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Summary

Amphiphilic, associating polymers are composed of hydrophobic blocks and
hydrophilic segments. Such polymers can form gels which are held together by
reversible, supramolecular interactions that lead to a rich phase behavior and highly
tunable material properties. Due to reversible physical interactions and the rich
rheological characteristics of these polymers, their application covers a wide range of
areas from biomedical applications to rheology modifiers and applications involving
hydrogel materials, such as the oil industry, cosmetics, agriculture, or the food industry.
However, the self-assembly and mechanical properties of this class of materials is often
still poorly understood. The goal of this thesis is to gain new information on the
behavior of such materials by experimentally studying their structure, dynamics, and
rheology.

The first part of the thesis deals with the development of new experimental
techniques for studying such materials. To enable a proper measurement of the
nonlinear mechanical response of these materials, a new method for analyzing oscillatory
rheological data is developed. To analyze nonlinear rheological measurements obtained
in a parallel plates geometry, which is often a necessity for solid like hydrogel materials,
a new method is developed that, despite the inhomogeneous strain field present in a
parallel plates geometry, enables us to extract the true stress response of the material.
This allows us to study the nonlinear behavior of the material at the macro-scale.
Further, to study the viscoelastic properties at microscopic length scales, we develop a
new method for performing Diffusing-Wave Spectroscopy (DWS) measurements using
a conventional light scattering setup. Combined with the concept of microrheology,
following the dynamics of tracer particles embedded in the material, this enables us to
gain valuable information on the linear viscoelastic response of the materials, including
the high-frequency regime, at frequencies up to ω ≈ 105 rad/s.

In the second part of the thesis we mainly focus on one specific supramolecular
hydrogel material: a multiblock associating polymer that contains bisurea hydrophobic
blocks and polyethylene glycol (PEG) hydrophilic segments. When such a polymer is
exposed to water, association of the bisurea blocks via hydrogen bonds and hydrophobic
interactions, and swelling of the PEG segments leads to self-assembly of the polymer
into a range of different structures. We study two different types of such polymers with

ix



x Summary

weak and strong associating groups, respectively. In the polymer with weaker interacting
groups we find that the behavior of the material is well described by an existing theory
for flower-like micelles. By further studying the morphology of the network at different
concentrations and temperatures, we confirm that indeed the polymer forms flower-
like micelles where the hydrophobic blocks move into the core, while the hydrophilic
segments cover the shell. These flowers are able to form bridges to adjacent flowers, and
as a consequence, show enhanced viscoelastic properties. We also introduce a simple
model, which rationalizes the physical origins of the elastic response of the material
and illustrates the effect of the association number and the interaction energy between
the hydrophobic segments on the morphology of the network. Using this model and
other previously established theories, we rationalize the results obtained from linear
and nonlinear rheological measurements and offer potential explanations for the physical
origin of the observed strain stiffening behavior.

We further investigate the linear and nonlinear viscoelastic properties of polymers
with increased associating interaction energy. Our Small Angle X-ray Scattering
(SAXS) experiments on the materials indicate that the polymer in this case, forms
short cylinders with a size that is tunable via the polymer concentration. While this
change in morphology does not have a pronounced effect on the linear viscoelastic
properties, it appears to have a strong impact on the nonlinear properties of the gels.
We further study the behavior of these systems by modifying, through the addition of
urea to the continuous water phase, the bonding strength of the hydrophobic blocks,
thus exploiting the well-known hydrogen bond breaking properties of urea. One would
expect that by weakening the physical interactions, the viscoelastic properties should
also be suppressed. However, we observe a surprising dual effect in the low and high
concentration regime of the polymer. Urea enhances the network formation at low
concentrations while it weakens the formed networks at higher concentrations. We
rationalize this complex behavior by considering, besides the effects of urea on the
hydrophobic blocks, also its influence on the hydrophilic segments of the polymer.

The developed analyzing methods can be useful in many applications dealing with
materials with similar physical properties. Further, we expect that the studied material
and the gained knowledge on the origin of its viscoelastic properties can serve as a useful
model for the development and study of other relevant materials, both synthetic and
biological.



Chapter one

Introduction

Amphiphilic means “loving both” or the affection for both which in general refers to

the affinity of a material to two solvents that are incompatible with each other [1]. In

general, amphiphilic molecules are molecules consisting of hydrophilic and hydrophobic

parts. Amphiphilic molecules with a molecular weight of less than 500 g/mol are

considered small. Surfactants and polar lipids that can form micellar aggregates with

several morphologies are representative examples of this group which have a broad

range of application in technology and biology. The large amphiphiles are often block

copolymers with 10-1000 times higher molecular weight, containing both hydrophilic

and hydrophobic segments [2]. This second group is different from the first one in

the size of molecular chains, but each chain similarly has hydrophobic and hydrophilic

characteristics and so this polymers can also form micellar aggregates and introduce

various self-assembly structures. The rich phase behavior of these systems in water

leads to versatile properties that are tunable through the environmental conditions

such as concentration, temperature and solvent quality. This is one reason for the

technological interest in these materials and the rapid development of the field of water-

soluble amphiphilic block copolymers.

1.1 Amphiphilic block copolymers

The amphiphilic block copolymers that have been studied extensively and used widely

in industrial applications are block copolymers of the AB, ABA or BAB, and different

grafted and multiblock copolymers, where A is the hydrophilic and B is the hydrophobic

part [3–5]. A schematic picture of several molecular structures is shown in Figure 1.1.

Block copolymers are known to associate into supramolecular structures when dissolved

in a selective solvent for one of the blocks and can form a variety of ordered structures

1
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such as sheets, cylinders or spheres [6,7]. For this reason, they are also often referred to

as associating polymers. Figure 1.2 shows the phase diagram of PE-PPO-PE in water-

oil mixtures, which illustrates the wide range of possible supramolecular morphologies

that amphiphilic block copolymers can form.

Figure 1.1. Schematics of diblock, triblock, end-capped, grafted and multiblock copolymer
micelles.

Multiblock associating polymers are typically synthesized by hydrophobic modifica-

tion of water soluble polymers or polyelectrolytes [8–11]; due to the presence of many

associating groups within a single polymer chain, their association is more complex than

that of dimers or trimers [12]. The static and dynamic properties of these polymers arise

from both intramolecular and intermolecular interactions and the size and type of their

hydrophobic groups [13, 14]. Under dilute conditions, these polymers typically form

spherical flower-like micelles where each sphere consists of a single polymeric chain [15].

By further increasing the concentration, the distance between these spheres decreases

and gelation occurs as associating groups from the same macromolecule can become part

of separate micellar flowers, thereby forming bridges; alternatively, these systems may

also develop into other morphologies depending on the interacting energies and solvent

conditions [13, 16]. The concentration-dependent behavior of amphiphilic copolymers

has been studied extensively [17]. One exceptional property of such a network is a

significant jump in the linear viscoelastic moduli of these systems at the gelation point,

above which a solid-like hydrogel is formed [18, 19]. This solid-like behavior originates

from two main physical mechanisms: crowding and cross-linking. Which of these two

mechanisms dominates in determining the mechanical properties of the network depends

on the concentration and the interaction forces between the hydrophobic groups.
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Figure 1.2. Phase diagram of the (EO)19(PO)43(EO)19-2H2O (“water”)-p-xylene(“oil”)
ternary system at 25◦ C. The phase boundaries of the one-phase regions are drawn with solid
lines. I1, H1, V1, LR, V2, H2, and I2, denote normal (oil-in-water) micellar cubic, normal
hexagonal, normal bicontinuous cubic, lamellar, reverse (water-in-oil) bicontinuous cubic,
reverse hexagonal, and reverse micellar cubic lyotropic liquid crystalline phases, respectively,
while L1 and L2 denote water-rich (normal micellar) and water-lean/oil-rich (reverse micellar)
solutions. The concentrations are expressed in wt%. The samples whose compositions fall
outside the one-phase regions are dispersions of two or three (depending on the location in the
phase diagram) different phases. The line along the copolymer-oil axis indicates incomplete
miscibility between the copolymer and the oil. Schematics of the different modes of self-
organization of the amphiphilic block copolymers in the presence of solvents (“water”and“oil”)
are shown adjacent to the respective phases in the phase diagram. The amphiphiles are
localized at the interfaces between the water and oil domains (denoted by light blue and red
colors, respectively). The Ia3d /Gyroid minimal surface is used as a representation of the
microstructure in the V1 and V2 phases. [6]

These copolymers also represent remarkable viscoelastic properties in the nonlinear

regime. The nonlinear properties of the network depend sensitively on both the
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concentration range and the strength of the interactions between the hydrophobic

groups. A convenient ways to study these properties is large amplitude oscillatory shear

experiment as will be discussed further in Chapter 2. In oscillatory measurements, the

nonlinear viscoelastic response manifests itself as a pronounced strain softening, which

sometimes is preceded by a strain stiffening. The response of these materials under

steady shear is also nonlinear; while initially, at small and medium shear rates, the

viscosity remains constant, at higher shear rates, a marked decrease in viscosity (shear

thinning) is often observed [20–24]. Such strain stiffening/shear thickening behavior

originates from the non-Gaussian stretching of bridges or the shear-induced formation

of additional bridges, respectively.

The typical properties of amphiphilic solutions are very different in various

concentration regimes [25]; as a consequence, several techniques are typically used to

characterize these materials in each concentration regime.

1.1.1 Block copolymers in the dilute/semidilute regime

A wide range of amphiphilic block copolymers are known to form spherical micelles

in the dilute regime [26]. If the number concentration of hydrophobic unites, also known

as stickers, within a copolymer chain is higher than the critical micellar concentration,

then the micelles form at any concentration. One of the methods used to visualize

these micelles is Cryo-TEM (cryogenic transmission electron microscopy), which if the

contrast is sufficient can yield real-space information on the morphology of the materials.

Some information on structure such as size or shape, as well as interactions between

the micelles can also be obtained via dynamic light scattering. Other techniques for

characterizing morphology are small angle X-ray and neutron scattering (SAXS and

SANS) [27]. These powerful techniques enable us to determine micelle dimensions

and via suitable models are capable of providing more detailed information about the

structure. Besides these methods, fluorescence microscopy, NMR, AFM and TEM can

also be used to study the micellar structure [23, 28–30]. The viscoelastic mechanical

properties of these systems are mainly studied by rheology.

In most cases, characterizing the morphology of amphiphilic polymers in the low-

concentration regime is readily achieved by one or several of the techniques mentioned

above; however, accessing the mechanical properties is often difficult, as the typical

moduli can be too low to be measured reliably by conventional rheological measurements

[31]. Therefore microrheology can be a suitable alternative for studying the linear

viscoelastic properties of such networks [14].
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1.1.2 Block copolymers in the concentrated regime

At higher concentrations the copolymers can self-assemble into several morphologies

depending on the chemical structure of the polymer and the solvent conditions. This can

be defined as gelation, as the material forms a network, leading to solid-like mechanical

response. At these high concentrations, visualization of the morphology by conventional,

real-space techniques is rarely possible. Therefore, indirect methods such as small angle

X-ray and neutron scattering are typically used to obtain information on the structure

of the material. Rheology is also a powerful tool to study both the gelation mechanism

of the network and also sol-gel transitions triggered by temperature variations [32, 33].

Measuring the linear viscoelasticity of these materials provides direct information about

the mechanical properties [34]. From the shape of the frequency-dependent dynamic

shear moduli often the physical mechanisms that govern the material’s dynamics can

be deduced. Nonlinear viscoelastic measurements can be used to describe the network

behavior at large deformations. The interpretation of these nonlinear rheological

measurements, however, is not straightforward.

1.2 Thesis aim and outline

The aim of this thesis is to study and understand the behavior of a synthetic

amphiphilic block copolymer that is designed to mimic the mechanical properties

of biological materials. Specifically we try to establish a fundamental physical

understanding of the mechanical behavior of the synthesized material which helps

to tune the macroscopic mechanical behavior, with the goal of ultimately enabling

us to develop biomimetic materials precisely tailored to their intended use in tissue

engineering or other biomedical applications. To gain and interpret accurate and

precise information about the properties of these materials, we also develop new

experimental methods and analyzing approaches which enable us to gain valuable

additional information on the behavior of our materials; in addition, these are new

methods are also useful tools for the study of other soft materials.

In Chapter 2 we introduce a new approach to interpret nonlinear rheological

measurements on soft solid-like materials with the parallel plate geometry. This

geometry is known to be a proper tool only to measure linear viscoelastic properties

while as was mentioned prior, our polymers form a very strong network at concentrations

above the gelation point. It is often not practically possible to deform this strong solid-

like hydrogel into the complex shape of other rheological geometries like cone-plate

or Couette tools, and obtain accurate results. Therefore we solve the inhomogeneous

shear field in the parallel plates geometry analytically and introduce a new approach to

correct the data obtained from measurements by this geometry to the accurate results
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that would have been measured in a homogenous shear field. Our approach thus allows

us to perform and properly interpret large amplitude oscillatory shear experiments,

which enables access to valuable information on the nonlinear mechanical response of

soft solid-like materials.

In Chapter 3 we present a new method for performing diffusing-wave spectroscopy

(DWS) measurements in a conventional goniometer. DWS is a unique tool for studying

the dynamics and mechanics of soft materials in a wide range of frequencies. Without

requiring a separate, dedicated DWS setup, our method enables us to perform such

measurements in a standard dynamic light scattering setup. A further advantage

or our approach is that we can access a wide range of time and length scales

merely by performing measurements at different angles on one single sample. In

contrast, for a conventional DWS setup, measurements on several samples in cells with

different thicknesses are required. We present results from experiments performed on

tracer particles suspended in a Newtonian fluid as well as DWS-based microrheology

measurements on our block copolymer materials.

In Chapter 4, the synthesis of our studied block copolymer is explained in detail

and the general properties of the polymer solution are studied. The polymer is a block

copolymer which contains both flexible poly(ethylene glycol) and hydrophobic bisurea

segments; the interaction energy of the hydrophobic segments is conveniently tunable via

the length of the segments and via the spacing between the two urea groups, where larger

lengths lead to stronger interaction energies. Schematic representations of the different

polymer structures used in this thesis, as well the possible resulting self-assembled

macromolecular structures are shown in Figure 1.3. At high concentrations we expect

these polymers to self-assemble either to spherical micelles or to worm-like structures,

where in both cases the hydrophobic segments assemble in the core and the hydrophilic

segments in the corona. In the same chapter we also study the shear-thinning behavior

of the hydrogels, and their self-healing properties. We show that the combination of

these two properties are beneficial to the injectability of our materials, which is of key

importance to their potential use in a range of biomedical applications.

In Chapter 5 we present a detailed study of the structural and mechanical properties

of our amphiphilic block copolymers containing hydrophobic groups with low associating

energies. To rationalize the behavior of these materials, we briefly review the model

developed by Semenov for multiblock associating polymers and then introduce our

own simple model, which rationalizes the physical origins of the elastic response of

the material and illustrates the effect of the association number and the interaction

energy between the hydrophobic segments on the morphology of the network. Using

this model and other previously established theories, we rationalize the results obtained

from linear and nonlinear viscoelasticity measurements and offer potential explanations

for the physical origin of the observed strain stiffening behavior.
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Figure 1.3. (A) Schematic image of our studied multiblock copolymer micelles where the
red spheres represent the hydrophobic bisurea units and the blue lines represent the flexible
hydrophillic PEG chain (B) schematic representation of the multiblock copolymer forming
a jammed structure of flower-like micelles where flowers are connected to each other by few
bridging chains. (C) Schematic image of a highly connected network of block copolymers
where most of the polymer chains are forming bridges and there are few loops and dangling
ends. (D) Schematic picture of multiblock copolymers with high interacting energy forming
short cylinders while there are few bridges between them.

Finally in Chapter 6 we investigate the effect of urea on the structure, morphology

and mechanical properties of our amphiphilic bisurea block copolymers. In this chapter

we use a polymer with higher hydrophobic energy, which makes it possible to study

the effects of urea in a wider range of concentration. Urea is chosen as it is known as

a hydrogen bond breaker that can weaken both the hydrogen bonds and hydrophobic

interactions in our studied gel. The addition of urea is therefore a useful tool for

experimentally studying the role of the attraction strength between the hydrophobic

sticker segments on the resulting structure and the viscoelastic properties of our

materials. We study the effect of urea on the mechanical properties of the network

and also the morphology of the aggregates at different concentrations. Based on

our experiments, we offer a hypothesis for the mechanisms by which urea affects the

properties of our amphiphilic block copolymer materials. We show that the addition

of urea offers an effective tool for precisely tuning the macroscopic properties of these

materials.
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Chapter two

A new approach to nonlinear stress

response in large amplitude

oscillatory (LAOS) measurement

using parallel plates

2.1 Introduction

A main advantage of the simple parallel plates geometry often used in rotational

rheometers is that the gap size can be freely chosen for each experiment, providing

access to a wide range of shear rates. Moreover, flat, solid-like samples can be measured

without the need to create complex sample shapes; the gap can readily be adjusted

to fit the sample of interest. A range of commonly investigated solid-like materials,

including hydrogel materials, biofilms, or biological tissues, are difficult to shape into

the geometries required for cone-plate or Couette measurements [1]. However, these

materials can often be shaped readily into a flat film shape, making the parallel plates

geometry the best available option for performing rheological measurements.

A major drawback of parallel plates, however, is that this geometry results in a strain

field that is not uniform across the sample; both the shear strain, γ, and the shear rate,

γ̇, decrease linearly to zero towards the center of the geometry; as a result the shear

stress, σ(γ), and the corresponding torque response is not constant across the sample

geometry. The total torque on the tool can be expressed as [2]

11
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T =
2πR3

γ3
R

∫ γR

0

σ(γ)γ2dγ, (2.1)

where R is the radius of the plates, γR is the strain at the edges of the plates, γ = γRr/R

is the local strain at a distance r from the center, and σ(γ) is the stress as a function

of the local strain. At small deformations, in the linear viscoelastic regime, the stress

is proportional to the applied strain and thus σ(γ(r)) depends linearly on the distance

r from the center as σ(γ(r)) = σ( r
R
γR) = r

R
σ(γR). As a result, in this case, the true

stress-strain relation can be derived from the measured torque as [2]

σ(γ) =
2T

πR3

γ

γR
. (2.2)

However, at larger strain deformations, outside the linear viscoelastic regime, the

local stress no longer depends linearly on strain, and thus, Equation 2.2 breaks down.

Therefore, the accurate determination of the true nonlinear viscoelastic response using

the parallel plate geometry poses an important challenge. This challenge has been

addressed by considering the derivative of the torque (Equation 2.1) with respect to the

edge strain, as [3]

∂T

∂γR
= −3T

γR
+

2πR3

γ3
R

∂

∂γR

[∫ γR

0

σ(γ)γ2dγ

]
, (2.3)

which can be solved for σ(γ), as [2, 3]

σ(γ) =
1

2πR3

(
γ
∂T

∂γ
+ 3T

)
. (2.4)

Thus, by tracking the torque and its derivative with respect to the applied strain,

the true stress-strain relation of the material can directly be determined from parallel

plate measurements. This equation has been introduced previously and applied for

unidirectional rheological measurements, such as a steady-state viscosity measurements

or a strain ramp measurement, where the torque as a function of strain is measured in

a startup flow at a fixed shear rate [2–6]. For such unidirectional measurements, it is

straightforward to extract the true stress from the data obtained using a parallel plates

geometry. Given the recent interest in nonlinear, large amplitude oscillatory shear

(LAOS) measurements [7–11], a similar method that can be applied for oscillatory
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measurements would be highly useful. While the interpretation of data obtained in

LAOS measurements is still a topic of research and debate [8,12,13], there is no doubt

that these data contain valuable information on the nonlinear mechanical behavior of

the material; the ability to extract the true stress response from LAOS measurements

performed with parallel plates would therefore be highly desirable.

Indeed, Phan-Thien et al. [14] have introduced an expression that enables

obtaining the true stress response from parallel plate measurements also for oscillatory

measurements

σ(t) =
1

2πR3

(
γ
∂T (t)

∂t
+ 3T (t)

)
, (2.5)

where T (t) is the time-dependent total torque. This method has been successfully

applied to LAOS data and validated by comparing to the response obtained in cone-plate

measurements by Ng et al. [15]. This extension of LAOS to parallel plates measurements

is important, as LAOS measurements are increasingly being used to study the mechanics

of nonlinear viscoelastic materials, yielding useful information on their response beyond

the linear regime.

Recent LAOS studies succeed to give an adequate quantitative description of the

measured stress-strain response and also present physical interpretations of stress-

strain response of the material by measuring the raw in-cycle torque response, which

is anharmonic in the nonlinear regime. One of the convenient ways to achieve this is

Fourier transform rheology [10, 11], which describes the response in terms of a Fourier

series, thus quantifying the amplitudes of higher harmonics contained in the anharmonic

stress response. The Fourier coefficients of the stress response also serve as a basis for

a range of recently proposed methods for the interpretation and analysis of LAOS

measurements, including the definition of generalizations of the concepts of storage and

loss modulus to the nonlinear regime [7,9]. The interpretation of the LAOS response has

also recently been explained in terms of a series of basic underlying physical deformation

mechanisms [8]; while so far no direct physical meaning is attributed to all Fourier

coefficients, a Fourier series is still appropriate for describing the shape of the, inherently

time-periodic, equilibrium in-cycle stress response. Therefore a new, simple method to

analyze LAOS results from a parallel plate geometry measurements in a meaningful

way, that is compatible to these recent developments, would be highly beneficial.

In this chapter, we describe in detail how LAOS data obtained in a parallel plate

geometry can be analyzed to obtain the true stress response of the material. We

introduce a new method for obtaining this true stress response and compare it to the

existing method by Phan-Tien et al. To illustrate and test our approach, we use a

nonlinear biological material reconstituted from purified fibrin, a major constituent of
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blood clots. Such fibrin gels exhibit a pronounced strain stiffening behavior [16–19].

Our new method for analyzing this data is directly compatible with Fourier transform

rheology and other recently introduced approaches for analyzing and interpreting LAOS

data. Using fibrin as an experimental model system, we compare this approach to

existing methods and show that our method recovers the correct stress response of the

material, as measured with a cone-plate tool. An important advantage of the method

is that it inherently limits the amplification of experimental noise since, as opposed to

existing methods, it does not rely on time derivatives of the raw torque response. To

quantify the influence of experimental noise on the rheological response and to illustrate

the advantages of this approach, we use simulated LAOS data based on the Giesekus

model with well-defined levels of noise. The method does not require prior knowledge

on the form of the constitutive equation of the material; it should thus be generally

applicable to a wide range of soft and biological materials. Moreover, the method is

a natural extension of methods already commonly employed in the analysis of LAOS

data.

2.2 Results and discussion

2.2.1 Theory

The existing method for calculating the true stress response from data obtained in a

parallel plates geometry [14], given by Equation 2.5, relies on the time derivative of the

measured torque for extracting the time-dependent true stress response.

This poses a problem when the approach is applied to experimental data, as the

experimental noise present in the data is inherently amplified. To circumvent these

problems, instead of analyzing the time-dependent data, we focus on the shape of the

torque response that is obtained in a LAOS measurement in the torque-strain plane:

Generally, in LAOS rheology, the applied strain is sinusoidal in time with an amplitude

γ0 and an angular frequency ω. A nonlinear response implies that the stress response will

be anharmonic; linear response theory can thus no longer by applied. The momentary

stress response σ(t) is thus no longer related to the instantaneous strain by a simple

function σ(γ), but also depends on the maximum strain, γ0, and oscillation frequency,

ω [7–10].

To highlight these nonlinearities, LAOS measurements are often displayed in so-

called Lissajous-Bowditch plots, where σ(γ0, ω, t) is displayed as a function of γ(γ0, ω, t)

in the cosine waveform [7,9]. When the in-cycle response has reached a steady state, in

practice reached after several oscillations, the stress response is periodic. In this case

the Lissajous plots are closed curves that overlap from cycle to cycle. The shapes of



Chapter 2 15

these curves can be seen as a ‘rheological fingerprint’ of the nonlinear response of the

material [20]. To properly account for the nonlinear stress response, we should study the

shape of the entire cycle of oscillation as a function of the maximum applied strain. To

do so, we need a quantitative description of the shape of the associated Lissajous curves

that represents the periodicity of the stress response as well as the time-dependence of

the stress. This can conveniently be accomplished by describing the time-dependent

stress as a Fourier series [11,12]

σ(t, ω, γ0) =
∑
n odd

S ′
n(ω, γ0) sin(nωt) + S ′′

n(ω, γ0) cos(nωt), (2.6)

as is familiar from Fourier Transform rheology. However any other series such as

Chebyshev polynomials that can represent the full Lissajous curve may also be used.

In the linear regime, the first order coefficients fully describe the viscoelastic response;

in this case the storage and the loss modulus are directly determined by the in-phase

and out of phase coefficients as G′ = S ′
n/γ0 and G′′ = S ′′

n/γ0, respectively. In contrast,

when entering the nonlinear regime, the higher order coefficients also start to contribute

considerably to the response; for symmetry reasons, even harmonics normally will not

contribute to the response in the steady state [7].

Using an analogous Fourier series for the total torque, with torque Fourier coefficient

T ′
n(ω, γ0) and T ′′

n (ω, γ0), the acquired torque response with respect to γ0 can be related

to the response of the material at different strain amplitude levels. As the torque in

each cycle is defined completely by the Fourier coefficients, the coefficients themselves

are functions of γ0, which through linear superposition fully determine the shape of the

torque response. Thus, instead of correcting the total torque response, we individually

correct the torque Fourier coefficients T ′
n(γ0) and T ′′

n (γ0), in analogy to Equation 2.4,

resulting in expressions for the in-phase stress Fourier coefficients S ′
n, as

S ′
n(γ0, ω) =

1

2πR3

(
γ0

∂T ′
n(γ0)

∂γ0
+ 3T ′

n(γ0)

)
, (2.7)

and for the out-of-phase coefficients S ′′
n , as

S ′′
n(γ0, ω) =

1

2πR3

(
γ0

∂T ′′
n (γ0)

∂γ0
+ 3T ′′

n (γ0)

)
. (2.8)

Using these forms to obtain the correct Fourier coefficients for the stress response

together with Equation 2.6, we can reconstruct the true nonlinear stress response.
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Application of the method works for any number of Fourier coefficients taken into

account and does not rely on neglecting for instance the even harmonics in the response.

The steady state Lissajous curves can now be readily obtained for each γ0 from the

coefficients S ′,′′
n (γ0, ω) and their γ0-derivatives using Equation 2.6.

2.2.2 Experiments

To illustrate the application of Equation 2.4, we apply it to experiments on

a well-known nonlinear material, a fibrin gel. Like many other biopolymers it

exhibits a significant nonlinear response, showing pronounced strain-stiffening behavior.

[16–19,21,22] The fibrin network is prepared by mixing a solution of human fibrinogen

(Calbiochem, Merck KgaA, Darmstadt, Germany) dissolved in a buffer solution (0.1

M HEPES, 135 mM NaCl, 5 mM CaCl2, pH 7.4) at a final concentration of 3 mg/ml

with human thrombin at a final concentration of 0.1 U/ml. Samples are subsequently

polymerized under the application of a mild oscillatory shear (γR = 1%, frequency

ω = 1 rad/s) at 37 ◦C to track the effects of this polymerization inside a stress-controlled

rheometer (Physica MCR501, Anton Paar, Austria) in a cone-plate (25 mm diameter,

2◦) or a parallel plates (25 mm diameter) geometry, respectively, for 30 minutes.

We test the mechanical properties of the resulting fibrin gel in a unidirectional startup

test by applying a strain rate γ̇ = 0.07s−1, slow enough for the resulting stress response

to be independent of γ̇ and thus reflecting the low frequency elastic response of the

material. The differential modulus dσ(t)/dγ(t) measured using the cone plate tool (blue

triangles) exhibits pronounced strain stiffening, with the differential modulus increasing

by almost two orders of magnitude over the accessed range of strain deformations as

shown in Figure 2.1. Owing to this distinctly nonlinear stress-strain response, the

standard data interpretation according to Equation 2.2 deviates significantly from the

true response for the parallel plate geometry. This discrepancy is substantially larger

than the sample to sample variation. However, by inherently accounting for material

nonlinearities in σ(γ), Equation 2.4 yields the correct response, in good agreement with

the response measured using the cone-plate geometry.

In the following, we will focus on the extension of this correction method for parallel

plate data from unidirectional shear to oscillatory measurements of a general viscoelastic

material in the nonlinear regime.

In Figure 2.2 we plot typical Lissajous curves for the fibrin network, measured in

cone-plate (blue solid lines) and parallel plate(red dotted lines) geometries at different

levels of strain amplitude. At small strain amplitudes, γ0 = 2.6%, the response is

linear and almost perfectly elastic-like, with σ(t) depending linearly on γ(t), as shown

in Figure 2.2(A and D). At larger strain amplitudes, the material response exhibits

a substantial viscous component and the Lissajous curves become distinctly nonlinear,
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Figure 2.1. Differential modulus dσ(t)/dγ(t) as a function of strain for a startup ramp
experiment (γ̇ = 0.07 s−1) on a fibrin network measured in a cone-plate geometry (blue
triangles). For the parallel plates measurement, standard data interpretation according to
Equation 2.2 (red circles) deviates significantly from the true response; using Equation 2.4
(green squares), the correct response is obtained.

clearly exhibiting an in-cycle strain stiffening behavior that appears as an upturn in σ(t)

at increasing strains. Again, in analogy to the unidirectional measurements, parallel

plate measurements interpreted by assuming linear response, according to Equation

2.2, clearly do not reflect the correct stress response of the material.

As shown by Phan-Thien et al. [14], the correct stress response can be obtained

by considering the time-dependent torque response, using Equation 2.5. We test this

approach by directly applying Equation 2.5 to our fibrin data.

The resulting stress response at different levels of strain is displayed in Figure 2.2(A-

C) as green dashed lines. The Lissajous plots appear noisy and exhibit significant

deviations from the expected true stress response as accessed with a cone-plate tool

(blue solid lines). The main reason for this is that experimental data contain noise,

which is amplified by taking a time derivative, resulting in a noisy rheological response.

Though this method does in principle provide the correct result, it has to be used

in conjunction with data smoothing filters such as a band pass filter. However, such

filtering depends on parameters and can distort the data, and thus, it would be preferred

to devise an unbiased scheme that can take all Fourier components of the rheological

response into account.

Instead of filtering the results and then correcting them by using time-derivatives of

the torque response, we use strain-derivatives of the Fourier coefficients of the torque

response, which is less sensitive to noise. In our experiments, we perform a series

of oscillatory measurements at different strain amplitudes γ0 and obtain the Fourier

coefficients of the total torque (G′
n and G′′

n) as a function of γ0, as shown for the

measurements on fibrin in Figure 2.3 (red circles). We then determine the local slope
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Figure 2.2. Lissajous-Bowditch curves for measurements performed on a fibrin network,
using a plate-plate geometry and performing standard data interpretation according to
Equation 2.2(red dotted lines), a cone-plate geometry (blue solid lines), (A-C)calculating
true response by using Equation 2.5 for plate-plate measurements (green dashed lines) and
(E-F)calculating true response by using Equation 2.8 for plate-plate measurements (green
dashed lines)for different strain amplitudes.

at each T ′,′′
n (γ0) with respect to γ0 by fitting a polynomial function which results in

∂T ′,′′
n (γ0)/∂γ0. Using Equation 2.8 we obtain the stress Fourier coefficients S ′,′′

n (γ0, ω),

shown in Figure 2.3 (green squares) - in good agreement with the corresponding stress

Fourier coefficients obtained in a cone-plate geometry (blue triangles).

The corresponding stress signal obtained through Equation 2.6 is shown as green

dashed lines in D-F of Figure 2.2, in good agreement with the corresponding Lissajous

curves obtained using a cone-plate geometry (blue solid lines). Moreover, the noise in

these curves is significantly reduced compared to those obtained directly from Equation

2.5(A-C in Figure 2.2), as the method does not rely on time derivatives of the raw torque

response. We thus obtain the true response of the material from LAOS measurements
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performed using a parallel plates geometry, even for the significant nonlinear material

behavior exhibited by the fibrin networks studied here. Our approach is also directly

compatible with currently used standard methods for analyzing LAOS data, which

routinely rely on a Fourier analysis of the response. Alternatively, the method could

also be applied to approximations of the response using Chebyshev coefficients, which

can be more closely linked to the physical mechanisms leading to nonlinear response. As

the Chebyshev coefficients are linear combinations of Fourier coefficients, an approach

in complete analogy to Equation 2.8 can be used in this case.
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Figure 2.3. Absolute value of Fourier coefficients for the total torque as a function of strain
amplitude for measurements performed on a fibrin network in a cone-plate geometry (blue
triangles) and in a parallel plates geometry using standard data interpretation according to
Equation 2.2 (red circles). The green squares show the corrected Fourier coefficients for the
parallel plates measurement where the stress coefficients are directly calculated from torque
coefficients for parallel plates measurement using Equation 2.8.

2.2.3 Giesekus model

As indicated in the previous section, using our new approach to correct the raw torque

data appears to significantly reduce the noise in the obtained stress data, as compared

to the analysis according to Equation 2.5, which relies on time derivatives of the raw

torque data, that should inherently accentuate any noise present in the measurement.
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Figure 2.4. Comparing the effect of noise on the calculated stress response from the Giesekus
model using the method by Phan-Thien (left column) and our new approach (right column)
on LAOS data calculated from the Giesekus model. Sub-figures A and D at the top contain
no noise. For sub-figures in the second and third rows, a white Gaussian noise with signal-
to-noise ratio of 1 dB and -5 dB, respectively, was added; this corresponds to a ratio of the
variance of the torque signal considered here to that of the added noise of 2656 and 1331,
respectively. We plot the response for a cone-plate geometry (blue solid lines), parallel plates
assuming linear response (red dotted lines), for parallel plates corrected using Equation 2.5
(green dashed lines in A-C), and for parallel plates corrected using Equation 2.8 (green dashed
lines in D-F). Giesekus parameters: plateau modulus; G0=30 Pa,relaxation time; λ=1 s, extra
viscosity; ηs = 0.01 Pas, mobility parameter; α=0.4.

To systematically investigate this effect, we create a series of theoretical test data-

sets [23] with well-defined added signal-to-noise ratio Gaussian white noise and apply

both our new method and the method by Phan-Thien to these datasets, thereby

investigating the influence of noise in the time-dependant torque on the calculated

true stress response. We reconstruct the shapes of the Lissajous curves as they would

be measured in a parallel plates tool from Equation 2.2 by numerical integration of

the response simulated at different strain amplitudes, as illustrated by red dotted lines
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in Figure 2.4. The true stress response obtained from the model assuming cone-plate

geometry is shown as blue lines in all sub-figures with the level of noise increasing from

top to bottom.

The stress calculated from the torque data is plotted as green dashed lines for the

Phan-Thien method and our method, as shown respectively in the left (A-C) and right

(D-F) column of Figure 2.4. Without any added noise (subfigures A and D), both

methods perform equally well and exactly capture the true stress response. However, as

the level of noise increases, clear difference between the two methods become apparent.

Using the method of Phan-Thien et al., (A-C), the noise in the calculated stress response

increases dramatically by increasing the level of added noise. Conversely, for our method

(sub-figures D-F) the calculated response is only weakly affected by the added noise and

naturally limits the noise in the stress response calculated from the raw torque data.

2.3 Conclusions

In summary, we have developed an alternative method for obtaining correct data from

large amplitude oscillatory shear (LAOS) measurements which enables us to access the

true nonlinear response of a material based solely on the apparent response obtained

using a parallel plates geometry. We have demonstrated the application of this new

approach on experimental data and compared its results with one of the most reliable

previous methods. We have further taken into account the issue of experimental noise

and shown that our method naturally avoids the amplification of noise by performing

the analysis on the components of a Fourier series representation of the response. The

method should be particularly useful for solid-like materials that can be produced or

cut into flat films, but cannot be readily formed into the shapes required by a cone-

plate or Couette geometry. Importantly, no assumptions on the constitutive behavior

of the material are required. Compared to the most relevent existing method, the

proposed approach reduces the noise in the data and gives better empirical results.

Considering conventional problems in the rheological experiments on solid-like materials,

our approach is applicable to a wide range of soft materials, including elastomers,

hydrogels, organogels, colloidal systems, and biological tissues.
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Chapter three

Diffusing-Wave Spectroscopy in a

standard dynamic light scattering

setup

Diffusing-Wave Spectroscopy (DWS) measurements are traditionally performed in

flat sample cells, as for this geometry the path length distribution of photons can be

expressed in analytical form. DWS measurements therefore typically require a separate,

dedicated setup that cannot be used for conventional dynamic light scattering. Here we

show how DWS measurements, in particular DWS-based microrheology measurements,

can be performed in a typical goniometer setup, as widely used for conventional static

and dynamic light scattering measurements. To do so we perform simple random walk

simulations, yielding numerical predictions of the path length distribution, as a function

of both the transport mean free path and the detection angle. This information is then

used to extract the mean-square displacement of tracer particles in the material, as well

as the resulting frequency-dependent viscoelastic response. An important advantage

of our approach is that by performing measurements at different detection angles, the

transport mean free path is accessed accurately and more readily than in flat sample

cells. We test our approach performing DWS-based microrheology measurements on

colloidal particles suspended in water and measurements on supramolecular hydrogel

materials. Results are in fair agreement with rheological measurements performed on

the same hydrogel system. Access to the viscoelastic response at frequencies exceeding

those accessible to macroscopic rheology enables us to gain valuable information on the

structure and dynamics of these materials.

23
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3.1 Introduction

Since its development in the 1980’s, diffusing-wave spectroscopy (DWS) [1, 2] has

proven to be an extremely important and versatile tool for studying the dynamics,

mechanics and structure of materials [3–9]. By taking advantage of the fact that the

transport of photons through an optically turbid sample can be described as a diffusion

process, DWS extends dynamic light scattering measurements to the highly multiple

scattering regime. The method is particularly useful when combined with the concept

of microrheology, where information on the dynamics of tracer particles added to a

material are used to extract information on the material’s viscoelastic properties [10–

13]. However, the proper analysis of any DWS measurement requires detailed knowledge

of the path length distribution P (s) through the sample, for all photons reaching the

detector. For sample cells in the shape of a flat slab of thickness L, infinitely extended

in height and width, P (s) can be expressed in analytical form, and the analysis of

DWS data is therefore straightforward. However, for the cylindrical sample cells used

in conventional dynamic light scattering setups, an analytical expression for P (s) is not

available. Therefore, DWS measurements have typically required the setup of a separate

instrument, employing flat sample cells.

In this chapter, we show how DWS-measurements can be performed in a standard

dynamic light scattering setup with cylindrical sample cells. We perform simple

numerical simulations of the propagation of photons through a cylindrical cell and

illustrate how these results are used for obtaining the mean-square displacement of

tracer particles from temporal autocorrelation functions measured in experiments. We

further show that by taking measurements at different detection angles in such a setup,

the range of accessible time and length scales can be extended; this is in analogy to

standard DWS measurements employing a range of different cell thicknesses. In our

case, however, all these measurements are taken on a single sample cell. In analogy

to typical conventional DWS measurements, determination of the transport mean

free path l⋆ is accomplished by performing calibration measurements on uniformly

sized tracer particles suspended in a Newtonian liquid, for which the viscosity is

known and thus the single-particle dynamics can be presumed a priori. Alternatively,

using an initial experimental calibration in combination with results from our simple

numerical calculations, the transport mean free path can also be directly determined

from the measured scattering intensity as a function of angle, I(θ). In the highly

multiple scattering limit, and in the absence of absorption in the sample, I(θ) is well

approximated by a function that depends only on l⋆, on the corresponding calculated

path length distribution P (s), as well as a constant βexp determined by the experimental

setup. We thus show that standard goniometer setups can be successfully employed for

diffusing-wave spectroscopy measurements. Compared to dedicated DWS setups, our

method has the advantages of being able to reliably determine the transport mean
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free path l⋆ and to extend the range of accessible length and time scales, respectively,

all by performing measurements on one single sample cell. Finally, we illustrate the

use of our approach for microrheology measurements on soft materials; we do so by

performing measurements on a supramolecular hydrogel material, which shows a solid-

like viscoelastic behavior at high frequencies and a slow structural relaxation, leading

to liquid-like behavior at low frequencies.

3.2 Materials and methods

3.2.1 Background on dynamic light scattering

Standard static and dynamic light scattering experiments are limited to samples

that exhibit essentially single scattering, with the overwhelming majority of detected

photons having been scattered only a single time. A typical setup for such experiments

employs cylindrical sample cells, illuminated by a laser, as shown schematically in Figure

3.1(A). The detector, usually an optical fiber detector, connected to a photomultiplier

tube, can be moved to different scattering angles θ, corresponding to scattering wave

vectors q(θ) = (4πn/λ) sin(θ/2), where n is the refractive index of the sample and λ is

the wave length of the laser in vacuum.

For single scattering, the fluctuations in the detected intensity, which reflect the

dynamics of scatterers in the system, are then quantified by the temporal intensity

autocorrelation function g2(t) = < I(t̃− t)I(t̃) >t̃/< I(t̃) >t̃
2
, where t is the lag time

and the bracket <>t̃, indicates a time-average over all times t̃.

The field correlation function g1(t), also often referred to as the dynamic structure

factor f(q, t), reflects the fluctuations of the electric field. It can be related, via the

Siegert relation to the intensity correlation function, as g1(t) ≈
√
g2(t)− 1.

The functional form of the field correlation function g1(t) is directly linked to the

dynamics of scatterers in the sample, as

g1(t) = e−
1
6
q2<∆r2(t)>, (3.1)

where < ∆r2(t) > is the time-dependent mean-square displacement of scatterers

in the material. In the simplest example, where these scatterers are uniformly sized

particles, suspended in a Newtonian liquid, the particles move in the liquid in an ideal

Brownian motion, and thus < ∆r2(t) >= 2Dt, where D is the one-dimensional diffusion

coefficient of particles in the liquid. In this case, the field correlation function has a

single exponential form, g1(t) = e−Γt, where the decay rate Γ is determined by the
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diffusion coefficient of the particles.

Diffusing-Wave Spectroscopy is the extension of dynamic light scattering

measurements to the highly multiple scattering regime; a typical experimental setup is

shown in Figure 3.1(B). In contrast to conventional DLS measurements, this technique

requires that photons are scattered many times, before they reach the detector. In this

highly multiple scattering regime, the propagation of photons through the sample can

be well-described by a diffusion process, where the details of a single scattering event

are no longer relevant. Instead, the scattering processes can be accounted for by a single

parameter, the so-called scattering mean free path l⋆. This is a characteristic length

scale, defined as the average distance a photon travels in the sample before its direction

of propagation is randomized. The path of photons through the sample can then be

approximated as an ideal random walk, with step size l⋆. For such a random walk, the

path length of photons, and the number of times each photon is scattered, is no longer

uniform, as is the case for single scattering; the correlation function measured in an

experiment is then obtained by integrating the contributions from all path lengths s

weighted by the path length distribution P (s), as

g1(t) =

∫ ∞

0

P (s)e−
1
3
k0

2<∆r2(t)>s/l⋆ds, (3.2)

where k0 = 2πn/λ is the magnitude of the wave vector of the photons, and s/l⋆

reflects the number of scattering events experienced by a photon with path length

s. The basis for this simple form of Equation 3.2 is that each of the approximately

s/l⋆ scatterers encountered by the photon contribute to a change of this particular

photon path by a squared distance of < ∆r2(t) >, leading to a partial decorrelation

of g1(t). The cumulative decorrelations from s/l⋆ scattering events thus lead to the

functional form in Equation 3.2. Knowledge on the path length distribution P (s) is

thus essential in the analysis of DWS measurements; without knowledge of P (s) any

measured correlation functions cannot be related to the dynamics of the scatterers. The

path length distribution depends sensitively on the geometry of the sample cell used

in the experiment. Fortunately, for sample cells in the shape of a flat slab, a good

approximation for P (s) is available, as for a slab of thickness L, infinitely extended in

both height and width, P (s) can be expressed in analytical form. This is one of the

main reasons why DWS measurements typically employ such sample cells; extracting

the dynamics of scatterers from measured correlation functions is straightforward.
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Figure 3.1. Schematic experimental setup for typical dynamic light scattering
measurements. (A) Standard dynamic light scattering (DLS) setup employing a cylindrical
sample cell and a goniometer, which enables accessing different scattering angles θ. (B)
Diffusing-Wave Spectroscopy (DWS) setup in transmission geometry. The pathways of
photons are well-described by a random walk of step size l⋆. (C) Schematic of random walk
simulations in a cylindrical geometry. The detection angle θ is defined as for conventional
DLS; the distance D between the points of entry and exit of detected photons. (D) Expected
distribution p(z) of the z coordinate where a photon exits the cylinder; a fraction αz (marked
area) reaches the detector.

3.2.2 Sample preparation

The tracer particles used in our DWS measurements are polystyrene particles coated

with a grafted layer (Mw = 300 g/mol) of poly(ethylene glycol), obtained frommicromod

Partikeltechnologie GmbH, Germany. The diameter of the particles is 1 µm and they

are provided suspended in water at a concentration of 5 wt%. The samples used for test

experiments of particles in water are prepared by mixing the stock particle suspension

with water to obtain the desired particle concentrations. To study the effect of the

transport mean free path l⋆, which is expected to scale as l⋆ ∝ 1/Ctracers we prepare a

series of samples with particle concentrations ranging from Ctracers ≈ 0.3 wt% to 5 wt%.

The viscoelastic material studied here is the supramolocular polymer, poly(U4U8k),

which is further studied in the following chapters. The samples including tracer particles

for DWS experiments are prepared by adding the polymer powder to a suspension of

tracer particles, obtaining a polymer concentration of cp = 3 wt% and sonicating for 30

minutes to dissolve the polymer in water.



28 Chapter 3

3.2.3 Light scattering experiments

All dynamic light scattering experiments are performed in a static and dynamic light

scattering setup (ALV CGS–3, ALV GmbH, Germany), equipped with a goniometer

that allows for variation of the detection angle from θ ≈ 20◦ to θ ≈ 160◦. Measurements

are performed in cylindrical cells with outer diameter 10 mm and inner diameter

8.65 mm; the cell radius relevant to the propagation of photons in the sample cell

(see Figure 3.1(C)) is thus R ≈ 4.33 mm. Measurements of 30 s duration are performed

in steps of 10◦ at detection angles between 30◦ and 150◦. To obtain ensemble-averaged

scattering intensities required for Pusey averaging, [14] we perform three consecutive

experiments on the same samples at the same detection angles, while slowly rotating

the cells, with each measurement lasting 10 s.

3.3 Results and discussion

3.3.1 Simulation of photon paths through the sample

In order to properly interpret experimental data in a setup with a cylindrical cell, the

path length distribution P (s) of photons traveling through the sample is required. We

require this distribution as a function of both the measuring angle θ and the transport

mean free path l⋆ of photons traveling through the sample.

To obtain this information, we perform simple numerical simulations of photons

traveling through a cylindrical cell, by assuming that they undergo an ideal random

walk with step size l⋆. In the two-dimensional coordinate system given in Figure 3.1(C),

photons are released at point (x = −1 + l⋆/R, y = 0, z = 0), where l⋆ is the transport

mean free path and R is the radius of the cylindrical cell. Subsequently, each photon

is propagated in steps of l⋆, where each step proceeds in a random (3D)-direction. At

the point where the photon exits the cell ( x2 + y2 > 1 ), we evaluate the number N of

scattering events, and record the detection event with respect to the observed detection

angle θ.

We do this by dividing the surface of the cylindrical cell into Nbin angular bins,

spanning from 0 to 180◦ (taking into account the symmetry around the x-axis). In

addition, to take into account the three-dimensional nature of photon transport in the

real geometry, we consider the following: each realization of a two-dimensional photon

path represents a whole range of possible three-dimensional paths with an identical

number of scattering events N and (x, y)-paths. As in the z-direction the photon

also performs a (one-dimensional) random walk, we can readily express the probability

distribution p(z) for the photon to end up at a position z after propagating N random

steps. What is relevant here is the fraction of those paths that will reach the detector,
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as illustrated in Figure 3.1(D). We assume that all photons with |z|< ∆z are detected;

in accord with the resolution of the angular bins, we set ∆z = π
2Nbins

. Then, l⋆/
√
3 is the

effective one-dimensional step size in the z-direction and the fraction αz of contributing

three-dimensional paths is given as

αz = erf(
3∆z

l⋆
√
N
), (3.3)

where erf is the error function. We thus account for diffusion in the z-direction in

our statistics of path length distributions by, instead of adding 1, adding a contribution

αz to the angular bin corresponding to each simulated photon path, irrespective of the

particular z-coordinate where this path ends up.

Each bin thus represents a detection area of surface area Abin ≈
(

πR
Nbin

)2

. The

cumulative value of each angular bin, after propagating N photons is thus equivalent

to a scattering intensity, where Nnbin

N
is the probability for each photon to reach the

angular bin with number nbin.

In addition to recording the angle where the photons end up, we also record, for

each angle θ(nbin), a distribution of the number of scattering events, by adding a

contribution αz to a bin accounting for the number of scattering events at each angle

θ(nbin). These bins are linearly spaced, with bin number 100 representing a number of

approximately (D(θ)/l⋆)2 scattering events, which corresponds to an expected average

number of scattering events for a distance D(θ) between the entry point and the

detection point of the photons. The width of each bin is rounded to the nearest

integer, so for (D(θ)/l⋆)2 < 150, the width of each bin is 1. We use 300 such bins

per angle θ(nbin), thus accounting for up to 3 times the expected typical number of

scattering events; higher numbers, while not counted, in practice are extremely rare in

our simulations and do not significantly affect the resulting path length distributions.

In order to achieve good statistics in the calculated path length distributions, the

paths for a large number of photons have to be simulated. Due to the enormous number

of photons that are propagated, the experiment naturally yields very good statistics. In

our experiments we use a laser with 50 mW of power at a wave length of 532 nm; this

corresponds to ≈ 1017 photons entering the sample cell, every second. Such numbers

are beyond the capability of computer simulations; in comparison, for our calculations

we typically simulate 109 photons propagating through the sample, which is enough to

yield reasonable statistics, and relatively smooth calculated path length distributions.
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3.3.2 Scaling properties of P (s)

Typical obtained P (s) curves are shown in Figure 3.1(A); these curves are calculated

at a fixed angle θ = 90◦ with different values of l⋆/R. Interestingly, the shape of these

curves appears surprisingly similar, while their average path length decreases, and their

magnitude increases with increasing l⋆.

To test this scaling, we overlay the curves from Figure 3.2(A) in a master curve, shown

in Figure 3.2(B), obtaining good overlap. To obtain this scaling, we have rescaled the

path length with a factor s̃ and multiplied the magnitude with the same factor; it turns

out that s̃ is the average path length, defined in Equation 3.4 below.

Any practical use of the calculated path length distribution will require us to have

P (s) data available for any arbitrary value of l⋆. To address this problem, we calculate

path length distributions with different values of l⋆/R and examine the scaling properties

of these path length distributions.

Compared to an ideal random walk, the path of photons through the sample is

constricted by the geometry; nevertheless, the essential scaling properties of a random

walk still hold approximately for the path length distributions simulated here. In

particular, for a random walk we expect the mean square displacement ⟨∆R2⟩ to be

given as ⟨∆R2⟩ = Nl⋆2. Considering the average path length s̃,

s̃ :=

∫ ∞

0

sP (s)ds , (3.4)

we expect the number of scattering events N to travel to a point at distance D from

the origin to be given as N ≈ (D/l⋆)2. As the path length is s = Nl⋆, it should scale

with D and l⋆ as s ≈ D2/l⋆. Conversely, at fixed detection angle θ and thus fixed

distance D(θ), we would expect a scaling of N ∝ l⋆−2.

To test this scaling, we examine our P (s) data with respect to both l⋆ and the

detection angle θ, the latter enabling us to vary the distance D between the entry

and detection points of the photons. In Figure 3.2(C) we plot the average number of

scattering events s̃/l⋆ as a function of l⋆/R, for simulation data calculated at a single

detection angle θ = 90◦. Indeed, the data is in excellent agreement with a scaling of

s̃/l⋆ ∝ l⋆−2; the dashed line in Figure 3.2(C) shows a power-law fit to the data, yielding

an exponent of –1.979. This scaling is a consequence of the self similarity of random

walks, which enables us to approximate each random walk with a “coarse grained”

version of larger step size; this scaled random walk essentially follows the same path,

but, as a result of the increased step size, exhibits a reduced contour length.

In contrast to this simple scaling as a function of l⋆, examining the average number
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Figure 3.2. Simulation results. (A) Path length distribution P (s) as function of l⋆. (B)
Scaling of P (s) calculated with different values of l⋆/R. (C) Average number of scattering
events s̃/l⋆ as a function of l⋆/R. (D) Average number of scattering events s̃/l⋆ as a function
of the distance D between the entry and exit points of the detected photons.

of scattering events as a function of D(θ), we find significant deviations from the naively

expected scaling s̃/l⋆ ∝ D(θ)2, as shown in Figure 3.2(D). The symbols in this figure

show the simulation data for different values of fixed l⋆/R, and the solid lines show the

above simple prediction, a power-law with exponent 2. In hindsight, these deviations are

to be expected, as, in contrast to the l⋆-dependence at fixed detection angle, a variation

of D(θ) essentially implies a complete modification of the sample geometry. It thus

becomes evident that calculations of P (s) at different detection angles are essential,

while the simple scaling properties with respect to l⋆, also evident from Figure 3.2(B),

can be exploited for obtaining accurate path length distributions for arbitrary l⋆-values,

based on simulations performed at a single value of l⋆/R.
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Figure 3.3. Simulation results versus experiments for colloidal particles in water
(ϕ = 0.625%, d = 1µm): Measured (blue circles) and calculated (red line) field correlation
function g1(t) for a detection angle of θ = 50◦ (A), θ = 90◦ (B), and θ = 130◦ (C). log(g1(t))
as a function of t for the same values of θ = 50◦ (D), θ = 90◦ (E), and θ = 130◦ (F). (G): l⋆

obtained from fitting simulation data to experiments, as a function of θ for different ϕ. (H):
The same l⋆ values as a function of ϕ; we find l⋆ ∝ 1/ϕ.

3.3.3 Determination of l⋆ for samples with known < ∆r2(t) >

Typically, in DWS experiments aimed at performing microrheology measurements,

uniformly sized tracer particles are added to the soft material of interest; if the transport

mean free path l⋆ is known, the dynamics of these particles can be extracted, yielding

direct information on the viscoelastic properties of the surrounding material. Vice versa,

if the viscoelastic properties of the surrounding material are a priori known, then l⋆ can

be extracted from a DWS measurement. A requirement for this is that the particles

scatter much more strongly than the material, ensuring that any detected dynamics

are related only to the particle dynamics, and not to any density fluctuations within
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the surrounding sample. In such cases, the simplest way of characterizing l⋆ is to use

uniformly sized, spherical particles, suspended in a Newtonian background liquid of

known viscosity. To test our approach, and for calibration of the transport mean free

path l⋆, we perform a series of experiments using samples with different concentrations

of uniformly sized polystyrene particles (coated with poly-ethylene glycol, Mw=300 g/

mol, 1 µm diameter, purchased from micromod GmbH, Germany) suspended in water.

We measure the field autocorrelation function g1(t) for these samples and test how

the correlation functions predicted from our photon path simulations compare to these

experimental data. As shown in Figure 3.3(A-C), where we show data on a suspension

of particles at a volume fraction ϕ = 0.625% and detection angles θ = 50◦, 90◦,

and 130◦, we obtain remarkably good agreement between experiments and simulation

(shown as red lines), where l⋆ is the only adjustable parameter. While the dynamics

is expected to be purely Brownian, with < ∆r2(t) > increasing linearly with time t,

due to the broad path length distribution of photons passing through the sample, g1(t)

deviates significantly from the single exponential decay that would be observed in single

scattering experiments. This can be more clearly seen in Figure 3(D-F), where log(g1(t))

is plotted as a function of time; in such a plot an exponential decay would appear as a

straight line. The non-exponential shape of these curves thus becomes evident and is

captured remarkably well by the curves predicted from our simulations, shown as red

lines.

Fitting the simulation data to experiments taken on the same sample at different

angles should yield the same l⋆-values. Indeed, we obtain good agreement between

the l⋆-values extracted from the data in Figure 3.3(A-C): we obtain l⋆ = 540 µm,

l⋆ = 533 µm, and l⋆ = 523 µm at angles of θ = 50◦, 90◦, and 130◦, respectively.

In fact, we obtain good agreement between measurements taken at different angles

for all the concentrations studied, with volume fractions ranging from ϕ = 0.313% to

2.5%. As shown in Figure 3.3(G), the fitted l⋆-values as a function θ exhibit only small

variations. Somewhat larger deviations are observed for the sample with the lowest

concentration, at the largest detection angles; we attribute this to the fact that this

sample has the longest l⋆; at the shortest distances D between entry point and exit

point of the photons, here the path length of photons is no longer adequately described

as an ideal random walk.

This becomes evident from Figure 3.3(H), where we plot the same data as l⋆ versus ϕ,

observing approximately the expected scaling l⋆ ∝ 1/ϕ. At the lowest volume fraction

studied, we find l⋆ ≈ 1 mm. In comparison, for the largest detection angle θ = 150◦, the

distance between entry point and detection point is D ≈ 2.2 mm and thus D/l⋆ ≈ 2.2;

for this situation we expect the photons to be scattered on average only about 5 times;

in this case the average path length is thus clearly too short for describing the transport

of photons as an ideal random walk.
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3.3.4 Obtaining l⋆ from intensity measurements

In the absence of absorption in the sample, the intensity detected at each angle

should be fully determined by the transport mean free path of photons in the sample.

While absorption is relatively straightforward to include in the current data analysis,

here we consciously neglect its effects, as absorption is relatively weak in the aqueous

samples studied, with the typical absorption length much longer than the typical path

length of photons in our samples. Thus, in these simple cases, after calibration with

reference samples of known l⋆, measurement of the scattering intensity at different angles

is sufficient is sufficient for determining l⋆. To further validate our data analysis, we

thus investigate the scattering intensities predicted from the simulations and measured

in the experiments performed on our polystyrene particle suspensions. In Figure 3.4(A)

we plot the scattering intensity Isim as a function of detection angle θ, as predicted

from our photon path simulations. The shape of these curves is very different from

those typically obtained in single scattering experiments, where generally the intensity

is highest at small detection angles. In the highly multiple scattering regime, however,

the intensity is generally highest for detection points closest to the entry point of photons

into the sample, which corresponds to large θ-values.

The shape of these predicted intensity curves is in remarkably good agreement with

those measured on our polystyrene particle suspensions, shown in Figure 3.4(B). For

both simulations and experiments, we observe a ratio of ≈ 40 between the intensities

measured at θ = 50◦ and θ = 130◦. Moreover, the overall shape of these curves is also in

very good agreement. In fact, the two sets of experiment can be superposed simply by

scaling the simulated curves with one single factor βexp, which depends on experimental

parameters such as the size of the detection area, or the distance between the detector

and the sample. In our case, we find a value of βexp ≈ 8× 1010 Hz; as shown in Figure

3.4(C), good agreement between the measured and the simulated curves is obtained.

Thus, given both βexp and calibration measurements of at least one reference sample,

for a sample with unknown scattering properties, a good estimate for the transport

mean free path can be obtained simply by measuring its scattering intensities at different

angles and fitting these to the corresponding simulated intensities as a function of l⋆.

3.3.5 Test on viscoelastic materials

Finally, we wish to test our method in the context of microrheology, where the

measured correlation functions and the corresponding tracer particle mean-square

displacements < ∆r2(t) > can be optimally employed for determining viscoelastic

properties. As a test material we use a recently developed segmented copolymer

with alternating hydrophobic and hydrophilic segments. For details of the synthesis

procedure we refer to the recent paper by Pawar et al. [15] These materials self-assemble
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Figure 3.4. Obtaining l⋆ from intensity measurements: Calculated and measured
intensities as a function of θ and l⋆. (A) Intensity as a function of θ for simulations employing
different values of l⋆. (B) Concentration dependence of the measured scattering intensity (at
fixed θ). (C) Comparison between experimental and simulation results; scaled by a single
constant βexp good agreement between simulation and theory is obtained at all concentration
studied. Thus, once βexp is determined, the measured transport mean free path l⋆ can be
directly deduced from I(θ).

in water to form stable hydrogels with properties that are potentially beneficial in

biomedical applications. [15] The hydrophilic segments of the materials studied here have

a molecular weight of 8 kD, while the hydrophobic segments contain two urea groups,

separated by 4 CH2-groups. We therefore refer to these materials as poly(U4U8k).

Our hypothesis is that poly(U4U8k) forms flower-like micelles of spherical shape. In

this hypothesized physical picture, the spherical flower-like micelles are cross-linked via

flexible, hydrophilic PEG segments, with such cross-linking occurring if hydrophobic

segments from the same macromolecule are present in separate micelles. Unfortunately

it is difficult to confirm the hypothesized structure, and possible changes thereof as a

function of parameters such as concentration or temperature, directly in experiments.
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Some support for our hypothesis comes from small angle X-ray scattering on these

materials, but we were unable to gain conclusive evidence from real-space imaging

techniques such as cryogenic transmission or scanning electron microscopy (Cryo-TEM

or Cryo-SEM).

However, DWS-based microrheology potentially offers an alternative method for

gaining information on the sample’s morphology. Our hypothesis for the morphology of

poly(U4U8k) is essentially one of densely packed, soft spherical objects (the flower-like

micelles), cross-linked by flexible linkers (single hydrophilic segments forming bridges

between two micelles). We would expect the mechanical properties of such a material

to stem from two separate physical mechanisms: Firstly, the cross-links in the system

form a flexible network, which should behave similar to a typical polymer gel, where the

low-frequency plateau shear modulus is expected to scale as G0 ≈ nXkBT , with kBT

the thermal energy, and nX the number density of elastically active chains. The high

frequency modulus of such a system is expected to be governed by Rouse dynamics,

scaling as a square root with frequency, G ∝
√
ω. Secondly, due to the dense packing

of the hypothesized spherical micelles, we would expect also a glass-like contribution to

the viscoelastic response; for ’soft glassy materials’, consisting of densely packed soft

objects, a high-frequency plateau is expected [16], eventually also transitioning into

Rouse behavior with G ∝
√
ω.

On the other hand, if the morphology of our system was one of worm-like, rather than

spherical micelles, we would expect the high frequency modulus to scale as G ∝ ω3/4, as

predicted for semi-flexible polymer networks [17]. Studying the high-frequency response

of our system could thus yield useful clues as to the morphology of our materials.

To illustrate this, here we perform DWS experiments on the poly(U4U8k) system

at a concentration of 3wt%, containing tracer particles of 1 µm diameter at a volume

fraction of 0.625%. Our samples are clearly non-ergodic, implying that time-averaged

measurements of correlation functions do not reflect the true, ensemble averaged g1(t).

Thus, following an elegant procedure introduced by Pusey et al. [14, 18], in addition

to a time-averaged measurement, we perform ensemble-averaged measurements of

the scattering intensity at each angle. Ensemble-averaging in these measurements

is achieved by slowly rotating the sample cell. Knowledge of the ratio between the

time-averaged and the ensemble-averaged scattering intensity, as well as the time-

averaged correlation function then enables us to extract a good estimate for the

ensemble-averaged correlation functions g1(t), shown in Figure 3.5(A). As a result of the

expected differences in the respective photon path length distributions, these correlation

functions, measured at different detection angles θ, are clearly very different.
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Figure 3.5. Test on a viscoelastic material: (A): Correlation functions g1(t) for
poly(U4U8k) at a polymer concentration of 3 wt%, taken at different angles (30-150 degrees,
in steps of 10 degree). (B): Calculated mean square displacement of the tracer particles,
extracted from measurements taken at different angles. (C): Magnitude of the complex shear
modulus |G⋆| as a function of frequency, for measurements taken at different angles. The
complex modulus of the same sample, measured by conventional rheology, is shown as blue
circles. While the overlap range is small, the macroscopic measurement is in fair agreement
with the data obtained from the DWS measurements.

However, the calculated mean square displacements calculated from these correlation

functions should coincide for all measurements taken at different angles. This offers an

additional consistency check for our analysis procedure, and more generally for the

validity of measurements performed using the approach. Indeed, as seen in Figure
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3.5(B), the extracted mean-square displacements are in good agreement for all our

measurements taken at different angles, thus supporting the validity of our data analysis.

Using the analysis methods described in [13, 19], we extract from these time-

dependent mean-square displacements the frequency dependent viscoelastic modulus of

our material, displayed in Figure 3.5(C), where we plot the magnitude of the complex

modulus |G⋆| as a function of frequency ω. At the lowest accessible frequencies, we

find good agreement with macroscopic rheological measurements, displayed as blue

circles in Figure 3.5(C). While the overlap region is relatively small, with the highest

frequencies accessible to macroscopic rheology here corresponding approximately to the

lowest frequencies measured via DWS, this agreement is another confirmation of the

validity of our data analysis. At high frequencies we observe an approximate power-law

scaling, |G⋆(ω)|∝ ωn, where the exponent n is intermediate between the values of 1/2

and 3/4 expected for flexible and semi-flexible networks, respectively. This suggests

that the morphology of our system is not just purely governed by the Rouse dynamics

expected for spherical objects connected by flexible linkers, but could also be partly

influenced by the presence of elongated, worm-like objects within the material that

could introduce a semi-flexible component to the material behavior. To fully elucidate

this, further studies, systematically studying this high-frequency behavior, are clearly

necessary.

3.4 Conclusions

By performing simple random walk simulations we have obtained numerical estimates

of the path length distributions of photons traveling through a cylindrical sample cell

in the highly multiple scattering regime. Using these path length distributions, the

measured correlation functions can be related to the average dynamics of individual

tracer particles embedded in the material. Our approach thus enables the use of

standard dynamic light scattering setups for diffusing-wave spectroscopy measurements.

Combined with the concept of microrheology, the approach allows us to study the linear

viscoelastic response of soft materials using such equipment, which is more widely

available than specialized DWS instruments. These measurements are particularly

valuable in the high-frequency regime, which, due to the dominant effects of instrument

inertia, is generally not accessible in macroscopic rheological measurements. Despite the

fact that general-purpose light scattering instruments are not optimized towards DWS

measurements, our method offers several potential advantages: Firstly, measurements

with a range of different average photon path length can be taken using the same sample

cell, which extends the range of time scales where mean-square displacements can be

accurately measured. Moreover, it also offers an important consistency check in the

measurements, as the extracted mean-square displacements should coincide for all these
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different measurements, taken at different angles. A possible source for the absence of

such agreement can for instance be a significant contribution of the background material

itself, instead of just the tracer particles, to the scattering properties of the sample. A

similar consistency check is also present in the determination of the scattering mean

free path l⋆ based on the detected intensity; here, instead of relying only on a single

intensity value obtained in one single geometry, the scaling of the intensity as a function

of detection angle, I(θ), can be used to check if the sample is indeed in the highly

multiple scattering regime. As a result of the wide availability of standard dynamic

light scattering setups, we anticipate that our method could be useful to a broad group

of researchers in their studies of different synthetic and biological soft materials.
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Chapter four

Injectable hydrogel derived from

segmented block-copolymer

4.1 Introduction

Hydrogels are widely investigated as bio-mimetic scaffolds, due to properties such

as good biocompatibility and biodegradability, high water content and excellent

permeability for oxygen, nutrients and metabolites [1–4]. They are preferably designed

in such a way that they are liquid-like during injection and form networks only in-situ;

such networks are termed injectable hydrogels [5–11]. Injectable gels are known to flow

under modest shear stresses and set promptly at the desired location in the absence of

flow-induced stress. They can thus be used in minimally invasive surgical procedures

and are also favorable for irregularly shaped defects [12–15]. Various types of natural

or semi-natural polymers are known as bio-mimetic scaffolds in biomedical applications

[16–23]. These include cellulose, chitosan, xyloglucan, gelatin, and their derivatives,

and synthetic polymers, including polyethers, block copolymers of polyethers and

polyesters, and synthetic polypeptides. Naturally derived polymers have the potential

advantage of biocompatibility and cell adhesion [24]. However, they generally express

limited mechanical properties. Moreover, large-scale synthesis of these materials

is cumbersome and difficult. Therefore simple and scalable syntheses are highly

desirable for potential applications. The ideal hydrogel for tissue engineering combines

biocompatibility, biodegradability and allows tuning of its mechanical properties by

control over morphology [24–29]. In order to have the most predictable structure-

properties relationship, structurally monodisperse segments are desirable as building

blocks. Furthermore, it is useful to have ‘click on’ functionality in order to facilitate

specific recognition and binding of bioactive moieties and probes for tracing and

41
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analysis [21, 23]. Here we introduce bisurea-PEG segmented copolymers and show

that they can provide many of the desired features of injectable hydrogels for tissue

engineering. Recently, we described a powerful tool for the preparation of segmented

block copolymers possessing uniform (monodisperse) hard blocks based on urea groups

and poly(tetrahydrofuran) (pTHF) containing soft blocks for developing thermoplastic

elastomers [30,31] Following this concept, here we describe the preparation of injectable,

biocompatible and elastic multi-block hydrogels from a segmented copolymer, with

hydrophobic and hydrophilic blocks. The structure of the present segmented block

copolymer combines a hydrophilic and swellable domain consisting of poly(ethylene

glycol) (PEG) with a hydrophobic, biodegradable, crystallizable and non-swellable

domain containing two urea groups. (Figure 4.1)
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Figure 4.1. Architecture of the segmented copolymers used in this work.

Urea groups are known to self-associate via hydrogen bonding, and this self-assembly

motif has been used in the development of gelation agents [32–40]. The role of

the hydrogen bonding groups is twofold: Firstly, they provide additional interactions

between hydrophobic segments, increasing the strength and lifetime of the physical

crosslinks. Secondly, they are recognition sites for binding of functional guest molecules

that are provided with two urea groups. In the segmented block copolymers used

in this study, the hydrogen bonding groups are separated from the PEG segments

by at least four CH2 groups (methylene groups), in order to prevent the PEG from

interfering with hydrogen bonding among the urea groups [34]. They have the capability

to form a gel in water via multiple hydrogen bonding. The mechanical behavior of our

hydrogels is measured by oscillatory shear experiments and dynamic strain amplitude

tests. Atomic force microscopy and small angle X-ray scattering are used to characterize

the morphology of the gels at small length scales. The biocompatibility of the segmented

block copolymer is studied with a XTT assay.
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4.2 Results and discussions

4.2.1 Synthesis of segmented block copolymer

The preparation of segmented block copolymers is achieved by the step growth

polymerization of amino-terminated PEG and aliphatic diisocyanate. The general

synthetic protocol of segmented block copolymers is outlined in Figure 4.2. In this

multistep synthesis, Boc-protected amino acid is reacted with polyethylene glycol (8000

g/mol and 20000 g/mol) yielding bi-functionalized polyethylene glycol I. Next, Boc

groups are removed by treatment with 1 M HCl solution in 1,4-dioxane to obtain

telechelic amino terminated PEG material II. Finally, the corresponding PEG material

II is copolymerized with tetramethylene or hexamethylene diisocyanate to develop

segmented block copolymer III. To achieve high molecular weight and for stoichiometry

control, all polymerizations are performed under a nitrogen atmosphere in a glove box.

All segmented block copolymers are fully characterized by using 1H-, 13C-NMR, IR

spectroscopy. The details of synthesis and experimental procedures is explained in

Appendix A.
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Figure 4.2. Synthesis of PEG-bisurea segmented block copolymer.

Number average molecular weights (Mn) of these hydrogels are determined by using

gel permeation chromatography (GPC) in DMF at 500C. The highest values of Mw
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Table 4.1. DSC measurements of polymers

Transition 1 Transition 2
Compounds ∆T (◦C/min) T1(

◦C) ∆H1(J/g) T2(
◦C) ∆H1(J/g)

Poly(U6U8k) 20 46.81 102.8 176.0 10.74
Poly(U6U20k) 20 42.85 111.6 160.0 5.23
Poly(U4U8k) 20 53.76 119.4 221.1 25.31
Poly(U6U20k) 20 63.76 136.0 233.1 0.89

that could be obtained for poly(U6U8k) are Mw= 88000 g/mol (PDI = 1.83), those

for poly(U4U8k), poly(U6U20k) and poly(U4U20k) Mw= 160000 g/mol (PDI = 1.90),

Mw = 92000 g/mol (PDI = 2.05) and Mw=86000 g/mol (PDI = 1.46), respectively.

Hydrogen bonding in the polymers was investigated by using differential scanning

calorimetry (DSC). The DSC-measurements of poly(U6U8k) and poly(U4U20k) shows

two transitions. The first transition (around 50◦C) corresponds to the melting point

of the PEO segments, whereas the second transition state is assigned to melting of the

hydrogen bonded hydrophobic segments, in analogy with a similar transition in bisurea

pTHF segmented copolymers.

4.2.2 Gel preparation, injectability and morphology

The segmented block copolymers have the capability to form gels in water. Hydrogels

are prepared by dissolving various amounts of polymers in deionized water by sonicating

two hours at 45◦C followed by cooling to room temperature. The critical gelation

concentration of poly(U4U8k) hydrogel in water is tested at room temperature by using

the tilting vial method (Figure 4.3). The Poly(U4U8k) segmented block copolymer is

dissolved in water by sonication at 45◦C and a series of samples from 3 to 7 wt% was

prepared. As can be seen in Figure 4.3, the samples at 3 and 4 wt% did not form gels

strong enough to support their weight in the vials, whereas the samples above 5 wt%

formed strong gels that did not flow in the vials for extended periods of time.
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Figure 4.3. Mechanical properties of poly(U4U8k) as probed by tilting vial method.

Atomic force micrographs are recorded to determine the bundling of fibers at the

surface of 5 wt% hydrogels (Figure 4.4). Therefore a comparison is made between the

height and phase mode images of the same sample. There is significant fiber formation

observable in the phase mode, with no correlation of these fibers in the height mode.

This suggests that these bundles are formed, but are not dried aggregates on top of

the hydrogel surface. The sample is prepared in a wetted state, thereby decreasing the

effect drying has on the fiber properties. AFM shows that the characteristic dimensions

of the aggregates in the wet gels are in the order of 20-35 nm. The water clearly

plays a vital role in the size of the fibers. Therefore, AFM on hydrogels can only

give information about the internal morphology of the fibrillar network if the surface is

adequately hydrated.
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Figure 4.4. Height image (left) and phase image (right) of the wet gel of poly(U4U8k) at
5wt% concentration.

Further information on the structure of the hydrogels is obtained from small angle

X-ray scattering. In these measurements, samples are placed directly in the beam, held

in place by Kapton Tape and the scattered intensities for all samples are recorded as a

function of the scattering wave number q; all measurements are performed at the Dutch-

Belgian BM26B beamline at the ESRF in Grenoble, France. The scattered intensity for

a reference sample of Milli-Q water is measured separately and subtracted from these

raw scattering intensities to obtain corrected scattering curves I(q), corresponding to

the scattering from the polymer. As shown in Figure 4.5, for all samples investigated

we observe a correlation peak at low q-values. The position of this peak indicates the

existence of a characteristic length scale d = 2π/qtextmax in the material, where qtextmax

is the peak position in q-space. The location of this peak thus provides information

on the morphology of the gel; indeed, it changes as the molecular structure of the gel

building blocks is varied. As shown in Table 4.2, the characteristic length d significantly

increases as the length of the poly(ethylene glycol) chain is increased. The ratio between

the 8k and 20k PEG is about the same as the ratio of the radii of gyration Rg according

to Rg = 0.215Mw0.583 namely Rg(20k)/Rg(8k) = 1.739. We also observe a slight change

in the correlation peak position between poly(U4U8k) and poly(U6U8k). The observed

difference in characteristic length scale between these two samples as well as the more

pronounced peak seen for the poly(U4U8k) sample could also stem from the fact that

the poly(U4U8k) sample was of higher concentration (15 wt%) in our measurements.
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Figure 4.5. Scattered intensity as a function of scattering wave number q for samples of
poly(U4U8k), poly(U6U8k), and poly(U6U20k).

Table 4.2. Characteristic length of d values in hydrogels.

Hydrogel q˙value peak in nm d in nm
Poly(U4U8k)160k 0.39 15.9
Poly(U6U8k)88k 0.35 17.9
Poly(U6U20k)92k 0.18 34.9

The injectability of the poly(U4U8k) hydrogel is tested with a bio-syringe, which is

equipped with 0.15 mm inner diameter needle. As is shown in Figure 4.6, the hydrogel

can readily be injected through this narrow needle by applying a gentle pressure to the

solid hydrogel by hand. Notably, the material immediately recovers into a solid form

after exiting the needle. This flowing and reforming network of hydrogel is studied

further with rheology.
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Figure 4.6. Fast recovery of poly(U4U8k).

4.3 Rheology

4.3.1 Oscillatory shear experiments

To study the mechanical properties of our gels we perform oscillatory rheological

measurements on 5 wt% and 10 wt% hydrogels. The gels obtained after sonication

are kept overnight at room temperature to reach an equilibrium state. All polymers

are kept in the rheometer for at least two hours before starting the measurements.

To test the extent of the linear viscoelastic regime, strain-dependent measurements are

performed at a fixed frequency of 1 rad/s, as is shown in Figure 4.7(right). The frequency

dependence of the storage (G’) and the loss (G”) modulus in the linear viscoelastic

regime is measured by applying a 1% strain in the angular frequency range of 100 rad/s

to 0.1 rad/s, as is shown in Figure 4.7(left). In this linear regime, at a concentration of 10

wt%, gels formed from all four polymers poly(U6U8k), poly(U4U8k) and poly(U6U20k)

exhibit a solid-like rheological behavior, as is shown in Figure 4.7. Their storage modulus

are larger than their loss modulus and depend only weakly on frequency over the entire

range of frequencies studied, a behavior typical for chemical or strongly interacting

physical gels. At the same concentration the elastic modulus of poly(U6U8k) is higher

than poly(U6U20k). We hypothesize that this is because fewer physical cross-linking

domains are present in poly(U6U20k).
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Figure 4.7. Strain sweep (right) and frequency sweep (left) on poly(U4U8k)(blue square),
poly(U6U8k) (red circle) and poly(U6U20k) (green diamond) at concentrations 10 wt%. The
storage modulus is shown with closed symbols and the loss modulus is represented by open
symbols.

For injectability, a material that exhibits yielding and shear-thinning behavior is

highly beneficial, as during the injection phase the material is transformed into a fluid-

like state. Studying the nonlinear response to large applied strains and strain rates

is thus of key importance. Therefore, the viscoelastic response of the hydrogels are

measured as a function of the applied strain. Strain dependent measurements are

performed at fixed angular frequency (1 rad/s) by varying the strain amplitude from

1% to 100%, as is shown in Figure 4.7(right). The linear viscoelastic regime, where the

storage and loss modulus are independent of the applied strain amplitude of the material,

are limited to strains below a critical yield strain. At larger strains, the material shows a

yielding behavior with both the storage and the loss modulus decreasing with increasing

strain amplitude. In this regime also the response becomes non-harmonic, so strictly

speaking the viscoelastic moduli are no longer properly defined. The values represented

here are based solely on the first harmonic of the stress response; nevertheless, we can

clearly identify a yield strain for the material. The decrease in these moduli above

a certain level of strain indicates a transition from a solid-like to a more fluid-like

material response for all hydrogel materials studied. The yield strain for poly(U4U8k)

and for poly(U6U20k) is around 30%, with a significant yielding towards a liquid-like

behavior at larger strains. However, the most pronounced yielding behavior is observed

for poly(U6U8k), where the yield strain is only around 10% and at the largest accessed

strain the material already shows a clearly fluid-like behavior. As a result, while both

poly(U4U8k) and poly(U6U8k) show similar elastic-like properties at low strains but at a

strain amplitude of 100% the viscoelastic moduli of poly(U6U8k) are significantly lower

than those of poly(U4U8k). Further, the viscosity response of the 10 wt% poly(U4U8k)

hydrogel is measured as a function of share rate. Figure 4.8 shows that viscosity of
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hydrogels decreases with increasing shear rate and vice-versa. The area within the

forward and backward measurements is called as hysteresis loop and it represent the

energy lost required to obtain the sol-gel transition.
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Figure 4.8. Viscosity as a function of shear rate for 10 wt % poly(U4U8k). Significant shear
thinning is observed, with the viscosity decreasing by almost 2 orders of magnitude upon
increasing the shear rate from 1 to 1000 s−1. A significant degree of syneresis is observed
between consecutive runs with increasing (open circles) and decreasing shear rates (closed
circles).

To further investigate the mechanical properties of bisurea-based hydrogels, we next

proceed to study the influence of molecular weight on hydrogel stiffness. To do so

we prepare 50k and 160k molecular weight bearing poly(U4U8k) segmented block

copolymer hydrogels and study their mechanical properties by using rheology. As shown

in Figure 4.9(left), the effect of the overall molecular weight on the viscoelastic moduli

of the hydrogel is small.
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Figure 4.9. a) Storage and loss modulus of 10wt% poly(U6U8k)50k (red) and 10wt%
poly(U6U8k)170k (blue) b) Storage and loss modulus of 5wt% poly(U6U8k)(dark blue), 6wt%
poly(U6U8k)(green), 10wt% poly(U6U8k)(red) and 15wt% poly(U6U8k)(light blue).

The effect of concentration is also investigated for poly(U6U8k) at 5wt%, 6wt%,

10wt% and 15wt% in oscillatory rheological measurements shown in Figure 4.9(right).

As expected, the viscoelastic moduli of the hydrogels clearly increase with increasing

concentration. This is due to both the increase in chain density and cross-link density

with increasing concentration. Further, the yield strain of the material moves to lower

strains as the concentration of poly(U6U8k) is increased, indicating that the polymer

gel becomes more brittle.

4.3.2 Dynamic strain amplitude tests

Our strain-dependent measurements have shown that the material exhibits a yield

strain, and transforms to a more liquid-like behavior at larger deformations, a behavior

essential for injectable gels. However, it is also important that these materials can

recover or heal from a fluid-like state back to a solid-like gel state once the deformation

is removed.
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Figure 4.10. Dynamic strain amplitude test of 10 wt% gels of poly(U6U20k)in water. G′(ω),
G′′(ω) and strain (solid line) are plotted as a function of time.

To characterize this behavior we perform rheological tests targeted towards

quantifying the recovery from a yielded, weakly viscoelastic state to a recovered, strongly

solid-like state. To do so we perform oscillatory rheological measurements where we

cycle between periods of low applied strain amplitude (γ = 1%) and periods where the

applied strain amplitude is well outside the linear viscoelastic regime (γ = 100%), shown

in Figure 4.10. The recovery of the viscoelastic properties is studied for poly(U4U20k)

hydrogels at 10 wt%; the initial G′ in the yielded state was around 1 kPa. As the low

strain cycle (γ = 1%) is initiated, G′ rapidly increases to around 4 kPa, a four-fold

increase. In turn, upon repeated initiation of the high strain cycle, G′ rapidly decreases

within 20 s to its initial value of 1 kPa. The yielding and recovery behavior remains

unchanged after many cycles, four cycles are shown in Figure 4.10, indicating that

yielding and recovery in these materials is a completely reversible process.
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Figure 4.11. Dynamic strain amplitude test of poly(U4U8k) for four cycles. In the upper
graph, G’ is shown by solid line and G” is represented by dashed line. In the lower graph, γ
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However, some of the hydrogel materials studied here cannot easily be yielded by

application of a large strain amplitude, as they form brittle, highly elastic gels that

break into pieces and are ejected from the measuring geometry when a large deformation

is applied. The yielding and recovery behavior of these samples is therefore investigated

by applying a series of cycles where both the temperature and the strain amplitudes

were varied, as shown in Figure 4.11 for the poly(U4U8k) 10 wt% sample. At elevated

temperatures the material becomes softer and less brittle; therefore it can be deformed

at large strain amplitudes without breaking up inside the rheometer. Thus, in our

experiments the hydrogel is first heated to 50◦C for 400s and then 100% strain at 1

rad/s was applied at the same temperature. The recovery behavior of the hydrogel

is then monitored in a cycle at 1% strain and 1 rad/s frequency at a temperature of

15◦C. Again, results indicate that the storage modulus recovers very rapidly from a

yielded state, here achieved by a combination of large strain deformation and elevated

temperature. This rapid recovery after mechanical yielding is often referred to as

“self healing”. In the recovery measurements shown in Figure 4.11, the initial storage

modulus is observed to be around 20 kPa at low strain amplitude (γ = 1%) and low

temperature (15◦C). Upon increasing the temperature from 15◦C to 45◦C the storage

modulus rapidly drops to around 1 kPa. Applying a large strain (100%) at 50◦C causes

another decrease by half. By returning the strain to small values (1%) and returning to a

temperature of 15◦C, the storage modulus recovers quickly within 80s to its initial value,

a forty-fold increase. The rapid recovery of hydrogel strength is repeatedly confirmed for
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four cycles and in each cycle it recovers to almost 97 of its initial value, indicating that

the gel structure after healing is not significantly affected by the breakup and recovery

process.

4.4 Biocompatibility

An XTT assay on the poly(U6U8k) has been performed to investigate toxicity of

material. According to the ISO-norm 10993-5:2009, the viability of the cells treated

with extract of the material must be above 70%. As can be seen in Figure 4.12, the

segmented block copolymer shows excellent biocompatibility with cells.

Figure 4.12. XTT of poly(U6U8k).

The blank are the XTT value without cells, the negative control indicates healthy

cells, treated with normal medium (treated similar to the extract of the material). The

positive control are cells that are treated with latex (which is highly toxic to the cells).

A piece of 25× 25 mm (23.29 mg) is used for the high concentration study and a strip

of 5× 25 mm (4.95 mg) is used for the low concentration. Both concentrations are non

cytotoxic, the high concentration give a viability of 99% and the low concentration even

give 103%.
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4.5 Discussion

There are several synthetic and biopolymers known in literature that can be used

as scaffolds for tissue engineering. Biopolymers have the potential advantage of

biocompatibility and there are no issues with cell adhesion; however, the mechanical

strength of these gels is generally lower than desired for biomedical applications.

Moreover, large scale synthesis of these materials is cumbersome and difficult. In

contrast, synthetic polymers with controlled mechanical properties can easily be

prepared reproducibly and in large quantities. However, many synthetic polymers

have limited biocompatibility and very low processibility. A number of injectable

hydrogels are known in literature but none of these materials show the combination

of (i) tuneable mechanical properties, (ii) ease and scalability of synthesis and the

possibility to (iii) ‘click in’ functionality in a noncovalent manner to provide binding of

probe and bioactive moieties. To achieve these properties in the injectable hydrogel,

we introduce bisurea-PEG segmented copolymers as injectable hydrogels for tissue

engineering. The segmented block copolymers are developed by following the concept

of transient supramolecular networks where the macroscopic rheological and material

properties can be tuned through small molecular changes [3]. Bisurea-PEG based

hydrogels offer many advantages including injectability, biocompatibility and the ability

to degrade by the hydrolysis of ester bonds, which obviates the need for removal of

hydrogels from the body by surgery. The moduli of the hydrogels can be controlled by

both the cross-link density and by the length of the hydrophilic segments. In particular,

the mechanical properties can be optimized to match the properties of biological host

tissues such as muscle tissue or extracellular matrix. Moreover, the presence of bisurea

moieties in the segmented block copolymer offers the opportunity to bind probes and

bioactive moieties to the material in a noncovalent manner. The PEG-bisurea based

hydrogels show the characteristics of physically cross-linked networks, mainly indicated

by the thixotropic recovery of the mechanical properties. The rapid recovery after

extrusion from the syringe is a distinctive property of these physically cross-linked

hydrogels and looks promising for future applications. These hydrogels show shear

thinning close to a factor of four at large strains (γ = 100%), whereas most of the

protein based hydrogel materials show shear thinning by a factor of three at identical

strains [6]. Furthermore, the CGC shows similarity to micellar self-assembly at a specific

concentration. The internal fiber morphology of a visco-elastic network is determining

the mechanical properties of the resulting hydrogel. AFM and SAXS data show the same

characteristic length for the fibers. AFM indeed indicates that the assembly of the hard-

block of the segmented copolymers causes fiber formation in these hydrogels. Relating

this to the molecular structure of the polymers indicates that the poly(ethylene glycol)

has a solubilizing effect, but leads to a lowering of the absolute value of the moduli of

the resulting visco-elastic network.
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4.6 Conclusions

In conclusion, segmented block copolymers are successfully synthesized by using step

growth polymerization of amino protected PEG and aliphatic diisocyanate. These

segmented block copolymers form clear transparent gels in water. Atomic force

microscopy measurements indicate a fiber-like internal morphology of the hydrogels.

The gels offer many advantages including injectability, biocompatibility and ability to

degrade by the hydrolysis of ester bonds. These materials exhibit properties that are

highly desirable for injectable hydrogels in tissue engineering applications such as (i)

rapid recovery after shear thinning, (ii) tuneable mechanical properties, (iii) ease and

scalability of synthesis and (iv) the possibility to ‘click in’ functionality in a noncovalent

manner to provide binding of probe and bioactive moieties. The hydrogels showed shear

thinning by a factor of 3-4 at high strain rates allowing injection through a narrow gauge

needle.
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Chapter five

Linear and nonlinear properties of

PEG-Bisurea associating copolymer

5.1 Introduction

Amphiphilic multiblock copolymers contain hydrophobic and hydrophilic segments

that tend to associate in selective solvents. This association leads to the formation

of self-assembled supramolecular networks with several possible morphologies [1]. The

hydrophobic segments may also be ionic or capable of forming hydrogen bonds where

every type of bonding has a different mechanism of association. The mechanism of

network formation in these copolymers has been extensively studied both theoretically

and experimentally [1–5].

In dilute solutions, these copolymers form individual, mainly spherical micelles in

which the hydrophobic groups associate forming a core, while the hydrophilic chains

remain exposed to the solvent and form a surrounding corona ∼ shell. With increasing

concentration, the distance between these spherical micelles decreases and they form

larger aggregates [6, 7]. The morphology of the network depends on the length of the

hydrophilic chains and the type of association of the hydrophobic blocks. Predicting

the morphology of such networks at different conditions and the relation between

structure and properties is crucial for application purposes. Therefore there have been

many studies focusing on structural analysis of such networks and the origin of certain

properties that can be tuned by structural alterations.

Besides experimental studies of these materials, several models have been developed,

which evaluate the viscoelastic properties of physically crosslinked networks [8–13].

These models have been mainly used to rationalize experimental observations or to
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elucidate possible physical origins of surprising and unusual properties of these networks.

Tanaka and Edwards [8] developed one of the first simple models to describe the

dynamics of physically crosslinked networks with weak junctions that are capable

of breaking and recombining due to thermal fluctuations. Their model focuses on

unentangled networks where the molecular weight of the polymer between junctions

is smaller than the entanglement molecular weight. Later the entanglement of the

hydrophilic part of the copolymer which leads to larger and stronger interactions, is

taken into account as well [10]. In these theoretical works, the dynamics of associating

polymer solutions in both the unentangled and the entangled regimes are studied. In

the entangled regime, for the pairwise associating, the theory of “sticky reptation”

is developed [9]. Models that assuming high number of associating groups in one

aggregating point have also been proposed. For example in the theory developed

by Semenov and Khokhlov [14] the association of telechelic polymers to flower-like

structures is explained, where the aggregation number is high and the system has a

transition from a single flower to a connected network. In a complementary work [15],

the condition for association to other morphologies is also defined.

Because of the widespread application of associating polymers as rheology modifiers,

the study of nonlinear properties of these temporary, physical networks has also gained a

lot of attention recently. It has been found that for telechelic polymers, there is a slight

shear thickening effect followed by shear thinning in the steady shear experiments [16],

while the magnitude of the thickening effect is rarely more than a factor of two. This

shear thickening has been attributed to either a non-Gaussian stretching of the linker

chains between nodes or to an increase in the number density of active chains [17–19].

In this chapter we first briefly review the theory of associating polymers by Semenov,

which predicts the linear viscoelastic behavior of flower-like micelles. We then introduce

a simplified thermodynamic model based on this theory, which predicts the effect of

association number on the free energy of the network and the condition necessary for

morphological changes. Next we present SAXS results to determine the morphology of

the network and we use appropriate scattering models to interpret these experiments.

We also study the rheological properties of the network in the linear and nonlinear

regime. Using appropriate theories, we find a reasonable relation between structure

and properties of our studied supramolecular polymer and the parameters underlying

the properties of this block copolymer micellar network. Finally, the time-temperature

superposition concept is used to measure the enthalpic energy changes in the system

which is directly related to the origin of elastic-like behavior of the hydrogel.
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5.2 Associating polymers theory

The theory for associating polymers with many stickers per chain, mainly developed

by Semenov [10,14,15], considers a flower-like micelle to be similar to a star polymer with

f arms. This number of arms correspond to 2p linker chains in the case of multiblock

copolymer that form flower-like micelles. Each micelle is composed of sticker groups in

the core and linker chains in the corona. The molecular weight of flexible linkers in the

corona is high enough for the polymeric chains to be considered as a sequence of blobs.

Each blob is a sphere completely filled with polymer and its size, d is approximately

proportional to r/
√
p. The free energy and the radius of the corona are consequently,

F0 ∼ p3/2ln N, and (5.1)

R0 ∼ Nνp(1−ν)/2, (5.2)

whereN is the number of Kuhn segments per linker chain and ν is the Flory exponent.

The average polymer concentration inside the micelle is then

ϕ∗ ∼
(√

p

N

)3ν−1

. (5.3)

As soon as the flowers start to touch each other, they are deformed and the

deformation free energy, ∆Frep is proportional to the distance between the cores,

D = 2(R0 − ζ), where ζ is the overlap distance per micelle as is shown in Figure

5.1. The minimum free energy, ∆F ∗, would be at distance D∗ ≃ 2R0 and in the vicinity

of the minimum function, ∆F (D) is

∆F (D) = −∆F ∗ +
1

2
k(D −D∗)2. (5.4)

Where k ∼ ∆F ∗/ξ2 ∼ p1/2N2ν and ξ ∼ N νp−ν/6 is the edge correlation length of the

corona, expected to correspond to the size of the last blob.

A small compression, δϵ, will thus lead to an increase in free energy

∆F ∼ k(R0δϵ)
2 (5.5)

per micelle, where ∆ϵ = δV/V is the relative volume change.

At concentrations just above the gelation concentration, a small shear deformation

is similar to a compression between nearest-neighbor micelles. The corresponding
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Figure 5.1. Two interacting flower-like micelles at a distance D and the overlap distance ζ
per micelle.

compressive modulus at the micro-scale is proportional to the osmotic pressure and thus

in a weakly compressed gel at a concentration ϕ = ϕ∗(1 + δϵ), the interaction between

micelles is dominated by excluded volume repulsion rather than bridging attraction,

∆Fattr/∆Frep ∼ N/∆Frep ∼ (δϵ/δϵc)
−4/(3−2ν), where δϵc = ξ0/R0 ∼ p(ν/3)−1/2, and the

elastic modulus in this region is,

G ∼ K ∼ N−3νp3ν/2δϵ6ν/(3−2ν). (5.6)

5.2.1 A simple model of flower-like micelles

To rationalize the formation of flowers and gain an intuitive understanding of

this phenomenon, we develop the following simplified model that predicts the flower

formation and growth as well as the changes in free energy during the process. We

assume to have a copolymer that is made of long, flexible, hydrophilic A blocks, and

short, rigid, hydrophobic B blocks. NA is the number of Kuhn segments in the A block

and NA >> NB. The radius of the core is rB and the total radius of the spherical

micelle is R∗.

We can assume that the chain in free energy associated with the formation of a

micelle is

∆Fmicelle = ∆Fcore +∆Fshell, (5.7)

where ∆Fcore is free energy difference due to the binding between stickers in the core

and ∆Fshell is the difference in the entropic free energy associated with confining a chain

into the flower-like structure,
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Figure 5.2. Schematic flower-like bock copolymer micelle where the hydrophobic blocks are
aggregated in a core of radius, rB, and the hydrophilic chains are in a corona of thickness,
R∗ − rB. The picture on the right is a zoomed-in schematic of each constrained half chain in
the corona forming several blobs with size d(r) within a cone.

∆Fcore = −(Nagg − 1)

Nagg

ϵkBT, (5.8)

Nagg is the number of stickers in each core and ϵ is the binding energy between two

stickers.

If we assume that each polymer chain is made of small blobs with size d(r) which

are confined within cones around the core as is shown in Figure 5.2, then at a distance

r from the core

4πr2 = 2Naggd
2(r). (5.9)

The size of each blob is also a function of the Kuhn length, aA, and the number of

Kuhn segments in each blob, g(r), as

d(r) = aAg
ν(r), (5.10)

where ν is the Flory exponent and the number of blobs in each strand will be

Q =
NA/2

g(r)
. (5.11)
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Thus,using Equation 5.10 and 5.11, the entropic free energy difference associated

with the formation of a flower is

−T∆Sshell =
2Nagg

Nagg

QkBT = NkBTa
1/v
A

√
Nagg

2π

∫ R∗

rB

1

r1/ν
dr. (5.12)
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Figure 5.3. The free energy of core(red) and shell(blue) in a spherical micelle formed by a
block copolymer calculated by Equation 5.8 and 5.12 per sticker/chain.

In Figure 5.3, the free energy of core and shell per chain, are shown using Equations

5.8 and 5.12 as a function of Nagg.

The total free energy difference associated with the formation of a flower can be

calculated using Equation 5.7 which is shown in Figure 5.4. From the values in this

figure, we see that the flower can be stable at core size where the free energy difference

is negative.

Flower to rod transition

As is shown in Figure 5.4, the free energy difference gain per chain at larger number

of aggregation is positive. In this case, we would expect that the flower-like structure is

not favorable anymore and the micelle might start to grow unidirectionally. Figure 5.6

shows the change in the volume of each strand as a function of the number of stickers.

We see that the occupied volume of the chain decreases and reaches to almost a constant

volume when transition to rods occurs. The volume of the chain is calculated as follows:
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Figure 5.4. Total free energy difference associated with the formation of a spherical micelle,
calculated from the free energy difference of the core and the shell (Equation 5.7) in a block
copolymer micelle per chain.

We assume a cylinder with radius R and height H which is end-capped by

hemispheres at both ends (Figure 5.5). The radius of each hemisphere is assumed

as R as well. Inside this cylinder, there is a much smaller cylinder with radius rB,

where rB << R, and the same height, H. The volume of the shell is

Vshell = Vtotal − Vcore = (R2πH + 4/3πR3)− (r2BπH), (5.13)

where the radius, R for a constrained polymer chain in a tube with size d in a solution

is

R = (N/2)aA(
aA
d
)
1/ν−1

. (5.14)
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Figure 5.5. Schematic of multiblock associating polymer self assembling into a cylindrical
geometry with radius R and height H. The distance between stickers in the cylindrical core
is assumed constant, rB.
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Figure 5.6. Volume of each strand in the corona calculated by Equation 5.15 by increasing
the number of stickers in the core.

Assuming that all stickers are stacked in the core with distance 2rB, the volume

occupied by each chain becomes

vchain = (N/2)πaA(
aA
2rB

)2(1/v)−1(NaggrB + 4/3)/2Nagg. (5.15)

By plotting this volume as a function of aggregation number, we observe that a

complete transition to a rod-like morphology occurs around Nagg = 100, where the

volume of the chain is almost constant. By dividing this volume by the volume of each

blob which is assumed constant in the cylindrical shape and proportional to the distance

between two stickers in the core, one can calculate the number of blobs in each chain
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and consequently the entropy cost of deforming the chain into this elongated shape. The

free energy change for the sphere to rod transition is calculated and plotted in Figure

5.7. In this figure we also see that the minimum free energy to have elongated shape is

reached around Nagg = 100 where the cylinder would grow unidirectionally above this

number of aggregates.
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Figure 5.7. Total free energy difference per sticker for forming the cylindrical micelle as
function of the number of stickers per micelle.

5.3 Experiments

5.3.1 Sample Preparation

Poly(U4U8k) is a multiblock associating copolymer and its synthesis is performed

following the method designed by Pawar [20]. In order to obtain a readily soluble

powder, the polymer is frozen in liquid nitrogen and immediately chopped mechanically

into small pieces using a mechanical grinder. Hydrogels are prepared at different

concentrations by dispersing polymer powder in deionized water, sonicating for two

hours at room temperature and kept overnight to reach the equilibrium.

5.3.2 Small-Angle X-ray Scattering(SAXS)

We perform Small-angle X-ray scattering (SAXS) experiments at the Institute of

Complex Molecular Systems (ICMS) on a SAXSLAB Ganesha system with a GeniX-
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Cu ultralow divergence source producing X-ray photons with a wavelength of 1.54Å

and a flux of 108ph/s. Scattering patterns are collected using a Pilatus 300 K silicon

pixel detector. Sample-to-detector (SD) distances of 0.73 and 1.53 m are used giving an

observed q range of 6.5×10−2nm−1 ≤ q ≤ 4.5nm−1. The samples are injected into 2mm

glass capillary and experiments are performed at two desired temperature (15◦C and

30◦C). The scattering data are corrected for background scattering, detector response

and primary beam intensity fluctuations. The instrument scattering vector is calibrated

using a silver behenate standard. The data are analyzed using the SASFIT program

and model for block copolymer micelles [21].

5.3.3 Rheological experiments

Dynamic viscoelastic measurements are determined using a stress-controlled

rheometer (Anton Paar, Physica MCR501) equipped with a sand-blasted plate-plate

geometry to prevent slippage at high polymer concentrations. Mineral oil is used to

prevent evaporation. Polymer is placed in the rheometer at elevated temperature (40◦C)

and cooled to desired experimental temperature after fixing the gap. The polymer is

kept at experimental temperature for at least one hour to reach the equilibrium prior to

measurements. Large amplitude oscillatory shear (LAOS) measurements are performed

at the angular frequency of 1rad/s. The frequency dependant oscillatory measurement

are performed at the strain of 1%.

5.4 Results and discussion

5.4.1 Structural analysis

Small angle X-ray scattering (SAXS) experiments are performed to study the

structure of the polymer. The experiments are done at the concentration range

2 − 10wt% at 15◦C and 30◦C as the results are illustrated in Figure 5.8. At high

q, the so-called “Porod region”, the scattering curve can be approximated as [22]

I(q) =
A

qn
+B, (5.16)

where the slope n is related to the excluded volume parameter, ν. A slope n = 2,

which we observe for our polymer at 2wt%, is a signature of a Gaussian chain. We

observe that with increasing concentration, this slope decreases, which is a similar to

the case of a fully swollen chain. By further increasing the concentration, we also observe

a peak at q∗ ≃ 3.7× 10−2Å−1, which corresponds to the distance between the micellar

cores.
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Figure 5.8. SAXS experiments on poly(U4U8k) at 2wt%(◦), 4wt%(�), 6wt%(+) and
10wt%(△) at 15◦C in the left figure. Similar experiment for polymer at 4wt%(⋄), , 6wt%(×)
and 10wt%(�) at 30◦C in the right figure. For clarity the magnitude on the vertical axis are
sequently shifted by an order of magnitude from bottom to top.

The slope of the curve in the low q region is not detectable for all samples but for

samples at high concentration, a slope of 0 is noticeable, which is a signature of spherical

objects. It is also predicted by the theory for multiblock associating copolymers (Section

5.2) that the studied system will form spherical flower-like micelles.

To express the data in terms of a number of structural parameters, a model that

correlates the SAXS data with structural parameters is used. The most adequate

available scattering model accounting for the structure of flower-like micelles formed

from block copolymers is the model for nonionic block copolymers introduced by

Peterson [21]. The model is similar to the model of a sphere with attached Gaussian

chains. It nicely fits our experimental data, acquired at all temperatures and

concentrations, choosing the following parameters as constants:

• Vc: volume of a single block unit of the chains in the core.

Vc =
Mpolym,c

Naρpolym,c

≃ 800Å−3, (5.17)

where Mpolym,c is the molecular weight of hydrophobic block, Na is the Avogadro’s

constant and ρpolym˙c is the bulk mass density of core units.

• Xsolvc: amount of solvent in the core ≃ 0.
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• Vsh: volume of a single block unit in the corona.

Vsh =
Mpolym,coro

Naρpolym,coro

≃ 11810Å−3, (5.18)

whereMpolym,coro is the molecular weight of hydrophilic block, Na is the Avogadro’s

constant and ρpolym˙c is the bulk mass density of units in corona.

• ηpoly,c: Scattering length density of block units in the core [23] ≃ 9.7× 10−6Å−2.

• ηpoly,sh: Scattering length density of block units in the corona [21, 24] ≃ 10.37 ×
10−6Å−2.

• ηsolv: Scattering length density of the solvent [21,24] ≃ 9.7× 10−6Å−2.

• d: corona penetration into the core, for the case of no penetration d = 1.

Using the above parameters as a constant input to the model, the other parameters

are obtained by a fitting procedure using SASFIT software [25](see Table 5.1).

Table 5.1. Fitted model parameters for poly(U4U8k) in the concentration range 2− 10wt%
at 15◦C and 30◦C where Nagg is the number of stickers in the core, Rg is the radius of gyration
of each strand in the corona, RHS is the hydrodynamic radius of the hard sphere form factor
and fp is the volume concentration of hard spheres.

C (wt%) Nagg Rg(nm) RHS (nm) fp
2 at 15◦C 15.50 2.93
4 at 15◦C 15.15 3.21
4 at 30◦C 15.62 3.25
6 at 15◦C 18.93 2.85 9.06 0.09
6 at 30◦C 14.90 2.87 9.43 0.05
10 at 15◦C 36.96 3.12 7.40 0.29
10 at 30◦C 36.73 3.45 8.09 0.29

In Table 5.1 Nagg is the number of associating sticker units in each hydrophobic core

and Rg is the radius of gyration of the flexible hydrophilic linker chain in the corona. The

value for Rg is around 3nm which is comparable to the radius of gyration of a PEG chain

with similar molecular weight [26], that is calculated by Rg = 0.0215M0.571
w , assuming

that the chain is also confined in a flower-like morphology. At 2wt%, the solution

is far below the gelation point and the polymer forms individual spherical micelles

that contain a single polymer chain. As the concentration increases, the population

of theses spheres also increases and consequently their distance decreases, enabling

adjacent flowers to exchange associating units and thus form bridges. At concentrations

above the overlap concentration, the structure factor also needs to be considered where

a hard sphere model is used. RHS is the hydrodynamic radius of hard spheres and fp is

the volume concentration of these hard spheres. The hydrodynamic radius of the hard
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sphere structure factor that is relevant to the distance between flowers [27] decreases

by increasing the concentration.
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Figure 5.9. (a) Aggregation number at 15◦C (•) and 30◦C (�), (b)Rg at 15◦C (•) and 30◦C
(�).

Based on the aggregation number, one can calculate the radius of spherical micelles

above the overlap concentration,

4

3
πR3 ≃ nlNaggl

cNA

, (5.19)

where R is the radius of spherical micelles, nl is the packing density, l is the molecular

weight of the flexible chain, c is the concentration and NA is the Avogadro number. The

calculated radius is plotted in Figure 5.10. We observe that the radius of the spherical

micelles is almost constant and around 20nm.

5.4.2 Linear mechanical behavior

The mechanical properties of the polymer in the linear viscoelastic regime is

investigated using the plateau storage modulus of the polymer acquired from viscoelastic

frequency dependant measurements at fixed 1% applied strain. The results obtained

from the measurements at 15◦C are plotted as a function of scaled concentration (ϕ/ϕ∗)

in Figure 5.11, where ϕ is the polymer concentration and ϕ∗ is the overlap concentration

of spherical micelles calculated by Equation 5.14 [14].
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Figure 5.10. Radius of spherical micelles calculated using Equation 5.19.
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Figure 5.11. Concentration dependency of poly(U4U8K) at 15◦ C as a function of reduced
concentration (•). The dashed lined shows the theoretical prediction by Equation 5.20.
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Figure 5.12. Osmotic pressure of polymer gel at different concentrations (•) show a good
agreement with the elastic plateau modulus measured via rheometer (�).

The results are in good agreement with the elastic modulus scaling behavior of

associating polymers, predicted by Semenov [14] and explained earlier in this chapter.

The main formula that is also used here to fit the data is

G ∼ [(ϕ/ϕ∗)− 1]1.95. (5.20)

As is shown in Figure 5.11 our studied hydrogel exhibits a power-law behavior with

slope 1.95 (dashed-line) regarding reduced concentration. This is the typical behavior

of flower-like micelles in the linear regime. As is predicted from theoretical work, an

important contribution to the elasticity of the material is due to excluded volume and

consequently the osmotic pressure should have the same scaling behavior as the elastic

shear modulus. To test this we measure the osmotic pressure of the hydrogel as follows:

the polymer is dissolved in water at 5wt% concentration and then the formed hydrogel is

placed in a dialysis tube and immersed in dextran solutions with different concentrations

for at least one weak to reach equilibrium. Changing the dextran concentration varies

the osmotic pressure of water surrounding the gel and subsequently the osmotic pressure

that is exerted on the hydrogel. After a week, it is expected that the osmotic pressure

inside the network is equilibrated with the pressure exerted from the dextran solution.

The generated osmotic pressure in the dextran solution is empirically measured as a

function of concentration [28],

P ≃ (286c̃+ 87c̃2 + 5c̃3)[Pa], (5.21)
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where c̃ = c/1wt%.

Equation 5.21 shows the relation between the dextran concentration and the relevant

osmotic pressure in water solution. Using this equation and also weighing the sample

after equilibrium in each dextran solution, one can calculate the osmotic pressure at

different polymer concentrations(Figure 5.12). In our studied system, this experiment

is performed for each polymer at three different dextran concentrations and the obtained

results for the osmotic pressure are in good agreement with the linear modulus. The

measurement of osmotic pressure of PEG chain itself also has a power-law relation

with polymer concentration and the power increases when the molecular weight of the

polymer is higher [29].

5.4.3 Nonlinear behavior of the copolymer

To investigate the hydrogel’s properties at large deformations, large amplitude

oscillatory shear (LAOS) experiments are performed in a temperature range between

15◦C to 35◦C at different polymer concentrations. The results of LAOS experiments

at a constant temperature (25◦C) for different polymer concentrations are shown in

Figure 5.13. As is shown in this figure, the storage and loss modulus both increase

with strain at concentrations close to the gelation concentration, while by further

increasing the concentration, this strain stiffening effect weakens and we observe two

regimes where first only the loss modulus increases with strain and the second regime,

where both the storage and the loss modulus are decreasing at large applied strain

amplitudes. The maximum increase in the elastic modulus at large shear strain, Gm,

is scaled with the linear modulus, G0, is plotted at different temperatures for various

polymer concentrations in Figure 5.14. In this figure, it is clear that the value of

Gm/G0, a measure for the degree of stiffening in the hydrogel network, increases with

raising temperature for polymer concentrations above the overlap concentration. This

increase is less pronounced when the polymer concentration increases. For polymer

concentrations above 8wt%, strain stiffening is not observed at any temperature. This

suggests that stiffening occurs near the critical concentration/temperature where a

transition to gelation is observed.
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Figure 5.13. Viscoelastic strain-dependent behavior of hydrogel of different concentrations
at a fixed frequency of 1rad/s and temperature 25◦C, where we see that the increase in elastic
modulus is less pronounced at higher concentrations, where the yield point also shifts to lower
strains. At all three concentrations shown the loss modulus shows a glassy peak followed by
a decrease.
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Figure 5.14. Amount of stiffening, Gm/G0, for poly U4U8k at 3wt%(•), 4wt%(�),
5wt%(◦), 6wt%(�), 7wt%(I), 8wt%(J), In (a) this value is plotted for polymer at different
concentrations versus temperature and (b) shows a color map of stiffening in a temperature-
concentration graph.

The nonlinear behavior of the network can no longer be described by the elastic

moduli, G′, G”, where definitions rely on a linear viscoelastic response. Instead, the

response can be visualized by plotting the in-cycle stress-strain response, in a so-called

Lissajous curve [30]. In Figure 5.15, these Lissajous curves are shown for three different

concentration regimes with low, medium and high polymer concentrations in the studied

region.
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Figure 5.15. Lissajous curves at different polymer concentrations (A) 4wt%, (B) 7wt%, (C)
10wt% at 15◦C where we see an upturn at low concentration followed by yielding at higher
concentrations.

To quantitatively compare the contribution of the elastic response at different

concentrations and temperatures, we calculate the nonlinear large modulus (see [31]),
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G,
L at different temperatures (Figure 5.16).
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Figure 5.16. Large modulus at different polymer concentrations from left to right 4wt%,
7wt% and 10wt%. different colors correspond to different temperatures: blue(15◦C),
red(20◦C), green(25◦C), black(30◦C), and cyan(35◦C). The large modulus increases with
increasing temperature at a fixed concentration, while it decreases by increasing concentration
at a fixed temperature.

As is shown in Figure 5.16, the G,
L increases at large strains just above the overlap

concentration. This strain stiffening effect becomes more pronounced at elevated

temperatures. At a polymer concentration of 7wt% we observe this effect only

at elevated temperatures, while at a concentration of 10wt%, the strain stiffening

completely disappears.

Besides changes in the amount of stiffening at different polymer concentrations and

experimental temperatures, the yield stress of the network also change significantly

(Figure 5.17). The yield stress increases with increasing concentration until around

8wt%, where it starts to decrease.
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Figure 5.17. Yield stress of poly U4U8k at 4wt%(�), 5wt%(◦), 6wt%(�), 7wt%(I), 8wt%(J
), 9wt%(∗), 10wt%(•)
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As is discussed in previous sections about the morphological studies on the polymer

network and measurements in the linear regime, the studied copolymer forms flower-like

micelles and so its behavior should follow the general nonlinear mechanical behavior

of such a network. In these types of networks the number of bridges increases with

increasing polymer concentration and at the highest concentrations almost all polymer

chains are forming bridges rather than loops. This conclusion leads to a picture of a

loosely connected network at low concentrations and a highly connected network at

higher concentrations. One characteristic of such a highly connected network is that at

large applied strain, the stress is transferred to the bridging chains, thereby resulting

in a strain-stiffening of the network. In our studied system, however, we observe the

opposite; the maximum amount of strain stiffening is observed around the gelation

concentration and it decreases with increasing polymer concentration.

The behavior of associating polymers forming flower-like structures has been

theoretically described in a model by Vaccaro and Marrucci [32], with model parameters

that were later estimated by simulations [33]. The model predicts four different

behaviors of such a network in the nonlinear large strain regime; strain softening,

strain stiffening, weak strain overshoot (storage modulus decreases at large strains but

loss modulus shows an overshoot by increasing strain amplitude), and strong strain

overshoot (both storage and loss modulus show an overshoot by increasing strain

amplitude). We observe three of these different nonlinear viscoelastic behaviors in

our studied poly(U4U8k) hydrogel. The model considers three parameters to explain

these responses in LAOS experiments: two attachment rate constants (α0, α1) and one

detachment rate constant (β−1
0 ). These terms are defined as

α(R) = α0 + α1(R/R0), and (5.22)

β(R) =
β0

1−R2/(Nb)2
, (5.23)

where R is the end to end distance of the polymer chain and b and N are the

length and number of Kuhn segments. In our system, at concentrations just above

the gelation concentration, both storage and loss modulus increase with increasing

strain, which according to the model means that the strain-dependent attachment rate

is large(α1 > α0), suggesting that shear causes the formation of bridges. By further

increasing concentration, the storage modulus decreases at large strains while the loss

modulus keeps increasing. This means that α0 becomes larger than α1 and not so many

bonds are formed due to applied shear. And finally we observe that both storage and

loss modulus decrease at high applied strain, which according to the model is the region
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where α0 is much larger than α1 and α1 ≃ 0. A similar effect as that observed in the

stiffening region has been observed before in associative polyelectrolytes and defined as

shear induced gelation [34,35].

5.4.4 Time-temperature superposition

To study the mechanical changes in the network at different temperatures in more

detail, viscoelastic frequency-dependent measurements are performed in a temperature

range from 15◦C to 35◦C. Time-temperature superposition is not always applicable

in associating polymeric gels [36], but for the hydrogels studied here, it is applicable,

this suggest that no significant morphological changes occur in the hydrogel as the

temperature changes. This has been shown previously also by SAXS measurements in

this chapter. The superposition curves are shown in Figure 5.18 for all concentrations.

To superimpose the frequency measurements, both vertical and horizontal shifts are

needed. In our hydrogel system, the high frequency regime does not superimpose [37].

This effect has been observed in similar systems before and interpreted to be a result of

gel slippage or instrument inetia [38]. However this does not seem to be the case here

as we observe this effect in the high frequency regime only at concentration close to the

gelation concentration where the possibility of having slip is minimal.
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Figure 5.18. Master curves acquired by superimposing viscoelastic frequency dependent
measurements at 1% stain and different temperatures. The data are superimposed nicely
at high concentration but the high frequency modulus, which is measurable at lower
concentrations, does not fit.
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Figure 5.19. Horizontal shift factors for obtaining master curves from viscoelastic frequency
dependent measurements. The dashed lines show the exponential fit reflecting the Arrhenius
relation.
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The horizontal shift factor αT for all the concentrations is plotted as a function of

inverse temperature(Figure 5.19). From this shift factor, αT , in the frequency domain

and using the famous Arhenius relation (Equation 5.24), it is possible to extract the

apparent activation enthalpy of the hydrogels at different concentrations.

αT ∼ e∆Happ/kBT , (5.24)

The activation energy in these types of physically cross-linked networks is essentially

the energy to pull out a sticker from an aggregating core. The value of this activation

enthalpy in our system is higher than the expected binding energy formed by hydrogen

bonds. This suggests that in the studied polymer, there are both hydrophobic

interactions and hydrogen bonding involved in the activation energy that makes strong,

almost permanent physical bonds in the hydrogel, which also explains the solid-like

behavior in the viscoelastic rheological analysis. It also suggests that this apparent

enthalpy could refer to the energy needed to pull out more that one stickers from

aggregating point. The large apparent activation enthalpy could be also due to decrease

in the mobility of bisurea group by decreasing temperature [39]. As is shown in Figure

5.20, the activation energy decreases with increasing concentration. This is in agreement

with findings about HEUR polymeric network [40] and also triblock copolymers [39]. In

these previously studied systems two main interpretations were given for this surprising

behavior. The first interpretation was that there are more bridge-to-loop / loop-to-

bridge transitions at elevated temperatures in a less concentrated network. However

the reason for this is not very clear. The second interpretation considers various

contributions to the high-frequency modulus; an elastic modulus that originates from

bridging through entropy effects and excluded volume from repulsion between micelles,

which is temperature dependent. At high concentrations the effect of bridging is

dominant and consequently will be less affected by temperature [40]. An alternative

description would be that at lower concentrations, the modulus is mainely due to

intermolecular hydrogen bonds which are broken down by increased temperature, while

at higher concentrations, polymer interacts mainly by means of physical entanglements,

which is less temperature sensitive [41].
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Figure 5.20. Apparent activation enthalpy at different concentrations of polymer. This
energy is maximum close to the gelation concentration and decreases to a constant value with
further increasing the polymer concentration.

To evaluate the number of bridges at different concentrations, the so-called phantom

network model is used. This is the simplest model that takes the temporary, physically

cross-linked network into consideration [42]. The plateau modulus in this model is

defined as

G0 = vphantomkBT (1− 2/f), (5.25)

where f is the functionality of the cross-links, vphantom is the number density of

elastically active chains, T is the absolute temperature, and kB is the Boltzmann

constant. In a network with dangling ends or loops, not all the strands in a cross-

linking point contribute elastically to the modulus. This is the case in our studied

system where many chains are expected to form loops rather than bridges between two

adjacent micellar aggregates. The predictions for the elastic modulus of such a network

is thus

G0 = (vphantom − µ)kBT, (5.26)

where µ is the number density of elastically effective cross-links that can be considered

as the number of “elastically effective flowers” in our system. This formula is more

general but it needs to be taken into consideration that elastically active strands are the

ones that deform and store elastic energy when deforming the network and elastically

effective cross-links are the ones that at least link two elastically active strands [42].

Hence it is very difficult to experimentally quantify the number of these chains. We
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qualitatively show how this value is changing with increasing polymer concentration.

The plateau modulus of the polymer G∞, at all concentrations above the gelation

concentration scales linearly with T and the slope of this line is then proportional

to vphantom − µ. In Figure 5.21, G/kBT scaled by volume of each spherical micelle is

plotted at studied concentration range.

10
0

10
1

10
2

10
0

10
1

10
2

10
3

10
4

c (wt%)

(G
/k

B
T

) v f

10
−2

10
−1

10
0

10
1

10
0

10
1

10
2

10
3

10
4

(φ/φ*)−1 (wt%)

N
0

Figure 5.21. (a) General behavior of vphantom − µ at different concentration, (b) Number of
bridges at different concentrations.

The parameter vphantom − µ is proportional to the number of active chains and so

the number of bridges between spherical micelles. This value is shown as a function

of scaled frequency in Figure 5.21. This number is different from Nagg obtained from

SAXS measurement as it is not recognizable in SAXS measurements if the chain is

incorporated into the network or if it is forming loops. The obtained scaling behavior

of number of bridges, N0 from experiments agrees with the number predicted by theory

for spherical flower-like micelles [14]:

N0 ∼ p5/6δϵ(2ν+2)/(3−2ν) (5.27)

where p is the aggregation number, v is the Flory exponent and ϵ is the degree of

compression, (ϕ/ϕ∗)− 1.

5.5 Conclusions

In this chapter, the structural and mechanical properties of a new type of block

copolymer hydrogel, incorporating supramolecular associating groups, is studied. In
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interpreting our experimental data we attempt to rationalize the relationships between

the interactions at the molecular level, the resulting structure formation in the material,

and the associated macroscopic mechanical properties, using simple physical arguments

and existing theoretical models. We first analyze our data within the framework of

the theory for multiblock associating polymers developed by Semenov, and find that

the predictions of this model are consistent with our main experimental findings on

the mechanical properties of our materials, such as the concentration-dependence of

the elastic modulus. In order to rationalize the structure formation in our system, we

further introduce a related simple model that predicts conditions for flower formation.

In this simple model, which balances the entropy cost for confining the hydrophilic

chains to the space available in a flower-like structure with the corresponding enthalphy

gain of the hydrophobic stickers, we find that the optimum number of stickers in each

flower is dependent on the association energy and the volume occupied by the linker

chains. We also find that at small aggregation numbers the micelles are spherical while

at higher aggregation numbers a transition to elongated structures is expected.

Beside these theoretical predictions, we also find the presence of spherical flower-like

micelles from SAXS experiments over the studied range of concentration. The structure

model for spherical micelles, developed by Pederson, fits our SAXS data reasonably well,

and results are consistent with our theoretical expectations of the structural changes

occurring in the material. Using this model we find a constant number of blocks in

the core below and around gelation concentration, where it is in good agreement with

values for Nagg predicted from our simple aggregation model. At higher concentrations

of polymer, we find that Nagg is doubled, suggesting the possibility of merging two

spheres and formation of either a bigger sphere or an ellipsoidal core.

The plateau modulus of the networks also scales with the theory for multiblock

associating polymers developed by Semenov. This theory concludes that within the

range of polymer concentrations studied, the interactions between the micelles is

dominated by excluded volume repulsion and the bridging attraction is being much

weaker and can be neglected. Thereby the elastic modulus of the network is nearly

same as the compression applied to each flower from adjacent neighbors and is of the

order of the osmotic pressure. We confirm this assumption by measuring the osmotic

pressure of the network where we find a good agreement between the osmotic pressure

of the network and linear plateau modulus of the system.

Measuring the nonlinear mechanical properties of the network we observe moderate

strain stiffening only at concentrations close to the gelation concentration, with the

amount of stiffening increasing with increasing temperatures. We therefore hypothesize

that this stiffening is not due to the number of bridges in the static state and original

connectivity of the network but because of shear-induced gelation of the network at

concentrations around the gelation where a larger number of breaking and recombining

events occurs by the same amount of energy compared to higher concentrations. The
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latter is also confirmed by time-temperature superposition of the network where we

find that the apparent enthalpy of the system decreases with increasing concentration.

This energy can be related to the numbers of formed/broken hydrogen bonds. At

concentrations around the gelation concentration, the activation energy is higher, which

means that the exchange of stickers is easier and therefore by applying strain at these

concentrations bridge formation is facilitated. This behavior is consistent with the

model developed for nonlinear associating polymers by Marruci [32].

Finally we investigated the connectivity of flower-like micelles by comparing our

experimental data to predictions of the phantom network model [42]. In our hypothesis,

flowers with either spherical or ellipsoidal cores are formed, which form a connected

network structure due to the exchange of associating groups. If different associating

groups from the same macromolecule are present in different flowers, the polymer

chains between these groups form cross-links; as at higher concentrations such linking

is expected to become more frequent, the network connectivity is expected to increase.

In agreement with the current understanding of such networks, we also find that with

increasing the concentration we have a transition from loops to bridges.

References

[1] M. Winnik and A. Yekta, “Associative polymers in aqueous solution,” Curr Opinin Colloid

Interface Sci, vol. 2, no. 4, pp. 424–436, 1997.

[2] Y. Won, H. Davis, and F. Bates, “Giant wormlike rubber micelles,” Science, vol. 283, no. 5404,

pp. 960–963, 1999.

[3] E. Regalado, J. Selb, and F. Candau, “Viscoelastic behavior of semidilute solutions of multisticker

polymer chains,” Macromolecules, vol. 32, no. 25, pp. 8580–8588, 1999.

[4] C. Chassenieux, T. Nicolai, and L. Benyahia, “Rheology of associative polymer solutions,” Curr

Opinin Colloid Interface Sci, vol. 16, no. 1, pp. 18–26, 2011.

[5] T. Nicolai, O. Colombani, and C. Chassenieux, “Dynamic polymeric micelles versus frozen

nanoparticles formed by block copolymers,” Soft Matter, vol. 6, no. 14, pp. 3111–3118, 2010.

[6] A. Halperin, “On collapse of multiblock copolymers,” Curr Opinin Colloid Interface Sci, vol. 24,

no. 6, pp. 1418–1419, 1991.

[7] A. Dobrynin, “Phase diagram of solutions of associative polymers,” Macromolecules, vol. 37,

no. 10, pp. 3881–3893, 2004.

[8] F. Tanaka and S. Edwards, “Viscoelastic properties of physically cross-linked netwworks -

transientnetwork theory.” Macromolecules, vol. 25, no. 5, pp. 1516–1523, 1992.

[9] M. Rubinstein and A. Semenov, “Dynamics of entangled solutions of associating polymers,”

Macromolecules, vol. 34, no. 4, pp. 1058–1068, 2001.

[10] A. Semenov and M. Rubinstein, “Dynamics of entangled associating polymers with large

aggregates,” Macromolecules, vol. 35, no. 12, pp. 4821–4837, 2002.

[11] T. Indei, “Rheological study of transient networks with junctions of limited multiplicity. II. Sol/gel

transition and rheology,” J Chem Phys, vol. 127, no. 14, 2007.



Chapter5 87

[12] A. N. Semenov, “Dynamics of associating polymers with random structure,” Eur Phys Lett,

vol. 76, no. 6, pp. 1116–1122, 2006.

[13] R. Jongschaap, R. Wientjes, M. Duits, and J. Mellema, “A generalized transient network model

for associative polymer networks,” Macromolecules, vol. 34, no. 4, pp. 1031–1038, 2001.

[14] A. Semenov, J. Joanny, and A. Khokhlov, “Associating polymers - Equilibrium and linear

viscoelasticity,” Macromolecules, vol. 28, no. 4, pp. 1066–1075, 1995.

[15] A. N. Semenov, I. A. Nyrkova, and A. R. Khokhlov, “Polymers with strongly interacting groups:

Theory for nonspherical multiplets,” Macromolecules, vol. 28, no. 22, pp. 7491–7500, 1995.

[16] J. Berret, Y. Sereo, B. Winkelman, D. Calvet, A. Collet, and M. Viguier, “Nonlinear rheology of

telechelic polymer networks,” J Rheo, vol. 45, no. 2, pp. 477–492, 2001.

[17] A. Lodge, “Constitutive equations from molecular network theories for polymer solutions,” Rheo

Acta, vol. 7, no. 4, pp. 379–392, 1968.

[18] V. EP and A. Mchugh, “A consideration of the Yamamoto netowrk theory with non-Gaussian

chain segments,” J Rheo, vol. 31, no. 5, pp. 371–384, 1987.

[19] G. Marrucci, S. Bhargava, and S. Cooper, “Models of shear -thickening in physically cross-linked

networks,” Macromolecules, vol. 26, no. 24, pp. 6483–6488, 1993.

[20] G. M. Pawar, M. Koenigs, Z. Fahimi, M. Cox, I. K. Voets, H. M. Wyss, and R. P. Sijbesma,

“Injectable hydrogels from segmented PEG-Bisurea copolymers,” Biomacromolecules, vol. 13,

no. 12, pp. 3966–3976, 2012.

[21] S. Manet, A. Lecchi, M. Imperor-Clerc, V. Zholobenko, D. Durand, C. L. P. Oliveira, J. S.

Pedersen, I. Grillo, F. Meneau, and C. Rochas, “Structure of micelles of a nonionic block

copolymer determined by SANS and SAXS,” J Phys Chem B, vol. 115, no. 39, pp. 11 318–11 329,

2011.

[22] O. Glatter and O. Kratky, Small angle X-ray scattering.

[23] M. A., “NIST Center for Neutron Research: Scattering length density calculator,” 2014.

[Online]. Available: http://www.ncnr.nist.gov/resources/sldcalc.html

[24] G. V. Jensen, Q. Shi, M. J. Hernansanz, C. L. P. Oliveira, G. R. Deen, K. Almdal, and J. S.

Pedersen, “Structure of PEP-PEO block copolymer micelles: exploiting the complementarity of

small-angle X-ray scattering and static light scattering,” J App Crys, vol. 44, no. 3, pp. 473–482,

2011.

[25] J. Kohlbrecher and I. Bressler, “Eu-Kleinwinkelstreuung und Reflektometrie,” 2014. [Online].

Available: https://kur.web.psi.ch/sans1/SANSSoft/sasfit.html

[26] K. L. Linegar, A. E. Adeniran, A. F. Kostko, and M. A. Anisimov, “Hydrodynamic radius of

polyethylene glycol in solution obtained by dynamic light scattering,” Collid J, vol. 72, no. 2, pp.

279–281, 2010.

[27] A. V. Korobko, W. Jesse, S. U. Egelhaaf, A. Lapp, and J. R. C. van der Maarel, “Do spherical

polyelectrolyte brushes interdigitate?” Phys Rev Lett, vol. 93, p. 177801, 2004.

[28] C. Bonnet-Gonnet, L. Belloni, and B. Cabane, “Osmotic pressure of latex dispersions,” Langmuir,

vol. 10, no. 11, pp. 4012–4021, 1994.

[29] N. Money, “Osmotic-pressure of aquous polyethylene glycole - relashionship between molecular

weight and vapor pressure defict,” Plant Physio, vol. 91, no. 2, pp. 766–769, 1989.

[30] K. Hyun, S. Kim, K. Ahn, and S. Lee, “Large amplitude oscillatory shear as a way to classify the

complex fluids,” J Non-Newton Fluid Mech, vol. 107, no. 1-3, pp. 51–65, 2002.

[31] R. H. Ewoldt, A. E. Hosoi, and G. H. McKinley, “New measures for characterizing nonlinear

viscoelasticity in large amplitude oscillatory shear,” J Rheo, vol. 52, no. 6, pp. 1427–1458, 2008.

[32] A. Vaccaro and G. Marrucci, “A model for the nonlinear rheology of associating polymers,” J



88 Chapter5

Non-Newton Fluid Mech, vol. 92, no. 2-3, pp. 261–273, 2000.

[33] S. Kim, H. Sim, K. Ahn, and S. Lee, “Large amplitude oscillatory shear behavior of the network

model for associating polymeric systems,” Korea-Aust Rheo J, vol. 14, no. 2, pp. 49–55, 2002.

[34] J. Wang, L. Benyahia, C. Chassenieux, J.-F. Tassin, and T. Nicolai, “Shear-induced gelation of

associative polyelectrolytes,” Polymer, vol. 51, no. 9, pp. 1964–1971, 2010.

[35] A. Cadix, C. Chassenieux, F. Lafuma, and F. Lequeux, “Control of the reversible shear-induced

gelation of amphiphilic polymers through their chemical structure,” Macromolecules, vol. 38,

no. 2, pp. 527–536, 2005.

[36] S. Seiffert and J. Sprakel, “Physical chemistry of supramolecular polymer networks,” Chem Soc

Rev, vol. 41, no. 2, pp. 909–930, 2012.

[37] R. J. Sheridan and C. N. Bowman, “A simple relationship relating linear viscoelastic properties

and chemical structure in a model Diels-Alder polymer network,” Macromolecules, vol. 45, no. 18,

pp. 7634–7641, 2012.

[38] S. K. Agrawal, N. Sanabria-DeLong, S. K. Bhatia, G. N. Tew, and S. R. Bhatia, “Energetics

of association in poly(lactic acid)-based hydrogels with crystalline and nanoparticle- polymer

junctions,” Langmuir, vol. 26, no. 22, pp. 17 330–17 338, 2010.

[39] K. Inomata, D. Nakanishi, A. Banno, E. Nakanishi, Y. Abe, R. Kurihara, K. Fujimoto, and

T. Nose, “Association and physical gelation of ABA triblock copolymer in selective solvent,”

Polymer, vol. 44, no. 18, pp. 5303–5310, 2003.

[40] J. Le Meins and J. Tassin, “Elastic modulus and relaxation times in telechelic associating

polymers,” Colloid Polym Sci, vol. 281, no. 3, pp. 283–287, 2003.

[41] D. Risica, A. Barbetta, L. Vischetti, C. Cametti, and M. Dentini, “Rheological properties of

guar and its methyl, hydroxypropyl and hydroxypropyl-methyl derivatives in semidilute and

concentrated aqueous solutions,” Polymer, vol. 51, no. 9, pp. 1972–1982, 2010.

[42] C. R. H. Rubinstein M., Polymer Physics. Oxford University Press, Newyork, 2003.



Chapter six

Effect of urea on Bisurea-PEG

physically cross-linked network

6.1 Introduction

Supramolecular polymeric hydrogels are polymers that can self-assemble in water to

form physical networks. These physical networks are referred to as “living polymeric

networks”, as the cross-links in the system are temporary; breakage and reconnection

events are thus continuously occurring. The relative rates of these association

and dissociation processes determine if the network is liquid-like, transient or semi-

permanent [1–5]. Both association and dissociation rates depend on the type and

strength of cross-links that are present in the material; physical bonds can form as a

result of non-covalent interactions such as electrostatic, hydrogen bonds or hydrophobic

interactions; a further possibility are polymer crystallites, which can also play the role

of cross-linkers.

In hydrogen-bonded amphiphilic polymers, the cross-linking which leads to physical

network formation is governed by both hydrogen bonding and hydrophobic interactions.

The mechanism that these interactions play in the network formation is not fully

understood [6]. Therefore, it would be beneficial to investigate the effect of these

interactions on the morphology and properties of the formed network. This can be

performed by using a specific molecule that can weaken/strengthen these interactions.

To do so, we add urea, a molecule known as a “hydrogen bond breaker” [7–9] to the

continuous water phase. This molecule can form hydrogen bonds with water molecules

and therefore change the structure of water and consequently its polarity [10–13].

Changing the polarity of water weakens the hydrophobic/hydrophilic interactions in an
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amphiphilic polymer solution. Adding urea can also affect the viscosity of water; this

change is most pronounced at low temperatures (∼ 10◦C) and high concentrations of

urea (above 4M) [14]. The effect of urea on the solubility of polymers like polyethylene

glycol has shown a cooperative change in the local water structure which may result in

loosening of the polymer structure and give rise to an increased solvation [14]. On

the other hand, urea may form bonds with urea-based hydrogels and these bonds

are stronger than those formed in water; urea could therefore be able to break the

hydrogen bonds in such hydrogels as well. The mechanism of breaking hydrogen bonds

however is still a topic of debate. It has been shown that urea can form both intra

and intermolecular cross-links with hydrogen bonded polymers such as PNIPAM and

thereby decrease the lower critical solution temperature (LCST) of these polymers [15].

In this chapter we first review the morphology and mechanical properties of the

studied amphiphilic copolymer. We then proceed to show how urea can affect the

characteristics of bisurea-Poly(ethylene glycol) copolymer hydrogels. We find that while

urea does cause a significant change in the mechanical properties of the hydrogel, the

gel’s morphology is not significantly affected by the presence of urea. Finally we also

study the effect of urea on nonlinear mechanical properties of the amphiphilic polymer

in large amplitude oscillatory shear measurements. We also propose a mechanism for

urea interactions with the studied polymer which leads to the observed changes in the

network properties.

6.2 Material and methods

6.2.1 Sample preparation

Poly(U6U8k) is a multiblock associating copolymer, consisting of alternating groups

of hydrophilic poly(ethylene glycol) blocks and hydrophobic bisurea blocks. The

synthesis of this material is explained in detail by Pawar [16]. The polymer is

very similar to the poly(U4U8K) material previously discussed in Chapter 5 with

the difference lying only in the number of carbon atoms between the urea groups

in the hydrophobic part and also the total molecular weight of the polymer chain.

The poly(U4U8k) samples studied in Chapter 5, have larger total molecular weight

(Mw = 150000g/mol) than the poly(U6U8k) samples studied here (Mw = 80000g/mol).

As the number of carbon atoms between urea groups is longer in poly(U6U8k), it is

expected that the interactions should be slightly stronger. As for poly(U4U8k), the

solid samples obtained from freeze-drying of aqueous polymer solutions are frozen in

liquid nitrogen, after which the material is chopped mechanically into small pieces using

a mechanical grinder, which results in the formation of a fine powder. Hydrogels are

then prepared at different concentrations by dispersing the polymer powder in deionized
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water and sonicating for two hours at room temperature. The resulting optically clear

hydrogels are kept overnight to allow inhomogeneities in stress and density to relax and

ensure a reproducible state of the material prior to our measurements.

6.2.2 Small-angle X-ray scattering(SAXS)

We perform Small-angle X-ray scattering (SAXS) experiments at the Institute of

Complex Molecular Systems (ICMS) on a SAXSLAB Ganesha system with a GeniX-

Cu ultralow divergence source producing X-ray photons with a wavelength of 1.54Å

and a flux of 108ph/s. Scattering patterns are collected using a Pilatus 300 K silicon

pixel detector. Sample-to-detector (SD) distances of 0.73 and 1.53 m are used giving

an observed q range of 6.5 × 10−2nm−1 ≤ q ≤ 4.5nm−1. The sample holders consist

of 2mm quartz capillaries, containing the samples. Measurements are performed at

a temperature of 15◦ C and 30◦ C and the typical measurements time is 6 h. The

scattering data are corrected for background scattering, detector response and primary

beam intensity fluctuations. The instrument scattering vector is calibrated using a silver

behenate standard. The 2D images are radially averaged to obtain the intensity I(q) vs

q profiles and calibrated to absolute scale using the Saxsgui software package.

6.2.3 Rheological experiments

Dynamic viscoelastic measurements are performed using a stress-controlled

rheometer (Anton Paar, Physica MCR-501), equipped with a plate-plate geometry,

sand-blasted to prevent slippage at high polymer concentrations. Mineral oil, contained

within a polymer ring placed around the plate-plate geometry was used to prevent

evaporation of water from the sample. The hydrogels are placed in the rheometer

at elevated temperatures (40◦ C) and then immediately cooled to the experimental

temperature (mainly 15◦ C) after fixing the gap. The polymer is kept at fixed

temperature for at least one hour before starting the experiment in order to reach

a reproducible state. Large amplitude oscillatory shear (LAOS) measurements are

performed at an angular frequency of 1 rad/s; frequency dependent oscillatory

measurement are performed at a strain amplitude of 1%.
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6.3 Results and discussion

6.3.1 Linear mechanical properties

Poly(U6U8k)

In order to study the mechanical properties of the polymer, frequency dependent

measurements are performed at a constant strain of 1%. The plateau modulus of the

polymer, G∞ is measured at different concentrations at 15◦C. As is shown in Figure 6.1,

for concentrations below ∼ 4wt%, the elastic modulus of the solution is low and a solid

network is not formed. At these concentrations, G∞ is not experimentally accessible

in the measured range of frequencies and the values that are shown in the figure are

the elastic modulus at the highest accessible frequency (100 rad/s). By increasing the

concentration, micelles start to grow and subsequently touch each other, which leads

to the formation of an interconnected network. Such a network exhibits a high plateau

elastic modulus which increases further by increasing concentration. The concentration

of 10 wt% is the maximum concentration where a homogenous hydrogel can be formed;

above this concentration the polymer can not be dissolved completely in water.
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Figure 6.1. Plateau modulus of the polyU6U8k at 15◦ as a function of concentration. The
elastic modulus is lower than the loss modulus at 1wt% and it is comparable to loss modulus
at 3wt%. At concentrations around 4wt%, a jump in the elastic modulus is observed.

Above a critical concentration of 4 wt%, we observe a power-law increase in the elastic
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modulus with increasing concentration. Therefore, the represented plateau modulus in

Figure 6.1 scales as predicted by Equation 6.1, which shows a strong concentration

dependency of the modulus.

G∞ ∼ ϕ3.34 (6.1)

As mentioned before, the physical gel forms around 4 wt% which is the overlap

concentration of the network, ϕ∗. At this overlap concentration, there is a significant

increase in the moduli of the network as is expected. The plateau modulus as a function

of reduced concentration, (ϕ/ϕ∗)− 1 is shown in Figure 6.2.
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Figure 6.2. Plateau modulus of the poly(U6U8k) at 15◦C as function of reduced
concentration. The line shows the fitted power-law function with a power of 1.57.

The slope of the power law is however 1.57, which is lower than the predicted slope

for spherical flower-like micelles, 1.95. The reason for this discrepancy could be that

in poly(U6U8k), the associating energy is higher than in poly(U4U8k), therefore it

is expected from the model introduced in the previous chapter that the aggregation

number should be higher and also the change into ellipsoidal/cylindrical core would

happen at a smaller number of stickers per core (Figure 6.3). This may lead to a different

morphology and consequently viscoelastic behavior than that observed for flower-like

micelles.
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Figure 6.3. Free energy of sphere to rod transition at binding energy of ϵ(blue) and 2ϵ(red)
calculated from the free energy cost for confining the linkers and the free energy gained by
the association of stickers.

Effect of urea on poly(U6U8k) mechanics

Urea, known as a hydrogen bond breaker molecule, is capable of forming hydrogen

bonds with the bisurea group in poly(U6U8k). This weakens the associating force in

the supramolecular network and subsequently decreasing the moduli of the polymer.

On the other hand urea can also form hydrogen bonds with water molecules resulting

in a breaking of the the water structure. This breaking of the water structure decreases

the solubility of flexible PEG chains and the hydrophobicity of the bisurea group.

It is observed in the experiments that adding urea to the hydrogel has opposite

effects in the low and high polymer concentration regimes. At concentrations above

the gelation concentration, the linear plateau modulus of the network decreases when

increasing the urea concentration. This is shown in Figure 6.4 where different amount

of urea is added to polymer at 7 wt%.
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Figure 6.4. Plateau modulus of 7 wt% poly(U6U8k) hydrogel at 15◦ C at different
concentrations of urea. We observe an exponential decrease in the elastic modulus of polymer
solution with increasing the urea concentration.

The plateau modulus of the polymer is decreasing exponentially with the

concentration of added urea:

G∞ ∼ e−0.38Curea×L/mol (6.2)

where Curea is the molar concentration of urea.

However, the plateau modulus of the polymer is changing with urea concentration but

the general shape of the frequency dependant measurements stays similar and only shifts

in the vertical and the horizontal direction. This may be an indication that adding urea

does not change the morphology of the network above the gelation concentration. The

master curve obtained by shifting frequency dependent measurements of poly(U6U8k)

at 7 wt% containing different amounts of urea is shown in Figure 6.5.
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Figure 6.5. Master curve obtained by shifting frequency sweeps of poly(U6U8k) at 7 wt%
polymer concentration and different amounts of added urea.

The horizontal and vertical shift factors to obtain this master curve are shown

in Figure 6.6, where the horizontal shift factor scale exponentially with the urea

concentration, as

αc ∼ e−0.67Curea×L/mol (6.3)
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Figure 6.6. Horizontal(a) and vertical (b) shift factors to obtain master curves from frequency
dependent experiments on poly(U6U8k) at 7 wt% concentration and different amounts of
added urea. The solid lines in both graphs are the exponential fits to the experimental data.
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Using the famous Arrhenius equation, one can deduce from these measurements that

the activation energy is proportional to the inverse of urea concentration, Ea ∼ 1/Curea.

This energy can be interpreted as a change in the associating energy and consequently

a change in the rigidity of the network by adding urea.

Surprisingly, we find that below the gelation concentration the effect of urea on

the mechanical properties of the polymer is opposite to that observed at higher

concentrations. In this low polymer concentration regime, adding urea increases the

linear viscoelastic modulus and even leads to gel formation. With increasing urea

concentration, the linear viscoelastic moduli increase continuously before reaching a

maximum; at even higher urea concentrations, viscoelastic moduli again decrease. An

optimum concentration of urea thus exists, which leads to the highest values of the

viscoelastic moduli. This effect is shown in Figure 6.7 for polymer at concentrations of

1 wt%(a) and 3 wt%(b), where 0.5 M and 3 M urea is added.
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Figure 6.7. Frequency dependent measurements of poly(U6U8k) at (a) 1 wt% and (b) 3 wt%
concentration are shown in blue. Frequency dependent measurements at solutions containing
0.5 M urea (red) and 3M urea (green) concentration at (a) 1 wt% and (b) 3 wt% are also
plotted.

To rationalize the surprising disparity in urea-sensitivity between high and low

polymer concentration systems, the effects of urea not just on the associative groups, but

also on the poly(ethylene glycol) linker-chains should be considered. Previous studies

have shown that adding urea to the polyoxyethylene-alkanols solutions, increases the

critical micelle concentration by increasing the hydration of the polyethylene oxide chain

[17]. Here we observe the opposite effect which suggest that the dominant mechanism

incorporated in our studied system is not due to PEG solvation or weakened hydrophobic

interactions but more because of the effect of urea on hydrogen bonds. A similar
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effect as we observe here has been reported before experimentally and theoretically

for telechelic polymers in the presence of extra surfactant [18, 19]. In HEUR polymers

adding surfactant decreases the plateau modulus at high concentrations but at low

concentrations of polymer, exhibit a peak when the concentration of surfactant is

increased. This observations are in agreement with recently reported experiments that

suggest urea can form bivalent hydrogen bonds between oxygen atoms in amide groups

and stabilize the collapsed state of the polymer in water by intra- and intermolecular

cross-linking mechanisms [15]. By adding small amounts of urea, an inter-chain

cross-linking is expected to form, where aggregation becomes more pronounced and

consequently the gelation is shifted to lower concentrations. Further increasing the

concentration of urea enhances the intra-chain cross-linking as well; in this case the

network becomes weaker as a result of looser packing of the hydrophobic cores.

6.3.2 Time-temperature superposition

Dynamic frequency dependent measurements are performed on polymer solutions at

several concentrations with different amounts of added urea. For each concentration

of polymer and urea, the obtained frequency dependent measurements are shifted to

get a master curve. However it is not easily possible to obtain master curves from

frequency dependent measurements at different temperatures in physically cross-linked

networks [20] but it is indeed possible for all the concentrations studied here over the

studied range of temperature which is 15◦C to 35◦C.
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Figure 6.8. (a) Master curves from viscoelastic frequency dependant measurements of
poly(U6U8k) at 3wt% and 0.5M urea (b) Horizontal and vertical(inserted image) shift factors
to obtain the master curve as a function of inverse temperature.
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As mentioned in the previous section, adding 0.5 M urea to polymer at 3 wt% leads

to the formation of a connected network. The master curve obtained for such a network

is shown in Figure 6.8.

At concentrations above the overlap concentration, adding urea decreases the

viscoelastic moduli of the polymer. This decrease is further pronounced as the

concentration of urea increase, but still the shape of frequency dependant measurements

does not change significantly. This makes it possible to perform time-temperature

superpositions and obtain master curves.

These master curves for polymer at 4, 5, 6 and 7 wt% are shown in Figures 6.9-6.12 as

well as the horizontal and vertical shift factors. The horizontal and vertical shift factors

to obtain the mentioned master curves are plotted as a function of inverse temperature.

From the horizontal shift factor plots, the exponential relation between αT and 1/T is

interpreted. This relation can be defined by the Arrhenius equation where the slope of

the curve is proportional to the apparent enthalpy, ∆Happ, of the system. This ∆Happ,

extracted from the Arrhenius equation, as a function of urea concentration is plotted

in Figure 6.13; the data for different concentrations of polymer are shown separately in

different subfigures.
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10
−4

10
−2

10
0

10
2

10
1

10
2

10
3

ω/α
T
 (rad/s)

G
,  , 

G
,,  /β

T
(P

a)

(c) poly(U6U8k) at 4wt% and 1M urea

3.2 3.25 3.3 3.35 3.4 3.45 3.5

x 10
−3

10
0

10
1

10
2

1/T (K
−1

)

α
T

slope = −16370

3.2 3.25 3.3 3.35 3.4 3.45 3.5

x 10
−3

0.7

0.8

0.9

1

1.1

1/T (K
−1

)

β
T

slope = 1519

(d) poly(U6U8k) at 4wt% and 1M urea
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(e) poly(U6U8k) at 4wt% and 3M urea
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Figure 6.9. Master curves from viscoelastic frequency dependent measurements on
poly(U6U8k) at 4wt% and different 0.5M(a), 1M(c) and 3M(e). The vertical and horizontal
shift factors to obtain these master curves for urea concentrations of 0.5, 1, 3 M are also
plotted in (b), (d) and (f), respectively.
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(b) poly(U6U8k) at 5wt% and 0.5M urea
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Figure 6.10. Master curves from viscoelastic frequency dependent measurements on
poly(U6U8k) at 5 wt% and different urea concentrations 0.5 M(a), 1 M(c) and 3 M(e). The
vertical and horizontal shift factors to obtain these master curves for urea concentrations of
0.5, 1, 3 M are also plotted in (b), (d) and (f), respectively.
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(f) poly(U6U8k) at 6wt% and 3M urea

Figure 6.11. Master curves from viscoelastic frequency dependent measurements on
poly(U6U8k) at 6wt% and different urea concentrations 0.5 M(a), 1 M(c) and 3 M(e). The
vertical and horizontal shift factors to obtain these master curves for urea concentrations of
0.5, 1, 3 M are also plotted in (b), (d) and (f), respectively.
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(b) poly(U6U8k) at 7wt% and 0.5M urea
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10
−4

10
−2

10
0

10
2

10
2

10
3

10
4

γ / α
T
 (%)

G
,  , 

G
" 

/ β
T
 (

P
a)

(e) poly(U6U8k) at 7wt% and 3M urea

3.1 3.2 3.3 3.4 3.5

x 10
−3

10
0

10
1

10
2

1/T (K
−1

)

α
T

slope = −11360

3.1 3.2 3.3 3.4 3.5

x 10
−3

0.2

0.4

0.6

0.8

1

1/T (K
−1

)

β
T

(f) poly(U6U8k) at 7wt% and 3M urea

Figure 6.12. Master curves from viscoelastic frequency dependent measurements on
poly(U6U8k) at 7wt% and different urea concentrations 0.5 M(a), 1 M(c) and 3 M(e). The
vertical and horizontal shift factors to obtain these master curves for urea concentrations of
0.5, 1, 3 M are also plotted in (b), (d) and (f), respectively.
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Figure 6.13. (a) Apparent enthalpy of polymer network at 7wt%(�), 6wt%(⋄), 5wt%(•)
and 4wt%(◦), (b) Decrease in the apparent enthalpy of polymer network as a function of
concentration at 3M(⋄), 1M(•) and 40.5M(◦) urea concentration.

In Figure 6.13, it is shown that the apparent enthalpy level is decreasing when the

urea concentration is increasing except for the polymer at 4 wt% concentration. The

energy level at this concentration, which is around the gelation concentration does not

change significantly over the studied range of urea concentration. At 3 wt% which is not

shown in the graph, the apparent enthalpy is 1.661×104 that is comparable to ∆Happ of

polymer at 4 wt% as well. In addition to the change in apparent activation energy as a

function urea concentration, the energy also depends on the polymer concentration, as

described previously in Chapter 5. As is shown in Figure 6.13, the apparent activation

energy decreases by increasing polymer concentration at a fixed concentration of urea.

6.3.3 Effect of urea on the morphology of the polymer

To study the effects of urea on the morphology of the polymer, we start by studying

the polymer morphology in the absence of added urea at the single chain level. The

structure of single polymer chains at very dilute conditions is conveniently studied by

light scattering. In static light scattering, the detected intensity I(q) as a function of

wave vector can be expressed as

I(q) = Np(∆n2)V P (q)S(q), (6.4)

where P (q) is the form factor and S(q) is the structure factor. In dilute systems

the individual scatters (polymer chains) are far away from each other; I(q) is thus not
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affected by interactions between the individual polymer chains, and S(q) ≈ 1. In this

regime the form factor typically scales as a power-law, P (q) ∼ qn, where the exponent

n is indicative of the morphology of the scattering particles/polymer chains. As is

shown in Figure 6.14, where we plot I(q) versus q, we find n = −2, which is typical for

scattering from spherical objects.
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Figure 6.14. Scattered light intensity versus scattering wave vector for polymer at 0.5wt%
(blue), 0.1wt% (green) and 0.05wt% (red). The slope of I(q) vs. q is -2 which is typical for
spherical objects.

To measure the size of these objects, assuming that they are spheres, dynamic light

scattering experiments are performed which uses the fluctuations of the scattered light to

obtain information on the dynamics of the scatters. To quantify these fluctuations of the

scattered intensity, for each scattering angle,θ, the normalized intensity autocorrelation

function is determined as

g2(t) =
< I(0)I(t) >

< I2(0) >
, (6.5)

where < ... > indicates the time average.

The normalized field autocorrelation function g1(t), which can be directly related to

the dynamics of scatterers, is obtained from g2(t) by using the Siegert relation

g1(t) =
√

g2(t)− 1 . (6.6)

For scattering from uniformly sized scatterers undergoing simple diffusion, the field

autocorrelation function has a single exponential form g1(t) = e−Γt where the decay
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rate, Γ is proportional to the diffusion coefficient D of the scatterers,

Γ = q2D . (6.7)

Using the Stokes-Einstein equation the hydrodynamic radius Rh of the scatterers,

corresponding to the radius of ideal spheres that exhibit the same diffusion coefficient,

can then be calculated from the diffusion coefficient of the scatterers as

Rh = kBT/6πηD, (6.8)

where kB is the Boltzmann constant, T is the temperature, and η is the viscosity of the

background liquid.

In Figure 6.15 the hydrodynamic radius of our flower-like aggregates is plotted

as a function of concentration; we find a systematic increase of the hydrodynamic

radius with increasing polymer concentration. At the lowest concentrations the radius

is equivalent to that expected for a single polymer chain, while at a concentration

of 0.1 wt%, the radius is almost doubled and subsequently tripled at 0.5 wt%; we

hypothesized that 2 and 3 chains, respectively, are incorporated into a single spherical

micelle at these concentrations. To investigate the effects of urea on the structure

at the single molecule level, the hydrodynamic radius is also measured in 0.5 M urea

solutions. We observe that the addition of urea leads to an increase of the hydrodynamic

radius of the single-molecule aggregates at all measured polymer concentrations. At

0.1 wt% polymer concentration the hydrodynamic radius is roughly doubled in the

presence of urea, suggesting that more than 2 polymer chains are incorporated into

a single micellar structure or it could indicate that the polymer is more swollen, due

to the higher solubility of PEG in water, in the presence of urea. This suggests that

adding urea enhances the formation of bigger aggregates and this is consistent with

our findings regarding the effects of urea on the mechanical properties of the polymer

gels at concentrations below the gelation concentration, where the formation of larger

aggregates should promote gel formation. The change in the size of aggregates in dilute

solutions also supports the idea of inter-chain cross-linking promoted by urea [15] in our

systems.
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Figure 6.15. Hydrodynamic radius of spheres at different concentration in water (•) and in
a 0.5 M urea solution(◦).

To study the morphology of the system at higher concentrations, we perform small

angle X-ray scattering on our hydrogel material at different concentrations. In Figure

6.16, the scattered X-ray intensity is plotted as a function of q. As is shown in this

figure, however, at low polymer concentration (1wt%) the initial slope is not detectable

but with increasing the polymer concentration, we observe an initial slope of ≈ 1,

which is a signature for the presence of elongated, one dimentional structures. By

further increasing the concentration, however, it is no longer possible to clearly access

the initial slope , as a structure factor peak starts to appear near the lower range of

accessible q-values. This peak becomes very pronounced at higher concentrations. In

T-dependent measurements, we observe a decrease of the peak height with increasing

temperature. As is shown in Figure 6.16, the peak occurs at q∗ = 0.332nm−1 for 10

wt% polymer concentration at 15 and 30◦ C and for 6 wt% polymer concentration at

15◦ C. The value that we observe for q∗ corresponds to a length scale of 18.92 nm.
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Figure 6.16. SAXS experiments on Poly(U6U8k) at 1wt%(◦), 3wt%(�), 6wt% and 15◦C(⋄),
6wt% and 30◦C(+), 10wt% and 15◦C(×), 10wt% and 30◦C(△). The lowest curve shows the
original data and the other curves are shifted vertically by a shift factors, 10, 102, 103, 104

and 105, respectively, for clarity.

To study the effect of urea on the morphology of the hydrogels, we also perform SAXS

experiments on our system in urea solutions at different concentrations. However, as is

shown in Figure 6.17, we observe only modest changes in the measured scattering curves

as a function of urea; thus, the addition of urea does not appear to significantly affect

the morphology of our hydrogels. We observe clear changes regarding the structure

factor peak: (1) the structure factor peak disappears at 6wt %, and (2) the position

of the peak for polymer at 10wt % concentration slightly shifts to higher values of

q ≈ 0.378nm−1 which corresponds to a smaller length scale, 16.622 nm.



Chapter 6 109

10
−2

10
−1

10
0

10
−5

10
0

10
5

q (A−1)

I (
au

)

Figure 6.17. SAXS experiments on Poly(U6U8k) at 1wt %(×) in 0.5 M urea, 3 wt%(◦) in
0.5 M urea, 3 wt%(�) in 1 M urea, 6 wt%(⋄) in 1 M urea and 10 wt%(+) in 1 M urea. The
lowest curve shows the original data and the other curves are shifted vertically by shift factors,
10, 102, 103 and 104, respectively, for clarity

For block copolymer micelles similar to the system studied here, several form factor

models have been developed; we here use a model for diblock copolymer micelles with

a cylindrical core [21, 22]. The model nicely fits our data at all temperatures and

concentrations, using the following constant input parameters, which are used for all

data fitting reported here:

• Vc: volume of a single block unit of the chains in the core calculated as

Vc =
Mpolym,c

Naρpolym,c

≃ 870Å−3, (6.9)

where Mpolym,c is the molecular weight of hydrophobic block, Na is the Avogadro’s

constant and ρpolym˙c is the bulk mass density of core units.

• Xsolvc: amount of solvent in the core ≃ 0.

• Vsh: volume of a single block unit in the corona calculated as

Vsh =
Mpolym,coro

Naρpolym,coro

≃ 11810Å−3, (6.10)
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whereMpolym,coro is the molecular weight of hydrophilic block, Na is the Avogadro’s

constant and ρpolym˙c is the bulk mass density of units in corona.

• η|textpoly,c: Scattering length density of block units in the core [23] ≃ 9.7×10−6Å−2.

• ηpoly,sh: Scattering length density of block units in the corona [24, 25] ≃ 10.37 ×
10−6Å−2.

• ηsolv: Scattering length density of the solvent [24,25] ≃ 9.7× 10−6Å−2.

• d: corona penetration into the core, for the case of no penetration d = 1.

All the parameters mentioned above are either calculated by given formulas or

extracted from the derived structure of our material. The parameters Xsolvc is assumed

to be zero, as we suppose that the hydrophobic aggregated core does not include any

water and also we assume that the hydrophilic PEG chains do not penetrate into the

core of micelles (d = 1).

Using the above parameters as input to the model, the other model parameters are

obtained as output of the fitting procedure, using SASFIT software [26]. The parameters

derived from fitting our data to this structure model are shown in Table 6.1.

Table 6.1. Parameters extracted by fitting our SAXS data to a stucture model for cylindrical
copolymer micelles [21, 22]. Nagg is the number of hydrophobic units in the core, Rg is the
radius of gyration of hydrophilic chain, H is the height of the cylindrical core, RHS is the
hydrodynamic radius of hard spheres form factor and fp id the volume fraction of the assumed
hard spheres for the form factor.

c (wt%) curea (M) Nagg Rg(nm) H(nm) RHS(nm) fp
1 0 106.7 2.75 40.48 - -
1 0.5 91.91 2.78 41.60 - -
3 0 577.82 2.92 98.91 6.92 0.19
3 0.5 536.56 2.91 145.94 7.12 0.13
3 1 410 2.80 191.24 8.16 0.10
6 at 15 0 708.39 2.55 132.86 8.19 0.27
6 at 30 0 644.34 2.40 92.72 7.16 0.18
6 1 566.38 2.73 192.54 7.78 0.16
10 at 15 0 821.54 2.26 152.48 8.32 0.34
10 at 30 0 746.78 2.38 119.80 7.88 0.30
10 1 1275.09 2.15 363.92 8.46 0.42

One main parameter extracted from SAXS data is the ‘aggregation number’ Nagg,

which is the number of associating groups in the core of the micelles. This number is

plotted in Figure 6.18 for different polymer concentration in water and in urea solutions.

In both solvents Nagg increases with increasing polymer concentration.
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Figure 6.18. Aggregation number at different concentrations in water (•) and 1M urea
solution (�)

We also observe an increase in the length of the cylinders with increasing polymer

concentration (Figure 6.19). Remarkably, we also observe a significant increase in the

length of the cylinders in the presence of urea compared to the systems in pure water.

This may be caused by hydrogen bond formation between bisurea groups and urea

molecules. This hydrogen bond is interpreted in a previous study as a bivalent bond [15]

between two neighbor bisurea group which may lead to an intervention between two

adjacent bisurea groups.
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Figure 6.19. The length of cylindrical core of micelles extracted from our SAXS data at
different polymer concentrations in water (•) and in 1M urea solution (�)

Based on Nagg and the height of cylinders, one can estimate the radius of the cylinders

as

rc =

√
NaggVc

Hπ
(6.11)
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Figure 6.20. Height of cylindrical micelles as a function of Nagg for poly(U6U8k) at different
concentrations and temperatures.

The corresponding calculated radius is shown in Figure 6.21. The radius of the

cylindrical core stays constant over the studied range of concentrations; however; with

increasing concentration, our SAXS analysis indicates that the core becomes slightly

bigger; this trend is consistent with the fact that both hydrogen bonds and hydrophobic

interactions become weaker at raised temperatures, which could lead to a less dense

packing within the core structure. In the presence of urea, however, the radius of the

core is slightly smaller, which could be due to the replacement of some bisurea groups

within the core with smaller urea molecules.
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Figure 6.21. Radius of cylindrical cores at 15oC (blue circle) and 30oC (blue square) in
water and in the presence of 1M urea concentration(red circle).

6.3.4 Effect of urea on the nonlinear behavior of the polymer

Large amplitude oscillatory shear (LAOS) experiments are performed to explore the

effect of urea on the nonlinear properties of the polymeric network. The experiments

are performed on polymer at concentration above the gelation concentration as is shown

in Figure 6.22. The linear elastic modulus as is expected from the frequency dependent

measurements, decreases by increasing the concentration of urea. In the nonlinear

regime, we observe an increase in the yield strain of the polymer by increasing the urea

concentration followed by a slight strain stiffening.
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Figure 6.22. Elastic modulus from strain dependent measurements of polymer at 7wt%
concentration in water (•), 1M urea(♢), 2M urea (�), 3M urea (⋆). open symbols correspond
to viscose modulus, G”.

As is discussed in the previous Chapters 2 and 5, evaluating nonlinear LAOS

measurements is meaningful while looking at the complete stress response of the polymer

network. This can be done by studying stress-strain curves, as a measure of the nonlinear

viscoelastic response of the polymer. One possibility for interpreting such nonlinear

measurements is to consider the so-called ’large modulus’ of the polymer, which is

essentially the maximum stress response of the polymer in the stress-strain curve. This

parameter is calculated for the polymer at 7wt% concentration and plotted in Figure

6.23 as a function of urea concentration.
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Figure 6.23. Effect of urea on the large modulus of the polymer at 7 wt%.

At small applied strains, we observe a decrease of the linear modulus with increasing

urea concentrations. However, in the large strain regime, we observe the opposite:

the modulus at a large amount of applied strain (γ ∼ 300%) is larger for the sample

containing a higher concentration of urea. For polymers with high concentrations of

urea ( 2.5 and 3 M), we even observe a slight increase in the modulus at larger amounts

of applied strain (strain stiffening). The reason for this behavior is not fully understood

but one possible explanation for this behavior could be as follows:

Addition of urea to the polymeric hydrogel, may lead to the replacement of the

strong hydrogen bonds between the hydrophobic blocks with the weaker hydrogen bonds

between hydrophobic blocks and urea molecules. These weaker bonds would result in

weaker aggregates and consequently the formation of a weaker network. In this network,

the aggregates serve as temporary cross-linking points, and, as the linear modulus is

dependent on these cross-linking points, the linear elastic modulus of the network would

also decrease in the presence of urea. With further increasing the concentration of urea,

more hydrogen bonds between two adjacent bisurea units are replaced by bisurea-urea

bonds and the modulus decreases in the linear regime. In the large strain regime,

the network with stronger aggregates behaves more brittle in response to the applied

shear and consequently the yield strain decreases to lower strain values. The origin of

the slight amount of stiffening observed for samples containing a high concentration of

urea, could be similar to the effect reported in Chapter 5 for the nonlinear behavior of

poly(U4U8k).
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6.4 Conclusions

In this chapter the effect of urea on the morphology as well as the linear and

nonlinear mechanical properties of poly(U6U8k) is studied. Due to strong associating

forces in the system, the morphology tends to be more cylindrical than that observed

in the poly(U4U8k) system, where a predominantly spherical structure was observed.

Consistent with this, the linear viscoelastic properties of the network are reminiscent

of those observed in semi-flexible polymer networks. However, our results indicate

that within the studied range of concentrations, the length of the cylinders still remain

relatively short. This could be one reason why in nonlinear mechanical measurements

we do not observe the pronounced strain-stiffening that is expected for semi-flexible

networks.

We have shown that urea has a paradoxical effect on the linear mechanical properties

of networks at concentrations below and above the physical gelation concentration.

It can be hypothesized that urea is capable of forming bivalent hydrogen bond with

bisurea groups in the polymer rather than single bonds, which essentially blocks the

hydrogen bonding site in the hydrophobic group. This leads to a facilitated gelation

of the copolymer at concentrations below the physical gelation concentration and

consequently the gelation concentration would decrease. At concentrations above the

physical gelation of the network, the replacement of strong hydrogen bonds between

bisurea groups with weaker bisurea-urea links, reduces the rigidity of the core at higher

concentrations and consequently decreases the linear viscoelastic moduli of the formed

hydrogel.

Our light scattering measurements of the polymer at low concentrations indicate that

the presence of urea causes larger micellar aggregates; this suggests the incorporation

of more than one polymer chain into the aggregates in the presence of urea. At high

concentrations of polymer, using SAXS measurements and fitting data to a structure

model for diblock copolymers with a cylindrical core, we observe that by adding urea to

the background liquid, the aggregation number increases, while the thickness of micellar

aggregates decreases. The latter could account for the possible replacement of bisurea

groups with small urea molecules.

Finally, our nonlinear mechanical measurements indicate that while the linear moduli

of the network decrease with increasing urea concentration, its nonlinear properties

exhibit the opposite trend. We observe an increase in both yield strain and the nonlinear

moduli of the network with increasing urea concentration.
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Chapter seven

Conclusions and Outlook

Amphiphilic block copolymers, when dissolved in water, can self-assemble into

hydrogels with a range of different morphologies. In these materials, the non-

permanent, physical nature of the bonds between the associating groups results in a

rich phase behavior, with an associated wide range of possible morphologies, leading

to versatile material properties. This variety in properties, which is also highly

tunable by parameters such as polymer concentration, temperature, properties of the

associating groups, or the properties of the solvent, have resulted in a wide range of

applications in biology and technology. The physical bonds present in these materials

are reminiscent of those encountered in a range of biological materials, which can result

in similar, biomimetic properties of these synthetic materials. In biological materials,

the self-assembly steered by non-covalent interactions can lead to complex macroscopic

mechanical properties such as significant strain stiffening, which are precisely attributed

to their function in a living organism. The relation between molecular structure

and interactions, the microstructure that develops as a result, and the associated

macroscopic properties is however still not fully understood either in biological or

synthetic systems. To better understand structure-property relations, the availability of

synthetic model systems with readily tunable molecular design, is a key advantage. By

enabling a systematic variation of the molecular structure and interactions, such model

systems enable us to study the physical mechanisms that govern the self-assembly and

macroscopic properties of physical hydrogels, thereby shedding light on the behavior of

both synthetic and biological systems.
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7.1 Summary and Conclusions

In general, amphiphilic block copolymers are composed of hydrophilic and

hydrophobic segments that can associate into different macromolecular structures.

Under dilute conditions, these polymers typically form spherical, flower-like micelles

while with increasing concentration they can associate into other morphologies such

as worm-like structures. The linear viscoelastic moduli of these systems exhibit a

significant jump at the physical gelation point, where an inter-connected network is

formed. Such a network displays unique properties in the nonlinear regime as well.

In large amplitude oscillatory shear (LAOS) measurements, a weak strain stiffening

behavior is observed at intermediate strains, followed by strong strain softening at

higher strains [1].

To study the behavior of these materials, in the first part of this thesis (Chapters

2 and 3), we have developed new experimental methods that allow us to gain new

information on their mechanics, dynamics and structure. In the second part of the

thesis (Chapters 4 to 6), we systematically study the influence of molecular design

and interactions on the self-assembly and macroscopic properties of bis-urea based

supramolecular hydrogels, using both previously established and newly developed

experimental techniques and theoretical models. We examine the effect of different

associating groups and solvent properties on the morphology and mechanical properties

of the formed networks. Finally, we formulate a simple physical picture to link the

microstructure of the system to the macroscopic mechanical properties.

In Chapter 2 we have introduced a new approach to obtain the correct nonlinear stress

response of soft materials in large-amplitude oscillatory shear (LAOS) experiments using

the apparent stress response obtained in a parallel plates geometry. We demonstrate

the application of our method experimentally on a highly nonlinear biological material

and theoretically on the Giesekus viscoelastic fluid model and compare the results with

a previously established method. By this comparison, we demonstrate that not only

can our method accurately calculate the true stress response of the material in the

nonlinear regime but it also, compared to previous methods, reduces the amount of

noise in the acquired data. Our method is based on performing a correction accounting

for the nonlinearity of the response on a Fourier series representation of the response,

rather than on the raw response data itself. The approach is applicable to a wide range

of soft materials, in particular those that can only be formed or cut into a flat film,

but cannot be formed into the more complicated shapes required by a cone-plate or a

Couette geometry.

In Chapter 3 we present a new method that enables the use of a standard

goniometer setup, typically used for conventional dynamic light scattering experiments,

for diffusing-wave spectroscopy (DWS) measurements. Our method employs simulations
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of photons passing through a cylindrical cell to obtain their path length distribution

as a function of the transport mean free path of photons in the sample, the radius

of the sample cell, and the detection angle. Using this path length distribution, we

connect the field correlation function, measured in the highly multiple scattering regime,

to the dynamics of scatterers in the material, quantified as a time-dependent mean-

square displacement. This information is subsequently used for obtaining viscoelastic

properties of our hydrogel samples, using the microrheology approach [2].

In Chapter 4 the synthesis methods for different types of a new bisurea-based block

copolymer system with different interacting groups and linker lengths are explained.

The general structural and viscoelastic properties of these polymers are studied

experimentally and compared to each other. It is shown that these polymers are

biocompatible and have the ability to degrade gradually in an aqueous environment.

Their mechanical characterization also reveals a shear thinning behavior as well as self-

healing ability. These properties make the synthesized polymer a good candidate for

biological applications. Further it is shown that the mechanical properties are indeed

tunable by altering the length of the hydrophilic linkers, the energy of the associating

groups, or the molecular weight of the polymer chains.

In Chapter 5 we study the structural and mechanical properties of our new

multiblock copolymer and attempt to rationalize the relationship between the structure

and interactions at the molecular level and the resulting macroscopic mechanical

properties. To analyze the viscoelastic response of our material we use the model for

multiblock associating polymers developed by Semenov [3] which predicts the formation

of spherical, flower-like micelles in our studied range of concentrations. To further

rationalize structure formation in our systems, we also develop a simple model that

predicts the micellar morphology by balancing the entropy cost of confining linker

chains to the micelle corona with the enthalpy gained by binder association. Using

our model we find that the most favorable morphology at small associating energy

is spherical, while with increasing association energy a transition to cylinders occurs.

SAXS measurements indeed confirm the presence of spherical flower-like micelles, a

model for spherical block copolymer micelles developed by Pederson [4] fits our SAXS

data over the studied range of concentration and provides detailed structural properties.

We also study the nonlinear behavior of our systems at different concentrations

and temperatures. We observe a slight strain stiffening in our system, which is most

pronounced at concentrations around the physical gelation concentration and decreases

by further increasing the concentration. Raising the temperature also enhances the

amount of strain stiffening. We hypothesize that the observed strain stiffening is not

due to the number of bridges between micelles in the static state but is a result of the

formation of new bridges under the influence of an applied shear. This hypothesis is

explored by performing time-temperature superposition measurements on our system,

where we find that the apparent activation energy is highest at concentrations around
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the physical gelation point, decreasing as the concentration is further increased. One

possible way to interpret this apparent activation energy is to relate it to the number of

broken/formed hydrogen bonds, assuming that the bonding energy and heat capacity

is constant over the studied range of concentration. If we use this latter interpretation,

then we find that larger numbers of hydrogen bonds are broken/formed at concentrations

around the gelation concentration. This physical picture would also imply an increased

possibility for loop to bridge transition of linker chains under the influence of an

applied shear, where the micelles are expected to become stretched and aligned in

the shear direction. This could account for the observed strain stiffening behavior

observed in large amplitude oscillatory shear measurements. Such an interpretation is

consistent with a model for the nonlinear behavior of associating polymers developed

by Marrucci [5].

In Chapter 6 we have studied a type of multiblock copolymer with a stronger

associating energy and we examined the effect of urea on its structure and mechanical

properties. Using our simple theoretical model, we predict that having stronger

associating forces would lead to the formation of elongated aggregates. The nonlinear

behavior is very different from that expected for semi-flexible systems [6]. This

discrepancy could be due to the formation of short cylinders rather than long, semi-

flexible chains as indicated by SAXS measurements. To interpret the data obtained

from SAXS measurements we employ the model that predicts the scattering from diblock

copolymers with cylindrical cores [7]. We also study the effect of urea, a known hydrogen

bond breaker, on the mechanical properties and structure of our system. We find that

urea enhances the gelation and increases the linear modulus of the polymer solution at

concentrations below the gelation concentration, while it decreases the linear modulus

at concentrations above the physical gelation point. We also find by light scattering

measurements in the dilute regime and SAXS in the semi-dilute/concentrated regime,

that the addition of urea to the background liquid results in the formation of larger

aggregates. Based on previous studies and hypothesized mechanisms of the interactions

of urea with water and with macromolecules containing hydrogen bonds in water, we

can conclude that there are two possible effects that could account for the observed

behavior: First, the effect of urea on water structure that leads to the increased solvation

of hydrophilic chain. Second, the bivalent hydrogen bonding of urea with bisurea unit

in polymer chain which results in the replacement of strong bisurea-bisurea interactions

with weaker bisurea-urea interactions. We also study the nonlinear properties of our

system in the presence of urea and find that adding urea to the background liquid leads

to a shift of the yield strain to higher strain values and also to a slight increase in the

magnitude of nonlinear moduli at large strains.
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7.2 Outlook

Systems containing amphiphilic molecules are promising as versatile materials

where well-defined structural order can be induced with nanometer precision. While

we understand the essence of structure formation induced by the self-assembly of

amphiphilic groups, a precise control of the material’s macroscopic properties still

requires a better understanding of the relation between morphological changes and

macroscopic properties of the material. While there have been numerous studies on

amphiphilic block copolymers over the last decades, the relation between the formed

structure and the observed properties is still not fully understood.

In Chapter 5 we attempt to establish structure-property relationships in the linear

and nonlinear regime for our studied block copolymer. We have developed a simple

model to rationalize the morphological changes in the studied system; our model predicts

the morphological changes in the network as a function of the interaction energy between

the associating groups by accounting for the number of aggregating block per micellar

core; a transition from spherical to rod-like micelles is observed as the interaction energy

increases. It would be useful to extend this model to include the effect of polymer

concentration on the morphology of the network, which is important in the concentrated

regime, as it reduces the entropy cost for chains to be incorporated into an existing

micelle. In doing so, one should also consider entanglements between hydrophilic chains

of adjacent micelles.

In our nonlinear rheological measurements at polymer concentrations around and

above the gelation point, we observe a strain stiffening behavior that is dependent on

both polymer concentration and temperature. We hypothesize that the responsible

mechanism is similar to that believed responsible for shear-induced gelation, where a

shear-induced alignment of spherical micelles facilitates the formation of bridges between

neighboring micelles. This hypothesis is in agreement with models for the nonlinear

behavior of associating polymers [5] but further experimental evidence is necessary to

fully confirm the suggested physical mechanism. A potentially valuable complementary

study would be to perform small angle scattering on the samples while applying shear,

thereby studying the nature of any possible morphological changes. This could provide

useful information about the structural properties of the network as a function of the

applied shear rate.

In Chapter 6, we study the effect of urea on the structure and the mechanical

properties of our systems. Our data suggest that the changes in the materials properties

are due to the solvent quality and association energy. These two parameters can also

be included in the proposed model in Chapter 4; by changing the Flory exponent in

our model we can include the effect of solvent quality; the associating energy is also

adjustable. In light of previous studies [8,9], we hypothesize that a possible mechanism



126 Chapter 7

of urea interactions with the polymer is the formation of bivalent hydrogen bonds

between urea molecules and bisurea groups in the polymer chain. It would be very

interesting to experimentally test for the presence of such bonds by using methods such

as Fourier transform infrared (FTIR) spectroscopy.
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Appendices

A. Experimental

Materials: Solvents used in synthesis were reagent grade. CH2Cl2, CHCl3,

Et3N and Pyridine were distilled from CaH2. All PEO derivatives were dried

in vacuum over P2O5 during at least 12h. The reagents 11-aminoundecanoic

acid, 1,4-diisocyanatobutane, 1,6-diisocyanatohexane, N-Boc-1,3-propanediamine were

purchased from Aldrich, Fluka, or Acros and were used without additional purification.

Di-tert-butyl tricarbonate was prepared according to literature procedures [1].

General Methods: All reactions were performed under a nitrogen atmosphere in

a glove box (MBraun LabMaster 130, MBraun, Garching, Germany) to achieve high

molecular weight segmented block-copolymer. NMR spectra were acquired on a 400

MHz Varian Mercury Vx (400 MHz for 1H-NMR, 100 MHz for 13C-NMR). Proton

and carbon chemical shifts are reported in ppm downfield of tetramethylsilane using

the resonance of the deuterated solvent as internal standard.Splitting patterns are

designated as singlet (s), doublet (d), triplet (t), multiplet (m) and broad (b). Infrared

spectra were measured on a Perkin Elmer 1600FT-IR.

GPC and MALDI-TOF analysis: GPC in dimethyl formamide (DMF) was performed

on a PL-GPC 50 Plus of Polymer Laboratories with integrated refractive index detector,

using a Polymer Standards Service Gram Linear M 8 × 300 mm, 10µm particles

column, and DMF with 10 mM LiBr as eluent at a flow rate of 1 mL/min (27◦C).

Polyethylene glycol standards were used for calibration at 50◦C. Matrix assisted laser

desorption ionization time-of-flight mass spectroscopy (MALDI-TOF) was performed

on a Perseptive DE PRO Voyager MALDI-TOF mass spectrometer using α-cyano-4-

hydroxycinnamic acid as the calibration matrix.
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DSC analysis: Differential Scanning Calorimetry measurements were performed on

a Thermal Advantage Q2000 apparatus between -80 and 250◦C at a rate of 10◦C/min

with a sample weight of 5-10 mg. Integration of the melting endotherm was performed

with the TA Instruments Universal Analysis software.

Rheology: Mechanical properties of these hydrogels were tested by using rheology.

Dynamic viscoelastic measurements were determined using a stress-controlled rheometer

(Anton Paar, Physicia MCR501) equipped with a sand-blasted plate-plate geometry to

prevent slippage. Measurement temperature was fixed at 15◦C and mineral oil was used

to prevent evaporation.

Small-Angle X-Ray Scattering (SAXS): The Small-Angle X-Ray Scattering (SAXS)

measurements were performed at the Dutch-Belgian BM26B beamline at the ESRF in

Grenoble (France). A sample-to-detector distance of 4.53 m was used together with an

X-ray photon energy of 12 keV. The observed q range was 0.04nm−1 ≤ q ≤ 2.07nm−1,

where q is the magnitude of the scattering vector q = (4π/λ)sinθ , and where λ is the

X-ray wavelength and θ is half of the scattering angle. SAXS images were recorded

using a 2D Pilatus 1M detector with 748× 748; pixel dimension and with 260µm2 pixel

size. The 2D images were radially averaged in order to obtain the intensity I(q) vs

q profiles. The beam centre and the q range calibrations were achieved by using the

position of the diffraction peaks of a silver behenate. The liquid samples were contained

in 2 mm borosilicate capillaries. Standard data reduction procedures, i.e. subtraction

of the empty capillary contribution, correction for the sample absorption, were applied.

Water has been used as secondary standard calibrants in order to perform intensity

calibration on an absolute scale in cm−1. The SAXS intensity I(q) scattered by an

ensemble of monodisperse objects can be written as, I(q) = Np(∆ρ)2V 2P (q)S(q), where

Np is the number density of scattering objects, ∆ρ is the electron densities difference

between the object and the surrounding media (i.e. solvent), V is the abject volume,

P(q) is the object form factor and S(q) is the inter-particle structure factor which takes

into account the correlation between the objects in solutions.

Atomic force micrographs: Atomic force micrographs were recorded under ambient

conditions with silicon cantilever tips (PPP-NCH, 300-330 kHz, 42 N/m from

Nanosensors) using an Asylum Research MFP-3D-Bio in non-contact mode. For the

atomic force microscopy, 2µl of the solution at ambient temperature was drop-cast on

freshly cleaved mica.

Synthesis of PEG-bisurea segmented block copolymer 11-tert-Butoxycarbonylamino-

undecanoic acid

To a stirred solution of 11-aminoundecanoic acid (5 g, 24.8 mmol) in a mixture

THF/H2O (130 mL/130 mL) was added NaOH (2.18 g, 54.5 mmol). After 10 min

di-tert-butyl dicarbonate was added and the reaction mixture let to stir for 20 h. The

solution was reduced in volume, taken up with CHCl3 (150 mL) and washed with 1N
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HCl (3 x 100 mL). The organic layer was then dried over MgSO4, filtered and the filtrate

reduced in volume to obtain a colorless powder that was recrystalized from hexane (7.0

g, 95%); m.p.: 68◦C; 1H NMR (400 MHz, CDCl3) 4.55 (br, 1H, NH), 3.12 (br, 1H,

NH-CH2), 2.37 (t, J= 7.5 Hz, 2H, CH2-CO), 1.66 (m, 2H, CH2- CH2-CO), 1.54-1.41

(m, 11H, C(CH3)3 and CH2), 1.40-1.24 (m, 12H, CH2); 13C NMR (100 MHz, CDCl3)

179.1 (CO-OH), 155.7 (NH-CO-O), 79.1 (C(CH3)3), 40.6, 34.0, 30.0, 29.4, 29.2, 29.1,

29.0, 28.9, 28.4 (C(CH3)3), 26.7, 24.7.

Bis(N-(tert-butyloxycarbonyl)-11-aminoundecanoyl)-poly(ethyleneglycol (8k)): In a

250 ml two-neck round-bottom flask 2.26 g (7.49 mmol) of N-(tert-butyloxycarbonyl)-

11-aminoundecanoic acid, 1.44 g (7.49 mmol) of N-(3-dimethylaminopropyl)-N-

ethylcarbodiimide hydrochloride and 0.92 g (7.48 mmol) of dimethylaminopyridine were

stirred in 100 ml of dry dichloromethane under argon for 20 min. To the resulting

solution was added 15 g (1.87 mmol) of poly(ethylene glycol) (Mn ca. 800) and the

reaction mixture was stirred for 3 days. The solution was washed with 10% citric acid

and precipitated by addition of diethyl ether, filtered off and dried.

1H NMR (400 MHz, CDCl3): σ = 4.22 (t, 4H, CH2OCO), 3.8-3.3 (m, OCH2), 3.08

(br, 4H, CH2N), 2.31 (t, 4H, CH2CO), 1.60 (m, 4H, CH2CH2CO), 1.43 and 1.26 (s,

46H, C(CH3)3 and CH2). MALDI-TOF [M+Na+] = 9642.83 n*44. GPC (CHCl3; PS

standards): Mn = 10100 g/mol, PDI = 1.28.

Bis(N-(tert-butyloxycarbonyl)-11-aminoundecanoyl)-poly(ethyleneglycol(20k)):

Bis(N-(tert-butyloxycarbonyl)-11-aminoundecanoyl)-poly(ethyleneglycol(20k)) was

synthesized according to the above mentioned procedure of 8k material.

1H NMR (400 MHz, CDCl3): σ = 4.21 (bs, 4H, CH2OCO), 3.8-3.3 (m, OCH2), 3.10

(br, 4H, CH2N), 2.31 (t, 4H, CH2CO), 1.61 (m, 4H, CH2CH2CO), 1.43 and 1.26 (s,

46H, C(CH3)3 and CH2).

Bis(11-amonium chloride undecanoyl)-poly(ethylene glycol(8k)):

To 30 ml of a 4 M HCl solution in dioxane was added to the solution of 10 g (1.1 mmol)

of bis(N-(tert-butyloxycarbonyl)-11-aminoundecanoyl)-poly(ethyleneglycol) in 30 ml of

dioxane and stirred at 0◦C for 1 h and subsequently at room temperature for 12 h. The

solvent was evaporated to yield 9.0 g (100%) of the product as its hydrochloric salt.

1H-NMR (400 MHz, CDCl3, T=295K): σ = 7.78 (bs, 6H, NH3), 4.22 (bs, 4H,

CH2OCO), 3.90-3.20 (m, OCH2), 2.89 (bs, 4H, CH2N), 2.32 (t, 4H, CH2CO), 1.75-1.48

(m, 8H, CH2CH2N and CH2CH2CO), 1.28 (bs, 28H, CH2). MALDI-TOF [M+Na+] =

9350.27 n*44.

Bis(11-amonium chloride undecanoyl)-poly(ethylene glycol(20k)):

Bis(11-amonium chloride undecanoyl)-poly(ethylene glycol(20k)) was synthesized

according to the above mentioned procedure of 8k material. 1H-NMR (400 MHz, CDCl3,
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T=295K): σ = 7.76 (bs, 6H, NH3), 4.24 (bs, 4H, CH2OCO), 3.90-3.20 (m, OCH2), 2.92

(bs, 4H, CH2N), 2.34 (t, 4H, CH2CO), 1.75-1.55 (bs, H2O+CH2CH2N +CH2CH2CO),

1.28 (bs, 26H, CH2).

Poly(8kU4U): To a solution of 100.0 mg (0.58 mmol) of 1,4-diisocyanatohexane in 1

ml of dichloromethane, solution of bis(11-aminoundecanoyl)-poly(ethylene glycol) (5.0

g, 0.55 mmol) and triethylamine (0.1 ml, 0.96 mmol) in 2 ml dichloromethane was added

and stirred for 3 days. The solution was concentrated and precipitated by addition of

diethyl ether, filtered off and dried. Yield: 4.1 g (80%).

1H-NMR (400 MHz, CDCl3, T=295K): σ = 5.01 and 4.80 (bs, 2H, NH), 4.23 (bt,

4H, CH2OCO), 3.90-3.10 (m, OCH2), 3.15 (bm, 8H, CH2N), 2.32 (t, 2H, CH2CO),

1.65-1.40 (m, 12H, CH2CH2N and CH2CH2CO), 1.27 (bs, 24H, CH2). 13C NMR (100

MHz, CDCl3): σ = 173.7, 158.7, 71.6, 70.5, 69.4, 69.1, 63.3, 40.4, 39.7, 34.1, 30.3,

29.4, 29.2, 29.1, 29.0, 27.5, 26.8, 24.8. FT-IR (ATR mode, cm-1): =2880, 2742, 1733,

1620, 1573, 1466, 1352, 1342, 1279, 1241, 1145, 1100, 1060, 962, 841. GPC (DMF; PS

standards): Mn = 84000 g/mol, PDI = 1.90.

Poly(8kU6U): To a solution of 60.0 mg (0.35 mmol) of 1,6-diisocyanatohexane in 1 ml

of dichloromethane, solution of bis(11-aminoundecanoyl)-poly(ethylene glycol) (3.0 g,

0.33 mmol) and triethylamine (0.1 ml, 0.96 mmol) in 2 ml dichloromethane was added

and stirred for 3 days. The solution was concentrated and precipitated by addition of

diethyl ether, filtered off and dried. Yield: 2.8 g (85%).

1H-NMR (400 MHz, CDCl3, T=295K): σ = 4.76 (bd, 2H, NH), 4.22 (bt, 4H,

CH2OCO), 3.90-3.33 (m, OCH2), 3.14 (bm, 8H, CH2N), 2.32 (t, 2H, CH2CO), 1.65-

1.48 (m, 14H, CH2CH2N and CH2CH2CO), 1.27 (bs, 35H, CH2). 13C NMR (100

MHz, CDCl3): σ = 173.7, 158.7, 71.6, 70.5, 69.4, 69.1, 67.2, 63.3, 40.3, 39.3, 34.1, 30.3,

29.8, 29.4, 29.2, 29.1, 29.0, 26.8, 24.8. FT-IR (ATR mode, cm-1): =3386, 2877, 1734,

1644, 1567, 1466, 1359, 1342, 1280, 1241, 1145, 1097, 1060, 961, 841. GPC (DMF; PS

standards): Mn = 48000 g/mol, PDI = 1.83.

Poly(20kU4U): To a solution of 30.0 mg (0.17 mmol) of 1,4-diisocyanatohexane in 1

ml of dichloromethane, solution of bis(11-aminoundecanoyl)-poly(ethylene glycol) (3.0

g, 0.15 mmol) and triethylamine (0.1 ml, 0.96 mmol) in 2 ml dichloromethane was added

and stirred for 3 days. The solution was concentrated and precipitated by addition of

diethyl ether, filtered off and dried. Yield: 2.8 g (85%).

1H-NMR (400 MHz, CDCl3, T=295K): σ = 4.19 (bt, 4H, CH2OCO), 4.04-3.24 (m,

OCH2), 3.15 (bm, 8H, CH2N), 2.29 (b, H2O+CH2CO), 1.65-1.35 (m, 11H, CH2CH2N

and CH2CH2CO), 1.27 (bs, 19H, CH2). FT-IR (ATR mode, cm-1): σ =2882, 1723,

1619, 1574, 1466, 1359, 1342, 1279, 1241, 1147, 1102, 1060, 962, 842. GPC (DMF; PS

standards): Mn = 59000 g/mol, PDI = 1.46.

Poly(20kU6U): To a solution of 40.0 mg (0.23 mmol) of 1,6-diisocyanatohexane in 1
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ml of dichloromethane, solution of bis(11-aminoundecanoyl)-poly(ethylene glycol) (4.0

g, 0.20 mmol) and triethylamine (0.1 ml, 0.96 mmol) in 2 ml dichloromethane was added

and stirred for 3 days. The solution was concentrated and precipitated by addition of

diethyl ether, filtered off and dried. Yield: 3.0 g (75%).

1H-NMR (400 MHz, CDCl3, T=295K): σ = 4.22 (bt, CH2OCO), 3.98-3.20 (m,

OCH2), 3.12 (bm, CH2N), 2.32 (t, CH2CO), 1.70-1.05 (m, CH2CH2N and CH2CH2CO,

CH2).

FT-IR (ATR mode, cm−1): =2879, 1650, 1549, 1466, 1359, 1342, 1279, 1241, 1146,

1099, 1060, 961, 841. GPC (DMF; PS standards): Mn = 45000 g/mol, PDI = 2.05.
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Samenvatting

Amfifiele koppelende polymeren bestaan uit hydrofobische blokken en hydrofiele

delen. Dit soort polymeren kunnen gels vormen die samengehouden worden door

reversibele, supramoleculaire interacties die leiden tot een rijk fasegedrag en zeer

regelbare materiaaleigenschappen. Als gevolg van de fysieke interacties en het varit

aan reologische eigenschappen van deze polymeren worden ze gebruik, in verschillende

gebieden, waaronder biomedische toepassingen, als reologische modificeerders en ook in

toepassingen die te maken hebben met hydrogels, zoals in de olie-industrie, cosmetische

industrie, landbouw- en de voedselindustrie. Ondanks het hoog gebruik van deze

polymeren zijn de zelfassemblage en de mechanische eigenschappen van dit soort

materialen tot nu toe slecht begrepen. Het doel van dit proefschrift is om het gedrag van

dit soort materialen te bestuderen via het experimenteel analyseren van de structuur,

dynamica en de reologie.

Het eerste deel van dit proefschrift behandelt de ontwikkeling van nieuwe

experimentele technieken voor het bestuderen van amfifiele koppelende polymeren. Om

dergelijke metingen te verrichten van de niet-lineaire mechanische eigenschappen is een

nieuwe methode voor het analyseren van de oscillerende reologiedata ontwikkeld. Voor

het analyseren van reologische data verkregen in een parallelle plaat geometrie, wat

vaak noodzakelijk is voor solide-achtige hydrogele materialen, is een nieuwe methode

ontwikkeld die, ondanks de inhomogene rek aanwezig in de parallelle platen geometrie,

het toch mogelijk maakt om de echte spanning van het materiaal te extraheren. Dit

maakt het mogelijk om het niet-lineaire gedrag van het materiaal te bestuderen op

macroschaal. Daarnaast, om de visco-elastische eigenschappen op microscopische schaal

te bestuderen, is er een nieuwe methode ontwikkeld voor het doen van Diffuserende

Golf Spectrografie (DWS in het Engels) gebruikmakend van een conventionele licht

verstrooiing opstelling. Gecombineerd met technieken uit de microreologie, het

volgen van dynamische tracers ingebed in het materiaal, wordt waardevolle informatie

verkregen over de lineaire visco-elastische reactie van de materialen, inclusief het hoge

frequentie gebied tot en met ω = 105 rad/s.
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In het tweede deel van dit proefschrift wordt er voornamelijk gefocust op een specifiek

supramoleculair hydrogel materiaal: een multi-blok koppelend polymeer dat bestaat uit

hydrofobische bis-ureum blokken en hydrofiele polyethyleen glycol (PEG) segmenten.

Wanneer dit polymeer blootgesteld wordt aan water, leidt het koppelen van de bis-ureum

blokken via waterstofbruggen, tot hydrofobe interacties en het zwellen van de PEG

segmenten tot een zelfassemblage van het polymeer in verschillende structuren. Twee

verschillende types van dit soort polymeer met zwakke en sterke koppelende groepen zijn

vervolgens onderzocht. In het polymeer met de zwakke interactieve groepen wordt het

gedrag van het materiaal goed beschreven door de bestaande theorie voor bloemachtige

micellen. Door het verder bestuderen van de morfologie van het netwerk op verschillende

concentraties en temperaturen, blijkt inderdaad dat de polymeren daadwerkelijk

een bloemachtige structuur vormen waarin de hydrofobische blokken naar de kern

verplaatsen terwijl de hydrofiele segmenten de buitenkant vormen. Deze bloemen

kunnen bruggen vormen tussen aangrenzende bloemen en als een gevolg vertonen ze

sterkere visco-elastische eigenschappen. Tevens wordt een simpel model gentroduceerd,

die de fysieke oorzaak van de elastische reactie van het materiaal rationaliseert en tevens

illustreert het de invloed van de hoeveelheid gekoppelde blokken en de interactie-energie

tussen de hydrofobische segmenten op de morfologie van het netwerk. Gebruikmakend

van dit model en bestaande theorien, worden de resultaten verkregen via lineaire

en niet-lineaire reologie metingen gerationaliseerd en mogelijke verklaringen voor de

fysieke bron van de geobserveerde rekverstijving gegeven. Verder zijn de lineaire en

niet-lineaire eigenschappen van de polymeren onderzocht met verhoogde koppelende

interactie energie. De kleine hoek rntgenverstrooiing (SAXS in het Engels) experimenten

laat zien dat het polymeer in dit geval korte cilinders vormt met een lengte die

varieerbaar is met de polymeerconcentratie. Terwijl deze verandering in de morfologie

geen opvallend effect vertoont op de lineaire visco-elastische eigenschappen, lijkt het een

zeer grote impact te hebben op de niet-lineaire eigenschappen van de gel. Het gedrag

van deze systemen is verder onderzocht door het modificeren van de bindingsterkte

van de hydrofobische blokken, door het toevoegen van ureum aan de continue fase,

gebruikmakend van de bekende waterstofbrugbrekende eigenschappen van ureum. Er

zou worden verwacht dat bij zwakkere fysieke interacties, het visco-elastische gedrag ook

onderdrukt zouden worden. Echter, er wordt een verrassend duaal effect geobserveerd

in het lage en hoge polymeerconcentratiegebied. Ureum versterkt de netwerkformatie

op lage concentraties, terwijl het gevormde netwerk op hogere concentraties verzwakt

wordt. Dit complexe gedrag wordt verklaard doordat ureum niet alleen effect heeft op

de hydrofobische blokken, maar ook op de hydrofiele segmenten van het polymeer.

De ontwikkelde analyse methodes kunnen toepasbaar in de vele applicaties die te

maken hebben met de materialen met overeenkomstige fysieke eigenschappen. Tevens

wordt er verwacht dat het bestudeerde materiaal en de opgedane kennis over de

oorzaak van de visco-elastische eigenschappen kunnen dienen als een nuttig model voor
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het ontwikkelen en bestuderen van andere relevante materialen, zowel synthetisch als

biologisch.
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