentrated solutions

This sections concerns the results for polymer/surfactant mixtures at poly-
mer concentration of 0.1 wt%, which seems to correspond to the solubility
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limit of the polymer in water in the presence of the nonionic surfactant C12E6.
As already said, the apparent hydrodynamic radius of particles in solution
at polymer concentrations above 0.01 wt.% is highly increased. This is be-
cause of the presence in solution of large insoluble aggregates. It was tried
to remove these big aggregates by filtration of the samples through filters
of smaller pore size but no change was observed. Therefore, it is concluded
that the increase of the frozen PS block length, combined with the increase
of the PLL block (see appendix A), decreases drastically the solubility of the
polymer in water.

Particle size determination by DDLS

In previous sections, DDLS demonstrated to be an efficient technique to
estimate a realistic particle size of polydisperse samples. Therefore, concen-
trated solutions of ML58 (0.01 wt.%) were measured by DDLS. The values
for the corresponding hydrodynamic radius and rotational diffusion coeffi-
cient were calculated as explained in section 2.1.2.3. The obtained values for
the rotational diffusion coefficient and hydrodynamic radius of the particles
are shown in table 3.5. It shows that Rh is approximately equal to the first
particle contribution found by CONTIN at low scattering angles.

angle Θ/s−1 Rh/nm
20 326 39
30 325 38
45 290 40

Table 3.5: Rotational diffusion coefficient and hydrodynamic radius calcu-
lated from DDLS measurements at T = 20˚C.

In order to obtain the most realistic overview on the particle shape ans size
concentrated solutions of the polymer (wP= 0.1 %) were analysed by cryo-
genic transmission electron microscopy (figure 3.26). These corroborate the
polydispersity in size of the aggregates and showed that the particles are
spherical, with diameters between 70 nm and 130 nm and a mean radius of
44 nm. This value is in a good agreement with the values found by CONTIN
at low scattering angles (figure 3.25) and also by DDLS. The bright small
particles shown on the left image are ice particles. Unfortunately, by Cryo-
TEM it was not possible to see particles bigger than 130 nm in diameter,
probably due to the fact that bigger particles are excluded due to thin thick-
ness of the film on the copper grid. For the observed particles one can see
the existence of a less contrasted concentric ring, which could also correspond
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to the upper limit of the film. Therefore, another direct imaging technique
like freeze-fracture microscopy could be recommended to better characterize
large aggregates. From the atomic force microscopy pictures and using the
Nanoscope III software the size distribution of aggregates on graphite was
computed. The estimated mean radius value from the AFM images was 41
nm. The cross-section analysis of the AFM images shows again a flat profile
of particles, with heights 25 times smaller than the diameter (figure 3.27).

Figure 3.26: Cryo-TEM images of ML58/C12E6 mixed aggregates at 90 K.
The diameter of the particles is between 70 and 130 nm and the mean particle
radius is 44 nm.

Figure 3.27: Cross-section analysis of particles of mixed surfactant/polymer
aggregates on graphite. The diameter of the particles is around 100 nm.
However, the height of the particles is only approximately 4 nm.
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3.5.4.2 Conformation and aggregate sizes

The section is divided again into subsections dealing with dilute and concen-
trated samples, respectively.

Dilute solutions

The DLS data of solutions of copolymer/surfactant mixtures at different pH
were analyzed using CONTIN, leading only to one contribution at scattering
angles higher than 30˚. The compared hydrodynamic radius at different pH
were computed from the relaxation rates obtained by CONTIN at a scattering
angle of 90˚. The Rg were computed by fit the intensity dissymmetry curve
of the SLS measurements, as explained in section 2.1.2.2. In both cases the
size of the mixed polymer/surfactant aggregates increases with the pH up to
a maximal value of the 20% (figure 3.28). The ratio Rg/Rh remains constant
and approximately equal to 1. As already explained, the ρ-factor is related
to the geometry of the scattering objects and, in this case, would correspond
to the value for hollow spheres. However, the high polydispersity could lead
to erroneous conclusions from light scattering measurements about the real
architecture of the aggregates. Actually, Cryo-TEM images suggest that the
aggregates self-assemble into micelles. More interesting is the fact that this
ratio remains constant at all studied pH values, suggesting no changes of the
shape of the aggregates.

Figure 3.28: Size of ML58/C12E6 mixed aggregates in water at different pH;
hydrodynamic radius (left) and radius of gyration (right). The ratio Rg/Rh

remains constant indicating no change in the aggregates shape.

Concentrated solutions
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As seen in the previous sections, by increasing the polymer concentration
the interpretation of the results become more complicated. Using CONTIN,
only one contribution could be resolved in most of the cases. The average
hydrodynamic radius computed by CONTIN at low scattering grows linearly
with the pH up to 10. Above pH 10, the size is highly increased up to Rh ∼
340 nm. Thus, it could be deduced a high increase of the particle size upon
pH change. In the following text it will be discussed in detail, proving that
at basic pH most of the particles do not largely increase in size and it is
only the formation of large insoluble aggregates what can lead to erroneous
conclusions. While at pH = 8 the polydispersity is around the 40%, at pH
= 11 this value increases up to the 70%. The values for the hydrodynamic
radii computed from the second contribution to the decay of the relaxation
function using a double exponential function are close to 105 nm at any
pH. In addition, static light measurements were also performed and the data
were analysed in two ways: taking only in account the high scattering angles,
where the scattering intensity dissymmetry function is linear, and using all
the experimental points of the dissymmetry of the scattering intensity. Using
only the high scattering angles (θ =75-90˚) the dissymmetry function was
fitted as explained in section 2.1.2.2 and the obtained radius of gyration was
almost constant and close to 105 nm at any pH, leading only an increase about
17% between pH = 8 and pH = 11. Taking in account all the experimental
points, the intensity dissymmetry functions were fitted using the model of
Debye for spherical particles (section 2.1.2.2). Also, in this case the increase
in the radius of gyration was around 10 %, but the absolute values for Rg

at pH = 8 and pH = 11 were 132 nm and 145 nm, respectively (figure
3.29). Moreover, Cryo-TEM images of solutions of the copolymer at pH = 11
show the existence of spherical particles in solution. It clearly confirms that
the shape of the micelles does not change with the polylysine conformation.
Unfortunately, the number of particles in the obtained images is too low to
calculate a distribution of particles at this pH.
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Figure 3.29: Static light scattering intensity dissymmetry functions for solu-
tions at pH = 8 and at pH = 11. The fit for all the experimental points was
done using the model of Debye for spheres.

3.5.4.3 Influence of the polypeptide conformation on the wetting
properties

The analysis of the aggregate structures as obtained by deposition and drying
of the solutions on graphite substrates was done using AFM. In figures 3.30-
3.32 the images for solutions of surfactant/copolymer mixtures at polymer
concentration of 0.1 wt% and pH = 8 and pH = 11 are shown. At pH values
from 8 to 10 no significant change in size and polydispersity of the obtained
surfaces is observable. At pH = 11 the situation changes and the formation
of rather large aggregates can be observed (figure 3.30). Moreover, the poly-
dispersity of the found surface structures is significantly increased compared
to the samples al lower pH. Comparing the surface patterns at pH = 8 to
the one obtained at pH = 11 one can observe that the smaller aggregates at
pH = 11 have a tendency to fuse and are less well separated than at pH =
8. Additionally, the observed aggregates seem to wet the graphite surface.
In figure 3.32 digital zooms using Nanoscope III software of images at pH =
8 and pH = 11 are presented, showing in more detail the different wetting
behaviour with changes of the pH.
At pH = 11 the existence of larger aggregates can probably be attributed
to the increase of the hydrophobicity of the polypeptide block and its ag-
gregation in solution, as DLS results show. However, the fusion process
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and arrangement of the aggregates on the graphite surface at basic pH can
be attributed to a change of the particle-surface interactions. The special
features of graphite as deposition surface have been already studied. For
instance, some lipids orient parallel to the graphite surface instead perpen-
dicular [134, 135]. It would be of great interest to compare these results with
new studies where other surfaces would be used.

Figure 3.30: AFM image obtained by deposition and drying of a solution of
polymer/surfactant on graphite at polymer concentration wP = 0.1% at pH
= 8 (left hand) and at pH = 11 (right). At pH = 11, the formation of big
aggregates can be observed.
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Figure 3.31: AFM image obtained by deposition and drying of a solution of
polymer/surfactant mixture at a polymer concentration wP = 0.1% at pH =
8 (left) and at pH = 11 (right).

The solutions were also measured by FTIR. The idea was to observe a
shift in the band positions due to the change of the polypeptide conformation.
In an IR or Raman spectrum of a protein, the amide I band in the region
of 1600-1700 cm−1 is the most sensitive vibration band for investigating the
average polypeptide secondary structure. In order to avoid the overloap of
the solvent and polymer vibrational bands it is recommended to use deu-
terium oxide as a solvent when conformational changes in polypeptides have
to be studied. In this case the obtained FTIR spectrum in water as well as in

Figure 3.32: Digital zooms using Nanoscope III software of AFM images at
pH = 8 (left) and at pH = 11 (right). At pH = 11 one can observe that the
smallest particles are fused on the graphite surface in some kind of ordered
lattice. The difference between smallest and biggest particles is also largely
increased at pH =11.
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deuterium oxide shows two broad peaks, certainly uniquely due to the water
vibrational transitions (figure 3.33). Typical FTIR experiments are done at
polymer concentration around 3-10 wt%. Unfortunately, the restricted solu-
bility of the copolymer in water does not allow to reach such concentrations
and therefore is not posssible to detect vibrational bands belonging to the
polylysine.

Figure 3.33: FTIR spectra of solutions of ML58/C12E6 mixed aggregates in
water and in deuterium oxide. Unfortunately, the bands seem to belong just
to the solvent because the polymer concentration is too low.

3.5.4.4 Solubilization at high temperatures: surfactant phase sep-
aration

As seen in sections 3.5.2 and 3.5.3.1 the apparent translational diffussion coef-
ficient for PS-PLL/surfactant mixed aggregates in water follows an Arrhenius
dependence with the temperature for temperatures between 20-40˚C. In this
section, the effect of increasing the temperature above 50˚C, the surfactant
cloud point [136], is studied. Concentrated solutions of ML58/surfactant in
water were measured by DLS at different temperatures, up to 70˚C, cor-
responding to the upper work limit of the instrument (figure 3.34). The
solutions were equilibrated at the desired temperatures for 4 hours before
starting the DLS experiment. The plot of the relaxation rates versus q2 is
linear for temperatures between 20˚C and 50˚C and the radius of the aggre-
gates remains constant around 200 nm. Nevertheless, at temperatures above
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50˚C, the dependence of the relaxation rates with the square of the scat-
tering angle shows two regimes of linearity. The radius calculated from the
slope of the curves at T = 70˚C and low and high scattering angles is around
105 nm and 200 nm respectively. Thereby, the value for the hydrodynamic
radius at high temperatures and low scattering angles is, approximately the
same value found for dilute solutions of the copolymer. By decreasing again
the temperature the DLS measurements show identical results to solutions
prepared at room temperature.
It is well known that C12E6/water solutions present a rich variety of phase
structural morphologies depending on surfactant concentration and temper-
ature [127, 137].
For dilute solutions (< 5%) the shape of the surfactant micelles is spherical,
which gradually changes to elongated cylinders by increasing the tempera-
ture. However, for temperatures above 50˚C, solutions of C12E6 in water
separate in two phases, with different surfactant concentrations. This could
explain the results obtained by DLS at high temperatures by the existence of
a rich surfactant region in the solution (good solubilization, smaller radius)
and a poor surfactant region (larger aggregates).

A sample was also heated under reflux at the solvent boiling point dur-

Figure 3.34: Mean relaxation rates computed by CONTIN at different angles
and temperatures for solutions of ML58/C12E6 in water. The hydrodynamic
radius computed from the slope of the curves is shown on the right side.

ing 2 hours in order to approach to the glass transition temperature of the
polystyrene and to obtain non-frozen structures (see section 3.4). Unfortu-
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nately, a phase separation by precipitation was observed. It is well reported
that most of the proteins become unstable as the temperature is raised, since
the hydrogen bond interactions are not favoured and denaturation is yielded
[138, 139]. Moreover, at high temperatures the hydrolysis of the amide bond
can lead to the break-up of the polymer chains (section 3.3).
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3.6 PS-PLL copolymers in organic solvents

3.6.1 Sample preparation

The solubility of the PS-PLL copolymers under investigation in organic sol-
vents was tested by addition of 1 mg of the dry polymer powder into 5 mL
of the pure solvent and sonication for 2 hours. PS-PLL copolymers led to
clear and stable solutions in a wide enough concentration range for analysis
in toluene and in pyridine. Solutions of the copolymer in toluene were pre-
pared by addition of 2 mg of the dry polymer powder in 2 mL of the solvent.
The solutions were sonicated during 3 hours at temperature above the UCST
of the polystyrene in toluene [142]. The obtained solutions were clear and
stable. It was carefully checked that the outcome of preparation procedure
was reproducible.
As seen in section 3.5.3.1, the increase of the block lengths in PS-PLL copoly-
mers leads to a drastic decrease in their solubility in water. However, in
toluene, this kind of polymers are more soluble and even the largest ML58
can be relatively well dissolved. This is due to the fact that the large PS
blocks, which here mainly control the solubility of the PS-PLL copolymers
can be brought to a metastable no-frozen state by heating the samples.

3.6.2 Poly(styrene)258-poly(L-Lysine)58 (ML56) in or-
ganic solvents

3.6.2.1 Polymer in toluene

The analysis by CONTIN of DLS measurements shows two distinct contri-
butions to the decay of the correlation functions at low scattering angles.
In this regime, the strong contribution of the bigger particles to the total
scattering intensity leads to an overestimation of the average hydrodynamic
radius. Therefore, this value strongly depends on the scattering angle (figure
3.35). For convenience, we take the value of the hydrodynamic radius at a
scattering angle of 90˚, which is approximately 50 nm. This value is close to
the value found for the aggregate sizes in aqueous solution (section 3.5.2.1).
In fact, the existence of the respective inverse structures in water and in
toluene is expected.
The apparent polydispersity in sizes at this angle is ≈ 40%. The particle size
distribution at 90˚ is not symmetrical and can be better represented by a
logarithmic normal function [146].
The influence of the polymer concentration on the aggregation behaviour
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Figure 3.35: Relaxation rate distributions for a solution of ML56 at wP
= 0.1 wt.% in toluene. The mean hydrodynamic radius is shown for every
contribution. In the right upper corner, the hydrodynamic radius dependence
on the scattering angle is shown.

was tested by dynamic light scattering, measuring solutions at polymer con-
centration between 0.0025 and 0.08 wt.%. In this range of concentrations
a slight linear increase of the particle size (decrease of diffusion coefficient)
with the concentration is found (figure 3.36). As explained in section 2.1.2.1
the dependence of the diffusion coefficient with the concentration gives in-
formation about the interaction between particles in solution. In this case a
negative value for the second osmotic virial coefficient (A2) can be calculated.
It indicates an attractive interaction between the particles in solution.
A solution of the copolymer in deuterated toluene at a copolymer concen-

tration of 0.1 wt.% was also measured by SANS. By fit of the experimental
points at low scattering angle using a Guinier approximation, a radius of
gyration of 32 nm was calculated. Based on this value and on the average
hydrodynamic radius of 50 nm, the ratio R̄g/R̄h becomes 0.7, which would
correspond to a micellar spherical architecture. A complete description of
the SANS scattering curves was achieved by fit the experimental scattering
intensity data using the program written by Joachim Kohlbrecher at the
Paul Scherrer Institute [87]. Three contributions were included: First, a
background contribution using the following expression:

I(q) = c0 + c1q
−4 (3.7)
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Figure 3.36: Dependence of ML56 aggregates size in toluene vs. the polymer
concentration. The positive slope indicates a positive interaction between
the particles in solution.

where c0 is the base line due to the incoherent scattering and c1 the contri-
bution to the Porod regime [141]. Secondly, an expression for the form factor
for spherical particles was taken in account:

Isphere(q, R,∆η) =

(
4

3
πR3∆η3 sin qR− qR cos qR

(qR)3

)2

(3.8)

where R is the particle radius and ∆η is the scattering contrast between
the particle and the solvent [88]. The scattering contrast was calculated as
the difference between the average scattering length densities of polystyrene
and polylysine and the deuterated toluene. The use of a very simple spher-
ical model is justified by the complexity of the system and the need to use
a common model for the copolymer in toluene and for samples containing
pyridine, which will be discussed in followings sections. The use of higher
number of input variables would lead to very complex calculations. Thirdly,
an Ornstein-Zernicke (OZ) contribution, which describes the concentration
fluctuations in diffuse interfaces [142, 143] is used to describe the data at
intermediate q:

I(q) =
I0

1 + q2ξ2
(3.9)

where ξ defines the correlation length. The inclusion of the Ornstein-Zernicke
contribution clearly improves the fit (see figure 3.37). The polydispersity was
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modelled using a logarithmic normal distribution of particles since DLS mea-
surements showed this kind of distribution for particle sizes. The logarithmic
normal distribution is commonly used in particle size analyses [87, 144]. The
analytical fit of the SANS curve shows an average particles radius of 13 nm.
This value is much lower than the value found by DLS or by Guinier approx-
imation at low q values of the SANS data. The high polydispersity of par-
ticle sizes could explain such differences. The computed polydispersity was
around 50%. Based on the particles sizes and the calculated volumes for each
monomer, the estimated aggregation number was 150 monomers/aggregate.
However, this is only an qualitative calculation since this value critically de-
pends on the polydispersity. Moreover, despite of the improvement of the fit
due to the used of the OZ contribution the fit is still not perfect.

Figure 3.37: SANS curve for a solution of ML56 in deuterated toluene: ex-
perimental points (empty dots), fit with a model for spherical particles (dash
line) and fit adding a OZ term (black line). The inset shows the computed
size distribution of the particles.

The pictures obtained by AFM on silicon show the existence of spherical
particles (see figure 3.38). The distribution of particle sizes found by AFM
shows an average size of particles of 43 nm in diameter, close to the val-
ues found by DLS at low scattering angles. The cross-section analysis of
the AFM images on silicon show that the particles wet the surface and the
particle height profile is almost flat. This fact was already observed during
the experiments with the aqueous solutions of the copolymer, which were
deposited onto graphite (section 3.5.2.1).
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Figure 3.38: AFM picture of ML56 aggregates on silica. The aggregates
clearly wet the surface. The average particle size in diameter is around 43
nm.

Addition of polar compounds

As exposed in the general introduction, one of the most interesting appli-
cations of the block copolymers is the capability to encapsulate non-soluble
compounds in their self-assembled structures. For this reason, the addition
of different polar substances to toluene solutions in the presence of PS-PLL
micelles has been studied and the results are presented in following sections.

Water addition into toluene solutions

Different amounts of milli-Q water were added to solutions of the copolymer
in toluene (wP= 0.1%) and the resulting influence on the aggregates size
was followed by DLS. For low water contents (0.01 wt.%) no change of Rh

at a scattering angle of 90˚ is observable. For higher water concentrations
(≥ 0.03 wt.%) the turbidity of the sample was strongly increased (figure 3.39)
due to the very limited solubility of water in toluene (approximately equal to
0.05 wt.%) [145]. Under these conditions an increase of the polydispersity of
the sample was detected and the appearence of big aggregates was observed.
By filtration of the turbid samples using filters of 1.0 µm pore size clear
solutions were again obtained and analysed by DLS. The calculated value
for the hydrodynamic radius was identical to that measured for the samples
of the polymer in absence of water within the experimental precision. This
finding indicates that water molecules are not able to swell the core of the
copolymer aggregates to a significant extent and they even induce a phase
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separation when the water concentration approaches a value of wH2O= 0.05%
(figure 3.39).

Figure 3.39: Relaxation rates distribution for PS258-PLL58 in toluene in ab-
sence of water (filled dots) and in presence of water (empty dots). Water
addition induces phase separation (broad peak at low frequencies). The pic-
ture shows the macroscopical aspect of solutions of ML56 in toluene. a:
in absence of water. b: water concentration slightly below its solubility in
toluene. c: water concentration slightly above its solubility in toluene. d:
filtration of solution c using 1 µm pore size filter.
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Pyridine addition

Assuming that polystyrene forms the shell of the micelles, addition of a base
capable to penetrate into the micelles should induce changes in the poly(L-
lysine) block conformation. This could lead to changes of the micellar size
and shape of block copolymer micelles. Therefore, solutions of the polymer
at wP = 0.1% were prepared in deuterated toluene (tol-D8) and mixtures
tol-D8/pyridine (5% and 20% vol.) by sonication at high temperatures and
investigated by DLS and SLS. The analysis of the intensity time correlation
functions obtained from DLS experiments and the static light scattering mea-
surements reveals that the radius of PS258-PLL58 aggregates decreases in the
presence of pyridine (table 3.6). A change in the solvent quality can explain
why the size of the particles is changing when pyridine is added to solutions
in toluene.
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In addition, the same solutions were measured by small angle neutron
scattering, also in order to bring to light if pyridine induces changes of the
aggregate size. The baselines of the SANS curves also change upon pyridine
addition (figure 3.40). This effect can be attributed to the increase of inco-
herent background scattering associated with the increase of the hydrogen
concentration in the sample. The analytical fit of the SANS curves were

% vol. pyridine Rh/nm Rg/nm
0 50 49
5 48 46
20 48 46
100 47 45

Table 3.6: Value of the hydrodynamic radius (DLS) and radius of gyration
(SLS) at a scattering angle of 90˚ for ML56 micelles in toluene with different
pyridine contents. Pyridine changes the solvent quality leading to shrinking
of the polystyrene micelle shell.

Figure 3.40: SANS curves for solutions of ML56 in pure deuterated toluene
and containing 5% in volume of pyridine. The baseline increases in the
presence of pyridine due to the incoherent contribution of hydrogen to the
intensity.

done in two different ways: first, assuming that all pyridine molecules stay in
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the solution and contribute to the scattering contrast. We also assume that
the polydispersity and particle number remain constant at any pyridine con-
tent. Secondly, no assumptions about the scattering contrast are supposed
and it is introduced as another parameter to fit. The comparison of the cal-
culated and the fitted scattering contrast are in a good agreement, proving
that pyridine molecules stay in the solution and do not penetrate into the
micelles. Under these assumptions, both calculated particle radii and the
volume fraction of particles linearly decrease with the pyridine content (fig-
ure 3.41). Therefore, by analytical fit of the SANS curves it can be concluded
that the addition of pyridine leads to a slight decrease in the micellar size.
This fact is in good agreement with that observed by dynamic light scattering
and can be due to the fact that pyridine is changing the solvent quality and
yielding to shrink the polystyrene shell chains. The same solutions were also

Figure 3.41: Volume fraction and radius of gyration of ML56 micelles in
toluene at different pyridine contents. In both cases a linear decrease with
pyridine concentration is found.

measured by FTIR. The idea was to detect possible conformational changes
in the polylysine block induced by pyridine molecules able to penetrate in
the micellar core.
The different frequencies for hydrogen and non-hydrogen bonded vibrational
transitions in proteins are well known [146]. In an IR or Raman spectrum
of a protein, the amide I band in the region of 1600-1700 cm−1 is the most
sensitive vibrational band for investigating the average protein secondary
structure. The amide I band originates primarily from the C=O stretching
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vibrations of peptide amide groups coupled to the in plane N-H bending and
C-N stretching modes. The frequency of this vibration depends on the nature
of the hydrogen bonding involving the C=O and N-H, and therefore in turn
the frequency of the amide I mode reflects the particular secondary structure
adopted by the polypeptide backbone. By use of deuterated toluene as sol-
vent the superposition of the solvent peaks with the polylysine peaks can be
avoided, since the reduced mass is increased (see figure 3.42). The assigna-
tion of the bands is also shown. Comparing the spectrum of pure deuterated

Figure 3.42: Shift in the vibration peaks position between toluene and deuter-
ated toluene.

toluene (tol-D8) with the spectrum of a solution of the copolymer in this
solvent no differences were observed (curves a, b figure 3.43). Unfortunately,
the copolymer concentration seems to be too low in all investigated samples
to allow for an observation of the characteristic polylysine bands. In a FTIR
experiment for the determination of a protein conformation, the specimen
concentration is typically of the order of 3 wt.%. Unfortunately, the low
solubility of the copolymers does not allow to reach this concentration. The
same situation is observed in pyridine (curves g, h, figure 3.43). Therefore,
in this case a classical analysis of the polylysine peak shifts can not be per-
formed and possible conformational changes in the polylysine chain could
not be detected using this technique.
Although, FTIR provided some interesting findings about the pyridine-aggregate
interactions and they will be discussed in the following paragraph. By com-
parison of the tol-D8 spectrum with the spectrum of tol-D8 (5% vol. pyridine)
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one can observe the appearance of two peaks at frequencies ν = 2850 cm−1

and at ν = 2930 cm−1 when pyridine is present (see a, c in figure 3.43). These
peaks correspond with the C-H stretching of the polystyrene methyl group
[147, 148] (see also figure 3.42). Moreover, no pyridine characteristic peaks
[149] in the spectrum region 3000-3100 cm−1 are detected . This proves an
hydrogen-deuterium exchange between tol-D8 and pyridine.
These results give some information about the toluene-pyridine interaction,
but the most interesting aspects are observed when ML56 is added to the
solutions. By addition of the copolymer powder to solutions consisting of
tol-D8/pyridine (5% vol.), one can see the missing of all the peaks in the
high frequency region (see spectrum c and d in figure 3.43 and also in fig-
ure 3.44). Here, it is interpreted on the following way: pyridine molecules
prefer to surround the PS-PLL micelles than to stay in the bulk. There-
fore, no pyridine-tol-D8 atom exchange is detected. However, when pyridine

Figure 3.43: FTIR Spectra of PS258-PLL58 in different solvents.

is present in tol-D8 in higher amounts (20% vol.) the situation changes.
The characteristic vibrational bands of pyridine can be still detected (see
spectrum e). This means that a portion of pyridine molecules still remains
protonated, while new hydrogenated toluene molecules can be also detected.
By addition of the polymer to solutions of tol-D8/pyridine (20% vol.) the
bands correponding to the hydrogenated toluene are missing and the pyri-
dine bands are still detected (spectra f). This indicates that at high pyridine
concentrations there is an excess of pyridine molecules which remains in the
bulk and not sorrounding the copolymer micelles.
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Figure 3.44: High frequency region of the FTIR spectra. The C-H vibrational
band in (c) for the hydrogenated methyl of toluene disappears when copoly-
mer is added to the solution (d). When pyridine content is increased, both
transitions for C-H (methyl toluene) and C-H (pyridine) can be observed (e);
by copolymer addition, only the band for C-H (pyridine) can be detected (f).

Benzoic acid addition to toluene solutions

In previous sections the influence of the addition of different substances to
solutions of ML56 in toluene was studied. Water molecules induced phase
separation by precipitation of the polymer while pyridine led to a shrinking
of the polytyrene micelles shell. Here, the effect of the addition of benzoic
acid to solutions of the copolymer in toluene will be studied. Solutions of the
copolymer in toluene (wP = 0.1%) were prepared as explained in the pre-
vious sections and different amounts of crystalline benzoic acid were added.
The samples were analysed by DLS at a scattering angle of 90˚. In order to
calculate the hydrodynamic radius of the aggregates in toluene in presence of
benzoic acid, the absolute values for the solvent viscosity must be corrected.
As far as is known here, this information is only available for benzoic acid
mixtures in water [150]. For this reason, it was necessary to experimentally
determine the influence of the benzoic acid content on the viscosity of the
toluene solutions (see appendix B.1). This means that the viscosity values
used for the calculation of hydrodynamic radius correspond to the those in
the case that all benzoic acid molecules would stay in the bulk and not in the
PS-PLL micelles. Thus, the comparison of the hydrodynamic radius of ML56
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aggregates in the presence of benzoic acid calculated using these viscosities
with the particle size in absence of acid will express the minimal variation
caused by these additions.
At low benzoic acid concentrations, a linear increase of the hydrodynamic
radius with the benzoic acid content is observed, suggesting that the acid
can penetrate in the core of the copolymer micelles leading to a swelling
effect. However, for benzoic acid concentrations around 0.6 mol/L, the hy-
drodynamic radius of the aggregates remained almost constant and phase
separation between the organic phase and the crystalline benzoic acid is ob-
served. This is consistent with the values found in the literature for the
solubility of benzoic acid in toluene [153]. The solubility of benzoic acid in
toluene seems to the limiting parameter for the aggregate growth. A max-
imal increase around 4% was observed for the hydrodynamic radius (figure
3.45).

Figure 3.45: Size increase of the ML56 aggregates in toluene upon addition
of benzoic acid.

3.6.2.2 Polymer in pyridine

Solutions of the copolymer in pyridine were prepared and analysed in the
same way as explained for solutions in toluene. The average value for the
hydrodynamic radius and for the radius of gyration in pyridine was slightly
lower than the values in toluene. This is certainly due to the fact that pyri-
dine is worse as a solvent for polystyrene compared to toluene and hence, the
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PS shell of the formed aggregates is less swollen compared to the solution in
toluene.
In the previous section, the addition of water to solutions of the copolymer
in toluene was attempted in order to incorporate it in the polylysine core of
the micelles. No evidences of swelling of the micelle core at low water content
were found and the increase of the water concentration led to phase sepa-
ration. The solubility of water in pyridine is much higher and the addition
of different amounts of water to solutions of the copolymer in pyridine was
done. In that case, no phase separation was induced by water addition, due
to the good miscibility of the two solvents. However, DLS experiments show
no change in the average radius of the aggregates in pyridine upon addition
of water. This clearly shows that water hardly can be incorporated in the
core of the micelles.
The addition of benzoic acid to solutions of the copolymer in pyridine was
also attempted, leading again to a linear increase of the Rh with the acid
concentration. The solvent viscosities were also corrected by measuring the
viscosity of pyridine solutions after the addition of benzoic acid (see appendix
B.2). The addition of benzoic acid in toluene proved to induce a maximal
increase of the aggregates size due to the saturation of acid molecules in the
bulk. This situation changes in pyridine, where the aggregates size seems to
increase without solubility restrictions (figure 3.46). The increase in % for
the hydrodynamic radius in pyridine and in toluene at the same benzoic acid
concentration proves to be practically the same.
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Figure 3.46: Increase of the hydrodynamic radius of ML56 micelles in pyri-
dine upon addition of benzoic acid.

3.6.3 Poly(styrene)258-poly(L-Lysine)107 (ML55) in or-
ganic solvents

Samples of this polymer were prepared and analysed in the same way as in
the case of the shorter PLL analogous copolymer ML56. Comparing the val-
ues of the hydrodynamic radius at 90˚, an increase of 18% in size was found
for ML55 compared to the average value computed for the ML56 aggregates.
This is in a good agreement with the expectations based on the change of
the total chain lengths going from ML56 to ML55. In section appendix A,
DLS results are shown together.
A solution of the copolymer ML55 in deuterated toluene was also analysed
by SANS. A Guinier analysis at low q values yields a radius of gyration of
34 nm. It is only an increase of 6% in comparison to the shorter PLL block
copolymer ML56. The fit of the total SANS curve was done using the same
model as for ML56 (section 3.6.2.1). The main difference in the input pa-
rameter was the contrast in the scattering length density due to the different
block lengths. This model was able to fit quite well the experimental data
(see figure 3.47), computing an average radius for the particles of 17 nm (30%
bigger than for ML56). The found polydispersity in particle sizes was around
40%.
The addition of water to solutions of ML55 in toluene led to similar results as
for ML56. Water addition led to an increase of the aggregates polydispersity
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Figure 3.47: SANS curve for a solution of ML55 in toluene (empty dots).
The black line is the fit of the experimental data taking in account three
contributions: background, Ornstein-Zernicke (OZ), and a model for spheres.

Figure 3.48: Increase of ML55 aggregate size in toluene upon benzoic acid
addition.

at low water contents and it induced a phase separation as the water con-
centration approached its solubility limit in toluene. The addition of benzoic
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acid led to an increase in the hydrodynamic radius at 90˚ about the 10%,
from 59 up to 65 nm. This value was around 4% for the shorter PLL, ML56.
This means that the maximal growth in size of the aggregates is related to
the PLL content in the copolymer chain. This fact suggests that benzoic
acid molecules are able to penetrate in the micelles core leading to swelling
of the aggregates.

3.6.4 Poly(styrene)388-poly(L-Lysine)138 (ML58) in or-
ganic solvents

For the poly(styrene)388-poly(L-lysine)138 copolymer (ML58) DLS results show
an average Rh at 90˚ of 71 nm, far away from the high values found for the
same polymer in water (∼185 nm).
A solution of the copolymer in deuterated toluene at a copolymer concen-
tration of 0.1 wt.% was also measured by SANS. By fit of the experimental
points at low scattering angle using a Guinier approximation, a radius of gy-
ration of 38 nm was calculated. However, a complete description of the SANS

Figure 3.49: SANS curve of a solution of ML58 in toluene. The fit of the
experimental points using the same model as for ML56 and ML55 (black
line) is not perfect.

scattering curves using again a spherical model gives a maximum for a radius
around 26 nm. The found value for the polydispersity was 30% (figure 3.49).
One can observe that the model does not fit all the experimental points. In
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the intermediate region of q-values appears a deviation of the model. It can
probably be due to the existence of another contribution of particles to the
intensity, but is not yet well understood. Different amounts of crystalline
benzoic acid were added to solutions of the copolymer in toluene at wP =
0.1% and analysed by DLS as explained for ML56 and ML55. The addition
of benzoic acid led to an increase of the hydrodynamic radius around 9%,
from 71 nm up to 77 nm (see figure). This is also in good agreement with
the expected increase, related to the PLL molar fraction. The polymer was
also solubilized in pyridine. The value for Rh at a scattering angle of 90˚
was slightly lower than the value for the aggregates in toluene, as it could
already be seen for ML56.

Figure 3.50: Increase of the hydrodynamic radius of the ML58 aggregates in
toluene solutions upon benzoic acid addition.
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Chapter 4

Preparation of vesicles by shear

4.1 Introduction

The developed technological methods to improve the control of size, poly-
dispersity and encapsulation ratio of vesicles are mainly based on the prepa-
ration by extrusion or sonication of lamellar phases in an excess of solvent.
More recently, the preparation of highly monodisperse vesicles with high en-
capsulation ratio based on the shearing of surfactants in absence of solvent
excess have been reported [26, 28]. In these cases, the size of the obtained
vesicles was very precisely controlled by varying the shear rate.
PEO/PPO block-copolymers are soluble in xylene only as monomers. Xy-
lene is a selective solvent for the PPO block as water is a selective solvent
for PEO. Therefore, upon addition of small amounts of water an effective
block segregation takes place such that micelles in xylene are formed [19].
The quaternary system EO26-PO40-EO26 (P85)/o-xylene + water/C8TAB is
found to self organize in a large variety of different phases. The phase dia-
gram as well as the structure and properties of the extended lamellar phases
have been extensively studied by H. Egger [30]. The proposed structure for
the lamellar phase is shown in figure 4.1. The aim of the present work is
the preparation of P85 triblock-copolymer vesicles by shearing the lamellar
phase of this quaternary system.

4.2 Lamellar phase: preparation and charac-

terization

PEO-PPO-PEO triblock copolymers are technical products manufactured by
BASF under the trademark Pluronics. Due to the inhomogeneous compo-
sition of the technical product, the influence of the constituent components
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Figure 4.1: Scheme for the organization of the quaternary system EO26-PO40-
EO26/o-xylene + water/C8TAB in the lamellar phase [30].

on the structure was investigated preparing different samples at constant
copolymer/(oil + water) composition ratio of wP = 0.3 and varying the sur-
factant concentration from wS = 0.1 to 0.24, following the path shown in
figure 4.2. The shown phase diagram was determined by H. Egger. All so-
lutions were prepared by weight, mechanicaly stirred, sealed in glass tubes
and thermostated in a water bath at temperature T = 25 ± 0.1 ˚C. Then,
the samples were equilibrated for several days. At low surfactant contents
(wS= 0.1), the existence of two phases (liquid-solid) is observed. By increase
of the surfactant concentration up to wS= 0.14 the existence of a milky sin-
gle phase is observed. Above wS = 0.14 samples only show a transparent
single phase. The examination of samples of composition wS=0.3 and wS
= 0.14-0.18 between crossed polarizers shows typical static birefringence for
anisotropic phases, i.e. a lamellar phase. The SAXS spectrum of a sample
at wS = 0.16 shows the characteristic first order peak for a lamellar phase
at q−1 values around 0.4 nm−1, in good agreement with the values found
by H. Egger (figure 4.3). At surfactant contents 0.18 ≤ wS ≥ 0.2 samples
only show birefringence after mechanical stirring. This flow birefringence is
typical for L3 phases, where the transient birefringence after stirring arises
from induced sponge to lamellar transitions. This is possible due to the
proximity of the lamellar and the sponge phase in the phase diagram. The
thermotropic nature of the system can be easily proved. For instance, by
increase the temperature of a milky sample at wS= 0.14 from 25 ˚C to 33
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Figure 4.2: Phase diagram of the quaternary system P85 + C8TAB + (o-
xylene/water) determined by H. Egger [30]. L3 and Lα refer to sponge and
lamellar phases, respectively. 1 refers to an isotropic low viscous phase. The
red arrow represents the followed path corresponding to a constant polymer-
to-(oil + water) ratio and surfactant variation.

˚C, the macroscopic aspect changes becoming transparent like samples with
higher surfactant content. When the surfactant content is above wS > 0.2
the samples do not show birefringence anymore, even after stirring. More-
over, the rheological behaviour at high surfactant content changes, as will be
shown in the next sections.
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Figure 4.3: SAXS spectrum of a lamellar phase of composition wP= 0.3 and
wS= 0.16 at T = 25 ˚C . The typical first order Bragg peak for a lamellar
phase is seen. In the right upper corner, stationary birefringence for the same
sample through crossed polarizers can be observed.

4.3 Effect of shear on lyotropic mesophases

The effect of shear on the structure of a phase can lead to simple perturbation
or even spatial reorganization of the phase, depending on the applied shear
and the system. The ratio between the shear rate and the characteristic
frequency of the system fluctuations is called the Deborah Number (De) [152].
For liquids, the characteristic frequency is extremely high, this makes the
experimentally accessible Deborah number very small. However, in systems
were long-range order (and consequently small characteristic frequencies) is
found, the effect of shear can be experimentally studied. The lamellar phases
present characteristic distances of several hundred Å and Deborah numbers of
the order 1 can be reached at reasonable shear rates. The lamellar phase has
become of interest because the shear-induced state is sometimes not simply
related to an existing equilibrium.

4.3.1 Shearing the lamellar phase

Samples of composition wP= 0.3 and wS= 0.16 were sheared at T = 25˚C at
different constant shear rates between 50 - 500 s−1, monitoring the dynamic
viscosity with time.
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It was found that the viscosity rapidly increases at short times up to a max-
imal value. This suggests some kind of initial reorganization of the lamellar
phase under shear. After this maximium, the viscosity decreases down to a
steady value, which is practically the same at any shear rates. The necessary
time to arrive at the steady state strongly depends on the applied shear rate,
being shorter for higher shear rates (figure 4.4). The sheared samples were

Figure 4.4: Dependence of the dynamic viscosity on time at different shear
rates for the quaternary system under the following conditions: wP= 0.3,
wS= 0.16, T = 25˚C.

measured by DLS, in order to determine if the applied shear induces the fold-
ing of the lamellae to closed packed vesicles. The analysis of the relaxation
rate distributions shows the existence of two contributions, corresponding
to particles with average radii around 160 nm and 30 nm (figure 4.5 left).
The second distribution of particle sizes with an average radius of 30 nm can
correspond to vesicles made of P85, since the value for micelles is around 6.4
nm [153]. The first contribution corresponding to large aggregates is in good
aggrement with DLS results of a sample prepared by direct addition of P85
(wP= 0.01) in o-xylene (figure 4.5 right). This suggests that this contribution
is just due to the existence of large insoluble aggregates.



98 CHAPTER 4. PREPARATION OF VESICLES BY SHEAR

Figure 4.5: Left: Distribution of relaxation rates of a sample initially in a
lamellar phase (wP= 0.3, wP= 0.16) after applying a shear rate of 500 s−1

during 2500 s. The contribution due to large particles is in good agreement
with insoluble aggregates of P85 in o-xylol (right).

4.3.2 Shearing samples with high surfactant content

Samples prepared at high surfactant content (wS > 0.2) do not show static
or flow birefringence. This phase might correspond to the isotropic phase 1
found by H. Egger, which is no yet well described. The application of shear
on samples at surfactant content wS= 0.24 does not lead to any change of the
dynamic viscosity. The value for the dynamic viscosity is in good agreement
with the obtained steady viscosity after shearing lamellar phases. Figure 4.6
shows the rheological behaviour of samples with different surfactant contents.
This suggests that the induced phase transition observed in the previous
section can go in the direction to the phase at higher surfactant content.
Samples at higher surfactant concentrations were exposed again to shear
stress but in this case the shear rate was varied from 5 s−1 up to 600 s−1.
The dynamic viscosity shows no dependence on the shear rate, following
Newtonian behaviour within the range of applied shears (figure 4.7). This
is in good agreement with the expected rheological behaviour of a vesicle
phase. The same solutions were also measured by DLS, showing particles
with an average hydrodynamic radius around 30 nm. It corresponds to the
smaller distribution of particles found by DLS for samples at lower surfactant
content after shearing. This seems again to be a clear evidence corroborating
that the product of shearing samples in the lamellar phase yields the same
structures that can be found at higher surfactant concentrations.
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Figure 4.6: Evolution of the dynamic viscosity under shear rate (500 s−1)
for samples at polymer content wP= 0.3 and different amounts of surfactant.
The final steady states seem to converge.

Figure 4.7: Dynamic viscosity of a sample at high surfactant content under
different shear rates. The behaviour is clearly Newtonian.
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Chapter 5

Phospholipid bilayers in
liposomes

This section presents results concerning the study of phospholipid membranes
by scattering methods. This study was done in collaboration with Laura
Rodŕıguez Arriaga and Francisco Monroy from the Universidad Complutense
the Madrid (UCM). It complements the work done by L. Rodŕıguez Arriaga
in the last years in the study of the properties of phospholipid monolayers
[154].

5.1 Membrane models

More than thirty years ago Singer and Nicholson [156] proposed the Fluid Mo-
saic Model which describes the membrane as a lipid continuous fluid medium
in which proteins homogenously distribute. It is the amphiphilic character
of these molecules which causes the formation of these double layered struc-
tures in association with water. This classical picture has been progressively
questioned and the change of paradigm came when the lipid raft hypothesis
was formulated ten years ago [157]. These lipid rafts consist of dynamic as-
semblies of sphyngo- and phospholipids with saturated chains agglutinated
by cholesterol. Nowadays, the role of these rafts is believed to be crucial
for membrane structure and function. These phospholipids together with
sphyngolipids and cholesterol are responsible for membrane mechanical sta-
bility. We are interested in membrane shape fluctuations because some of the
essential biological functions of the cell as the immunological response, cell
adherence and cell mobility are governed by the local shape and flexibility
of the membrane. Lipid vesicles can be characterized by various scattering
techniques which are best applied when the dynamic of the system is sub-
ject of investigation. The scattering of light, X-rays and neutrons by these
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systems can be used to determine their structural properties in situ, in their
true aqueous environment [31]. Some of these properties are size, shape,
bilayer thickness, number of lamellae, molecular weight, degree of polydis-
persity, vesicle-vesicle and vesicle-solvent interactions and finally membrane
fluctuations and fluidity, which are the topic of the present work. The basic
hypothesis in our study is to consider liposomes as membrane model systems.
A liposome is a closed and curved lipid bilayer which separates the internal
solvent from the external medium where they are suspended. These lipo-
somes are good model systems because they are mechanically stable and
good scatterers of radiation. Concretely, we wish to scrutinise the membrane
shape fluctuations of an unsaturated (POPC) and of a saturated (DPPC)
phospholipid and to evaluate the effect of the cholesterol on the flexibility of
the bilayers.

5.2 Bending elasticity

There is a biological motive for understanding vesicle deformation in flow.
Red blood cells, that are also vesicular structures, have the capacity to pass
through capillaries that are smaller than their own diameter, due to the de-
formation they undergo in the flow [158]. In absence of flow, depending on
temperature and chemical nature of the surfactants, the molecular organiza-
tion of the membrane can be of the liquid type, or correspond to a crystal,
or even form a gel-like structure. At mesoscopic scale, the mechanical prop-
erties of the membrane can then vary from a two dimensional liquid to an
elastic solid. In 1973, Helfrich [159] introduced three elasticities character-
izing the membrane mechanical responses to a stress: shear, stretching and
bending elasticity. Liquid or fluid membranes have a vanishing shear mod-
ulus and any shear deformation relaxes by flow within the membrane [160].
The incompressible limit is also appropiate for lipid bilayers [158]. Therefore,
the flexibility or floppiness of vesicles at rest is determined by their bending
rigidity κ, which is related to the persistence length ξ of the membrane by
the expression:

ξ = a exp
(

2πκ

kBT

)
(5.1)

where a represents a molecular length, kB the Boltzmann constant and T the
temperature. If κ >> kBT , ξ is large and the vesicle remains flat over large
distances in the presence of thermal fluctuations. In contrast, if κ << kBT ,
thermal fluctuations dominate, and the vesicle will appear very floppy. When
a flow is applied, hydrodynamic quantities will enter into play, but they are
not going to be considered here because this is not the aim of this study.
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5.3 Cholesterol in membranes

Cholesterol is a sterol (a combination steroid and alcohol), a lipid found in the
cell membranes of all body tissues, and is transported in the blood plasma of
all animals. Trace amounts of cholesterol are also found in plant membranes
[161]. Together with phospholipids, it is one of the essential components for
the maintenance of the structure and mechanical stability of biomembranes.
Cholesterol is insoluble in blood, but is transported in the circulatory sys-
tem bound to one of the varieties of lipoproteins, spherical particles which
have an exterior composed mainly of water-soluble proteins. Cholesterol
is required to build and maintain cell membranes; it regulates membrane
fluidity over a wider range of temperatures as well as its permeability. The
hydroxyl group on cholesterol interacts with the phosphate head of the mem-
brane, while the bulky steroid and the hydrocarbon chain is embedded in the
membrane (figure 5.1). The mechanical properties of lipid membranes are

Figure 5.1: Chemical structure of cholesterol. The hydroxyl group confers
certain polarity to the molecule, while the steroid part is highly hydrophobic.

governed primarily by the state of the lipid components and it is proved that
cholesterol as well as other sterols, acts to modify the acyl-chain order. The
essence of the effect of cholesterol on membranes can be summarized as fol-
lows: cholesterol disrupts the lateral order of the ordered phases, tends to
order the liquid phases and at higher cholesterol content, stabilizes a new
phase called the liquid-ordered phase. McConnell [162, 163] has suggested
that cholesterol can form reversible oligomeric chemical complexes with phos-
pholipids and this formation produces the condensing effect of cholesterol,
by which the surface area occupied by the phospholipid is decreased by in-
teraction with cholesterol. Huang [164, 161] has presented another model
of cholesterol-phospholipid mixing on the basis of multibody interactions, in
which nonpolar cholesterol relies on shielding by the lipid polar head groups
to avoid the energetically unfavourable contact with water. The phospholipid
head groups act as “umbrellas” for the cholesterol molecules below them. As
the concentration of cholesterol increases, alkyl chains and cholesterol be-
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come more tightly packed and when the head groups cannot cover additional
cholesterol molecules, cholesterol precipitates to form a separated crystalline
phase. However, there are only a few studies published addressing this prob-
lem from a physicochemical point of view. It would be desirable to gain more
insight the role that cholesterol plays in membrane structure and dynamic.

5.4 Preparation of large unilamellar vesicles

There are numerous techniques for liposome preparation giving rise to vesi-
cles of different sizes ranging from 20 nm to several microns in diameter and
composed of one or more bilayers [24]. The majority of them involve the use
of volatile organic solvents, as first step, to dissolve the lipids. In addition, in
the last years, some new techniques without using any volatile organic solvent
or detergent have been developed. However, almost all methods produce het-
erogeneous mixtures of lipid vesicles. Here, we prepared unilamellar vesicles
by the extrusion method [165]. The liposome preparation steps are schema-
tized in figure 5.2. First of all, the phospholipid is dissolved in a mixture
of chloroform/methanol in proportion 2:1. After that, the organic solvent
is evaporated by using a nitrogen stream to obtain a dry lipid film. This
film is almost stable during long time if it is stored in a freezer at -20˚C.
To produce multilamellar vesicles the film is hydrated with milli-Q water.
The hydration is done at a temperature well above the melting temperature
of the phospholipid during one hour using a vortex to shake the suspension
vigorously.
However, unilamellar vesicles have higher free energies and some energy must
be dissipated into the system in order to produce them. In the literature there
exist many different methods to provide to the system the energy required,
for example sonication or extrusion [24]. We have selected the last one, the
extrusion method, because the liposome suspensions obtained by this way
are more monodisperse than the ones obtained by sonication. For the ex-
trusion we have used a commercial mini-extruder from Avanti Polar Lipids
which consist of a heating block, two syringes and an extruder. A polycar-
bonate membrane is placed between two supported filters. The process is
quite simple: the sample is loaded into one of the syringes and after that
the full syringe and the empty one are placed into the ends of the extruder.
All the system is placed into the heating block which is onto a hot plate to
hold temperature well above melting transition temperature. Then the full
syringe is pushed until the liposome suspension is completely transferred to
the alternate syringe. This step has been always repeated 11 times, since
the size distribution and polydispersity depends on the number of filtrations.
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After that the liposome suspension is ready to be characterized. As example,
an image of DPPC vesicles prepared by extrusion and analysed by atomic
force microscopy on graphite is shown (see figure 5.2).

Figure 5.2: Scheme of preparation of monodisperse unilamellar vesicles by
extrusion. The AFM image shows unilamellar vesicles of DPPC on graphite
prepared by this method.
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5.5 DPPC liposomomes

5.5.1 Sample preparation

It is well known that lipid bilayer systems exhibit a first-order phase tran-
sition associated with the melting of the hydrocarbon chains, separating
a high-temperature disordered fluid phase called the Lα phase and a low-
temperature ordered gel phase called the Lβ phase [166]. If they are in the
fluid state, corresponding to the Lα phase in which hydrocarbon chains are
quite flexible and entropically shortened, molecules in the bilayer can diffuse
quite freely to adapt themselves to a particular membrane configuration.
We prepared liposomes based on saturated 1, 2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) phospholipids (figure 5.3) by the extrusion method
above the chain melting temperature (42˚C) [167, 166].

Figure 5.3: Molecular structure of dipalmitoylphosphatidylcholine (DPPC).
The amphiphilicity of the molecule arises from the different chemical nature
of the polar head group (left hand) and the hydrophobic palmitoyl chains
(right hand).

5.5.2 Membrane shape fluctuations

The aim of the experiments presented here is the extraction of the membrane
shape fluctuations of large unilamellar vesicles (LUVS) by use of dynamic
light scattering. Here, CONTIN proves to be a powerful algorithm since it
considers no assumptions about the number of relaxation processes or about
the form of the frequency distribution.
It is well known that the intensity autocorrelation function g2(q, t) is related
to the field autocorrelation function g1(q, t) and can be defined as:

g1(q, t) = a0 exp(−t/τ0)(1 + a1 exp(−t/τ1)) (5.2)

where a0 and τ0 are the amplitude and the relaxation time of the translational
mode and a1 and τ1 are the amplitude and the relaxation time of the internal
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mode. The relaxation times at low scattering angles can be related with the
translational diffusion coefficient. If D0 is known, a correlation function
containing only the internal modes can be defined [168]:

g1
int(q, t) =

g1(q, t)

exp(−D0q2t)
= a0(1 + a1 exp(−t/τ1)) (5.3)

It is obvious that g1
int(q, t) relaxes at t→ ∞ to the amplitude of the trans-

lational mode. Suspensions containing large unilamellar vesicles of DPPC
(c = 0.1 mg/mL) were measured by DLS and SLS at T = 20˚. A typical
field autocorrelation function and the correspondent Laplace transform com-
puted by CONTIN for a suspension of DPPC vesicles in water at a scattering
angle of 30˚ is displayed in figure 5.4 (left). For scattering angles ranging

Figure 5.4: Electric field correlation function at a scattering angle of 30˚
(left) and 75˚(right). At high scattering angle CONTIN only shows one
broad contribution, where the translation and the membrane fluctuations
are coupled.

from 30˚ to 50˚ the distribution functions are found to be bimodal, i. e.
the inverse Laplace transform algorithm is able to separate the translational
motion from the internal one. The slower process can be attributed to the
translational motion and the apparent diffusion coefficient (D0) can be cal-
culated from their mean frequency. On the other hand, for scattering angles
above 60˚ the distribution functions are found to be unimodal, i. e. both
translational and internal motions appear together as a broad unique distri-
bution as shown in figure 5.4 (right). The dependence of the mean relaxation
rate on the scattering angle clearly changes going from low to high scattering
angles. From the linear fit of the relaxation rates at low scattering angle,
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the “pure” translational diffusion coefficient was computed. A diffusion co-
efficient of 1.5 x 10−12 m2s−1 is obtained, corresponding to particles with a
hydrodynamic radius of 140 nm. This value is in clear disagreement with the
diameter of the pore in the polycarbonate filter used for the extrusion (1µm).
So, amazingly the commercial extruder does not produce vesicles with the
diameter expected. If the experimental correlation function is divided by the
translational term and the inversion algorithm is applied to function gint2 (t),
one gets information about membrane fluctuations (figure 5.5).
As shown figure 5.5, the intercept corresponding to the internal motions is
not zero as corresponds to a translational motion. For vesicles with diam-
eters about 280 nm, shape fluctuations relax at a timescale about millisec-
onds. The contribution of the membrane shape fluctuations to the correlation

Figure 5.5: Relaxation rates obtained as average of translational and mem-
brane shape fluctuation dynamics (black squares) and only for the internal
dynamics (empty dots).

function increases with the angle while the contribution of the translational
motion decreases, as the variation of the respectives amplitudes show (figure
5.6). The maximum and minimum of the respective modes converge at a
finite wavevector compatible with the radius of the vesicle (q ≈ π/R ≈ 2.2
×107m−1 →q2 ≈ 5×1014 m−2).

5.5.3 Effect of cholesterol

In section 5.5.2 the study of membrane shape fluctuations of DPPC vesicles
prepared using polycarbonate membranes of 1 micrometer was presented. For
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Figure 5.6: Amplitude variation with q2 of the two relaxation phenomenon
presented in DPPC vesicles, translational diffusion (empty circles) and shape
fluctuations (filled circles). The dash line shows the q2 value compatible with
the radius of the vesicle, where the internal contribution is maximal.

these large vesicles (diameter around 280 nm), light scattering proved to be
a useful technique to study the lipid bilayer dynamics. However, for smaller
vesicles (SUV) having diameters significantly below the used wavelenght of
light in the DLS experiments no internal motions can be resolved. The use
of complementary techniques, as SANS and NSE could provide additional
information about the internal dynamics of lipid vesicles. These techniques
avail a new time-length window in scattering experiments scattering in com-
parison to classical light scattering experiments, making possible to better
scrutinise fast dynamic motions than simple particle translation. For this
reason, DPPC vesicles were prepared by extrusion using polycarbonate fil-
ters with a pore size of 100 nm. In the next section it is proved that by
extrusion can be obtained DPPC vesicles with a controlled size at different
cholesterol contents. Moreover, the influence of the cholesterol content on
the vesicle shape will be investigated.

Sample preparation

Unilamellar vesicles of DPPC with different amounts of cholesterol were pre-
pared by extrusion in milli-Q water. The molar fraction of cholesterol was
varied from 0 to 0.5. The only difference in the preparation of the sample
with respect to what is described in previous sections was the use of polycar-
bonate filters with smaller pore size (100 nm). The reason is that membrane
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shape fluctuations of small vesicles can be probably better scrutinised with
neutrons.

Effect of cholesterol on vesicle size and membrane flexibility

In section 5.5.2, vesicles of DPPC with a diameter around 280 nm were stud-
ied by DLS. In that case, the Laplace transform of the correlation curves
showed a bimodal distribution at low scattering angles and one broad uni-
modal contribution at high scattering angles, due to the coupling of transla-
tional and membrane fluctuations dynamics. By use of polycarbonate mem-
branes of 100 nm of pore diameter, light scattering experiments show the
existence of smaller unilamellar vesicles (SUVs) of DPPC with a diameter
around 120 nm and a polydispersity in size of 3%. For liposomes of this size
the dependence of the relaxation rates with the square of the scattering vec-
tor is constant within all range of scrutinised scattering angles. Therefore,
for small DPPC vesicles the dynamic of the internal membrane fluctuations
can not be resolved by DLS, and only the translational motion of the vesi-
cles is computed. The hydrodynamic radius is calculated from the slope of
the curves by use of the Stokes-Einstein equation. In table 5.1 the values of
the hydrodynamic radius for solutions containing DPPC vesicles at different
cholesterol content are shown. It proves that by extrusion it is possible to
obtain DPPC vesicles with a defined size independent of the cholesterol con-
tent. Therefore, any change in the membrane bending elasticity must arise
from the cholesterol content. The total scattering intensity at different an-

xChoL Rh / nm
0.0 63 ± 1
0.1 61 ± 1
0.2 64.8 ± 0.3
0.3 63.2 ± 0.6
0.4 62.9 ± 0.6
0.5 62.1 ± 0.8

Table 5.1: Hydrodynamic radius of DPPC vesicles prepared by extrusion
using polycarbonate membranes of 100 nm. No significant dependence with
the cholesterol content is observed.

gles was also measured, providing additional information about the vesicles
shape and the influence of cholesterol and they will be now discussed. A first,
straighforward analysis, which already reveals some information on the shape
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of the investigated particles, is the calculation of the scattering exponent, by
fit of the measured intensity using the logarithmic form of equation 2.7:

− ln I = α ln q (5.4)

In figure 5.7, the scattering exponents, α, for solutions containing DDPC

Figure 5.7: Variation of the light intensity scattered by DPPC liposomes on
the scattering vector (logarithmic form). The slope of the curves corresponds
to the scattering exponent, which can be related to the shape of the scat-
tering objects (section 2.1.2.2). It suggests that DPPC liposomes loses some
spherical geometry when cholesterol is present, due to the increase of the
DPPC bilayer flexibility.

vesicles and different amounts of cholesterol are shown. One can observe a
significant variation of the scattering exponent when cholesterol is added. It
suggests changes in the shape of the vesicles when cholesterol is incorporated,
related to an enhancement of the membrane fluidity. The vesicles lose some
spherical symmetry to becoming closer to an ellipsoidal architecture.The flu-
idification of DPPC bilayers by cholesterol was already reported [169, 170]
but here is shown in terms of shape variation. Another simple analysis of
the static results can be performed using the so called intensity dissymmetry
function, which relates the scattering intensities at the supplementary angles
(see section 2.1.2.2) and easily provides the radius of gyration of the particles.
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5.6 Effect of cholesterol on flexible POPC li-

posomes

At 20˚C, POPC membranes are in the liquid phase. By addition of sterols,
there is a progress in the phase diagram from the liquid phase to the liquid-
ordered phase. This is because sterols induce acyl-chain order increase. Pre-
vious investigations of cholesterol-POPC mixtures indicated liquid phase-
liquid order phase separation in the range 5-30 mol% [155, 171]. Here, it
will be quantitative described how the mechanical properties of the POPC
bilayer changes in the presence of cholesterol.

5.6.1 Sample preparation

In order to evaluate if cholesterol induces similar changes in saturated and
unsaturated phospholipids, suspensions of POPC vesicles were prepared by
extrusion in milli-Q water as explained in section 5.4 using polycarbonate
membranes of 100 nm of pore diameter. In this case the sample preparation
was done at room temperature, since this monounsaturated phospholipid has
a low temperature melting point [49]. The molar fraction of cholesterol was
varied from 0 to 0.4.

Figure 5.8: Chemical structure of POPC. Monounsaturated phospholipids
have lower temperature melting points than saturated phospholipids.

5.6.2 Effect of cholesterol on vesicle size

Solutions of POPC vesicles with different cholesterol contents were mea-
sured by dynamic light scattering at T = 20 ± 0.1˚C. The analysis of the
correlation functions was done using CONTIN and it shows again a uni-
modal distribution of particles at all scattering angles and cholesterol con-
tents. The polydispersity can be calculated from the peak width, being in
all cases around 3%. The dependence of the relaxation rates on the square
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of the scattering vector is linear within the investigated angular range and
cholesterol contents (see figure 5.9). Therefore, it can be assumed that under
the experimental conditions only the translational motion of the particles is
scrutinised. The hydrodynamic radius of POPC vesicles is also displayed,
showing no significant differences as a function of the cholesterol content.

Figure 5.9: Dependence of the relaxation rates with the square of the scat-
tering vector for suspensions of POPC vesicles at different contents of choles-
terol. In all cases, only the translational motion of the particles is computed.

5.6.3 Bilayer thickness with cholesterol content

In order to find if the presence of cholesterol changes the phospholipid bilayer
thickness the same solutions were also measured by SANS. The data were
analysed using the method of Sadler et al. [172]. It is supposed that a model
of randomly oriented planar thin sheets approximates well with the vesicle
bilayers in the Guinier region of q. According to the Guinier approximation
[173, 174], for very small scattering angles, the intensity of the radiation
scattered by spherical objects can be related to the scattering vector as:

I(q) ∝ (I(0)/q2) exp(−q2R2
g) (5.5)

where Rg is the radius of gyration taken perpendicularly to the sheet surface,
I(0) is a normalization constant related to the planar bilayer intensity and
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q is the scattering vector. A common way to use the last equation to fit the
experimental data is to apply the so-called Kratky-Porod plot [31]:

ln
[
I(q)q2

]
= ln [I(0)]−R2

gq
2 (5.6)

in the low q region. The radii of gyration were evaluated from the slope of
the Kratky-Porod plots according to the last equation in the region 0.0005
Å−2 < q2 < 0.0015 Å−2. In figure 5.10, the SANS curve for a solution of
POPC vesicles is shown, as well as, the Kratky-Porod plots of solutions of
POPC vesicles at different cholesterol contents. The calculated values for the
radii of gyration are around 57 nm, which is related in a ρ-factor = 1 to the
hydrodynamic radius found by DLS. This ratio is in good agreement with
the theoretical value for a vesicle. It is well known that the thickness dg of a
two dimensional planar sheet as well as the shell thickness of a hollow sphere
can be obtained from the radius of gyration according to [175]:

d2
g ≈ 12R2

g (5.7)

In table 5.2 the calculated values for the radius of gyration and the bilayer

Figure 5.10: SANS curve for a suspension of POPC vesicles in water (right
upper corner). The radius of gyration at different cholesterol contents is
calculated from the slope of the Kratky-Porod plot at low q values.

width are shown. It can be concluded that under the experimental conditions
the presence of cholesterol does not change the width of the POPC bilayers.
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xChol (%) Rg (nm) dg (Å)
0 57 ± 4 62 ± 3
20 51 ± 4 55 ± 4
40 59 ± 3 65 ± 2

Table 5.2: Obtained values for the radius of gyration and bilayer thickness
of POPC vesicles at different cholesterol contents.

An analytical fit of the SANS curve within all the experimental points would
provide, of course, a higher degree of precision for the determination of mem-
brane thickness. This would require the use of an analytical expression for the
form of unilamellar vesicles. For instance in [176] a comparison of different
models is given.

5.6.4 Membrane rigidity with cholesterol content

Previous studies showed that the presence of sterols in flexible membranes
increases the membrane bending rigidity, inducing the change from to the
liquid phase to the liquid-ordered phase [171, 155]. In the previous section
neutrons proved to gain insight on shape fluctuations of submicron-sized
lipid vesicles providing information about the bilayer thickness. Now, in
order scrutinise the bending elasticity of POPC membranes and the effect
of cholesterol, suspensions of vesicles at different cholesterol contents were
measured by neutron spin echo (NSE) at the Institute Laue-Langevin in
Grenoble.
Zilman and Granek [177] studied the dynamics of membranes at large wave
numbers and proposed a stretched exponential decay for the dynamic struc-
ture factor of vesicles. As example, the scattering curves at different values
of the scattering vector q for a suspension of POPC vesicles are shown in
figure 5.11. Although, it is assumed a low contribution of translational dy-
namics to NSE experiments, the experimental results were fitted including
these contributions as base line, by use of the following equation:

S(q, t)

S(q, 0)
= a exp(−t/τT ) + (1− a) exp(−t/τF )2/3 (5.8)

Where S(q,t)/S(q,0) is the normalized intermediate scattering function, τT
is the relaxation time for the translation, τF is the relaxation time for the
membrane dynamics and a is the amplitude of the function. According to the
Zilman-Granek theory the frequency associated with the thermal membrane
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Figure 5.11: Dynamic structure factor obtained by NSE for a suspension of
POPC vesicles at different values of the scattering vector q. The translational
motion is taken as base line.

undulations follows:

ΓF = τ−1
F = 0.025γk

(
kB
κ

)1/2
kBT

η
q3 (5.9)

where kB is the Boltzmann constant and γk is a weak, monotonously increas-
ing, function of κ/kBT and approaches unity for κ/kBT >> 1. By use
of the last expression, the bending elasticity modulus of POPC bilayer can
be computed from the slope of τ−1

F versus q3(see figure 5.12 left). The same
calculations were done for suspensions of POPC vesicles at different choles-
terol contents. It can be seen that κ/kBT increases exponentially with the
cholesterol content, proving that cholesterol is a stiffening agent (figure 5.12
right).
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Figure 5.12: On the left hand, the dependence of the relaxation rate of the
membrane shape fluctuations vs. q3 is shown. From the slope of the curve,
the bending elasticity modulus can be calculated. On the right hand, the
extracted values at different cholesterol contents are shown, proving that the
cholesterol content exponentially increases the membrane rigidity.
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Chapter 6

Summary and outlook

In the present work, the self-assembly and dynamics of different amphiphilic
systems have been studied. The work is divided in three different sections:
block copolymers in aqueous and in organic solvents, preparation of vesicles
by shear, and membrane shape fluctuations of phospholipid bilayers.

The self-assembly of polystyrene-block -poly(L-lysine) (PS-PLL) copoly-
mers with different block lengths synthesized by anionic polymerization and
subsequent ring opening polymerization of N-carboxyanhydrides has been
studied. The high glass transition temperature of polystyrene leads only to
the formation of frozen metastable aggregates in water in the presence of the
non-ionic surfactant C12E6. For copolymers with large blocks (nPS ≥ 258,
nPLL ≥ 107) the solubility is extremely low and large aggregates in solution
are detected, even at very low polymer concentrations (0.01wt.%). Light scat-
tering measurements and direct imaging techniques show that the copolymer
self-assembles into spherical micelles.
By use of the CONTIN algorithm at low scattering angles or by double
exponential fit of the correlation functions, realistic values, compatible with
particle sizes found by Cryo-TEM, are computed by dynamic light scattering
(DLS). In addition, depolarized dynamic light scattering (DDLS) provided
the rotational diffusion coefficients and values for the particle sizes in the
same range. The particle sizes are between 20 and 40 nm, dependig on the
block lenghts.
Circular dichroism measurements show that the polylysine block is pH sensi-
tive, switching the conformation from random coil to 60-80% β-sheet between
pH = 10 and pH = 11. DLS measurements prove that this transition leads to
an increase of the average particle size at least of 10%. Nevertheless, the in-
crease in the average size is due to the formation of large insoluble aggregates
at high pH and in all cases the maximum of the size distribution curves re-
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mains almost constant with the change of conformation. The conformational
transition does not lead to changes in the shape of the micelles in solution.
However, the wetting behaviour of the aggregates on graphite changes with
this transition, as the AFM pictures on graphite show. When polylysine is
in the random coil conformation, the aggregates present a smooth flat cross-
section profile, while in the apolar beta-sheet conformation the aggregates
wet the graphite surface in some kind of ordered lattice. This phenomenon
is not yet well understood and it will be necessary to complete a systematic
study of the wetting behaviour of these copolymers on different substrates
under different conditions. The diffusion coefficient of the mixed aggregates
follows in all cases an Arrhenius behaviour, being possible to calculate the
activation energy for each polymer (Ea = 13-23 kJ/mol).

The solubilization of PS-PLL copolymers in organic solvents was better
than in water. Toluene and pyridine lead to clear and stable solutions at
measureable concentrations. In contrast to the results for aqueous solutions,
where the increase of the block lengths or concentration leads to the for-
mation of very large aggregates up to the micrometer scale, in toluene the
aggregates sizes found by DLS are well correlated to the total number of
monomer units. However, the high polydispersity in particle sizes (40-68%)
still leads to an overestimation of the particle sizes by DLS.
Small angle neutron scattering curves of solutions of the copolymers in deuter-
ated toluene were successfully fitted using a model for spherical particles with
an Ornstein-Zernicke contribution for the chain diffusion at the aggregates-
solvent interface. SANS provided more reliable values for the radius of the
particles, since the characteristic scale window of this technique is less af-
fected by the presence of insoluble material. The shape of the aggregates
does not depend on the block length or concentration and in all cases the
existence of spherical particles is found, with sizes compatible with the exis-
tence of micelles in solution.
FTIR measurements show that when pyridine is added to solutions of the
copolymers in toluene, pyridine is preferently located around the PS-PLL
micelles. In addition, light scattering measurements show that the size of
the PS-PLL micelles decreases in presence of pyridine. This suggests that
pyridine changes the solvent quality, yielding an shrinking of the polystyrene
chains in the micelles shell. SANS measurements corroborate this, showing
that the persistence length in the applied model of Ornstein-Zernike for the
polystyrene-solvent interface decreases with the pyridine addition.
The addition of water to solutions of the copolymers in toluene leads to phase
separation. However, when benzoic acid is added, the radius of the particles
increases. The maximal increase in particle size shows to be governed by the
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molar fraction of polypeptide in the polymer. This fact suggests that the
benzoic acid is able to penetrate into the micellar core and to increase the
size of the aggregates. However, this increase is limited by the solubility of
the acid in toluene. For solutions of the copolymers in pyridine, an increase
in size of the aggregates in the presence of acid is also observed. The growth
dependence with the acid concentration is the same in toluene and in pyri-
dine. However, the better solubility of benzoic acid in pyridine does not stop
the particle growth process as occurs in toluene.

Secondly, the preparation of vesicles by shear of lamellar phases was
tested. The dynamic viscosity under shear of the quaternary system EO26-
PO40-EO26/o-xylene + water/C8TAB was monitored with time. This shows
an initial reorganization of the lamellae at short times followed by a decrease
of the viscosity down to a steady state. The final value for the viscosity does
not show any dependence on the applied shear rate. However, it was found
that the faster the shear was, the shorter were the necessary times to reach
the steady state. The sheared lamellar solutions were measured by dynamic
light scattering after stopping the shear, revealing the existence of two dis-
tributions of particles, having hydrodynamic radii of 160 nm and 30 nm,
respectively. The distribution of particles with bigger sizes is in good agree-
ment with the size of particles found by directly solving of P85 in o-xylene,
suggesting that this distribution just corresponds to unsolubilized polymer.
However, the distribution of particles with an average size of 30 nm is in
good agreement with the theoretical value for P85 vesicles.
In addition, samples prepared at higher surfactant concentration (wS > 0.2)
show no static or dynamic birefringence. The rheological behaviour of these
samples is clearly Newtonian, presenting no changes of the dynamic viscosity
by increase of the shear rate. The dynamic viscosity is in good agreement
with the value for samples initially in a lamellar phase after shearing. It sug-
gests that shear can induce the transition from lamellar phases to isotropic
phases analogous to those found at higher surfactant content. Dynamic light
scattering experiments support this idea, since a similar distribution of par-
ticles was found in both cases. However, for a better elucidation of the real
structures after shearing of the lamellar phase the analysis of the samples by
freeze-fracture electron microscopy is recommended. Unfortunately, it was
not possible to perform these experiments during this work.

Thirdly, monodisperse unilamellar vesicles composed of phosholipids were
prepared by extrusion. By use of polycarbonate membranes of 1 microme-
ter pore diameter, large unilamellar DPPC vesicles (LUVs) were obtained
(≈ 280 nm). Dynamic light scattering was used to scrutinise the membrane
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shape fluctuations of such vesicles. For low scattering vectors, the diffusional
motion appeared separated from internal dynamics but for scattering angles
above 40˚ both dynamic modes coupled. Using regularization methods it
was possible to separate the internal deformation mode from the pure trans-
lation. The analysis method is based on the division of the experimental
autocorrelation function by the translational term. The characteristic fre-
quency for the bending mode extrapolated at zero q value was 884 s−1.
For the study of small unilamellar vesicles (SUVs) with a hydrodynamic ra-
dius around 60 nm prepared by use of polycarbonate membranes of 100 nm
pore, light and neutron scattering techniques were used. Light scattering
shows that the particle size do not depend on the cholesterol content and
that cholesterol increases the elasticity of DPPC bilayers. Neutron scatter-
ing techniques show that the addition of cholesterol does not affect the bilayer
thickness of POPC bilayers but increases exponentially the rigidity of these
membranes.
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Appendix A

Appendix to chapter 3: DLS
results

polymer DDLS Contina (DLS) double exp. (DLS) Cryo-TEMb AFMb

PS258-PLL58 (ML56) 29 24 25 20 20
PS258-PLL107 (ML55) - 35 - - 25
PS388-PLL138 (ML58) 39 40 - 44 41

Table A.1: Average particle radius for PS-PLL micelles in water computed
using different techniques. DDLS: depolarized dynamic light scattering. a

high frequency peak at low scattering angle. b average values. All the values
are given in nanometres.

toluene pyridine
polymer xlys Rh /nm Rg /nm ∆Rh % Rh /nm Rg /nm
ML56 18 50 49 4 47 45
ML55 29 59 57 10 - -
ML58 26 71 72 9 69 67

Table A.2: Values found by DLS (Rh) and SLS (Rg) for PS-PLL copolymer
micelles in toluene and in pyridine. The copolymer concentration is 0.1 wt.%.
xlys is the lysine molar fraction in the copolymer in % and ∆Rh % indicates
the maximal increase in size upon benzoic acid addition.
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Figure A.1: Size distributions found out by CONTIN at scattering angle of
90˚ for PS-PLL copolymers in water. The polymer concentration is all cases
of wP = 0.1 wt%. By increase of the PS and/or PLL block, the formation of
large aggregates can be observed.

Figure A.2: Distribution of sizes found by applying CONTIN to DLS cor-
relation functions at a scattering angle of 90˚ for PS-PLL copolymers in
toluene. The increase of the blocks does not lead to the formation of larger
aggregates, as occurs in water.



Appendix B

Influence of benzoic acid on
viscosity

B.1 Toluene solutions

Toluene solutions with different amounts of benzoic acid were prepared by
addition of the benzoic acid crystalline powder to pure toluene and sonication
for 15 minutes. Approximately 15 mL of solution was transferred into viscos-
ity capillary type 0a (Schott, Germany, k=0.005). Viscosity measurements
were made in a Lauda automatic Ubbelohde viscometer model ViscoBoy 2,
which was placed in a thermostatically controlled bath at T = 20±0.01˚C.
The range of benzoic acid concentration in toluene was between 0 and 0.5
mol L−1, slightly below the maximal solubility found for this acid in toluene
[153]. The system was led to thermal equilibration for 30 minutes. What
it was measured was the time interval (flow time) that the fluid meniscus
takes to descend from the upper to the upper edge of the timing marks. The
kinematic viscosity (in mm2/s) was calculated using the following equation:

ν = k(t− σ) (B.1)

where k is the characteristic capillary constant, t is the flow time and σ is a
time correction depending on the flow time (extracted from the Ubbelohde
viscometer operating instructions). The absolute value for the viscosity (in
cP) was calculated by simple multiplication of the kinematic viscosity by the
solution density (found by weight):

η = ν · ρ (B.2)

In figure B.1, the measured values for the toluene viscosity at different con-
tents of benzoic acid are shown. The viscosity dependence with the acid
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concentration was fitted using a single exponential function. It is assumed
that for benzoic acid concentrations above 0.5 molL−1 the viscosity remains
constant at a maximal value equal to the viscosity at CBA = 0.5 mol L−1.

Figure B.1: Viscosities for toluene solutions at different benzoic acid contents.

B.2 Pyridine solutions

Solutions of pyridine with different amounts of benzoic acid were prepared by
addition of the crystalline acid powder to pure pyridine and sonication for 15
minutes. The viscosity measurements were carried out at T = 20±0.01˚C,
as explained in Appendix B, within the benzoic acid concentration range
CBA = 0-1.5 mol L−1. The dependence of the sample viscosity on the acid
concentration proved to be linear over the studied range of concentrations
(figure B.2).
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Figure B.2: Measured viscosity of pyridine solutions with different concen-
trations of benzoic acid (filled squares). The dash line shows the linear fit of
the experimental points.
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Appendix C

Estimation of error in DLS
measurements

The error of each experimental point of the dynamic light scattering mea-
surements has been displayed in all graphics as an error bar. These error bars
have been taken as the 5 % of the relaxation rate value Γ. This is the assumed
error for the relaxation rate, resulting of the average of three frequencies at
the same scattering angle. However, it is possible to statistically estimate
the error associated with the relaxations rates in DLS measurements [178]:

σΓ =

√√√√ 1

N

N∑
i=1

(Γ1i − Γ̄1)2 (C.1)

For instance, Hellweg [179] calculated that the standard deviation of 40 mea-
surements of a microemulsion of Ni2+ - AOT2 at the same temperature and
scattering angle of 90˚ is around 2 %. When the errors for the wavelength,
scattering angle and refractive index are known, it is also possible to estimate
the error for the translational diffusion coefficient:

σq =

√√√√(∂q
∂λ
σλ

)2

+

(
∂q

∂n
σn

)2

+

(
∂q

∂θ
σθ

)2

(C.2)

σDT =

√√√√(∂DT

∂Γ
σΓ

)2

+

(
∂DT

∂q
σq

)2

(C.3)

Hellweg calculated a standard deviation for the diffusion coefficient around
2 %, for the same sample mentioned before for a precision of the wavelength
of ± 1 nm and ± 0.003˚ for the scattering angle.
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List of symbols

A absorbance
A2 second osmotic virial coefficient
a0 effective area per head group
α scattering exponent
α̃ tensor of anisotropic polarizability
β amplitude of the second order autocorrelation

function
β0 base line of the second order autocorrelation

function
c speed of light in vacuum
cM molar concentration
χ Flory-Huggins interaction parameter
dg bilayer thickness
De Deborah number
λ radiation wavelenght
D translational diffusion coefficient
∆n intrinsic anisotropy
E electric field
Ea energy of activation
f stoichiometric volume fraction
g1(q, t) first order autocorrelation function
g2(q, t) second order autocorrelation function
Γ relaxation rate
G(Γ) distribution function of relaxation rates
ΓF relaxation frequency of membrane fluctuations
γk function of κ/kBT
γ̇ shear rate
γ straining
H mean curvature
I intensity of scattering
κ bending elasticity modulus
ki cumulant of order i
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kf relative concentration dependence of the fric-
tional coefficient

k Boltzmann constant
kD concentration coefficient
L lenght of a hydrocarbon chain
MW molecular weight
n0 refractive index
~n unit vector
ν frequency of the radiation
ni number of monomers
Ns surfactant parameter
N degree of polymerization
ω0 angular frequency
P laser power
P (q) form factor
Ψ ellipticity
[Ψ] molar ellipticity
Φa local volume fraction
q scattering vector modulus
~r position vector
Ri radius of curvature of i
Rg radius of gyration
Rh hydrodynamic radius
ρ relation Rg/Rh

ρd density number of atoms
ρn scattering lenght density
R gas constant
S(q) structure factor
T temperature
Tg glass transition temperature
τ delay time
τr relaxation or correlation time
θ scattering angle
Θ rotational diffusion coefficient
dθ dissymmetry function
τS shear stress
v partial specific volume of the solute
V volume
wt.% percentage in weight
ξ correlation lenght
xi molar fraction of i



LIST OF SYMBOLS 149



150 LIST OF SYMBOLS



List of Tables

3.1 Surfactant packing parameter range for various surfactant ag-
gregates. On the right hand a schematic illustration of the
respective surfactant shape is displayed. . . . . . . . . . . . . 34

3.2 Experimental average extent of proton dissociation α and es-
timated fraction of helix content θH for poly-L-lysine peptides
at 298 K under various pH conditions [114]. . . . . . . . . . . 40

3.3 Description of the three PS-PLL copolymers object of study.
The molecular weight, the molar fraction of polypeptide (xlys)
and the theoretical maximal length (L) for the completely ex-
tended chains are shown. . . . . . . . . . . . . . . . . . . . . . 43

3.4 Rotational diffusion coefficient and hydrodynamic radius cal-
culated from DDLS measurements at T = 20˚C. . . . . . . . 51

3.5 Rotational diffusion coefficient and hydrodynamic radius cal-
culated from DDLS measurements at T = 20˚C. . . . . . . . 64

3.6 Value of the hydrodynamic radius (DLS) and radius of gyra-
tion (SLS) at a scattering angle of 90˚ for ML56 micelles in
toluene with different pyridine contents. Pyridine changes the
solvent quality leading to shrinking of the polystyrene micelle
shell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.1 Hydrodynamic radius of DPPC vesicles prepared by extrusion
using polycarbonate membranes of 100 nm. No significant
dependence with the cholesterol content is observed. . . . . . 110

5.2 Obtained values for the radius of gyration and bilayer thick-
ness of POPC vesicles at different cholesterol contents. . . . . 115

A.1 Average particle radius for PS-PLL micelles in water com-
puted using different techniques. DDLS: depolarized dynamic
light scattering. a high frequency peak at low scattering angle.
b average values. All the values are given in nanometres. . . . 139



152 LIST OF TABLES

A.2 Values found by DLS (Rh) and SLS (Rg) for PS-PLL copoly-
mer micelles in toluene and in pyridine. The copolymer con-
centration is 0.1 wt.%. xlys is the lysine molar fraction in the
copolymer in % and ∆Rh % indicates the maximal increase in
size upon benzoic acid addition. . . . . . . . . . . . . . . . . . 139



List of Figures

2.1 Scheme of the scattering process when radiation impinges on
materia. The scattering vector is shown. The modulus of q
determines the spatial resolution [36]. . . . . . . . . . . . . . 6

2.2 General form of the static structure factor, which describes
the interaction between scattering objects in a sample. For
large values of q this function goes to 1 [39]. . . . . . . . . . . 7

2.3 Example of intensity with time diagram in a light scattering
experiment. The intensity oscillates around a mean value. . . 9

2.4 The time-correlation function. Initially this function is 〈Z2〉.
For very long times compared to the correlation time, τr, the
correlation function decays to 〈Z〉2. . . . . . . . . . . . . . . . 10

2.5 Scheme of the processes in quasi-elastic scattering experiments.
The incident radiation exhibit a broadness in frequencies, which
is increased by the scattering process. Finally, the Fourier
transform (FT) of the spectral density leads to the time cor-
relation function [39]. . . . . . . . . . . . . . . . . . . . . . . . 11

2.6 Normalized electrical field autocorrelation function for ML56/C12E6

aggregates in water at different scattering angles (section 3.5.2.1).
The sinusoidal nature of the scattering vector modulus causes
the approximation of the curves by increase of the scattering
angle up to 90˚. . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.7 Intensity dissymmetry function for spheres of different sizes
according the model of Debye [68]. The linearity is lost for
large particles. . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.8 Edge overshoot artefact in AFM. The sample is scanned from
left to right and the height profile is obtained by trailing edge
of the surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.9 Components of the electric field for circularly polarized light
(left) and elliptical path after passing the sample (right) [80]. . 21



154 LIST OF FIGURES

2.10 Schematic set-up of a light scattering instrument. The scatter-
ing intensity is measured at different angles. For depolarized
measurements a second polarizer is placed before the photo-
multiplier at 90˚ respect to the first polarizer. . . . . . . . . . 24

2.11 Scheme of a Neutron scattering experiment (source: D22 at
the Institute Laue-Langevin, Grenoble). Incoming neutrons
are monochromatized by a mechanical velocity selector with a
variable wavelength. . . . . . . . . . . . . . . . . . . . . . . . 25

2.12 Scheme of the neutron spin-echo experimental set-up of the
IN15 machine (ILL, Grenoble). . . . . . . . . . . . . . . . . . 26

3.1 Illustration of various self-assembled structures composed of
block copolymers. L = lamellar phase, H = hexagonal packed
cylinders, F, B = face and body centered packed spheres. The
figure is courtesy of S. Förster and T. Plantenberg [90]. On the
right hand the theoretical phase diagram for non-crystalline
linear A-B copolymers by Matsen and Bates is shown [4]. χ:
Flory-Huggins interaction parameter; N= overall number of
repeating units; f= volume fraction of the A component. . . . 30

3.2 Schematic representation of ordered and disordered states in a
symmetric (f = 1/2) diblock copolymer showing lamellar order
[91]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.3 Comparison of the one-dimensional composition profiles char-
acterizing the weak (WSL) and strong (SSL) segregation lim-
its. ΦA and f refer to the local and stoichiometric A-block
volume fractions, respectively [91]. . . . . . . . . . . . . . . . . 33

3.4 Chemical strucure of L-lysine. . . . . . . . . . . . . . . . . . . 36

3.5 Illustration of the hydrogen bonding in a beta-sheet in the an-
tiparallel backbone chain order, the most stable for this con-
formation [102]. . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.6 Illustration of surfactant-peptide binding. Above the CMC,
micelles of nonionic surfactant, β-C12G2 yield to increase of
PLL fraction in the α-helix conformation [122]. . . . . . . . . 42

3.7 Scheme of the synthesis of the primary amino-functional poly-
mer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.8 Scheme of the ring opening polymerization of N-carboxyanhydrides
via the “amine mechanism” and removal of the protecting group. 44

3.9 DSC curve of PS-PLL copolymer. Only one peak is detected,
around 92˚C, close to the glass transition temperature of
polystyrene [126]. . . . . . . . . . . . . . . . . . . . . . . . . 45



LIST OF FIGURES 155

3.10 Relaxation rate distributions obtained by Laplace transform
of the correlations curves using CONTIN. By increase of the
scattering angle only one contribution is found. . . . . . . . . 47

3.11 Average relaxation rates computed by single exponential fit of
the correlation functions. The slope of the curve changes from
low scattering to high scattering angles. On the left corner
the calculated hydrodynamic radii are shown. One can see
that the apparent size of the particles is highly decreased by
increasing the scattering angle. . . . . . . . . . . . . . . . . . 48

3.12 Experimental intensity autocorrelation function (open circles)
for a solution of the surfactant-copolymer mixture at a poly-
mer concentration of 0.05wt.% and scattering angle of 45˚.
The figures a, b and c show the % deviation for single, double
and triple exponential fits of the experimental data, respectively. 49

3.13 Intensity dissymmetry function for ML56/surfactant aggre-
gates in water. The radius of gyration is calculated from the
linear fit of the experimental data at high scattering angles. . 50

3.14 “Pure rotational correlation function” and single exponential
fit at a scattering angle of 30˚. The deviation is shown below. 52

3.15 Left: Cryo-TEM image of poly(styrene)258-poly(L-lysine)58/C12E6

mixed aggregates at 90 K. Right: AFM image of a spherical
particle on graphite and its cross-section analysis. The particle
wet the surface. . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.16 Circular dichroism spectra of PS-PLL/C12E6 mixed aggregates
in water at different pH. At pH = 11 the conformation has
clearly changed. Approximately 60-80% of the polypeptide
chains adopt a β-sheet conformation. . . . . . . . . . . . . . . 54

3.17 Relaxation rate distributions at pH = 11 and scattering angle
of 30˚ (filled circles) and 90˚ (open circles). At 90˚ only one
broad contribution is computed using CONTIN. On the right
hand, the average hydrodynamic radius at different scattering
angles is shown. . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.18 Size distribution of ML56/surfactant aggregates at pH = 8
and at pH = 11. The analysis is done by use of CONTIN on
the correlation functions at scattering angle of 90˚. At pH =
11 the proliferation of large aggregates can be observed. . . . 56



156 LIST OF FIGURES

3.19 Dependence of the apparent diffusion coefficient with the tem-
perature. The dashed line corresponds to the linear fit of the
experimental data assuming an Arrhenius dependence. From
this fit, the activation energy for the translation (Ea) and the
diffusion coefficient at infinite temperature (D0) have been
calculated. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.20 Relaxation rates distribution obtained by inverse Laplace trans-
form of the correlation curves from solutions of ML55/surfactant
in water. The dependence of the average hydrodynamic radius
calculated by CONTIN with the scattering angle is also shown. 58

3.21 Total scattering intensity versus q. A simple model for spher-
ical particles fit the experimental points. . . . . . . . . . . . . 59

3.22 Relaxation rate distributions computed by CONTIN for Ml55/surfactant
aggregates in water at pH = 11. The inset shows the decrease
of the average hydrodynamic radius with increasing the scat-
tering angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.23 Particle size distributions of ML55/C12E6 aggregates at pH =
8 and pH = 11 (left). At pH = 11 the formation of very large
aggregates can be also detected by AFM (right). . . . . . . . . 60

3.24 Apparent hydrodynamic radius of ML58/C12E6 mixed aggre-
gates in water at different polymer concentrations. Above
concentration wP = 0.01% the size is highly increased and
we speak of “concentrated” regime. . . . . . . . . . . . . . . . 62

3.25 Relaxation rates distribution functions, G(Γ), obtained by in-
verse Laplace transform of the normalized electrical field au-
tocorrelation functions, g1(τ), for ML58/C12E6 mixed aggre-
gates in water at a copolymer concentration of 0.01 wt.%. . . 63

3.26 Cryo-TEM images of ML58/C12E6 mixed aggregates at 90 K.
The diameter of the particles is between 70 and 130 nm and
the mean particle radius is 44 nm. . . . . . . . . . . . . . . . 65

3.27 Cross-section analysis of particles of mixed surfactant/polymer
aggregates on graphite. The diameter of the particles is around
100 nm. However, the height of the particles is only approxi-
mately 4 nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.28 Size of ML58/C12E6 mixed aggregates in water at different
pH; hydrodynamic radius (left) and radius of gyration (right).
The ratio Rg/Rh remains constant indicating no change in the
aggregates shape. . . . . . . . . . . . . . . . . . . . . . . . . 66

3.29 Static light scattering intensity dissymmetry functions for so-
lutions at pH = 8 and at pH = 11. The fit for all the experi-
mental points was done using the model of Debye for spheres. 68



LIST OF FIGURES 157

3.30 AFM image obtained by deposition and drying of a solution
of polymer/surfactant on graphite at polymer concentration
wP = 0.1% at pH = 8 (left hand) and at pH = 11 (right). At
pH = 11, the formation of big aggregates can be observed. . . 69

3.31 AFM image obtained by deposition and drying of a solution
of polymer/surfactant mixture at a polymer concentration wP
= 0.1% at pH = 8 (left) and at pH = 11 (right). . . . . . . . . 70

3.32 Digital zooms using Nanoscope III software of AFM images at
pH = 8 (left) and at pH = 11 (right). At pH = 11 one can
observe that the smallest particles are fused on the graphite
surface in some kind of ordered lattice. The difference between
smallest and biggest particles is also largely increased at pH
=11. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.33 FTIR spectra of solutions of ML58/C12E6 mixed aggregates in
water and in deuterium oxide. Unfortunately, the bands seem
to belong just to the solvent because the polymer concentra-
tion is too low. . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.34 Mean relaxation rates computed by CONTIN at different an-
gles and temperatures for solutions of ML58/C12E6 in wa-
ter. The hydrodynamic radius computed from the slope of
the curves is shown on the right side. . . . . . . . . . . . . . 72

3.35 Relaxation rate distributions for a solution of ML56 at wP
= 0.1 wt.% in toluene. The mean hydrodynamic radius is
shown for every contribution. In the right upper corner, the
hydrodynamic radius dependence on the scattering angle is
shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.36 Dependence of ML56 aggregates size in toluene vs. the poly-
mer concentration. The positive slope indicates a positive in-
teraction between the particles in solution. . . . . . . . . . . . 76

3.37 SANS curve for a solution of ML56 in deuterated toluene: ex-
perimental points (empty dots), fit with a model for spherical
particles (dash line) and fit adding a OZ term (black line).
The inset shows the computed size distribution of the particles. 77

3.38 AFM picture of ML56 aggregates on silica. The aggregates
clearly wet the surface. The average particle size in diameter
is around 43 nm. . . . . . . . . . . . . . . . . . . . . . . . . . 78



158 LIST OF FIGURES

3.39 Relaxation rates distribution for PS258-PLL58 in toluene in
absence of water (filled dots) and in presence of water (empty
dots). Water addition induces phase separation (broad peak at
low frequencies). The picture shows the macroscopical aspect
of solutions of ML56 in toluene. a: in absence of water. b:
water concentration slightly below its solubility in toluene. c:
water concentration slightly above its solubility in toluene. d:
filtration of solution c using 1 µm pore size filter. . . . . . . . 79

3.40 SANS curves for solutions of ML56 in pure deuterated toluene
and containing 5% in volume of pyridine. The baseline in-
creases in the presence of pyridine due to the incoherent con-
tribution of hydrogen to the intensity. . . . . . . . . . . . . . . 81

3.41 Volume fraction and radius of gyration of ML56 micelles in
toluene at different pyridine contents. In both cases a linear
decrease with pyridine concentration is found. . . . . . . . . . 82

3.42 Shift in the vibration peaks position between toluene and
deuterated toluene. . . . . . . . . . . . . . . . . . . . . . . . 83

3.43 FTIR Spectra of PS258-PLL58 in different solvents. . . . . . . . 84

3.44 High frequency region of the FTIR spectra. The C-H vibra-
tional band in (c) for the hydrogenated methyl of toluene dis-
appears when copolymer is added to the solution (d). When
pyridine content is increased, both transitions for C-H (methyl
toluene) and C-H (pyridine) can be observed (e); by copolymer
addition, only the band for C-H (pyridine) can be detected (f). 85

3.45 Size increase of the ML56 aggregates in toluene upon addition
of benzoic acid. . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.46 Increase of the hydrodynamic radius of ML56 micelles in pyri-
dine upon addition of benzoic acid. . . . . . . . . . . . . . . . 88

3.47 SANS curve for a solution of ML55 in toluene (empty dots).
The black line is the fit of the experimental data taking in
account three contributions: background, Ornstein-Zernicke
(OZ), and a model for spheres. . . . . . . . . . . . . . . . . . . 89

3.48 Increase of ML55 aggregate size in toluene upon benzoic acid
addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.49 SANS curve of a solution of ML58 in toluene. The fit of the
experimental points using the same model as for ML56 and
ML55 (black line) is not perfect. . . . . . . . . . . . . . . . . . 90

3.50 Increase of the hydrodynamic radius of the ML58 aggregates
in toluene solutions upon benzoic acid addition. . . . . . . . . 91



LIST OF FIGURES 159

4.1 Scheme for the organization of the quaternary system EO26-
PO40-EO26/o-xylene + water/C8TAB in the lamellar phase [30]. 94

4.2 Phase diagram of the quaternary system P85 + C8TAB +
(o-xylene/water) determined by H. Egger [30]. L3 and Lα
refer to sponge and lamellar phases, respectively. 1 refers to
an isotropic low viscous phase. The red arrow represents the
followed path corresponding to a constant polymer-to-(oil +
water) ratio and surfactant variation. . . . . . . . . . . . . . . 95

4.3 SAXS spectrum of a lamellar phase of composition wP= 0.3
and wS= 0.16 at T = 25 ˚C . The typical first order Bragg
peak for a lamellar phase is seen. In the right upper corner,
stationary birefringence for the same sample through crossed
polarizers can be observed. . . . . . . . . . . . . . . . . . . . 96

4.4 Dependence of the dynamic viscosity on time at different shear
rates for the quaternary system under the following conditions:
wP= 0.3, wS= 0.16, T = 25˚C. . . . . . . . . . . . . . . . . . 97

4.5 Left: Distribution of relaxation rates of a sample initially in
a lamellar phase (wP= 0.3, wP= 0.16) after applying a shear
rate of 500 s−1 during 2500 s. The contribution due to large
particles is in good agreement with insoluble aggregates of P85
in o-xylol (right). . . . . . . . . . . . . . . . . . . . . . . . . . 98

4.6 Evolution of the dynamic viscosity under shear rate (500 s−1)
for samples at polymer content wP= 0.3 and different amounts
of surfactant. The final steady states seem to converge. . . . . 99

4.7 Dynamic viscosity of a sample at high surfactant content under
different shear rates. The behaviour is clearly Newtonian. . . . 99

5.1 Chemical structure of cholesterol. The hydroxyl group confers
certain polarity to the molecule, while the steroid part is highly
hydrophobic. . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.2 Scheme of preparation of monodisperse unilamellar vesicles
by extrusion. The AFM image shows unilamellar vesicles of
DPPC on graphite prepared by this method. . . . . . . . . . . 105

5.3 Molecular structure of dipalmitoylphosphatidylcholine (DPPC).
The amphiphilicity of the molecule arises from the different
chemical nature of the polar head group (left hand) and the
hydrophobic palmitoyl chains (right hand). . . . . . . . . . . 106

5.4 Electric field correlation function at a scattering angle of 30˚
(left) and 75˚(right). At high scattering angle CONTIN only
shows one broad contribution, where the translation and the
membrane fluctuations are coupled. . . . . . . . . . . . . . . . 107



160 LIST OF FIGURES

5.5 Relaxation rates obtained as average of translational and mem-
brane shape fluctuation dynamics (black squares) and only for
the internal dynamics (empty dots). . . . . . . . . . . . . . . . 108

5.6 Amplitude variation with q2 of the two relaxation phenomenon
presented in DPPC vesicles, translational diffusion (empty cir-
cles) and shape fluctuations (filled circles). The dash line
shows the q2 value compatible with the radius of the vesicle,
where the internal contribution is maximal. . . . . . . . . . . . 109

5.7 Variation of the light intensity scattered by DPPC liposomes
on the scattering vector (logarithmic form). The slope of the
curves corresponds to the scattering exponent, which can be
related to the shape of the scattering objects (section 2.1.2.2).
It suggests that DPPC liposomes loses some spherical geom-
etry when cholesterol is present, due to the increase of the
DPPC bilayer flexibility. . . . . . . . . . . . . . . . . . . . . . 111

5.8 Chemical structure of POPC. Monounsaturated phospholipids
have lower temperature melting points than saturated phos-
pholipids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.9 Dependence of the relaxation rates with the square of the scat-
tering vector for suspensions of POPC vesicles at different con-
tents of cholesterol. In all cases, only the translational motion
of the particles is computed. . . . . . . . . . . . . . . . . . . 113

5.10 SANS curve for a suspension of POPC vesicles in water (right
upper corner). The radius of gyration at different cholesterol
contents is calculated from the slope of the Kratky-Porod plot
at low q values. . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.11 Dynamic structure factor obtained by NSE for a suspension
of POPC vesicles at different values of the scattering vector q.
The translational motion is taken as base line. . . . . . . . . . 116

5.12 On the left hand, the dependence of the relaxation rate of
the membrane shape fluctuations vs. q3 is shown. From the
slope of the curve, the bending elasticity modulus can be cal-
culated. On the right hand, the extracted values at different
cholesterol contents are shown, proving that the cholesterol
content exponentially increases the membrane rigidity. . . . . 117

A.1 Size distributions found out by CONTIN at scattering angle
of 90˚ for PS-PLL copolymers in water. The polymer con-
centration is all cases of wP = 0.1 wt%. By increase of the PS
and/or PLL block, the formation of large aggregates can be
observed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140



LIST OF FIGURES 161

A.2 Distribution of sizes found by applying CONTIN to DLS cor-
relation functions at a scattering angle of 90˚ for PS-PLL
copolymers in toluene. The increase of the blocks does not
lead to the formation of larger aggregates, as occurs in water. 140

B.1 Viscosities for toluene solutions at different benzoic acid con-
tents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

B.2 Measured viscosity of pyridine solutions with different concen-
trations of benzoic acid (filled squares). The dash line shows
the linear fit of the experimental points. . . . . . . . . . . . . 143


