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Chapter 1

Introduction

Polymers are large molecules with hundreds to thousands of repeating monomeric units
linked by covalent bonds [1]. From 19th century, people started to use natural polymers
and developed the semi-synthetic materials based on natural polymers. In 1907, the first
synthetic polymer was invented by Leo Baekeland, known as the Bakelite, a thermosetting
phenol-formaldehyde resin.

The nature of polymers was not clearly understood until a long time after polymers were
used as materials. From 19th century, the polymers were taken as colloids aggregated from
small molecules through intermolecular forces. In 1920, Hermann Staudinger proposed [2]
that rubber and other polymers such as starch, cellulose and proteins are long chains with re-
peating monomeric units linked by covalent bonds. It was a completely different understand-
ing of polymers compared to the prevailing idea during that time which stated that polymers
were just a kind of aggregated colloids. The idea of taking polymers as long chains was grad-
ually accepted in the 1920s. We take polyisobutylene (PIB) as an example. The monomeric

Figure 1.1: Polyisobutylene: the monomeric unit, and the chain configuration.

unit and the chain configuration is shown in Figure 1.1.
The acceptance of the concept of polymers laid the cornerstone for the polymer science

and great progress was achieved in the following decades. Polymers have many advantages
compared to the traditional materials, such as high strength with very low density, corrosion
resistance, thermal insulation and so on. Many polymers with excellent performances for
different purposes were developed and a large amount of synthetic polymers were consumed
every year, which also influenced the whole society and everyday life of human being.

Later on, as the demands of materials with better performance increased, polymer blend-
ing was found to be a very useful tool to get new materials [3]. By blending two different
polymers, the new materials can have the advantageous properties of both components. But
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1. Introduction

gradually the disadvantages were also noticed. Because many polymer blends are liable to
have macrophase separation due to the miscibility of the different components, the polymer
blends show low stabilities and thus the application of blending is limited.

Another method to develop new polymers is to use copolymerization of different monomeric
units to creat copolymers. Block copolymers, as the most extensively studied and widely
used copolymers, are polymers with two or more blocks connected by covalent bonds.
Because of the covalent connection of different blocks, macrophase separation between

Figure 1.2: Molecular structure of the Poly(styrene-butadiene-styrene) block copolymer and
schematic figure of the physical crosslinked SBR network.

different blocks is hindered. Instead, microphase separation could happen and it leads to
different structural formation at nano-scale [4].

Block copolymers have many interesting properties. For example, the triblock copolymer
Poly(styrene-butadiene-styrene) (SBS) can be used as the thermoplastic elastomer, as shown
in Figure 1.2. Because of the microphase separation between the polystyrene (PS) block and
the polybutadiene (PB) block, the glassy PS block segregates into cluster and acts as immo-
bile crosslink points while the flexible PB block acts as the matrix and behaves like elastic
chains. At room temperature, the sample behaves like a chemical cross-linked rubber, while
the sample flows at high temperatures with heating and can be reprocessed. For comparison,
due to the chemical cross-linked nature of the traditional rubber, the recycle (reprocessing)
is not possible unless the polymer is degraded.

1.1 Supramolecular polymers
Supramolecules (supramolecular assemblies) are molecular assemblies different from tra-
ditional molecules [5, 6]. Traditional molecules are formed through strong bonding like
covalent bonding, while weak reversible interactions, like hydrogen bonds, are more impor-
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1.1. Supramolecular polymers

Figure 1.3: Nonmencletures in supramolecular polymers and corresponding schemes.

tant in the supramolecule area. With the reversible dynamic bonding, the molecules can be
assembled into different supramolecular structures (assemblies).

In 1990th, the idea to combine the supramolecules and polymers was realized by Lehn
[7]. Large molecules are formed by connecting the monomeric units one by one through
dynamic bonding. Such large molecules are called supramolecular polymers.

Supramolecular polymers are large molecules in which reversible dynamic bonding, like
multiple hydrogen bonding [8–10], metal-ligand bonding [11,12], plays an important role in
structure formation and mechanical properties.

The monomeric units of supramolecular polymers are composed of dynamic bonding
groups and spacers. The spacers of monomeric units can either be small monomeric units
like traditional monomers or "medium-sized chain" (with molecular weight from several
hundred Dalton [13] to several ten thousand Dalton [14]) "monomeric" units. Figure 1.3
shows an scheme of supramolecular polymers based on the second case. The supramolec-
ular "monomeric" units with medium-sized chains can be taken as telechelic polymers with
supramolecular groups or polymers with supramolecular bonds. The dynamic bonding can
be hydrogen bonds [8–10], ionic bonds [15, 16], metal-ligand bonds [11, 12] and so on.

With the development of supramolecular chemistry, the supramolecular polymer systems
contain not only linear supramolecular polymers and supramolecular polymer networks but
also supramolecular polymer assemblies with high degree of internal order [17], such as
nanofibers, nanoribbons and nanotubes.

Due to the inclusion of dynamic bonding groups into polymeric system, the dynamics
of hydrogen bonding is also involved in the supramolecular polymers. They can be tuned
easily by temperature changes. One potential application of supramolecular polymers is to
get the easy processing polymer. At lower temperature, the supramolecular polymers act as
the real polymers. While at higher temperature, the supramolecular polymers disassociate
into small monomeric units. The viscosity can be strongly decreased due to the absence
of entanglements and reduction of the molecular weight. Recently Leibler [18] reported an
example of an easy processing material based on supramolecular polymers.
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1. Introduction

Another potential application of supramolecular polymers is self-healing materials [19–
22] or stimuli-response materials [23]. After the materials are broken, the dynamic bonds
can recombine and it leads to automatic healing. Since the dynamic bonding can be sensitive
to different kinds of stimuli [23], e.g. temperature, light, sonication, electrical potential, the
supramolecular polymer materials can be used in many different areas.

Due to the attractive potential applications, supramolecular polymers were studied exten-
sively in the past decades. Understanding of supramolecular polymers in dilute solution is
relatively clear. While supramolecular polymers in the bulk state are not studied extensively
and quantitative studies are rare, e.g., the correlation between structure and mechanical prop-
erties. Since the supramolecular polymers are mostly applied in the bulk state, the studies of
supramolecular polymers in the bulk state are important and highly needed.

In the following part, the reported studies on supramolecular polymers in the solution
and in the bulk state will be reviewed.

1.1.1 Supramolecular polymers in dilute solution
It was reported by many groups [24–28] that supramolecular polymers were formed through
dynamic bonding connection of "monomeric" units. In the supramolecular polymers, the
most important thing is the dynamic bonding.

The parameter to describe the dynamic bonding is the association constant (Ka). Assum-
ing A and B are the hydrogen bonding units, they can form hydrogen bonding state A⋯B.
Then in the equilibrium state, the association constant can be represented with the following
equation.

A+B⇌ A⋯B

Ka =
[A⋯B]
[A] ⋅ [B]

(1.1)

where [A⋯B], [A], [B] represent the concentration of A⋯B, A and B species respectively.
From thermodynamic point of view, the association constant of hydrogen bonding is

related to the free energy of the hydrogen bonding process △Ga, as shown in the following
equation:

Ka = exp(−△Ga

RT
) (1.2)

In supramolecular polymer solution, the bifunctional supramolecular polymeric units can
form long dynamic chains by head-tail linkage, just like the polymerization process. One
simple model used to describe the relation between the degree of "polymerization" (DP) and
the association constant (Ka) is the isodesmic model. The model assumes that the associa-
tion constant is independent on the chain length. The relation between DP and Ka can be
represented by the following equation [10, 25].

DP = 1+
√

1+4KaC0

2
≈
√

KC0 (1.3)

where C0 is the concentration of supramolecular polymer with a unit of mol/L.
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1.1.1. Supramolecular polymers in dilute solution

If the supramolecular monomer has a short spacer, like the normal polymeric repeating
unit and the concentration of the supramolecular polymer solution is 0.1 M−1 (M=mol/L),
then we need the association constant larger than 105 M−1 to get a DP larger than 100. If the
supramolecular monomer has a long spacer, e.g. an oligomer with molecular weight of 104

g/mol, then a smaller Ka (103 M−1) could lead to a supramolecular polymer with molecular
weight of 105 g/mol.

To have high polymerization degree, hydrogen bonding pairs with higher association
constant need to be developed, i.e. multiple hydrogen bonding. The following Figure 1.4
shows some multiple hydrogen bonding pairs and the corresponding Ka.

Ka=103 M‐1 Ka=3×104 M‐1 Ka=6×107 M‐1

A

D

D

A

A

D
D

D

D

A

A

A

DA

Hydrogen bond Attractive secondary interaction Repulsive secondary interaction

(a)

(b)

A: acceptor; D: donor.

Figure 1.4: (a) Three multiple hydrogen bonding pairs, their association constants and (b)
the corresponding hydrogen bonding interactions and the secondary interactions in solution.

Figure 1.4 shows three widely used multiple hydrogen bonding pairs. The triazine/thymine
groups were first developed during 1980th and such hydrogen bonding pair has an associ-
ation constant of 103 M−1. The barbituric acid/ hamilton wedge hydrogen bonding groups
were developed by Hamilton et al. The hydrogen bonding has a higher association constant
of around 3× 104 M−1. The self-complementary quadruple hydrogen bonding units urei-
dopyrimidinone (Upy) was first synthesized by Meijer ’s group [25]. The hydrogen bonding
groups have a association constant of around 6×107 M−1 in chloroform solution. The UPy
groups are widely used as the strong associative hydrogen bonding groups in the recent
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1. Introduction

decades.
There are many factors that influence the association constants of the hydrogen bonding

pairs, e.g. the number of hydrogen bonds formed per hydrogen bond array, and secondary
electrostatic interactions, the polarity of solvent, and the substituent group on the hydrogen
bonding groups.

The association constant of hydrogen bonding can be increased by increasing of the
number of hydrogen bonds formed per hydrogen bonding pair. This is easy to understand and
that’s why many different kinds of multiple hydrogen bonding pairs have been synthesized
in the past years [9, 10].

But higher number of hydrogen bonds may not lead to higher association constant, for
example, the Hamilton wedge/barbituric acid forms a larger number of hydrogen bonds than
the ureidopyrimidione while the association constant is less. This is because the secondary
interaction also plays an important role. Sartorius and Schneider [29] found a simple relation
between the free energy and the multiple hydrogen bonding complexes in chloroform. Each
hydrogen bond contributes around 7.9 kJ/mol energy to the free energy and each secondary
interaction energy contribute approx. ± 2.9 kJ/mol to the free energy. The lower part of
Figure 1.4 is the schematic picture of hydrogen bonding interactions. Although the number
of hydrogen bonding formed by Hamilton/Barbituric acid is larger than that of UPy, the
association constant of Hamilton/Barbituric acid is even less because there is a larger amount
of repulsive secondary interactions.

Since the hydrogen bonding unit is also electrostatic dipolar component, the polarity
of solvent also influences the hydrogen bonding interaction. In a solvent with lower po-
larity, the hydrogen bonding has a higher association constant. For example, an AAAA-
DDDD quadruple hydrogen-bonding array [30] has an association constant of 3×1012 M−1

in CH2Cl2, and 1.5 × 106 M−1 in CH3CN, and 3.4×105 M−1 in 10% v/v DMSO/CHCl3.
Besides the linear chain formation, there could also be the side reaction like the cyclic

ring formation [26] . Meijer reported that below a concentration, the formation of cyclic
rings is dominant because of the very dilute solution and the high association constant of the
hydrogen bonding groups.

1.1.2 Supramolecular assemblies in the bulk state

In the bulk state, because of the high concentration of functional groups the situation of the
hydrogen bonding functional polymers is more complicated. Besides the hydrogen bonding
interaction, one important driving force that influences the structural formation of hydrogen
bonding functional polymers in the bulk state is the phase separation between the spacers
and the hydrogen bonding groups. This makes the hydrogen bonding functional polymers
analogous to the block copolymers and supramolecular aggregates might form instead of
linear dynamic supramolecular polymer chains [31]. Different kinds of aggregates can be
formed, e.g. the spherical aggregates [32, 33], crystalline structure [13, 34], fibrous structure
[35, 36].

It was reported by Hayes [33] that although hydrogen bonding groups of the hydrogen
bonding functional polymers segregate in the bulk state, the association constants of hydro-
gen bonding groups measured in solution are still valid to influence the structural forma-
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1.1.2. Supramolecular assemblies in the bulk state

tion and rheological properties of supramolecular polymers in the bulk state. They took
use of a series of polyurethanes functionalized with different hydrogen bonding groups,
all of which had association constants lower than 50 M−1, and they found the hydrogen
bonding groups aggregated and supramolecular elastomers formed instead of linear dynamic
chains. From SAXS data, the aggregates of hydrogen bonding groups becomes larger and
the demixing/phase separation between hydrogen bonding groups and polyurethane become
stronger with increasing association constant. From rheological measurements, the temper-
ature for flow became also higher with increasing association constant. This means that al-
though microphase separated structure (supramolecular elastomers) instead of linear chains
is formed, both the morphology and rheological properties of the hydrogen bonding func-
tional polyurethane in the bulk state correlated with the binding constants of the hydrogen
bonding end groups measured in the dilute solution.

Figure 1.5: SAXS pattern and rheological curves for a series of hydrogen bonded
supramolecular polyurethane elastomers with different functional groups [33].

For the case shown above, the correlation works well because they all form the same kind
of aggregates. However, if the hydrogen bonding functional polymers form different kinds
of aggregates, the correlation between structure/rheological properties and association con-
stants can be lost. Leibler [37] studied the thymine/triazine functionalized supramolecular
poly(propylene oxide) monomeric units in the bulk state and found that the polymers func-
tionalized with strongly complementary hydrogen bonding groups shows liquid behaviour
while the polymers functionalized with weakly complementary hydrogen bonding groups is
a solid. By SAXS measurements they found that the supramolecular polymer with weakly
complementary hydrogen bonding groups shows ordered lamellar structure and the stickers
crystallize while the strong complementary hydrogen bonding groups inhibit the crystalliza-
tion of the stickers in the polymers functionalized with stronger complementary stickers.

Because of the strong self-complementary interaction of ureidopyrimidinon (UPy) groups,
Meijer and other groups made extensive studies on the polymers functionalized with urei-
dopyrimidinone (UPy) hydrogen bonding groups. In most cases, no aggregates was observed
in the UPy-functionalized polymers (PCL [35], PEB [36], PEP) except the supramolecular
PDMS. In the UPy functionalized PDMS samples, nano-fibers were observed from AFM
images. It was explained by the reason that the demixing between the UPy groups and the
PDMS was too strong that the lateral π-π stacking makes the fiber aggregation possible. But
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1. Introduction

Figure 1.6: Molecular structure of UPy-urea functionalized supramolecular polymer and the
steps of construction of nanofibers by hydrogen bonding and stacking [36].

when an urea group was embedded between the UPy group and the spacer (the polymer
main chain or oligomer) [36], the nanofibers were observed for all the samples from AFM
measurements, as shown in Figure 1.6. The mechanical properties were also found to be
strongly enhanced. The nanofibers had a diameter of several nanometers and a length size
of micrometer. It was proposed that the lateral hydrogen bonding between the urea groups
induced stacking of the UPy-urea moieties and thus the formation of nanofibers. Further
analysis with DSC and AFM suggested that the nanofibers were crystalline.

With the review of the past studies on hydrogen bonding functionalized polymers in the
bulk state, we can see that in the bulk state they form various aggregates at the nanoscale
instead of supramolecular polymer chains which are normally formed in dilute solution.

1.2 Supramolecular block polymers
Supramolecular block copolymers are block copolymers two or more blocks of which are
linked by dynamic bonding instead of covalent bonding. To have the supramolecular block
copolymer, two different polymers functionalized with complementary hydrogen bonding
groups are mixed. To have a very stable supramolecular block copolymer, the dynamic bond
should be strong enough to suppress the tendency of macrophase separation.

Binder [38] et.al reported that they synthesized two supramolecular PEK-PIB block
copolymers with two kinds of hydrogen bonding linkers, as shown in Figure 1.7. With
the weak hydrogen bonding linker, this supramolecular polymer survive up to 145 ○C and
above this temperature the supramolecular block copolymer macrophase separates and the
structure is not reversible any more after cooling. With the strong hydrogen bonding linker,
the supramolecular PEK-PIB block copolymer could survive up to 230 ○C because of the
stabler hydrogen bonding.

Another example of supramolecular block copolymer was observed by Meijer’s group
[39] recently. They synthesized the poly(dimethylsiloxane) functionalized with the urei-
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Figure 1.7: Supramolecular PEK-PIB block copolymer with two kinds of hydrogen bond-
ing linkers: the thymine/triazine (Ka=800 M−1) and the hamilton wedge/barbituric acid
(Ka=3×104 M−1) [38].

doguanosine and the poly(DL-lactide) functionalized with 1,7-diamidonaphthyridines and
and mix them in a 1:1 stoichiometry. The supramolecular PDMS-PLA block copolymer
linked with ureidoguanosine/2,7-diamido-1,8-naphthyridine (UG/Napy) hydrogen bonding
was then obtained. With SAXS and the TEM measurements, the ordered lamellae structure
was confirmed. This means that the UG/Napy hydrogen bonding is very strong that they
have a strong binding energy compared with the demixing tendency for microphase separa-
tion between PDMS and PLA.

Figure 1.8: Left: Supramolecular PDMS-PLA block copolymer with ureidoguanosine/1,7-
diamidonaphthyridines (UG/Napy)(Ka = 107 M−1; Middle: SAXS data of the supramolecu-
lar block copolymer shows several ordered peaks, corresponding to the lamellae structure;
Right: the TEM image of supramolecular block copolymer shows ordered lamellae struc-
ture) [39].

Although a few cases of supramolecular block copolymer were reported already, detailed
studies of supramolecular block copolymers are still rare. In one chapter of the thesis, we will
focus on the studies of supramolecular block copolymers based on SAXS and rheological
measurements.
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1.3 Self-healing materials
As we discussed above, supramolecular polymers have many interesting potential applica-
tions. One important application is self-healing materials. Self-healing materials are func-
tional materials that are able to heal after crack or broken. Such self-healing concept exists
in the human body proverbially [40].

Self-healing concept was introduced to the material science more than 10 years ago by
including the healing agents into the materials as microcapsules [40]. When the material
got crack or damaged under external force, the monomers flow outside of the microcapsules
and polymerize in the crack surfaces with the help of catalyst. Such self-healing method
with microcapsules was also put into application, e.g. in the polymer coatings, and also bulk
polymers.

Figure 1.9: Self-healing rubber is based on several components of small molecules. With the
chemical reaction and hydrogen bonding interaction, a dynamic network is obtained. The
self-healing properties was proved with a test measurement [19].

Later, the supramolecular dynamic bonding was introduced into the self-healing mate-
rials to replace the effect of healing agent. For example, Leibler’s system with small units
composed of hydrogen bonding groups [19], Rowan’s system with metal-organic bonds [20],
and Binder’s sample with hydrogen bonding [22]. Figure 1.9 shows the self-healing rubber
system by Leibler’s group. They took use of some fatty acids and diethylene diamine func-
tionalized with urea to make an thermoplastic elastomer which shows prominent self-healing
ability.

Compared to the self-healing materials with microcapsules, the self-healing materials
with dynamic bonding have the advantage of repeated usage. Although many new self-
healing materials based on supramolecular polymer networks are synthesized and reported,
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the self-healing mechanism of the self-healing supramolecular polymer networks is not very
clear till now.

1.4 Purpose and construction of the thesis

Purpose of the thesis

In this thesis, our work is mainly to take use of several supramolecular polymer systems to
study the physical properties of hydrogen bonding functional polymers in the bulk state and
also to study the supramolecular block copolymers in the bulk state and then finally the study
of self-healing supramolecular polymer networks.

We have shown before that there are already some studies of hydrogen bonding func-
tional polymers in the bulk state and they formed different kinds of aggregates. However, the
detailed studies on correlation between structure and rheological properties and quantitative
studies are still rare, which will be one of the aims of our studies of the first system in this
thesis. The second aim is based on a question: now that hydrogen bonding functional poly-
mers formed different kinds of aggregates in the bulk state, what is the role of the multiple
hydrogen bonding? Is there any other factor that can influence the structural formation of
hydrogen bonding functional polymers?

In the first system, the hydrogen bonding functional PIB contain PIB chains (around 3.5
kg/mol) as the spacers and thymine/triazine multiple hydrogen bonding groups as the stick-
ers. With SAXS and rheological analysis, we (semi-)quantitatively studied the structural
formation and rheological properties of different supramolecular PIB samples. The correla-
tion between structural formation and rheological properties were also done.

Although there were already several cases which reported the successful synthesis of
supramolecular block copolymers and the formation of the ordered structures, the detailed
studies of temperature dependent SAXS analysis and rheological properties of supramolec-
ular block copolymers are still in lack, which will be one aim of the studies of the second
system. The second aim is to understand at which point the supramolecular block copolymer
shows the "dynamic" behavior that covalently bonded block copolymer should not have due
to the nature of the covalent bonding. In the second system, we took use of a supramolec-
ular block copolymer Polyisobutylene-Poly(n-butyl acrylate)(PIB-PnBA) which is linked
through hamilton wedge/barbituric acid (HW/BA) multiple hydrogen bonding. We stud-
ied the temperature dependent structural evolution and rheological properties by SAXS and
rheology and try to understand the similar and different behaviors compared to the reported
experimental results of covalently bonded block copolymers in the literature.

As we have shown before, self-healing materials were synthesized abundantly, while
the mechanism of self-healing is not well understood. In the third system, we took use of a
series of telechelic PIB samples functionalized with barbituric acid groups which shows self-
healing properties. The aim of studies of the third system is to study the structural formation,
linear, nonlinear rheological properties and self-healing kinetics of supramolecular polymer
network.

11



1. Introduction

Construction of the thesis

The structure of the thesis will be as following. In the second chapter, firstly we will give
some basic knowledge about block copolymers. Small angle x-ray scattering and rheology
are two main experimental methods used in our study, so the basics theory about SAXS and
rheology will also be addressed.

In the third chapter, three experimental methods will be described, including the x-ray
scattering instrument, the rheometer and Fourier transform infrared spectrometer (FTIR) and
corresponding experimental methods.

In the forth chapter, we will show our studies on several supramolecular PIB samples
based on SAXS and rheological analysis. Because of the nonpolar PIB chains and polar hy-
drogen bonding groups, the demixing between PIB and hydrogen bonding groups happened,
leading to the spherical micelles structure. The spherical micelles were further analysed
based on colloidal suspension, and the SAXS analysis and rheological analysis results are
consistent with each other.

In the fifth chapter, we will show our studies on a supramolecular block copolymer
(PnBA-PIB) with SAXS and rheology. SAXS curve with higher ordered peaks shows that
the lamellar structure was formed in the supramolecular PnBA-PIB block copolymers. To-
gether with rheology, some differences were found between the real block copolymer and
supramolecular block copolymer.

In the sixth chapter, we will show our studies on some supramolecular PIB samples with
self-healing properties. Interconnected micellar network was formed in the sample. With
nonlinear rheology, the network failure happened at higher shear strain and strain rate. The
self-healing kinetics based on rheology was measured by modulus recovery.

In the seventh chapter, a summary is given to summarize our research results.

12



Chapter 2

Basic concepts

In this chapter, some basic concepts will be reviewed, aiming to give some knowledge about
block copolymers, basics of small angle x-ray scattering (SAXS), linear rheology and non-
linear rheology.

2.1 Block copolymers

Block copolymers are formed through connection of two or more different polymeric blocks.
One important feature of block copolymers is that they can show microphase separated struc-
ture at length scale of nanometers due to the demixing tendency between different blocks.

2.1.1 Basics of thermodynamics

From the thermodynamic point of view, the free energy difference ∆Gm between the ordered
state and disordered state can be calculated by [41]

∆Gm =Gd −Go = ∆Hm−T ∆Sm (2.1)

Go and Gd are the free energies of block copolymers in ordered state and disordered
state. ∆Hm and ∆Sm are the mixing enthalpy and entropy and they are individual functions
of interaction parameters χ and polymerization degree of block copolymers N.

The state of block copolymer (ordered or disordered) depends on the sign of ∆Gm. ∆Gm
equal to 0 corresponds to the order-disorder transition temperature (TODT ). The kind of
ordered structure mainly depends on volume fraction of one component f .

The factor that decide whether the block copolymer forms ordered phase or disordered
phase is the product of the Flory-Huggins segmental interaction parameter χ and the poly-
merization degree N.

χ is the interaction parameter which is used to describe the enthalpy of demixing between
two monomeric units and is defined in the following equation [42]

χ = z
2kT

(2uAB−uAA−uBB) (2.2)

13



2. Basic concepts

z is the number of near interacting units around each monomer unit; uAB, uAA and uBB
represent individually the interaction energy between monomer units A/B, A/A and B/B.
χ with the sign of plus means the repulsive interaction between A and B monomers. χ is
temperature dependent as shown in the following equation χ = a+b/T . (a and b are constants
depending on the chemical structure of the block copolymer).

The phase state of block copolymer can be divided into three regimes related with the
value range of χN: strong segregation limit (χN>100), weak segregation limit (χN ≈ 10) and
the intermediate segregation limit (χN in the range of 10 to 100).

In the strong segregation regime [43], different blocks strongly demix and the block
copolymers form different ordered structure depending on the volume fraction of one block.
In the strong segregation regime, there is a narrow interface between two phases and the
width of the interface is dependent on the χ parameter as αχ−1/2.

In the weak segregation regime, Leibler [44] did very important work. He considered
the monodisperse diblock copolymer with interaction parameter χ, polymerization degree
N, and volume faction of one block f . The description of part of the work will be discussed
later together with small angle x-ray scattering.

Figure 2.1: Phase diagram for a conformationally symmetric AB-type diblock copolymer
predicted from the self-consistent mean-field theory [45,46]. There are several ordered mor-
phologies: lamellar structure (lam); hexagonal cylindrical phase (hex); BCC, bicontinuous
gyroid phase (gyroid); close packing spheres (CPS).

At intermediate segregation limit, Helfand [46] and coworkers developed the mean field
theory for block copolymers. The theory is successful in predicting the more complex phases
which were not predicted by the former theory. The phase diagram of the diblock copolymer
is shown in Figure 2.1 [45,46]. From the phase diagram, the symmetric diblock copolymers
form disordered phase for χN smaller than 10.5 and ordered lamellar phase for χN larger than
10.5. Different ordered phases are formed depending mainly on the volume fraction of one
block f . For χN larger than 100, with increasing volume fraction of one block, BCC ordered

14








2.1.2. Asymmetric Block copolymers

phase, hexagonal cylindrical phase, and lamellar ordered phase forms accordingly. Besides
the three classical ordered phases, there are also two phases in the intermediate segregation
limit: the gyroid phase between the lamellar and hexagonal phases and the CPS phase close
to the order-disorder transition. From the phase diagram, with volume fraction of one block
f and the χN, phase morphology of the block copolymers can be predicted.

2.1.2 Asymmetric Block copolymers

Asymetric block copolymers are a kind of block copolymer where one block is much longer
than the other one. Although Leiber was able to predict the direct transition from disordered
Gaussian chains to body-centered-cubic (bcc) phase, an intermediate state of disordered mi-
celles was not predicted and was observed experimentally [47, 48]. There are also two dif-
ferent views about the equilibrium phases of asymetric block copolymers. Some argue that
there are only two (bcc ordered micelles and a disordered phase) while some others argue
three equilibrium states (bcc ordered micelles, disordered chains, and disordered micellar
fluid). Later Lodge [49] experimentally found that the disordered micelle regime is only a
part of the disordered phase and the transition between the disordered melt to the disordered
micelle is not a true transition.

For the disordered micelle state, Thomas et al [47] took the spherical micelles as hard
spheres and use the Perkus-Yevick hard sphere model to fit the SAXS patterns of disordered
micelles. The fit worked well because of the strong entropic repulsive interactions between
the near micelles from the micellar corona.

2.2 Small angle x-ray scattering

X-ray radiation was first discovered by Röntgen in 1890th, so it is also called Röntgen radia-
tion. It is an electromagnetic radiation with wavelength from 0.01 to 10 nm. Due to its small
wavelength and good penetrating ability, x-ray scattering can be used to study the structure
with length scale from Å to several nm. Laue, Ewald and Bragg were the first pioneers to
use x-ray for the study of crystal structure and this opened the door for the wide application
of x-ray. Later the x-ray scattering was also applied into polymer science by Guinier, Kratky
and Porod et. al. During the last decades, SAXS technique has made a lot of progresses with
the advances of detectors and x-ray sources, especially the rotating anode and synchrotron
radiation. Till now SAXS is still one of the most important methods in the study of polymer
science.

Small angle x-ray scattering is such a technique that when x-ray beam irradiates on the
objects, the scattered x-ray is collected by the detector at the small scattering angle range
and then the scattering data is used to resolve the structural information of the objects at
nano-size scale.

Small angle x-ray scattering (SAXS), as a tool to detect the structural information at
nano-scale, plays a very important role in the block copolymer research area.

If we only consider the coherent scattering, which normally happens at very small scat-
tering angle, then the scattering pattern can be used to detect the structural information of the
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2. Basic concepts

heterogeneous structure. Some basics knowledge of x-ray scattering is needed to understand
and analyse the SAXS data to resolve the structural information.

2.2.1 Scattering vector

Figure 2.2: Schematic picture of x-ray beam scattered by a particle and the definition of
scattering vector.

Imagine an incident x-ray beam with wavelength of λ and wave vector of kkkiii is scattered
by a particle (in Figure 2.2), and the scattered x-ray beam has a wave vector of kkksss. Scattering
vector qqq is defined in the following formula

qqq = kkksss−kkkiii (2.3)

Assume the scattering is elastic, meaning there is no energy loss during the scattering
and the wavelength is unchanged,

∣kkkiii∣ = ∣kkksss∣ =
2π

λ
(2.4)

so the scattering vector ∣qqq∣ can be related to the scattering angle θ

∣qqq∣ = 4π

λ
sinθ (2.5)

2.2.2 Form factor
Since the x-ray wave can be scattered by the electrons, the whole scattering intensity of a
particle can be represented by the squared sum of scattering waves from all the electrons.
The interference pattern depends on the shape (form) of the particle and the arrangement of
the particles. In a dilute system of such particles, the whole scattering intensity is the sum of
intensity from all particles. The scattering pattern from the particle is called form factor.

The scattering amplitude A(qqq) from a single particle can be shown in the following equa-
tion [50]

A(qqq) = ∫
v
ρ(rrr)e−iqqqrrr drrr. (2.6)

where ρ(rrr) is the scattering length density distribution.
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2.2.2. Form factor

The form factor F(qqq) can be calculated by

F(qqq) = ∣A(qqq)∣2 = ∣∫
v
ρ(rrr)e−iqqqrrrdrrr∣

2
(2.7)

For a solid sphere particle with radius of R and uniform density ρ0, the electron density
at different position can be represented in the following

ρ(r) = { ρ0, ∣rrr∣ ≤ R
0, ∣rrr∣ > R

0 5 1 0 1 5 2 0
1 0 - 5

1 0 - 4

1 0 - 3

1 0 - 2

1 0 - 1

1 0 0

 

 

I(q
)/(ρ

0υ)2

q R

Figure 2.3: Scattering intensity of a spherical particle with radius R in dilute solution.

With further calculation,

A(q) = ρ0v
3[sin(qR)−qRcos(qR)]

(qR)3 (2.8)

where v is the volume of the sphere, (4/3)πR3.
Then the form factor can be represented by

F(q) = ρ0
2v2 9[sin(qR)−qRcos(qR)]2

(qR)6 (2.9)

The intensity of a sphere particle solution is plotted in Figure 2.3.
The scattering intensity I(q) in dilute solution has such relation with the form factor F(q)

I(q) = φF(q) (2.10)

Where φ is the volume concentration of the spheres.
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2. Basic concepts

2.2.3 Structure factor

Structure factor of block copolymers in disordered state

The structure factor S(qqq) of the disordered phase was provided by Leibler [44] and is given
by the following equation

1
S(qqq) =

F(x, f )
N

−2χ (2.11)

where N is the degree of polymerization of the block copolymer, χ is Flory-Huggins
interaction parameter, and

F(x, f ) = D(1,x)
D( f ,x)D(1− f ,x)−1/4(D(1,x)−D( f ,x)−D(1− f ,x))2 (2.12)

where D(f, x) is Debye function, defined as:

D( f ,x) = 2
x2 ( f x−1+exp(− f x)) (2.13)

and

x = q2Nb2

6
= q2R2

g (2.14)

where f is the volume fraction of one block, b is the Kuhn length of two blocks, and Rg is
radius of gyration of the random coil.

At q=0, S(q) is 0 because the system is assumed to be incompressible. At large q (qRg»1),
S(q) is independent on χ and decrease with q as 1/q2:

S(q) = 2N
q2Rg

2 f (1− f ) (2.15)

At very small q (qRg«1), S(q) is independent on χ and increases with q as q2.

S(q) ≈ 2N f 2(1− f )2 q2Rg
2

3
(2.16)

With the equation of S(q), it is know that the shape of the curve S(q) v.s. x depends on
χ and the peak position q∗ at intensity maximum is independent on χ but on the volume
fraction of one block f . The dependence of q∗2R2

g and the periodicity D (D=2π/q∗) on
the volume fraction of one block f are plotted in solid line and dashed line respectively in
Figure 2.4. At f around 0.5, q∗2R2

g and D change slowly with f . When the block copolymer
is highly asymmetric, q∗2R2

g and D change rapidly with f . With such a relationship, the
radius of gyration of the block copolymer in the disordered state can be estimated with the
peak position q∗ of the SAXS pattern.
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2.2.3. Structure factor

Figure 2.4: The plot of q∗2R2
g against f just above TODT is shown in solid line. The plot of

the periodicity D (D=2π/q∗) against f just above TODT is plotted in dashed line [44].

Perkus-Yevick hard sphere model

When the particle solution is concentrated and the distance between the particles is compa-
rable to the inverse of scattering vector 1/q, the interference between the near particles also
contributes to the scattering intensity and is called structure factor.

The model used to describe the structure factor of the colloidal sphere suspension is
called Perkus-Yevick model [47]. The structure factor of the hard sphere fluid model S(qRhs)
is shown in the following equation

S(qRhs) = (1+ 24 f G(x)
x

)
−1

(2.17)

where x = 2qR2, and φ is the volume fraction of hard spheres.

G(x) = α

x2 (sinx−xcosx)

+ β

x3 (2xsinx+(2−x2)cosx−2)

+ γ

x5 (−x4 cosx+4[(3x2−6)cosx+(x3−6x)sinx+6])

(2.18)

Here α, β and γ are functions of the volume fraction φ.

α = (1+2φ)2/(1−φ)4, β = −6φ(1+φ/2)2/(1−φ)4, γ = 1/2φ(1+2φ)2/(1−φ)4 (2.19)
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2. Basic concepts
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Figure 2.5: Structure factor of hard sphere system based on Perkus-Yevick model.

An example of the plot with Perkus-Yevick model is shown in Figure 2.5.
The scattering intensity I(q) can be represented by

I(q) = S(q)F(q) (2.20)

2.2.4 Bragg equation
When the x-ray beam is scattered by a periodical structure, as shown in fig 2.6, the diffrac-
tion peak happens at the scattering angle which is dependent on the periodical length d and
wavelength λ.

Figure 2.6: X-ray diffraction from an periodic structure with spacing of d. The corresponding
scattering angle is 2θ

The phase angle difference between two scattered x-ray waves should be 2nπ (n is inte-
ger).

2nπ = 2πs
λ

= 2π×2d sinθ

λ
(2.21)

where s is the path difference between two x-ray waves. Then we can get the Bragg equation
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2.2.5. Miller index

2d sinθ = nλ (2.22)

We combine the equation (2.5) and equation (2.22), then we get the relation between
scattering vector and the periodical space.

d = 2π

q
(2.23)

2.2.5 Miller index

A crystal lattice can be described with three vectors a, b, c as shown in Figure 2.7 and three
angles α (intersection angle between b and c), β (intersection angle between a and c), γ

(intersection angle between a and b). A crystal lattice contains many crystal planes. The
miller index is used to describe the crystal planes of the lattice and is written as (hkl). Taking

Figure 2.7: Crystal lattice of a bcc structure.

the crystal plane (blue) in Figure 2.7 as an example, the Miller index of a crystal plane can
be determined by the following way: Firstly, get the intersection of the plane with a-axis,
b-axis and c-axis. The unit of the intersection is the length of the vectors. So we can get
the intersection of 1, 1 and ∞. Secondly, take the lowest terms of the reciprocals of the
intersections: 1,1 and 0. Then the Miller index of the plan can be represented by (110).

The Miller index (hkl) includes not only one plane but a series of parallel planes and the
near planes have the same distance d.

The plane distance d for Miller index (hkl) in the cubic lattice can be represented by

dhkl =
a√

h2+k2+ l2
(2.24)
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2.2.6 Reciprocal lattice
Reciprocal lattice is an fundamental concept in crystallography. Similar as the crystal lattice,
the reciprocal lattice can be represented by three vectors a*, b*, c*.

a* is perpendicular to the vectors of b and c in the crystal lattice and aa* = 1. b* is
perpendicular to the vectors of a and c in the crystal lattice and bb* = 1. c* is perpendicular
to the vectors of a and b in the crystal lattice and cc* = 1.

As shown in Figure 2.8, a vector of c* in the reciprocal lattice is perpendicular to the
plane of a b.

Figure 2.8: The crystal lattice and the lattice vectors a, b and c and the corresponding vectors
c* in the reciprocal lattice.

The volume of the unit cell in reciprocal lattice can be represented by

V∗ = a∗ ⋅ (b∗×c∗) = 1
a ⋅ (b×c) =

1
V

(2.25)

The vector rrr∗hkl in reciprocal lattice is normal to the plane with Miller index (hkl) of the
crystal lattice.

The vector rrr∗hkl = haaa∗ + kbbb∗ + lccc∗in reciprocal lattice is normal to the plane with miller
index (hkl) of the crystal lattice and ∣rrr∗hkl ∣ = ∣1/dhkl ∣.

2.3 Rheological properties of polymer melt, network and
colloidal suspension

2.3.1 Basic knowledge
Rheology is used to study the deformation and flow behaviors of the viscoelastic materials.
Viscosity and frequency dependent dynamic modulus are two most important parameters to
represent the viscoelastic properties of polymer materials, where viscosity is used to describe
the flow properties and the dynamic modulus indicates the solid properties.
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Dynamic modulus

Figure 2.9: The left part is a schematic picture of the parallel plate for performing the rhe-
ological measurements. The right part is the stress/strain curve plotted against time during
oscillatory measurements. The phase angle difference between stress and strain curve is δ.

In dynamic measurements, the most commonly calculated parameters are G′ and G′′ i.e.
the storage modulus and loss modulus. Dynamic measurements are usually done to measure
these two parameters. Figure 3.2 gives a schematic picture of the parallel plate geometry. A
sinusoidal strain-time curve, as shown in Figure 3.2 is given to the sample with a frequency
of ν or angular frequency of ω. The corresponding strain γ is

γ = γ0 sinωt (2.26)

γ0 is the strain maximum. If the viscoelastic behaviour is linear, then the stress is also
sinusoidal curve.

σ = σ0 sin(ωt +δ) = σ0(sinωt cosδ+cosωt sinδ) (2.27)

The stress curve can be decomposed into two parts with the same frequency: one is in
phase with the strain curve and the other one is 90○ out of phase with the strain curve.

σ = σ
′+σ

′′ = σ
′
0 sinωt +σ

′′
0 cosωt (2.28)

where

tanδ =
σ′′0
σ′0

(2.29)

Then the modulus has also two parts,

G′ =
σ′0
γ0

(2.30)
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G′′ =
σ′′0
γ0

(2.31)

If we compare equation (2.27) and equation (2.28), we will get

σ
′
0 = σ0 cosδ (2.32)

σ
′′
0 = σ0 sinδ (2.33)

then the modulus can be given by:

G′ =
σ′0
γ0

= σ0

γ0
cosδ (2.34)

G′′ =
σ′′0
γ0

= σ0

γ0
sinδ (2.35)

G∗ =G′+ iG′′ = σ0

γ0
(cosδ+ isinδ) (2.36)

Maxwell model

The Maxwell model is a simple and widely used model to describe the viscoelastic properties
of materials. The model includes a purely viscous damper with viscosity of η and a purely
elastic spring with a elastic modulus of E and they are connected in series. The scheme of
Maxwell model is shown in Figure 2.10.

Figure 2.10: The scheme of Maxwell fluid model.

If a constant shear strain γ0 is applied to such a Maxwell material, the applied stress σ

decreases with time. Assume the stress at time 0 is σ0, σ = σ0exp(−tE/η) The characteristic
time to describe the stress relaxation is the the relaxation time τ, which can be represented
by η/E.

The storage and loss modulus curves for such a Maxwell material can be represented by

G′(ω) =Gω
2
τ

2/(1+ω
2
τ

2) (2.37)
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Figure 2.11: The modulus curves of the Maxwell fluid model.

G′′(ω) =Gωτ/(1+ω
2
τ

2) (2.38)

When ωτ ≪ 1, G′(ω) is proportional to ω2 and G′′(ω) is proportional to ω. At the crossover
point of G′ and G′′, the corresponding frequency is equal to 1/τ.

Relaxation spectrum

For the normal polymer melt with broad distribution of molecular weight, single Maxwell
fluid model is not enough to describe the modulus curves. Multi-mode Maxwell model with
a series of Hi and τi (where Hi represents the weight of the corresponding relaxation time τi)
or a continuous function H(τ) [51] is needed. For such a multi-mode Maxwell model, the
relaxation time shows a distribution.

G′(ω) =
n
∑
i=1

Hiω
2
τi

2/(1+ω
2
τi

2) (2.39)

G”(ω) =
n
∑
i=1

Hiωτi/(1+ω
2
τi

2) (2.40)

From the curves of G′(ω) and G′′(ω), the discrete spectrum of Hi(τi) can be calculated.

Master curve construction

To understand the mechanical properties of polymer materials at different time scales, com-
plex modulus with a broad range of frequencies needs to be measured. Due to the limitation
of angular frequency (the speed of the motor) and the time limitation for measurements, nor-
mally the dynamic modulus can only be measured at a limited frequency range from 0.01
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2. Basic concepts

rad/s to 100 rad/s. To get the modulus curve at a broad frequency range (broad time range),
time-temperature superposition principle is a commonly used method.

For the non-crystalline amorphous polymer above glass transition temperature, the mod-
ulus curve measured at lower temperature has the same shape over frequency as that mea-
sured at higher temperature. They are only shifted on the frequency scale. So the modulus
curve at the frequency range that is not able to be measured experimentally can be obtained
by shifting the modulus curve measured at different temperatures.

G⋆(T,ω) =G⋆(T0,aT ω) (2.41)

where aT is the shift factors along the frequency axis.
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Figure 2.12: An example of master curve construction of a crosslinked SBR sample mea-
sured by our own. The red symbols are original values measured at different temperatures
and the blue symbols are the master curve constructed from the original data.

Figure 2.12 shows an example of master curve construction of a crosslinked styrene-
butadiene rubber (SBR). The red symbols at the range of 0.1 rad/s to 100 rad/s are measured
data at different temperatures, and the broad data curve in blue at the frequency range from
10−4 to 1010 rad/s is the master curve.

The relation between shift factors aT and temperature can be described with an empirical
relation Williams-Landel-Ferry Equation (WLF equation) [1]

log(aT ) =
−C1(T −Tr)
C2+(T −Tr)

(2.42)
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2.3.2. Rheological properties of polymer melt

where Tr is a reference temperature and C1, C2 are empirical constants depending on the
polymer material.

Steady shear measurements

Steady shear measurements is a very basic method to measure the viscosity of a liquid sam-
ple. By shearing the liquid sample with a constant shear rate γ̇, the shear stress σ can be
measured. The viscosity is calculated by

η = σ

γ̇
(2.43)

2.3.2 Rheological properties of polymer melt
For a homopolymer melt, the viscosity has such relation with the molecular weight as shown
in Figure 2.13.

Figure 2.13: Viscosity of polymer melt vs. the molecular weight. Two regimes are observed,
with the boundary at M= Mc.

When the molecular weight is below Mc, the viscosity is proportional to the molecular
weight. When the molecular weight is above Mc, the viscosity is proportional to the 3.4th
power of molecular weight. Mc is the critical molecular weight for entanglement, around
twice as much as the entanglement molecular weight Me.

Unentangled polymer melt

The dynamics of unentangled polymer melt can be described by Rouse model [1]. In Rouse
model, the polymer chains are taken as a string of beads connected by springs one by one.
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2. Basic concepts

The friction coefficient of each bead is ζ and the friction of each bead is independent with
each other. So the whole friction of each Rouse chain is the sum of the friction of all the
beads.

ζR =Nζ (2.44)

where N is the number of beads in the Rouse chain.
The diffusion coefficient of the Rouse chain can be obtained with Einstein equation

DR =
kT
ζR

= kT
Nζ

(2.45)

where k is Boltzmann constant and T is absolute temperature.
The characteristic time for a polymer chain to diffuse over the distance of its size is called

Rouse time τR

τR =
R2

6π2DR
= ζ

6π2kT
NR2 (2.46)

where R is the size of the Rouse chain.
Take the Rouse chain also as an ideal Gaussian chain, then

R ≈ bN1/2 (2.47)

where b is the size of a Kuhn segment.

Figure 2.14: Master curve at 10 ○C from oscillatory shear measurements at several tem-
peratures for unentangled polymer PIB melt with molecular weight of 3.4 kg/mol. The
experimental data was measured by our own. The upper curve is G′′ and the lower curve is
G′.

So the Rouse relaxation time is then

τR =
ζb2

6π2kT
N2 = τ0N2 (2.48)
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2.3.2. Rheological properties of polymer melt

where

τ0 =
ζb2

6π2kT
(2.49)

The Rouse relaxation time is proportional to the 2nd power of number of Kuhn segments.
Figure 2.14 shows the modulus master curves of an unentangled polymer melt. At lower

frequency, the sample shows terminal flow behaviour while at higher frequency range, the
Rouse relaxation is involved.

Entangled polymer melt

Figure 2.15 shows the complex modulus master curve of highly entangled 1,4-polybutadiene
(PBD) with a reference temperature of 25 ○C [52]. We can separate the frequency depen-
dence of the rheological properties into three parts.

Figure 2.15: Master curve at 25○C from oscillatory shear measurements at several tempera-
tures for 1,4-polybutadiene sample (Mn= 130000 g/mol) [52].

At very high frequency ω > 1/τ0 (corresponding to low temperature), the polymer is in
glassy state. At such shear frequency, the polymer is frozen, and there is no relaxation
process. τ0 is the relaxation time of Kuhn monomers.

τ0 =
ζb2

6π2kT
(2.50)

where ζ is the friction coefficient, b is the Kuhn length.
When 1/τe <ω < 1/τ0 , the Rouse relaxation of Kuhn units is involved. where τe is called

the Rouse relaxation time of an entanglement strand.

τe = τ0(
Me

M0
)2 (2.51)

where M0 is the molecular weight of Kuhn segment. When ω is smaller than 1/τe, the Rouse
relaxation time of the entangled strand is also involved, the modulus goes into the plateau
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region. The rouse relaxation process of entangled polymer strand is possible while disentan-
glement is not possible. This would lead to the effect that the sample is like a network where
the junction points are very stable and the strand is free to move. In this process, the storage
modulus is nearly flat and can be expressed in the following equation:

Ge =G(τe) =
kT

µ0Ne
= ρkT

Me
(2.52)

where µ0 is the volume of a Kuhn segment.
When ω is lower than 1/τrep ( τrep is the disentanglement time of the whole chain), the

whole chain has enough time to disentangle and the sample can flow.

τrep = 6τ0
N3

Ne
= 6τe(

N
Ne

)3 = 6τR
N
Ne

(2.53)

In the modulus curves, the slope of log G′ and log G′′ v.s. log ω are 2 and 1 individually.
The storage and loss modulus curve can be described with the Maxwell model, which was
described before.

2.3.3 Rheological properties of dynamic network and critical gel
Dynamic network

Figure 2.16: Model network made up of polymer chains with sticky end groups.

Polymers with attractive end blocks (groups) have drawn increasing attention due to the
association of end blocks and formation of dynamic network and thus also the potential appli-
cations. Such polymers can be called associative polymer and they include amphiphilic poly-
mers, asymmetric triblock copolymers and hydrogen bonding group functionalized poly-
mers.

Such dynamic interaction is relatively weak and the activation energy to break such in-
teraction is around 10-50 kT (k is Boltzmann constant) [9]. By tuning the temperature, the
fraction of associated bonds and disassociation can be changed. The lifetime of the dynamic
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2.3.4. Rheological properties of colloidal suspensions

bonding is in the range of around microseconds to thousand-seconds, which is also in the
time range of experimental observation.

At short time scale, there is not enough time for the relaxation of physical cross-link
network and the dynamic network behaves like a rubber, as shown in Figure 2.16.

With increasing time, the relaxation of the end groups is possible when t is equivalent
to τi (the time of a single end group detached from the association state). With time further
increasing, the dynamic network starts to flow when t reaches the longest relaxation time τd .

Critical gel

Figure 2.17: Comparison between the master curves of polybutadiene critical gel (G′ △ G′′

▲) and the uncrosslinked diluted polybutadiene (G′ ○; G′′  ) [53].

When the polymer melt is partially cross-linked with chemical bonding, an intermediate
state between liquid and solid can be observed at some point, and called critical gel.

Figure 2.17 shows the master curve comparison between the critical gel and polymer
melt [53]. For the critical gel, the terminal flow behaviour is not observed while parallel G′

and G′′ curves are the characteristics.
At the gel point,

G′(ω) ∝ω
m (2.54)

G”(ω) ∝ω
n (2.55)

m and n are nearly the same.

2.3.4 Rheological properties of colloidal suspensions

Asymmetric block copolymers could form micellar aggregates which resembles the colloidal
suspension system. The rheological properties of the micellar aggregates can be described
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2. Basic concepts

with the widely studied colloidal suspension system. Colloidal suspensions consist of col-
loidal particles with size of typically smaller than 1µm, suspended in a liquid. Colloidal
suspensions not only have important applications in industrial products such as foods, coat-
ings, paints, papers and so on, but also can be used as model system of effective molecules.

The properties of a colloidal suspension depend strongly on the concentration (volume
fraction) of colloidal spheres [54]. When the concentration is very low, the colloidal suspen-
sion is like a liquid and the viscosity increases with the concentration of colloidal spheres
linearly. When the concentration is higher, the interaction between the spheres starts play a
role and the mobility of the spheres is not as high as in very dilute suspension. At even higher
concentration, the colloidal particles are localized in either equilibrium crystalline state or in
metastable jammed/glassy state.

Figure 2.18: Phase diagram of colloidal suspension. [55]

Pusey and Megen [55] experimentally measured the phase diagram of the colloidal sus-
pension as a function of the concentration of colloidal spheres, as shown in Figure 2.18.
When the volume fraction of colloidal spheres is below 0.494, the system is a fluid. When
the volume fraction of colloidal spheres is above 0.494, the crystal starts to appear and the
content of crystal increases with increasing volume fraction of colloidal spheres. At the vol-
ume fraction of 0.536, all of the colloidal spheres form homogeneous crystals. Above the
volume fraction of 0.59, heterogeneous crystal is observed instead of homogeneous crystal.
At even higher volume fraction of colloidal spheres, the glass is formed.

For low concentration , Einstein gave the relation between the viscosity and volume
fraction φ of colloidal spheres

η = η0[1+2.5φ] (2.56)

where η is the viscosity of colloidal sphere suspension with a volume fraction of φ, and η0
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2.4. Nonlinear rheology

is the viscosity of the solvent. For high concentration [54, 56], there are several empirical
relations between the viscosity and the volume fraction of colloidal spheres: the Krieger-
Dougherty equation

η = η0(1−φ/φm)−2.5φm (2.57)

where η is the viscosity of colloidal sphere suspension with a volume fraction of φ; η0 is
the viscosity of the solvent; φm is volume fraction at maximum packing. and Brady gave the
equation of

η = 1.3η0(1−φ/φm)−2 (2.58)

where where η is the viscosity of colloidal sphere suspension with a volume fraction of φ;
φm is volume fraction at the maximum packing. Both of the equations were widely used
to describe the relation between viscosity and volume fraction of colloidal spheres in the
colloidal suspension.

2.4 Nonlinear rheology

Nonlinear rheological properties, like creep, fracture, breakage and fatigue are very impor-
tant physical properties in selecting the materials for application. At the same time, they
are also more complicated than the linear rheological properties. To have an idea about the
nonlinear rheology, we will give a brief introduction into the non-Newtonian fluid, shear
yielding and stress relaxation after a large strain.

2.4.1 Strain sweep in oscillatory shear measurement

For polymer melt, storage modulus, loss modulus and the complex viscosity can be measured
through SAOS (small amplitude oscillatory shear) measurements. At small shear strain (γ0),
the structure of materials is not perturbed and the measured modulus doesn’t change with
the shear strain which corresponds to the linear region. At higher shear strain, the measured
modulus may decrease with increasing shear strain, which denotes the nonlinear region. With
such measurements, the shear strain can be selected for the SAOS measurements.

2.4.2 Startup shear

Beside the nonlinear rheological behavior of polymer melts at higher shear rates represented
by viscosity-shear rate plot and the large strain sweep in oscillatory measurements, startup
shear is another way to describe the nonlinear rheological properties of polymer melt and
networks.

Startup shear measurements were done by shearing the sample with a strain at a constant
shear rate. The experiments can be described in the Figure 2.19. At a shear rate γ̇ which is
smaller than the inverse terminal relaxation time 1/τ or Wi>1 (Wi=γ̇τ), shear stress increase
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Figure 2.19: Startup shear measurements: shear strain increase linearly with time. For Wi«1,
shear stress increases with time and approches constant value; for Wi»1, shear stress first
increases with time and then decreases.

with time and approach a constant stress value, which is characteristic of a fluid. For a
Maxwell fluid, shear stress increases with time following the equation below:

σ = ηγ̇(1−exp(−G
η

t)) (2.59)

where σ is shear stress; η is viscosity; γ̇ is shear rate; G is the plateau modulus; t is time.
At a shear rate which is larger than the inverse of the terminal relaxation time, a stress

overshoot happens and the shear stress shows a maximum, which is also called shear yield-
ing.

Entangled polymer melts and dynamic polymer networks both can show shear yielding
behaviour at certain conditions. Figure 2.19 gives an example of shear yielding behaviour
of the dynamic network formed by telechelic polymers. Shear yielding behaviour happens
at high shear rate when Wi>1 (Wi=γ̇τ and τ is the terminal relaxation time). In the shear
stress-shear strain curve, at high shear rate, shear stress increases linearly with shear strain
in the beginning, and then start to drop at high strain till the shear stress comes to a plateau.
The drop of shear stress from the peak point means the fracture of the network, which was
observed through particle image velocimetry (PIV) [57].

Shear yielding in different systems can be due to different mechanisms and is not well-
understood yet.
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2.4.3. Stress relaxation at large step strain

2.4.3 Stress relaxation at large step strain
The stress relaxation experiments were performed by measuring the time dependent shear
stress with keeping the strain constant after a startup shear measurements.

For an entanglement network, when step shears with different strains are applied, differ-
ent relaxation processes can happen.

At small step strain, the relaxation process (the top lines as shown in Figure 2.20) can be
described with the following equation,

Gp(t,s) =Gp(0,s)exp(−(t/τ)α) (2.60)

where Gp(0,s) is the reduced relaxation modulus measured at time 0, τ is the relaxation time,
α is the stretched exponent. Depending on the broadness of relaxation time distribution, α

varies from 0 to 1. Gp(t,s) is the reduced relaxation modulus measured at time t after a shear
strain of s, defined as

Gp(t,s) =G(t,s)ρ0T0/ρT (2.61)

where G(t,s) is the relaxation modulus, ρ is the density, T is the absolute temperature,
ρ0 is the density at the reference temperature T0. While at high step strain, the relaxation

Figure 2.20: Reduced relaxation modulus Gp(t,s) plotted against reduced time t/aT for a
polystyrene solution. The given shear strain increase from top to bottom lines (0.166, 0.222,
0.444, 1.11, 1.88, 3.34, 5.22, 6.68, 10.0, 15.3, and 20.5). [58]

process (the bottom lines as shown in Figure 2.20) shows a fast process followed by a normal
relaxation process. It is suggested that the fast relaxation is due to the nonlinear rheological
properties of the entanglement network.

35








2. Basic concepts

36



Chapter 3

Experimental methods

In this chapter, we describe experimental methods that we used for our study. They are
mainly the small angle X-ray scattering (SAXS) and rheology.

3.1 Small angle X-ray scattering

Figure 3.1: SAXS instrument in our group. From right to left: the x-ray generator (rotating
anode), two sample chambers, and the X-ray detector.

Figure 3.1 shows the X-ray scattering machine used in our group. Visibly, there are
mainly three parts: the X-ray generator part (the rotating anode), the measurement chambers,
and the detector. The X-ray generator part produces the X-ray beam. With the help of optics
and pinholes, the X-ray beam will be modified to small sized, collimated beam with narrow
range of wavelength. The collimated X-ray beam then irradiates the sample and is scattered
onto the detector.

37






stu195654
Hervorheben



3. Experimental methods

Figure 3.2: Structure of the SAXS instrument.

While the SAXS machine is much complicated and the whole structure can be shown in
Figure 3.2. From the right side to the left, there are the x-ray generator, the pinholes, sample
chamber, and the detector.

Inside the X-ray generator, there is a cathode which is made of tungsten filament and it is
heated with applied current of 1 A. With the high temperature of 2000○C , the electrons are
emitted from the hot filament, accelerated with the electric field applied between the cathode
and anode and fly to the copper anode. The applied voltage between the cathode and anode
is 40 kV and the current by the electrons is around 60 mA. The electrons with high speed hit
the copper anode and the X-ray beam is then radiated from the anode. Only a small amount
of incident electron energy converts into X-ray beam, and most of them convert into heat.
To avoid the overheating of the anode a cooling system is needed. In the cooling system, the
water flows inside the rotating anode.

The generated X-ray beam then passes the beryllium window and the shutter and exits
from the rotating anode. The custom Confocal Max-Flux optics is an optic module which
can make the X-ray beam collimated and monochromatic(Cu, 0.154 nm). The X-ray beam
then passes through three pinholes to get collimated and small-sized. The first two pinholes
with an aperture diamter of around 0.4 mm and 0.2 mm are used to reduce the X-ray beam
divergence. The third pinhole with an aperture diameter of 0.7 mm is near to the sample
chamber and is used to remove the parasitic radiation caused from the second pinhole. We
have two sample chambers with distances of around 157 cm and 30 cm from the detector.
The corresponding q vector range that can be measured in the two chambers is 0.01-0.15 / Å
and 0.05-0.6 / Å.

Then the X-ray beam irradiates on the sample and is scattered onto the detector. The
sample is placed in the hole of an aluminum plate. The aluminum plate with the sample
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3.2. Rheology

is attached onto a Linkam hot stage with thermal conductive paste. The temperature of the
sample can be controlled by the Linkam hot stage. With the help of liquid nitrogen, the
controlled temperature range is -40 ○C to 300 ○C. With the detector Bruker Hi-Star, 2-D
SAXS pattern can be obtained. Through the processing software (SAXSGUI) and with the
calibration of the standard sample silver behenate, the 2-D SAXS pattern can be converted
into I vs. q.

3.2 Rheology

3.2.1 Introduction of the rheometer

Figure 3.3: The picture of Anton Paar rheometer MCR 501. The rheometer mainly contains
the following parts: (from top to bottom) the EC motor and sensor part, the upper tool, the
sample chamber, Peltier and Digital panel. The sample chamber is shown open.

The rheometer that we used for our study is the Anton Paar MCR 501, as shown in Figure
3.3. The sample is placed in between the Peltier and the upper tool and enclosed in the sample

39
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chamber. The temperature is controlled by Peltier and the nitrogen gas flow circulated inside
the sample chamber to make the temperature distribution of sample uniform. With the Peltier,
the sample can be heated up to the temperature of 200○C and cooled to −40○C. The upper
tool can be plate or cone with different radius depending on the purpose of study. In the upper
part of the rheometer, it includes the EC motor which rotates the upper tool and the sensor
which could measure the deformation applied on the sample. The motor has a torque range
from 0.05 to 200000 µNm. Different kinds of experiments can be done with the instrument:
steady shear measurements, dynamic shear measurements, time-dependent measurements,
etc. For steady shear measurements, the shear rate range is normally between 0.001 to 100
s−1. For the dynamic shear measurements, the angular frequency is in the range of 0.001 to
100 rad/s.

3.3 Infrared spectroscopy

Inrared light source

Fixed mirror

Sliding mirror

Sample

Detector

Beam splitter

Figure 3.4: Fourier transform infrared spectroscopy (FTIR).

Infrared spectroscopy is a technique to obtain the infrared spectrum of materials. By
analysing the infrared spectrum, the chemical groups inside the sample can be detected.

The technique used to measure the infrared spectrum is the Fourier transform infrared
spectroscopy (FTIR). The infrared spectrometer that we used is Tensor 37 from Bruker.

When an infrared beam with broad wave number shines on the sample, the vibrational
modes of the chemical bonds can be activated to a higher level by absorbing infrared beam
with certain energy. The transmitted infrared beam thus shows an absorption peak.
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3.3. Infrared spectroscopy

The structure of the infrared spectrometer is shown in Figure 3.4. The infrared light
source produces infrared beam and then the beam splitter splits the infrared beam into the
transmitted beam and the reflected beam. The two beams will be transmitted to two mirrors
(Michelson interferometer). One mirror is fixed and the other is moving. As the sliding
mirror moves, the infrared beam with certain wavelength can be interfered and is blocked
and transmitted and absorbed by the sample. The detector get a series of absorbing signals.
By Fourier transform, the infrared absorption spectrum can be obtained.

When an infrared beam with broad wave number shines on the sample, the vibrational
modes of the chemical bonds can be activated to a higher level by absorbing infrared beam
with certain energy. The transmitted infrared beam thus shows an transmission peak.

The structure of the infrared spectrometer can be shown in Figure 3.4. The infrared
light source produces infrared beam and then the beam splitter splits the infrared beam into
the transmitted beam and the reflected beam. And then the two beams will be transmitted
to two mirrors (Michelson interferometer). One mirror is fixed and the other is moving.
As the sliding mirror moves, the infrared beam with certain wavelength can be interfered
and is blocked and transmitted and absorbed by the sample. The detector get a series of
absorbing signals. By Fourier transform, the infrared absorption spectrum can be obtained.
The absorbance A is defined as

A = log(Φi

Φt
) = −logT (3.1)

where Φi is the radiant flux received by the materials; Φt is the radiant flux transmitted by
the materials and T is the transmittance of the materials.

For the bulk sample measurements, the fluid samples are sandwiched between two KBr
plates which have a thickness of 0.84 mm and diameter of 13 mm. For polymer solutions
measurements, the polymers were dissolved into chloroform and the concentration were
around 0.01 mol/L. The polymer solutions were then filled into the liquid cells.
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Chapter 4

Nanostructure and Rheology of
Hydrogen-Bonding Telechelic Polymers
in the Melt: From Micellar Liquids and
Solids to Supramolecular Gels

As we have shown in chapter 1 that hydrogen bonding functional polymers in solution have
been studied extensively [8, 10] and are relatively well understood [13, 33] while hydrogen
bonding functional polymers in the bulk are more complicated and the understanding is still
not clear. Quantitative studies of hydrogen bonding functional polymers in the bulk state
are still rare and the correlation between chemical structures of hydrogen bonding functional
polymers, morphologies at nanoscale, and rheological properties still needs to be studied.

This chapter is based on our publication [59]. In this chapter, we will present our stud-
ies of a series of telechelic Polyisobutylene (PIB) samples with supramolecular hydrogen
bonding groups triazine/thymine. With (semi-)quantitative analysis of SAXS and rheolog-
ical data of telechelic PIB samples in the bulk, we found four different morphologies in-
cluding ordered micelles, disordered micelles, interconnected micellar networks depending
on the chemical structures of different telechelic PIB samples. The rheological properties
and morphologies at nanoscale correlate with each other for all samples and they are deter-
mined mainly by the demixing tendency (between the PIB chains and the hydrogen bonding
end groups) and the unspecific hydrogen bonds. In one case the effect of specific hydrogen
bonding can be observed.

4.1 Samples
We have a series of telechelic PIB samples, as shown in Figure 4.1, which comprise of
low-molecular weight (around 3.5 kg/mol) PIB functionalized with triazine/thymine (Tr/Th)
groups at one or two ends and a homopolymer PIB with same molecular weight for compar-
ison.

The Tr/Th groups form triple hydrogen bonding with an association constant of 103 M−1

in chloroform [32] and the self-association constants of both Tr/Tr and Th/Th are around 5
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4. Nanostructure and Rheology of Hydrogen-Bonding Telechelic Polymers in the Melt:
From Micellar Liquids and Solids to Supramolecular Gels

Figure 4.1: Sample information. Polydispersities (PDI=Mw/Mn) were obtained by GPC.
The PDI of Tr-PIB sample could not be measured due to interaction with the GPC column.
Additional information including synthesis methods can be obtained in reference [32]

M−1. The molecular weights of PIB chains for all samples are around 3.5 kg/mol, well below
the critical entanglement molecular weight (Mc=13.1 g/mol [60]). For the monofunctional
mixture sample Tr-PIB+Th-PIB and the bifunctional mixture sample Tr-PIB-Tr+Th-PIB-Th,
the mole ratios between two components in each mixture sample are 1:1 to make sure all the
hydrogen bonding groups have a partner. The detailed information about the synthesis and
preparation of the telechelic polymers can be found in the reference [32].

4.2 Results and Discussion

4.2.1 Analysis of the micellar superstructure of the monofunctional poly-
mer Tr-PIB in the melt

Analysis of the scattering data in the ordered state

We start from the sample Tr-PIB which shows a well-defined ordered structure at nanoscale
due to the aggregation of the hydrogen bonding end groups. Figure 4.2a shows the SAXS
patterns of sample Tr-PIB measured at the temperature range from room temperature to 100
○C. Three peaks at q∗,

√
2 q∗ and

√
3 q∗ can be observed, indication of an ordered bcc

(body-centered cubic lattice) structure. Such ordered bcc structure was observed very often
in asymmetric block copolymers. In view of the chemical structure of Tr-PIB as shown
in Figure 4.1, the weight fraction of the polar hydrogen bonding group (including the 2,6-
diaminotriazine) is only around 7%, so the telechelic polymer Tr-PIB can be taken as an
asymmetric diblock copolymer. The bcc ordered structure formation can be attributed to the
microphase separation driven by the demixing between the polar hydrogen bonding groups
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4.2.1. Analysis of the micellar superstructure of the monofunctional polymer Tr-PIB in the
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Figure 4.2: SAXS patterns of the melt of the monofunctional sample Tr-PIB. (a) Scattering
intensity I(q) vs. q for temperatures from room temperature to 100 ○C (q∗ = 0.092Å−1 at
room temperature). (b) Scattering intensity I(q) vs. q for temperatures around order-disorder
transition temperature (110 ○C).

and the nonpolar PIB chains. The minority blocks Tr aggregate and compose the micellar
core while the majority blocks PIB compose the micellar corona. The high concentration
of the spherical micelles makes them pack into the ordered bcc lattice. The first scattering
peak at q∗=0.092 Å−1 in SAXS pattern corresponds to the lattice plane (110). The lattice
parameter can be calculated by d100 = d110 ⋅

√
2 = 9.64 nm.

To check whether the relation between the molecular weight of the diblock copolymer
and the size of the random coil in disordered state is consistent, we take use of Leibler
theory [44] on microphase separation of block copolymer melts. The radius of gyration of
the random coil R in disordered state can be calculated by R =

√
C/q0, where C is a constant

depending on the chain’s composition and q0 is the peak position in SAXS patterns from the
disordered phase. Since the peak position doesn’t change much during the order-disorder
transition, we take q0 to be approximate q∗ from the ordered state. Since the weight fraction
of one block is 7%, the corresponding C is 5.25. q∗ is 0.094 Å−1 at 100 ○C, and the radius
of gyration is calculated to be R =

√
5.25/q∗ ≈ 2.44 nm. The radius of gyration of the PIB

chains can be estimated by Rg,PIB =
√

Nb/
√

6 = 1.91 nm (number of Kuhn segments N = 13,
Kuhn length b = 1.3 nm.) [61]. In consideration of the size of the end groups, we can see that
the radius of gyration calculated by the two methods are consistent. The peak position q∗

observed in the SAXS pattern of Tr-PIB in ordered state is quantitatively consistent with the
assumption of a microphase separated structure.

To further analyse the SAXS data from the ordered bcc structure, we take the scattering
intensity as a superposition of Bragg reflections from the bcc lattice IBragg(q) and the diffuse
scattering Idi f f (q) caused by spatial disorder [48]. Density fluctuations C are taken into
account as a constant background.

Itotal(q) = IBragg(q)+ Idi f f (q)+C (4.1)

IBragg(q) =∑
hkl

Φ(qhklR1)
jhkl

q2 Ghkl(q;σ) ⋅exp(−q2
hklu

2/3) (4.2)

Idi f f (q) =Φ(qR1) ⋅ (1−exp(−q2u2/3)) (4.3)
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4. Nanostructure and Rheology of Hydrogen-Bonding Telechelic Polymers in the Melt:
From Micellar Liquids and Solids to Supramolecular Gels
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Figure 4.3: SAXS data of Tr-PIB at 25○C in the ordered state (unfilled squares) and fit curve
(solid line). The diffuse scattering contribution is shown as a dashed curve in red and the
Bragg diffraction contributions by the short dashed curve in blue. For a better presentation a
background C/2 was added to both model curves (cf. equation 4.1).

Φ(qhklR1) is the form factor of the micellar cores. R1 is the radius of micellar cores.
Ghkl(q;σ) is a normalized Gaussian with center position qhkl and width σ. jhkl is multi-
plicity of the hkl reflection. u is the mean squared deviation. Figure 4.3 shows the data at 25
○C together with the fit curve. The resulting radius of the micellar core is 14.7 Å. The mean
squared displacement u2 of the micelles is about 13.5 Å2.

Analysis of the scattering data in the disordered state

As it is known that the ordered state can be converted to disordered state at high temperatures
for block copolymers and such transition is called order-disorder transition, similar behaviour
was also observed in our telechelic polymer Tr-PIB. Figure 4.2b shows the SAXS patterns
of Tr-PIB at elevated temperatures from 90 ○C to 150 ○C. At 110 ○C, the first q peak drops
significantly and the other two high order peaks disappear, indicating the order-disorder tran-
sition from the ordered bcc micelles to the disordered state. The structure recovery is possible
after being cooled from 150 ○C to 100 ○C, meaning the transition is reversible. However, the
indication of a shoulder in SAXS patterns at high temperatures suggests that it is not a dis-
ordered phase for which normally only a broad peak exists in the SAXS pattern. Rather,
it might be the disordered spherical micellar structure and the shoulder represents the form
factor of the spherical micelles, as reported in other asymmetric block copolymers [47, 48].

The structural transition from ordered micelles to disordered micelles is shown as a
scheme in Figure 4.4. The red objects are the micellar cores formed by hydrogen bond-
ing end groups. The green objects are the micellar corona composed of PIB chains. The
grey objects are the free telechelic PIB chains.

Such a disordered micellar system can be taken as a colloidal suspension and treated
with Perkus-Yevick hard sphere model. The model assumes a suspension of hard spheres
with repulsive interaction. The potential is infinity when two spheres touch each other. In
our system, we assume the spherical micelles as hard spheres and the free telechelic polymer
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4.2.1. Analysis of the micellar superstructure of the monofunctional polymer Tr-PIB in the
melt

Figure 4.4: A schematic picture of the transition from an ordered to a disordered melt of
micelles is shown. The red objects represent the dense core of functional groups, the green
lines are the PIB corona chains and the light grey lines represent free matrix chains.

chains as the solvent. The scattering intensity of the disordered micelles can be attributed
to two parts: form factor of spheres with radius of R1 (the spherical micellar cores) and the
structure factor of hard spheres (the disordered micelles) with a radius of R2. For the size
of the spherical micellar cores, we assume a log-normal distribution. The whole scattering
intensity can be represented by the following equation

I(q) =KS(qR2)∫
∞

R1=0
Φ(qR1) fp(R1, R̄1,σ)dR1+C (4.4)

Here K is a factor depending on the electron density difference between the micellar cores
and the matrix. C is a constant scattering background measured at high q. S(qR2) repre-
sents the structure factor of a system of hard spheres (spherical micelles) with radius of R2.
Φ(qR1) is the form factor of the spherical micellar core with a radius of R1. The detailed
description of the form factor and structure factor are shown in chapter 2. fp(R1, R̄1,σ) is
the probability density function of the log normal distribution function of R1. R̄1 and σ are
the mean value for the radius and the width of the distribution, respectively.

fp(R1, R̄1,σ) = 1
R1σ

√
2π

e−
(lnR1−ln R̄1)

2

2σ2 (4.5)

Figure 4.5 shows the SAXS data (open symbols) of Tr-PIB at a series of temperatures and
also the fitting curves(solid lines). Obviously, the fitting curves fit well with the experimental
data well and the fitting function is successful to describe the SAXS data of the disordered
state.

The fit parameters, including volume fraction of micelles (φ), the radius of micellar core
(R1) and the radius of micelles (R2) can be obtained and they are plotted against temperatures
as shown in Figure 4.6.

With increasing temperature, the volume fraction of micelles φ and the radius of micelles
R2 decrease while the radius of micellar core R1 has a large error bar and shows no clear
trend. The weakening demixing tendency between the end groups and the PIB chains at
higher temperatures leads to dissolution of the micelles and thus a smaller volume fraction
of micelles φ and a smaller radius of micelles R2. The trend of R1 is not clear probably
because the scattering intensity is insensitive to it, which causes a large error bar.

In the colloidal sphere suspension, one important parameter to control the phase transi-
tion is the volume fraction of colloidal spheres [55]. For Tr-PIB, at 110 ○C which is around
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4. Nanostructure and Rheology of Hydrogen-Bonding Telechelic Polymers in the Melt:
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Figure 4.5: SAXS scattering data of Tr-PIB at a series of temperatures (110○C(◻), 120○C(#),
130○C(△), 140○C(∇), 150○C(⊲), 180○C(⊳). The data for different temperatures were shifted
along the vertical direction for better visibility.
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Figure 4.6: Volume fraction of micelles φ, radius of the micellar inner core R1 and radius
of the whole micelle R2 in dependence on temperature for sample Tr-PIB. If not shown, the
error bars are similar to symbol size.

the order-disorder transition temperature, the fit parameter φ is around 0.43, similar to the
reported critical volume fraction of 0.494 for crystallization. The value of critical volume
fraction depends sensitively on changes in the interaction between the micelles [62] or poly-
dispersity [63]. Especially, attractive interactions decrease the critical volume concentration.
All of the above facts could be the reason for a lower critical volume fraction in our system.

The aggregation number, defined as the number of end groups (telechelic chains) per
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4.2.1. Analysis of the micellar superstructure of the monofunctional polymer Tr-PIB in the
melt

aggregate, is an important parameter to characterize the micelles. From the fit parameter R2,

the aggregation number N can be calculated as N = 4πR2
3
ρNA

3M . Take the density of telechelic
polymer melt ρ = 0.9 g/cm3 and the molecular weight of the single chain M = 3960 g/mol,
then N is calculated to be 25 at 110 ○C.

Analysis of the rheological data in the ordered state

From SAXS analysis we know that the sample shows ordered micelles at low temperatures
and disordered micelles at high temperatures and there is a distinct order-disorder transition
at around 110 ○C. Now we switch to the rheological modulus curves around 110 ○C to see
how the order-disorder transition influences the rheological properties.
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Figure 4.7: Shear modulus of Tr-PIB (a) around 110○C (closed symbols storage modulus G′,
open symbols loss modulus G′′), (b) storage modulus G′ and (c) loss modulus G′′ at lower
temperatures. The symbols for the different temperatures are the same in all cases and given
in part c.

As shown in Figure 4.7a, the storage modulus (filled symbols) and loss modulus (open
symbols) are plotted against angular frequency. Below 110 ○C, a long storage modulus
plateau can be observed, which corresponds to a solid-like structure and is consistent with the
bcc-ordered micellar structure. While at 110 ○C where the order-disorder transition happens
in SAXS analysis, the storage modulus (blue symbols) decreases and terminal flow behavior
can be observed at 120 ○C (orange symbols), consistent with disordered micelles fluid.
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4. Nanostructure and Rheology of Hydrogen-Bonding Telechelic Polymers in the Melt:
From Micellar Liquids and Solids to Supramolecular Gels

Now we analyze the rheological data of Tr-PIB in ordered state. The storage modulus
and loss modulus at a series of temperatures below 100 ○C are shown individually in Figure
4.7b and Figure 4.7c. The storage modulus shows a long plateau with a plateau modulus
of around 105 Pa. In consideration of the low molecular weight of PIB (smaller than Me),
the long storage modulus plateau can be attributed to the elastic properties of the bcc or-
dered structure. The spherical micelles sit on the bcc lattice and directly interact with the
surrounding micelles. An elastic restoring force with entropic origin is produced due to
the interpenetration of the near micellar corona [64]. It has been reported [65] that diblock
copolymers with bcc ordered structure also show such elastic modulus. By systematically
studying several different diblock copolymers with bcc ordered structure, an empirical rela-
tion between the storage plateau modulus Gcubic and the characteristic distance d∗ of the bcc
lattice was obtained. log(Gcubic) is found to be a linear function of log(d∗).

By manually fitting the data in the reference, we found such a relation between log(Gcubic)
and log(d∗).

log(Gcubic

RT
) = (−3.14±0.36) log(d∗)+(7.746∓1) (4.6)

Where Gcubic has a unit of mol/m3 and d∗ has a unit of Å.
We take the sample Tr-PIB as an asymmetric diblock copolymer and accordingly test

whether the experimental data fit the equation. We take the experimental data of Tr-PIB
measured at 30 ○C as an example. The characteristic domain spacing can be calculated from
SAXS data: d∗ = d110 = 68.2 Å. The plateau modulus Gcubic can be calculated by substituting
d∗ = 68.2 Å into equation (4.6) as 10(5.37±0.33) Pa (between 0.109 MPa to 0.535 MPa). The
experimental plateau modulus can be taken from the experimental modulus curves as the G′

value at the angular frequency where G′′ shows a minimum. The obtained experimental stor-
age modulus is found to be 0.11 MPa, lying in the calculated value range from the empirical
relation. We conclude that the hydrogen bonding seems not play a role in influencing the
rheological properties of the telechelic PIB sample Tr-PIB.

Analysis of the rheological data in the disordered state
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Figure 4.8: Temperature dependent viscosities of the monofunctional polymer Tr-PIB (∎)
and homopolymer PIB (●). The ratio between both viscosities is also given (◇).
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4.2.2. Disordered phase of Th-PIB in the bulk state

According to the SAXS data analysis, above 110 ○C, the sample shows disordered micel-
lar structure, which can be supported by the viscosity analysis of Tr-PIB and the homopoly-
mer PIB. Figure 4.8 shows the temperature dependent viscosities of Tr-PIB (square symbols)
and homopolymer PIB (sphere symbols). Apparently, the viscosity of Tr-PIB is one to two
orders of magnitude larger than the viscosity of homopolymer PIB although the homopoly-
mer PIB has similar molecular weight to that of Tr-PIB. This is consistent with the SAXS
analysis that above 110 ○C Tr-PIB shows no disordered chains but disordered micellar ag-
gregates. The viscosity ratio between Tr-PIB and homopolymer PIB is shown in Figure 4.8.
It decreases with temperature, meaning the size or the volume fraction of micelles decreases
with increasing temperature, also consistent with SAXS analysis.

4.2.2 Disordered phase of Th-PIB in the bulk state
Above we have shown that three samples are individually ordered micellar structure, disor-
dered micellar structure and interconnected micellar network. Now we show the studies of
sample Th-PIB.

Figure 4.9: Scattering intensity vs. scattering vector q for sample Th-PIB in the bulk at
room temperature.

Figure 4.9 shows the SAXS pattern of sample Th-PIB at room temperature. Different
from the other three samples, SAXS pattern of Th-PIB doesn’t show "a peak and a shoul-
der" structure but very weak scattering signal. By comparison of the chemical structure of
thymine group and 2,6-diaminotriazine group shown in Figure 4.1, the thymine group has
less conjugated rings and less polar. The demixing between the thymine group and PIB chain
is weaker and no large aggregates formed.

Figure 4.10 shows the modulus master curve (black curves) of Th-PIB constructed with
the shift factors from homopolymer PIB with a reference temperature of 20 ○C. The modulus
master curve of homopolymer PIB (blue curves) is also shown for comparison. The modulus
curves of Th-PIB measured at different temperatures don’t overlap after shifting, meaning
that there are structural changes at different temperatures.

With increasing temperature (shown by the arrow ), the modulus curves of Th-PIB come
closer to homopolymer PIB. By combination of the SAXS analysis (no large aggregates)
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4. Nanostructure and Rheology of Hydrogen-Bonding Telechelic Polymers in the Melt:
From Micellar Liquids and Solids to Supramolecular Gels
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Figure 4.10: Master curve comparison between Th-PIB (G′: black curves; G′′: black dashed
curves) and homopolymer PIB (G′: blue curves; G′′: blue dashed curves) with a reference
temperature of 20 ○C. The original modulus curves of Th-PIB were measured between 0 ○C
and 100 ○C and the arrows indicate the direction of increasing temperature.

and rheological analysis, dimers of Th-PIB are expected to form at lower temperatures and
disordered Th-PIB chains forms at higher temperatures. While at lower temperatures, the
modulus master curves of Th-PIB is one order of magnitude higher than the homopolymer
PIB, indication that pure dimers of Th-PIB are not enough to produce such a difference in
the modulus curves. We suppose that there are also weak aggregates formed.

In conclusion, due to the weaker demixing tendency between PIB and thymine groups,
dimers or weak aggregates were formed instead of large aggregates.

4.2.3 Micellar superstructure in a mixture of two complementary, mono-
functional telechelic polymers Tr-PIB+Th-PIB

Now we switch to the monofunctional telechelic polymer mixture Tr-PIB+Th-PIB, which
forms strong complementary hydrogen bonding in chloroform. The question then arises
that how the strong hydrogen bonding influences the structural formation and rheological
properties of the telechelic polymers in the bulk. Similarly, we start from the SAXS data
analysis.

Analysis of the scattering data

Due to the strong complementary hydrogen bonding groups formed by Th/Tr, dimerization
between two telechelic PIB chains would be dominant and it leads to the formation of a
triblock copolymer where the PIBs are the end blocks and Tr/Th groups are the middle
block.

Figure 4.11 shows the SAXS patterns (open symbols) of sample Tr-PIB+Th-PIB in the
temperature range from 25 ○C to 120 ○C. The characteristic SAXS pattern of "a peak and
a shoulder" shown in Tr-PIB at high temperature can be observed again for the sample Tr-
PIB+Th-PIB. It seems that the complementary hydrogen bonding groups Tr/Th also show a
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4.2.3. Micellar superstructure in a mixture of two complementary, monofunctional
telechelic polymers Tr-PIB+Th-PIB
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Figure 4.11: SAXS data (symbols) and model curves (solid lines) for sample Tr-PIB+Th-
PIB at a series of temperatures(25○C(◻), 40○C(#), 60○C(△), 80○C(∇), 100○C(⊲), 120○C(⊳).
All the curves were shifted along the vertical direction to have a better visibility.
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Figure 4.12: Temperature dependence of the volume fraction of micelles φ, the radius of the
whole micelles R2 and the radius of the micellar inner core R1 for sample Tr-PIB+Th-PIB.

demixing tendency with the PIB main chain which causes the formation of spherical micellar
aggregates. The demixing tendency between the PIB main chains and Tr/Th groups is not as
strong as that between PIB main chain and Tr groups, thus even at the room temperature no
ordered bcc structure can be observed.

The SAXS patterns of Tr-PIB+Th-PIB can be fitted with the same equation as for the
SAXS patterns of Tr-PIB at high temperatures and the fitting curves are also shown in Figure
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4. Nanostructure and Rheology of Hydrogen-Bonding Telechelic Polymers in the Melt:
From Micellar Liquids and Solids to Supramolecular Gels

4.11 as solid lines. Again the fitting curves shows well agreement with the experimental data.
The resulting fit parameters including the volume fraction of micelles φ, the radius of

micellar core R1, and the radius of micelles R2 are plotted in Figure 4.12. All fit parameters
behave similarly as the sample Tr-PIB. As we know that the factor that determines the phase
behaviour in colloidal suspension is the volume fraction of micelles φ, disordered micelles
state down to 25 ○C for Tr-PIB+Th-PIB fits the volume fracion of only around 0.39 at around
25 ○C, which is smaller than the critical volume fraction of 0.43 for order-disorder transition
in Tr-PIB.

Analysis of the rheological data
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Figure 4.13: (a) Rheological measurements of Tr-PIB+Th-PIB at different temperatures. (a)
Storage modulus G′ and (b) Loss modulus G′′ at different temperatures (same symbols as
in Figure 4.7). (c) Master curve with a reference temperature of 25○C. The data for the
homopolymer are included as dashed lines.

Now we switch to the rheological data of the sample Tr-PIB+Th-PIB to check the con-
sistency with SAXS analysis. The storage and loss modulus curves of Tr-PIB+Th-PIB at a
series of temperatures are shown individually in Figure 4.13a and 4.13b. Two regimes can be
observed: the Rouse relaxation regime at high frequency (low temperature) and the terminal
flow regime at low frequency (high temperature). In the Rouse relaxation regime, both the
storage modulus and loss modulus show a slope of around 0.58 against angular frequency in
a double-logarithmic scale. This is consistent with the unentangled spherical micellar struc-
ture as analysed from SAXS data. At lower frequency, the storage modulus and loss modulus
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4.2.3. Micellar superstructure in a mixture of two complementary, monofunctional
telechelic polymers Tr-PIB+Th-PIB

show slopes against angular frequency individually as 2 and 1 in a double-logarithmic scale.
This is consistent with the terminal flow behaviour of the disordered micellar fluid structure.
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Figure 4.14: Temperature dependence of the viscosity of homopolymer PIB (∎), the mono-
functional mixture Tr-PIB+Th-PIB ( ) and the bifunctional mixture Tr-PIB-Tr+Th-PIB-Th
(▲). Additionally, the temperature dependence of horizontal shift factors from rheological
measurements from literature [66] is shown (broken line).

The viscosity of sample Tr-PIB+Th-PIB and homopolymer PIB at a series of tempera-
tures were measured with steady shear and are plotted in Figure 4.14. The shift factors of
PIB from the literature are also plotted in Figure 4.14. It can be seen that the measured
viscosity-temperature curve of our homopolymer PIB and the shift factor-temperature curve
of PIB from the literature nearly overlap under the same scale, indication of the same chain
dynamics of our PIB samples as in the literature. It can be observed that the viscosity of
Tr-PIB+Th-PIB is one order of magnitude higher than the homopolymer PIB, which is con-
sistent with the formation of spherical micellar aggregates.

Time-temperature superposition is valid for homopolymers to construct master curve
since there is no structural changes in a broad temperature range. But for a self-assembling
system whose structure might be sensitive to temperature, like our disordered micelles, time-
temperature superposition is not valid any more for master curve construction. But if we
keep shifting the original modulus curves of our disordered micelles with the shift factors
of homopolymer PIB, then the nonoverlapping part in the "master curve" can be attributed
to the structural changes due to temperature changes [67]. With this, we can try to separate
the modulus contribution of chain dynamic and the structure assemblies. The deviation in
the "master curve" constructed with shift factors of homopolymer can be attributed to the
structural changes. Later on, we will use such a method to construct "master curve" for
rheological analysis.

The "master curve" of Tr-PIB+Th-PIB constructed with shift factors from homopolymer
PIB is shown in Figure 4.13c. Obviously, the Rouse relaxation regime at high frequency
range overlaps very well while the terminal flow part does not. In the Rouse relaxation
regime, mainly the chain dynamics are involved thus the overlapping of this part is possible
after curve shifting. In the terminal flow part, not only the chain dynamics but also struc-
tural changes are involved. At high temperatures, the modulus curves at the same angular
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4. Nanostructure and Rheology of Hydrogen-Bonding Telechelic Polymers in the Melt:
From Micellar Liquids and Solids to Supramolecular Gels

frequency decrease due to decreasing volume fraction of micelles and smaller size of the mi-
celles. Compared to the homopolymer PIB (shown in dashed lines), the terminal relaxation
time of Tr-PIB+Th-PIB happens at a much smaller angular frequency, also indicating the
formation of micellar aggregates.

From SAXS analysis we know that Tr-PIB+Th-PIB and Tr-PIB above 110○C in the bulk
show disodered micellar structure which can also be treated as colloidal sphere suspension.
We can take the spherical micelles as the colloidal spheres and the free telechelic polymer
chains as the solvent. In the colloidal sphere suspension, the viscosity is dependent on the
volume fraction of colloidal spheres and the viscosity of the solvent. To remove the influence
of the viscosity of the solvent, normally the ratio between the viscosity of colloidal suspen-
sion and the viscosity of solvent is used. The relation between the viscosity ratio and the
volume fraction of colloidal spheres were extensively studied and different empirical equa-
tions were obtained. We use an commonly used Krieger-Dougherty relation [54, 56] to fit
our data

η

η0
= (1−φ/φm)−[η]φm (4.7)

where η is the viscosity of the colloidal suspension; η0 is the viscosity of solvent; φ is
the volume fraction of colloidal suspension; φm is the volume fraction of colloidal spheres at
maximum packing at which the viscosity becomes infinite and [η] is an intrinsic viscosity.
[η] is defined as lim

φ→0
(η−η0)/(η0φ) where η is the viscosity with concentration of φ and η0

is the viscosity without solute. In our case, the volume fraction of micelles is temperature
dependent and can be obtained from SAXS fitting.
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Figure 4.15: Ratio between the viscosity of the telechelic polymer melt and the homopolymer
as a function of volume fraction of micelles for two different telechelic polymers: Tr-PIB and
Tr-PIB+Th-PIB. Also shown is a fit with the empirical Equation 4.7.

The viscosity ratios for Tr-PIB and Tr-PIB+Th-PIB at different temperatures were plotted
against volume fraction φ as shown in Figure 4.15. The viscosity-volume fraction curves
were fitted with equation (4.7) as shown in solid lines in Figure 4.15 . The fitting curves are
in well agreement with the experimental data.
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4.2.4. Temperature dependent supramolecular networks of micellar aggregates

With the curve fitting, [η] and φ0 can be obtained. For Tr-PIB and Tr-PIB+Th-PIB,
the fit parameters [η] are 4.5 and 4.7 respectively; φ0 are 0.52 and 0.48 respectively. By
comparison, φ0 for a system of colloidal spheres is still an open question and theoretical value
range depending on the kinds of ordering (simple cubic, bcc, fcc) is between 0.524 to 0.74
[68]. For a bcc ordered geometry, the theoretical value for φ0 is 0.68, larger than the fitting
value in our systems. There are several reasons for such a deviation. Firstly, the extrapolation
from our limited data range contains some uncertainty and a direct comparison between
the fit value and the value from literature is difficult. Secondly, the spherical micelles in
our system might have some unknown interactions which leads to the difference between
our system to the repulsive colloidal sphere suspension. But the fitting value is still useful
because the fit value is larger than the critical volume fraction of 0.43 at the order-disorder
transition. In conclusion, also for this sample neither the Rouse-like chain dynamics nor the
viscosity of the micellar fluid is directly related to specific hydrogen bonds. The SAXS data
and rheological data were analysed (semi-)quantitatively and they correlate with each other.

4.2.4 Temperature dependent supramolecular networks of micellar ag-
gregates

Above we have shown the analysis of monofucntional telechelic polymer Tr-PIB which
shows ordered bcc micellar structure and the monofunctional telechelic polymer mixture
Tr-PIB+Th-PIB which shows disordered micellar fluid, now we come to the studies of the
bifunctional telechelic polymer mixture. The telechelic polymer is expected to form long
telechelic polymer chains in dilute solution. Does the demixing tendency between hydrogen
bonding groups and PIB chains also drive the spherical micellar aggregation? SAXS patterns
can give the structural information of the telechelic polymer in the bulk. We start from the
SAXS data analysis.

Analysis of the scattering data
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Figure 4.16: SAXS data (open symbols) of Tr-PIB-Tr+Th-PIB-Th at different temperatures
(25 ○C(◻), 40 ○C(#), 60 ○C(△), 80 ○C(∇), 100 ○C(⊲), 120 ○C(⊳)) and fitting curves (solid
lines). The data are shifted vertically.
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4. Nanostructure and Rheology of Hydrogen-Bonding Telechelic Polymers in the Melt:
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Figure 4.17: Volume fraction of micelles φ, radius of the whole micelles R2, radius of the
micellar inner core R1 in dependence on temperature for sample Tr-PIB-Tr+Th-PIB-Th.

Figure 4.16 shows the SAXS patterns (open symbols) of the sample Tr-PIB-Tr+Th-PIB-
Th from 25 ○C to 120 ○C. Similar as the other two samples, the SAXS patterns again contain
a peak and a shoulder. Accordingly, we conclude that the telechelic polymer chains again
form micelles and we fit the SAXS curves with the Percus-Yevick model. The solid lines in
Figure 4.16 represent the fitting curves for the SAXS data at different temperatures. One can
see that the model fits the experimental curves well.

Figure 4.17 shows the fit parameters in dependence on temperature for sample Tr-PIB-
Tr+Th-PIB-Th: the volume fraction of micelles φ, the radius of the whole micelle R2 and the
radius of micellar core R1. All parameters show the same trend as the other two samples. A
volume fraction of 0.37 at 25 ○C also explains the formation of disordered micelles structure
instead of ordered micellar structure.

Analysis of the rheological data

Although the SAXS patterns of Tr-PIB-Tr+Th-PIB-Th look similar to the SAXS patterns
of the other two samples, the rheological behaviour is very different because the bifunc-
tional telechelic polymer mixture can form either long entangled dynamic chains or dynamic
bonded spherical micelles.

Master curve construction for Tr-PIB-Tr+Th-PIB-Th was done with the shift factors from
the homopolymer PIB, as shown in Figure 4.18. The reference temperature is 25○C. It is
observed that the Rouse relaxation part overlaps well while the terminal flow part strongly
changes with temperatures, different from the other two samples. A long storage modulus
plateau is observed at low temperatures. Such a storage modulus plateau from the short
unentangled telechelic polymers can be because of three reasons: entanglements due to the

58




2 0 4 0 6 0 8 0 1 0 0 1 2 00 , 3 0


0 , 3 2


0 , 3 4


0 , 3 6


0 , 3 8


2 0 4 0 6 0 8 0 1 0 0 1 2 0 9
1 0
1 1
1 2
1 3
1 4
1 5


2 0 4 0 6 0 8 0 1 0 0 1 2 0


2 8


3 0


3 2


φ � �
����


���	�
���
���
�����	�
���
���
��


� �
����


���	�
���
���
��
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Figure 4.18: (a) Rheological master curve of Tr-PIB-Tr+Th-PIB-Th (Tre f = 25○C). Different
symbols represent the data measured at different temperatures (same symbols and colors as
in Figure 4.7). The data for the homopolymer are included as dashed lines. (b) Slopes of
logG′ (filled square) and logG′′ (open circle) v.s. logω measured at low ω vs. temperature.

formation of long linear dynamic chains, elastic behaviour due to the formation of a ordered
bcc lattice and network formation through dynamic hydrogen bonding. With the SAXS
analysis we can conclude that the only possibility is the formation of interconnected dynamic
network. At low angular frequency, the slopes of G′ and G′′ vs. angular frequency in double-
logarithm scale at different temperatures are plotted in Figure 4.18b. The slopes increase
gradually with increasing temperature and the slopes of G′ and G′′ are around 2 and 1 at high
temperatures, meaning that the interconnected micellar network disassociates into isolated
free micelles at higher temperatures. With decreasing temperature, both slopes decrease
and they are close to each other at low temperatures, indication of a possible critical gel
behaviour.

With the combination of SAXS and rheological data analysis, we know that Tr-PIB-
Tr+Th-PIB-Th shows interconnected micelles at lower temperatures, as shown in Figure
4.19. The red objects are the end groups (clusters) and the green objects are the micellar
corona composed of PIB chains. The grey objects are the free telechelic polymer chains.
The micelles are interconnected via hydrogen bonding. Direct bridging chain connection is
very unlikely, which can be seen from the similar SAXS peak positions as that of the other
two monofunctional telechelic polymers.

The plateau modulus Gp of the interconnected micellar network at low temperatures is
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4. Nanostructure and Rheology of Hydrogen-Bonding Telechelic Polymers in the Melt:
From Micellar Liquids and Solids to Supramolecular Gels

Figure 4.19: Scheme of crosslinked micelles of sample Tr-PIB-Tr+Th-PIB-Th. The light
grey chains represent free matrix chains.

proportional to the mole density of network strands µs according to classical rubber theory
[69].

Gp = µs ⋅RT (4.8)

Because the molecular weight of the PIB chains is smaller than critical molecular weight
for entanglement Mc, entanglements don’t contribute to the plateau modulus as in ref. [69].
By comparison of master curves between Tr-PIB-Tr+Th-PIB-Th and the homopolymer PIB,
a horizontal shift at high frequency range can be observed which might be because of the
higher glass transition temperature. The solid micellar core composed of hydrogen bonding
groups can act as hard filler and enhance the modulus. Reference [70] gives a corresponding
relation

G =Gp (1+2.5 fc+14.1 f 2
c ) (4.9)

where G is the storage modulus of the filled network, Gp is the modulus of the unfilled
network, and φc the volume fraction of the filler. Take the sample at T = 300 K as an example,
with the measured value of G = 1 MPa and φc = 0.15 (φc estimated by the weight fraction of
polar group), we get µs = 242 mol/m3. We can compare it with the mole density µ of micelles
which can be calculated from the radius of micelles from SAXS analysis.

Take the sample at 20○C as an example, substituting R2 = 3.12 nm and φ = 0.37 into the
following equation, we can calculate the mole density µ of micelles

µ = f
NAVmicelle

= f
NA

4
3πR2

3 = 5.21 mol/m3 (4.10)

The ratio µs/µ gives the number of bridging chains per micelle Nb ≈ 46. By comparison to
the number of chains in one micelle, which is of the same order, we have a highly connected
micellar network. The micellar network is linked through the hydrogen bonds which play
a substantial role in this case. Only for this sample the rheological properties are primarily
determined by the specific hydrogen bonds.

4.2.5 Unspecific hydrogen bonding by Infrared spectroscopy
As shown by SAXS and rheological data analysis, we know that three samples show micellar
aggregates regardless of the association constant (measured in solution) of hydrogen bonding
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Figure 4.20: IR absorption spectroscopy for two samples in the bulk state and solution state:
Tr-PIB in solution (unfilled black symbols), Tr-PIB in the bulk state (filled black symbols),
Tr-PIB+Th-PIB in solution (unfilled blue symbols), Tr-PIB+Th-PIB in the bulk state (filled
blue symbols). The black curves (Tr-PIB) were shifted upwards for better visibility.

end groups. In order to know whether the multiple hydrogen bonding is still dominant (or
effective) in the telechelic polymer melt, we measured the infrared absorption spectroscopy
of telechelic polymers (Tr-PIB and Tr-PIB+Th-PIB) in the bulk state. The infrared spectra
of telechelic polymers in dilute solution are also measured and shown for comparison.

Figure 4.20 shows the IR absorption spectra for two samples in the bulk state and in di-
lute chloroform solution. Y-axis is the absorbance, given by -logT . T is the ratio between
the transmitted intensity and the received intensity. The absorbance can be quantitatively
compared after the normalizition with the thickness of the bulk samples and concentration
of dilute solutions. It is known that triple hydrogen bonding forms in Tr-PIB+Th-PIB dilute
solution. At high wavenumber range above 3000 cm−1, the IR absorption normally corre-
sponds to OH, NH groups. If the NH (OH) group forms hydrogen bonding with the partner,
then the absorption wavenumber will appear at a lower wavenumber range [71], as shown in
blue text in Figure 4.20. The IR absorption of free NH (OH) group lies normally in higher
wavenumber range, as shown in the red text in Figure 4.20.

By comparison of IR spectrum between the solution and bulk state for two samples, we
can see that samples in solution state shows a strong absorption at higher wavenumber range
compared to the bulk state, meaning that in the dilute solution there is still a large amount
of free NH groups. This is reasonable by analysing the triple hydrogen bonding as shown in
Figure 4.21a.

In dilute solution, although nearly all the hydrogen bonding groups form triple hydrogen
bonding, there are still free NH groups left as marked in blue curves in Figure 4.21a. These
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4. Nanostructure and Rheology of Hydrogen-Bonding Telechelic Polymers in the Melt:
From Micellar Liquids and Solids to Supramolecular Gels

Figure 4.21: (a) a scheme of triple hydrogen bonding formed by triazine/thymine groups
in dilute solution (b) hydrogen bonding networks formed in the bulk state of Tr-PIB and
Tr-PIB+Th-PIB.

free NH groups might also form hydrogen bonding when the concentration of telechelic
polymer is high, as shown in Figure 4.21b and 4.21c. This explains why the amount of free
NH groups in the bulk state is so small compared to that in the solution.

By comparing the IR absorption spectra of Tr-PIB and Tr-PIB+Th-PIB in the bulk state,
we can see that although Tr/Tr shows a very small association constant compared to the
Tr/Th in dilute solution, the amount of hydrogen bonding formed in Tr-PIB in the bulk state
is comparable to that of Tr-PIB+Th-PIB. This means that in the bulk state, the amount of
hydrogen bonding formed in equilibrium state is not dependent on the association constant
due to the large amount of unspecific hydrogen bonding.

4.3 Conclusion
Four different model polymer systems combining the ability to form specific telechelic bonds
with a tendency for microphase separation were studied by quantitative structural and rhe-
ological analysis. In three cases unspecific interaction between hydrogen bonding groups
and polar interactions led to the formation of micellar aggregates. For monofunctional sys-
tems the rheological properties are analogous to ordered colloidal solids at low temperatures
and colloidal fluids at high temperatures. The system with bifunctional telechelic chains
showed a rubbery plateau without ordering indicating the formation of a hydrogen bonded
micellar network. Only in this case the hydrogen bonds play a direct role for the rheological
properties. The results show exemplarily how important a detailed structural analysis is for
a microscopic understanding and modeling of rheological properties of complex telechelic
polymers, as the mechanical properties depend sensitively on chain association by dynamic
linkages as well as on aggregation and self-assembly phenomena.
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Chapter 5

Supramolecular PnBA-PIB block
copolymer

In the last chapter (chapter 4), we have shown our studies on supramolecular PIB sam-
ples in melt state and found different kinds of micellar structures which were caused by
the demixing tendency between PIB chains and hydrogen bonding groups and the unspe-
cific hydrogen bonding. To reduce the demixing tendency between the polymers and the
hydrogen bonding groups, more polar polymers PnBA modified with also thymine/triazine
hydrogen bonding groups were synthesized by Florian Herbst [72] and studied with SAXS
and rheology by Friedrich Lüders [73]. It was found that there are no large aggregates
in the high-molecular-weight supramolecular Poly(n-butyl acrylate)(PnBA) polymers and
there seems some aggregates in the low-molecular-weight PnBA polymers. In this chapter,
two different polymers functionalized with complementary hydrogen bonding were mixed
to construct a supramolecular block copolymer. The stronger hydrogen bonding groups
Hamilton wedge/barbituric acid groups were used instead of thymine/triazine groups because
macrophase separation can be observed with thymine/triazine hydrogen bonding groups
meaning the thymine/triazine hydrogen bonding is not strong enough.

Although several groups have reported that supramolecular block copolymers can be
formed through hydrogen bonding linkage of different blocks and ordered structure for-
mation can be observed, similar as the covalent block copolymers [38, 39], there were
only a few cases which reported the ordered structure formation of the supramolecular
block copolymers and detailed studies are still needed, like the difference in structural for-
mation and rheological properties between the covalently bonded block copolymers and
supramolecular block copolymers. In our study, the temperature dependent SAXS and rhe-
ological measurements were done to study the structural information and rheological prop-
erties of supramolecular block copolymers. The structural and rheological properties of the
supramolecular block copolymer were also compared with the reported results of normal
covalently bonded block copolymers from the literature.
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5. Supramolecular PnBA-PIB block copolymer

5.1 Sample
The supramolecular block copolymer was synthesized by Florian Herbst and the detailed
synthesis and characterization can be found in the thesis [72]. Figure 5.1 shows the chemical
structure of the supramolecular block copolymer PnBA-PIB. It contains two parts with 1:1
mole ratio of the Hamilton wedge functionalized PnBA (PnBA-HW) and the Barbituric acid
functionalized PIB (PIB-BA). One block is PIB, which was also used in our studies in chapter
4. The other block is PnBA, which is more polar and liable to microphase separation with
PIB blocks.

The molecular weight of PnBA-HW and PIB-BA are around 4000 g/mol and 3800 g/mol
from NMR measurements, well below the critical entanglement molecular weight of PnBA
(Mc=20000 g/mol [74]) and PIB (Mc=13000 g/mol [75]). The PDIs are both around 1.1
from GPC measurements. Hamilton wedge and Barbituric acids can form sextuple hydrogen
bonds in solution and the corresponding association constant is around 3× 104 M−1 [38].
With the strong association between the Hamilton wedge and Barbituric acids [38], we ex-
pect that the supramolecular block copolymer PnBA-PIB forms.

Figure 5.1: Chemical structure of Supramolecular block copolymer PnBA-PIB with the dy-
namic connection of hydrogen bonding group Hamilton wedge/Barbituric acids. The hydro-
gen bonding is represented by the red dashed lines.

5.2 Structural information from SAXS analysis
To know the structure of supramolecular PnBA-PIB at nano-scale, we start with SAXS data
analysis.

SAXS measurements were done in the temperature range from -40 ○C to 180 ○C with a
interval of 10 ○C. The sample was annealed at 120○ before the SAXS measurements. Figure
5.2 shows four selected SAXS patterns of supramolecular PnBA-PIB block copolymer at
temperatures from -40 ○C to 80 ○C. Five peaks can be observed. The ratio of the peak
positions q1, q2, q3, q4 and q5 is around 1:2:3:4:5, which is the characteristic of ordered
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5.2. Structural information from SAXS analysis
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Figure 5.2: SAXS patterns of supramolecular block copolymer PnBA-PIB at a series of
temperatures. The curves were shifted vertically for a better visibility.

lamellar structure. This indicates the formation of a stable supramolecular block copolymer
PnBA-PIB.

To confirm the consistency between the size of supramolecular block copolymers and the
long period of the ordered structure, we try to estimate these values and compare them. The
size of supramolecular block copolymer PnBA-PIB includes three parts. We will calculate
the size of two blocks based on Gaussian chain. The first part is PnBA block and the radius

of gyration
√
< Rg,1

2 > =(Mw/(g/mol))1/2 ×600×10−4/
√

6 nm=1.63 nm [76]. The second

part is the PIB block and the radius of gyration
√
< Rg,2

2 >=
√

Nb/
√

6= 2.12 nm (number of
Kuhn segments N = 14, Kuhn length b = 1.3 nm) [61]. The third part is the hydrogen bonding
groups HW/BA and the radius of the end groups is estimated to be around l ≈ 0.5 nm. We
estimate the radius of gyration of the supramolecular block copolymer approximately with

the following equation R =
√
< Rg,1

2 > + < Rg,2
2 > + l = 3.17 nm.

Similar as the method that we used for calculation of the radius of gyration in chapter
4, the radius of gyration of the block copolymer R in disordered state can also be calculated
based on Leibler theory [44] as R =

√
C/q0, where C is a constant depending on the chain’s

composition and q0 is the peak position in SAXS patterns from the disordered phase. Since
the peak position doesn’t change much during the order-disorder transition, we take q0 to be
approximate q1 from the ordered state. Since the weight fraction of each block is 50%, and
q1 is 0.0536 −1 at 80 ○C, the radius of gyration is calculated to be R =

√
8.42/q1 ≈ 5.41 nm.

By comparison of the two values calculated based on Random coils and Leibler theory, we
know that the result is reasonable that these two values are in the same length scale. The
calculated value based on Random coils is a little smaller than the value calculated based on
Leibler theory, which can be because the PIB and PnBA chains are in a little stretched state.

With this we can conclude that the ordered lamellar structure forms due to the formation
of the supramolecular block copolymer and the microphase separation between PnBA and
PIB blocks.

Figure 5.3 shows the schematic picture of the ordered lamellar structure. The blue lines
and and the red lines represent the PIB chains and the PnBA chains individually. The grey
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5. Supramolecular PnBA-PIB block copolymer

Figure 5.3: Schematic picture of ordered lamellar structure. The red lines represent the
PnBA blocks and the blue lines represent the PIB blocks. The grey spheres and the wedges
represent the hydrogen bonding groups Barbituric acids/Hamilton wedge.

symbols are the linkers of hydrogen bonding groups HW/BA.
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Figure 5.4: SAXS curves of supramolecular block copolymer PnBA-PIB at the temperatures
around order-disorder transition temperature (TODT ).

Figure 5.4 shows the SAXS patterns of supramolecular PnBA-PIB block copolymer at
higher temperatures from 90 ○C to 160 ○C. Below 110 ○C, the higher order peaks can be
clearly observed. While at 110 ○C, the higher order peaks disappear, indication of the for-
mation of disordered state. The transition between 100 ○C and 110 ○C from ordered lamellar
structure to disordered structure is the so-called order-disorder transition which happens uni-
versally in the covalent block copolymers [45]. After heating the sample to 180 ○C and
cooling back to 100 ○C, the higher order peaks appear again, meaning the structure is re-
versible up to 180 ○C and there is no macrophase separation up to this temperature.

The full width at half maximum (FWHM) of the first SAXS peak as a function of tem-
perature is plotted in Figure 5.5a. Between 100 ○C and 110 ○C, there is a discontinuity which
also indicates the order-disorder transition.

The inverse intensity of the first scattering peak I(q1)−1 and the corresponding position of
the first scattering peak 2π/q1 are plotted against the inverse temperature, as shown in Figure
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5.2. Structural information from SAXS analysis
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Figure 5.5: (a) FWHM of the first scattering peak v.s. temperature. (b) I(q1)−1 and 2π/q1
plotted against 1/T .

5.5b. At higher temperatures, I(q1)−1 is inverse proportional to the inverse temperature
1/T , which seems consistent with the mean field theory by Leibler [44]. The order-disorder
transition temperature analyzed from FWHM is between 100 ○C and 110 ○C and lies also in
the range of deviation.

Around TODT , the relation between 2π/q1 and 1/T shows a sharp change: below TODT ,
2π/q1 is proportional to 1/T while above TODT , the trend become opposite. The result is in-
consistent with the reported results [77,78] of covalent block copolymers. For them, there is
no discontinuity in the relation of 2π/q1 vs. 1/T , only the slopes are slightly different below
and above the order-disorder transition temperature. The difference between the supramolec-
ular block copolymer and the covalently bonded block copolymer can be due to the weak-
ening of hydrogen bonding above the order-disorder transition temperature. We hypothesize
that an increasing fraction of supramolecular block copolymer disassociates into single com-
ponents of PnBA-HW and PIB-BA which can act as the "solvent" surrounding PnBA blocks
and PIB blocks respectively. The "solvent" swelling increases the mean distance between
the supramolecular block copolymers.

Figure 5.6: Schematic picture of disordered state during increasing temperature: an equi-
librium state of a mixture of supramolecular block copolymer chains PnBA-PIB and the
disassociated chains above (TODT ).
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5. Supramolecular PnBA-PIB block copolymer

As shown in Figure 5.6, we give a schematic picture to show how the disordered structure
changes with increasing temperature.

The Landau theory predicts that χN at the order disorder transition temperature is around
10.5 for an symmetric block copolymer. For a polymer blend with volume fraction of 0.5, the
critical value of χN is around 2 at the spinodal decomposition temperature. Even just above
the order-disorder transition temperature, PIB and PnBA blocks are immiscible. Since there
are still a large amount of supramolecular block copolymers PnBA-PIB, the macrophase
separation between the disassociated PIB and PnBA chains is prevented.

5.3 Rheological data of supramolecular block copolymer
PnBA-PIB
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Figure 5.7: Dynamic shear storage (filled symbols) and loss (unfilled symbols) modulus
curves for supramolecular block copolymer PnBA-PIB at a series of temperatures.

After the analysis of SAXS data, now we switch to the analysis of the rheological data
of supramolecular PnBA-PIB block copolymer. Figure 5.7 shows the original shear modulus
curves at the temperature range from 20 ○C to 100 ○C. We can see that G′ is parallel to G′′

at nearly all the temperatures over a certain frequency range and G′ ≈ G′′ ∝ ω0.5, which is
consistent with the ordered lamellar structure formed by the symmetric block copolymers
[78–80].

With both SAXS and rheological analysis, we can then confirm the ordered lamellar
structure formation of supramolecular PnBA-PIB block copolymer at lower temperatures.

Master curve construction for shear modulus curves below TODT were done by manual
horizontal shifting and the shift factors for storage modulus and loss modulus are the same.
The master curve is shown in Figure 5.8a and the corresponding shift factors of supramolec-
ular block copolymer PnBA-PIB together with shift factors of homopolymer PnBA and PIB
depending on temperature logaT ∝ 1000/T are shown in Figure 5.8b. From the literature,
in the ordered state, master curve construction is possible [45, 81] and the modulus curves
measured at different temperatures overlap well after horizontal shifting. Compared to the
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5.3. Rheological data of supramolecular block copolymer PnBA-PIB
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Figure 5.8: (a) Master curve construction of supramolecular block copolymer PnBA-PIB
with the reference temperature of 20 ○C. The symbols in different colors represent shear
modulus measured at different temperatures. The storage modulus G′ and loss modulus G′′

are represented with filled and open symbols respectively. (b) Shift factors of homopolymer
PnBA, homopolmyer PIB and supramolecular block copolymer PnBA-PIB.

homopolymer PnBA and PIB, supramolecular block copolymer PnBA shows a larger slope
in the plot of logaT ∝ 1000/T. This indicates that the activation energy for supramolecular
block copolymer PnBA-PIB increases due to the connection of two blocks through multiple
hydrogen bonding.
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Figure 5.9: Shear storage (filled symbols) and loss modulus (unfilled symbols) data at tem-
peratures around TODT .

Figure 5.9 shows the shear modulus curves of supramolecular polymer PnBA-PIB be-
tween 90 ○C and 110 ○C. We can clearly see that there is an abrupt change for the modulus
curves from 100 ○C to 110 ○C. At 100 ○C, there is a storage modulus plateau while at 110
○C the terminal flow behaviour can be observed from the slopes of G′′ and G′′ against ω at
the double logarithmic scale. The results indicate also the transition from ordered lamellar
structure to disordered fluid structure as concluded from SAXS analysis.

We can conclude that the results obtained from SAXS and rheological analysis are con-
sistent and both indicate the order-disorder transition at 110 ○C.
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5. Supramolecular PnBA-PIB block copolymer

5.4 Conclusion
With SAXS and rheological analysis, we can conclude the supramolecular block copoly-
mer shows ordered lamellar structure at lower temperatures and it becomes disordered state
via order-disorder transition. These behaviors are all similar to the covalently bonded block
copolymers. While there are still one thing which the covalently bonded block copolymer
does not show: in the disordered state, the supramolecular block copolymers gradually be-
come disassociated and there is an equilibrium state of disassociated chains and supramolec-
ular block copolymer chains even above 180 ○.
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Chapter 6

Nonlinear Rheology and Self-healing
properties of Supramolecular PIB
network

Dynamic gels (dynamic polymer networks) were studied extensively in the past decades [17,
82–87]. They can be formed either by different dynamic bonding (Hydrogen bonding [88,
89], metal-ligand coordination [11,12], ionic interactions [15,16]) or the solvent (midblock)-
end block demixing [86, 90]. The dynamic gels were normally used as functional materials
[23]. Many different gels were synthesized and the physical properties depending on the
length of different blocks, the concentration, PH value, temperature, bonding strength were
studied [86].

Recently dynamic gels were also used as self-healing materials [19,91–94]. Skrzeszewska
et al [95] synthesized a telechelic polypeptide functionalized with collagen-like triple helices
and found the sample can self-heal after breakage by strong shear. Leibler [19] also synthe-
sized a gel-like rubbery material by mixing fatty acids and urea and the sample can self-heal
after being cutted into parts. Rowan [94] synthesized a metallosupramolecular polymer net-
work and found the material is self-healable after exposure to ultraviolet light.

Although many dynamic polymer networks were synthesized and analyzed, most of them
contain solvent [86, 90, 95] and the mechanical strength is low. To improve the mechanical
properties of dynamic network and broaden the potential industrial application, dynamic
network without solvent [96] can be an important choice. One aim of the chapter is to
take a series of supramolecular polymer networks as model systems and study the structure-
rheological properties with a combination of SAXS and rheology. Based on the structural
information and linear rheological properties, nonlinear rheological behavior, as an important
property in industrial application, was also studied, which is the second aim.

The third aim is to study the self-healing behaviour and probe the possible mechanism of
self-healing in supramolecular polymer network. Usually the method to test the self-healing
properties of the materials is to cut the sample into parts and then put them together for some
time and then do tensile measurements [97, 98]. With such method, it is possible to measure
whether one sample is self-healable or not. But it is hard to measure with such a method
the self-healing kinetics and also to understand the self-healing mechanism. Here we take
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6. Nonlinear Rheology and Self-healing properties of Supramolecular PIB network

the fractured sample after nonlinear startup shear as the initial state and then use the normal
rheometer to test the self-healing kinetic in-situ by modulus measurements after breakage of
the network.

6.1 Samples

Table 6.1: Sample characteristics of four telechelic PIB samples and a homoPIB. Polydisper-
sities (PDI=Mw/Mn) were obtained by GPC. Volume fraction of the end block was calculated
with the assumption of the same density for the end block and PIB. Additional information
was given in the reference [99]

We investigated a series of barbituric-acid terminated Polyisobutylenes (PIB) with differ-
ent molecular weights: 4 kg/mol, 8 kg/mol, 14 kg/mol and 28 kg/mol. The molecular weights
of the telechelic PIBs vary from below entanglement molecular weight (Me=6.9 kg/mol) to
above critical entanglement molecular weight (Mc=13.1 kg/mol) [60]. A homoPIB with a
molecular weight of 30 kg/mol was also investigated for comparison. Table 6.1 gives the ta-
ble of sample information. The polar groups including barbituric acid and 1,2,3-triazole were
taken as the end groups to calculate the volume fraction of end block with the assumption
that the densities of the end block and PIB are the same, as shown in Table 6.1. The detailed
synthesis information of the telechelic PIB samples was described in the former paper [99].

6.2 Results and Discussion

6.2.1 Evidence for Interconnected micellar network from SAXS and
rheological analysis

SAXS data analysis

Since small angle X-ray scattering (SAXS) can give structural information of the telechelic
PIB sample at nanoscale, we start from the SAXS data analysis. Figure 6.1a shows the SAXS
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Figure 6.1: (a) SAXS curves of PIB14K-BA2 at a series of temperatures (120 ○C —; 80
○C —; 40 ○C —; 0 ○C —; -40 ○C —). The curves are shifted vertically to overlap the
curves at high q. (b) SAXS curves of PIB28K-BA2 at a series of temperatures ( 120 ○C —;
100 ○C —; 80 ○C —; 60 ○C —; 40 ○C —; 20 ○C — ). The curves are shifted vertically
for better visibility.

.

patterns of sample "PIB14K-BA2" at different temperatures.
A peak at a q value of around 0.08 Å−1 and a shoulder at q value of around 0.15 Å−1 are

observed in the SAXS pattern. With increasing temperature, intensity of both the peak and
shoulder decreases.

The SAXS patterns of sample PIB4K-BA2 and PIB8K-BA2 are very similar to that of
PIB14K-BA2 and the data are shown in the appendix. However, the sample with highest
molecular weight PIB28K-BA2 shows different SAXS patterns. As shown in Figure 6.1b,
at 20 ○C and 40 ○C, there are a weak peak at q ≈ 0.075 Å−1 and a very weak shoulder
at q ≈ 0.13 Å−1. With increasing temperature, the intensity of both the peak and shoulder
gradually decrease and they disappear at around 100 ○C. After cooling from 120 ○C, the
SAXS patterns for all samples are reversible.

We take the telechelic polymers as asymmetric triblock copolymers. The peak and shoul-
der in the SAXS patterns of sample PIB14K-BA2 also suggest that the telechelic polymers
are neither in disordered state where normally only a correlation hole could be observed in
SAXS patterns, nor in the ordered state where normally higher order peaks can be observed
in SAXS patterns. In chapter 4, we know that the SAXS patterns including a peak and a
shoulder were also observed in the triazine/thymine functional PIB samples and there the
structure was analyzed to be the disordered micelles structure.

For sample PIB14K-BA2, similar structure was supposed to form. The nonpolar PIB
chains and the polar barbituric acid groups are expected to demix and the low-volume-
fraction barbituric acid groups tend to assemble and form spherical aggregates. The longer
PIB chains act as the micellar corona. One special thing for the bifunctional PIB sample
PIB14K-BA2 is that the micelles can be connected by the telechelic PIB chains which makes
it difficult to distinguish the near micelles and judge the boundary between the micelles.

Figure 6.2 shows a schematic picture of the micellar structure formed by telechelic PIB.
The spherical micellar core is composed of barbituric acid groups and the corona is com-
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6. Nonlinear Rheology and Self-healing properties of Supramolecular PIB network

Figure 6.2: Schematic picture of micelles formed by telechelic PIB. The red spheres are
the spherical core formed by barbituric acid groups and the blue lines are the PIB chains.
The green dashed circles give the repulsive interaction boundary of "hard sphere". d is the
distance between near micellar cores; 2R1 and 2R2 are the diameters of the spherical core
and the "hard sphere". The grey lines outside of the green spheres are the free telechelic PIB
chains.

posed of PIB chains. The radius of micellar core and the distance between the micelles are
represented by R1 and d respectively. The green dashed lines around the red spherical cores
were drawn to describe the effective radius of the spherical micelles and it will be useful for
the later discussion of the SAXS curve fitting model. In consideration of the high concen-
tration of telechelic polymers (no solvent), the barbituric acid groups of one chain are more
likely located in two different micellar cores because in the telechelic polymer melt the dis-
tance between the micellar cores is comparable to the end-to-end distance of the telechelic
polymer chains, which will be shown in the following discussion. This leads to the effect
that there are a large amount of bridging chains in the system which are used to connect
the spherical micelles. Such hypothesis can be supported by the reported experimental and
simulation results [100,101] on spherical-phase forming triblock copolymer that the fraction
of bridging chains is around 50% to 80%. There are also disassociated free chains in the
system and with increasing temperature the amount of the free chains also increase which
can be conclude from the weakening peak and shoulder in the SAXS curve at high temper-
atures. Besides the bridging chains and free chains, there can also be dangling chains and
loop chains, which are also shown in Figure 6.2. Due to the presence of the bridging chains,
there are not only repulsive interaction but also attractive interaction between the micelles.

We take the peak position from SAXS pattern as q∗ and then 2π/q∗ corresponds to the
average distance between the micellar cores and thus also to the end-to-end distance of the
bridging telechelic polymers. We plot 2π/q∗ and the end-to-end distance of a Gaussian chain
R v.s. Mw for four samples at 20 ○C in Figure 6.3. R is calculated with the equation R =

√
Nb

(the molecular weight of Kuhn segments MKuhn = 273g/mol; the number of Kuhn segment
N=Mw/MKuhn; the Kuhn length b = 1.3 nm.) [61].
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Figure 6.3: Distance between micellar cores (2π/q∗) (∎) and the end-to-end distance R cal-
culated based on Gaussian chain (△) in dependence on the mass average mole mass Mw for
four samples.

.

By a linear fit for log(2π/q∗) ∼ log Mw, a slope of 1/3 is obtained. The growth exponent
of 1/3 between the end-to-end distance and the molecular weight suggests that the bridging
telechelic polymer chains are not Gaussian chains (random coil) but more dense packing
chains with less interpenetration. This may well fit the spherical micellar structure from the
SAXS analysis and will be a reason that the dense spherical micelles can be taken as hard
spheres and the SAXS patterns can be modeled with hard sphere model.

The SAXS pattern, as we discussed before, suggests that the sample forms disordered
micellar structure. To further analyze the SAXS data, we imagine the telechelic polymer
system as spheres (spherical micelles in our case) surrounded by solvent (free chains in our
case) and then use Perkus-Yevick hard sphere model [47, 48] to fit the SAXS curve. The
scattering intensity is given by the following equation:

I(q) =KS(qR2)∫
∞

R1=0
Φ(qR1) fp(R1, R̄1,σ)dR1+C (6.1)

It includes mainly two parts: the structure factor of interacting repulsive hard spheres
(interacting spherical micelles in our case) S(q,R2, f ) based on Perkus-Yevick model and
the form factor of the spherical micellar cores Φ(qR1). q is the scattering vector; R2 is the
effective hard sphere radius of the spherical micelles; R1 is the radius of micellar core; φ is
the volume fraction of micelles. Both K (prefactor) and C (the scattering background) are
constants.

Similar as the thymine/triazine functional PIB system in chapter 4, we assume the size
of the micellar core show a log-normal distribution and the probability density distribution
fp(R1, R̄1,σ) can be represented by the following equation

fp(R1, R̄1,σ) = 1
R1σ

√
2π

e−
(lnR1−ln R̄1)

2

2σ2 (6.2)

The integration range for R1 in 6.1 was chosen from 1 Å to 80 Å. The parameter σ is in the
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6. Nonlinear Rheology and Self-healing properties of Supramolecular PIB network

range of 0.06 to 0.15, i.e. the width of the radius distribution is quite narrow.
Note: Although we use Perkus-Yevick hard sphere model to fit the imagined "hard

sphere" system, there is no distinct boundary between the "hard spheres" and the surrounding
matrix. Since the micelle is not really "hard sphere" and the interaction between the micelles
is not purely repulsive and it also includes the attractive interaction as we discussed before,
φ and R2 from the curve fitting are only approximate and effective values. But we think the
repulsive interaction is dominant and the SAXS curve fitting with Perkus-Yevick hard sphere
model is effective. The detailed fitting equation can be found in our previous work [59].

0 , 1 0 , 2 0 , 3 0 , 4
- 2 , 5

- 2 , 0

- 1 , 5

- 1 , 0

- 0 , 5

 q  ( 1 / � )

������

������

 

 

log
 (In

ten
sity

)

P I B 1 3 , 8 K - ( B a r b ) 2

Figure 6.4: SAXS curve fit with Perkus-Yevick model for PIB14K-BA2 at a series of tem-
peratures with an interval of 20 ○C. Open symbols represent the original data and the solid
lines represent the fit curves. The data are shifted vertically for different temperatures for
better visibility.

The SAXS patterns for PIB14K-BA2 at different temperatures and the corresponding fit
curves are shown in Figure 6.4. Obviously, the selected hard sphere model fits the data well.

The fit results for four samples in dependence on temperatures are shown in Figure 6.5.
The error bars of R1 are based on the error from the curve fit. φ and R2 have very small
errors and thus the error bars are not shown. We can see that the volume fraction and the
radius of the hard sphere decrease with increasing temperature. The radius of micellar core
shows more noise and the trend is not clear. With increasing temperature the demixing
between the nonpolar PIB block and the polar barbituric acid block weakens, which makes
the corresponding micelles become smaller and the volume fraction of the micelles also
become smaller and leads to higher volume fraction of free chains and dangling chains.

For such telechelic polymers, which can be taken as highly asymmetric triblock copoly-
mers, higher molecular weight of PIB blocks leads to the lower volume fraction of the end
blocks. According to the phase diagram of the block copolymers [44, 46], with decreasing
volume fraction of the minor block (χN)ODT at the order-disorder transition (ODT) strongly
increases. Lower volume fraction of the end block goes into the direction of the disordered
state (less volume fraction of micelles) when χN is constant. Higher molecular weight of the
telechelic polymer leads to a higher N which facilitates the ordered state (larger fraction of
micelles), but at the same time a lower volume fraction of the minor blocks which facilitates
the disordered state (less volume fraction of micelles). From the SAXS curve fit, the volume
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Figure 6.5: Fit results (volume fraction of hard spheres φ, radius of inner core R1, radius of
hard sphere R2) for four samples (PIB4K-BA2 ∎; PIB8K-BA2 ; PIB14K-BA2 ▲; PIB28K-
BA2 ▼.) at different temperatures.

fraction of micelles decreases with increasing molecular weight of the telechelic polymers,
meaning that the negative effect that that decreasing volume fraction of the end block shows
on the volume fraction of micelles is even stronger than the positive effect that the increasing
molecular weight of telechelic polymers shows on the volume fraction of micelles.

In the telechelic polymer melt, with increasing molecular weight of the telechelic poly-
mers, the size of telechelic polymers, which act as the micellar corona, also increases. In con-
sideration of the dense packing micelles, the radius of micelles is expected to increase with
the molecular weight of telechelic polymers. The result that increasing molecular weight of
block copolymers leads to increasing radius of spherical micelles was also observed for the
block copolymer melt [102].

The radius of micellar core from curve fit shows noise and no clear trend with increasing
molecular weight of the telechelic polymers and temperatures. The radius of the micellar
core is nearly independent on the molecular weight for the three high molecular weight
samples while the sample PIB4K-BA2 has a smaller radius of the micellar core. The reason
is not clear till now.

Beforehand, we take our system as colloidal suspension and the fitting parameters are
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6. Nonlinear Rheology and Self-healing properties of Supramolecular PIB network

obtained based on SAXS curve fitting with the Perkus-Yevick model. To come back to the
real interconnected micellar network and understand quantitatively the aggregation state of
the micellar network, we try to estimate the aggregation number. The aggregation number
(g) is defined as the number of end groups in each micellar core.

The aggregation number can be estimated based on the volume of the micellar core by
dividing the volume of the micellar core by the mole volume of the end group.

g =
4
3πR1

3
ρNA

Mend
(6.3)

where ρ is the density of end groups (we assume ρ ≈ 1 g/cm3); NA is Avogadro’s number;
R1 is the radius of the micellar core from the SAXS curve fitting; Mend=264 g/mol is the
molecular weight of the Barbituric acid group. For sample PIB14K-BA2 at 20 ○C, R1 from
the fit is 13.3 Å, and the calculated aggregation number is around 22.

The calculated aggregation number for different samples at different temperatures is
shown in Figure 6.6.
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Figure 6.6: Aggregation number v.s. temperature for four samples (PIB4K-BA2 ∎; PIB8K-
BA2  ; PIB14K-BA2 ▲; PIB28K-BA2 ▼.)

Since the calculation of the aggregation number is based on the radius of micellar core,
the trend of the aggregation number looks very similar to the that of the radius of micellar
core. There is large noise in the data of aggregation number and trend of the aggregation
number is not clear with temperature and molecular weight of telechelic polymers. With
increasing molecular weight of telechelic polymers, the size of micelles increases, while the
volume fraction of micelles shows a different trend. The sample PIB4K-BA2 has a smaller
radius of the micellar core compared to that of the other three high molecular weight samples.
The reason is not clear till now.

Now we estimate the total number of chains available per volume. We start from the
spherical micelles and assume the spherical micelles pack in some ordered structure so that
we can do the calculation based on the unit cell. Since we found body centered cubic (bcc)
ordered structure in our former hydrogen bonded telechelic PIB samples [59] and the peak
position is only slightly shifted around the order-disorder transition temperature, we also as-
sume the bcc packing in our case. The bcc unit cell is shown in Figure 6.7. The blue spheres
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6.2.1. Evidence for Interconnected micellar network from SAXS and rheological analysis

Figure 6.7: Unit cell of the body centered cubic (BCC) crystal lattice.

represent the spherical micelles but the size of the spheres in the figure is reduced to increase
the visibility. Each unit cell is composed of two spherical micelles and the surrounding ma-
trix. We name a single spherical micelle and its surrounding a micelle unit. For this volume
we want to calculate the number of chains within.

We take q∗ as the first peak (q110) shown in SAXS pattern from bcc ordered phase.
The lattice parameter l is equal to 2

√
2π/q∗. Then we can calculate the number of chains

per micellar unit (g′) based on the lattice parameter and compare it with the aggregation
number calculated before. Since one telechelic polymer chain contains two end groups, the
number of end groups per micelle unit (g′) can be calculated by dividing the volume of one
micelle unit (half volume of the unit cell) by the half volume of telechelic polymer chain
(corresponding to one end group), as shown in the following equation.

g′ = (2
√

2π/q∗)3/2
M/(2ρNA)

(6.4)

where ρ is the density of polyisobutylene [103] (0.92 g/cm3); NA is Avogadro’s number; q∗

is the peak position in the SAXS pattern; M is the molecular weight of telechelic polymer.
If we take PIB14K-BA2 at 20 ○C as an example, q∗ = 0.078 Å−1, the calculated g′ is around
60.

In consideration of the various states of the telechelic polymer chains (bridging chains,
loop chains, dangling chains and free chains) as we mentioned before and by comparison
of g and g′, we know that not all of the end groups in the micellar unit are aggregated in
the micellar core as for the bridging chains and there are also a fraction of free chains in
the micellar unit, which is consistent with the disordered micellar fluid structure from SAXS
analysis. The fraction of aggregated end groups in each micellar unit is around 22/60 = 0.36,
meaning 36% of the end groups of telechelic polymer chains aggregate in the micellar cores
for this sample.
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6. Nonlinear Rheology and Self-healing properties of Supramolecular PIB network

With SAXS analysis, we can conclude that the telechelic PIB samples form disordered
spherical micelles. With SAXS curve fitting with Perkus-Yevick model, the size and the
volume fraction of micelles and the aggregation number can be estimated.

Linear rheology analysis
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Figure 6.8: Complex modulus (G′, G′′) v.s. angular frequency ω for (a) sample PIB14K-
BA2 and (b) sample PIB28K-BA2 at different temperatures ( -30 ○C ∣, -20 ○C —, -10 ○C ∗,
0 ○C ×, 10 ○C +, 20 ○C ⊙, 30 ○C D, 40 ○C ☀, 50 ○C 7, 60 ○C ▷ , 70 ○C ◁, 80 ○C ◇, 90 ○C
▽, 100 ○C △, 110 ○C ○, 120 ○C ◻).

Figure 6.8 shows dynamic rheological data for sample PIB14K-BA2 and PIB28K-BA2
from 120 ○C to -30 ○C. The experimental results of sample PIB4K-BA2 and PIB8K-BA2
are very similar to that of PIB14K-BA2 and are shown in the Appendix. From the modulus
curves of PIB14K-BA2, we can see terminal flow at lower frequency or higher temperature
and a plateau modulus at higher frequency or lower temperature. In consideration of the low
molecular weight of PIB (just above Mc) and the long rubbery plateau, the only possibil-
ity to show a plateau modulus is to form a dynamic network through physical crosslink of
end groups, which is consistent with hypothesized bridging chains interconnected micellar
network structure from the SAXS analysis. At even higher frequency, the Rouse relaxation
process is also involved.

The modulus curves of sample PIB28K-BA2 seem a little different: in the "rubbery"
plateau part, there is no obvious minimum in G′′, meaning there is some extra relaxation
process involved. This is probably because the fraction of free end groups (lower volume
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6.2.1. Evidence for Interconnected micellar network from SAXS and rheological analysis

fraction of micelles from SAXS) is higher and the molecular weight of PIB is higher than
critical entanglement molecular weight (Mc) and they introduce reptation relaxation process
from micellar corona. Further discussion will be addressed later.
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Figure 6.9: Master curves of (a) sample PIB14K-BA2 and (b) sample PIB28K-BA2 with a
reference temperature of 25 ○C.

The master curves of sample PIB14K-BA2 and PIB28K-BA2 were constructed with shift
factors from homoPIB and are shown in Figure 6.9. The Rouse relaxation part overlaps while
the flow part not. They correspond to two different relaxation modes. The Rouse relaxation is
related to the chain dynamics of PIB and the terminal flow is controlled by dynamic bonding.

One special thing is the master curve of the highest molecular weight sample PIB28K-
BA2. By zooming in to the plateau modulus part and plotting G′′ in the same figure as
shown in Figure 6.10, one can see that between α relaxation to terminal relaxation there is
an additional maximum in G′′ which means an extra relaxation process. The master curve
of homoPIB (M=30 kg/mol) is also shown in Figure 6.10 for comparison with the telechelic
PIB sample. We can see that the extra small shoulder in loss modulus master curves of
telechelic PIB and the terminal relaxation peak of the homopolymer seems in the similar
range.

It was reported in the literature [104, 105] that a peak of G′′ in the loss modulus curve
of the entangled star polymer besides the longest relaxation time (crossover between G′ and
G′′) exists, which corresponds to the reptation relaxation time of the arm chains. So we
can attribute the extra relaxation process to the reptation relaxation process of the dangling
polymer chains, i.e. the corona of the micellar aggregates.
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6. Nonlinear Rheology and Self-healing properties of Supramolecular PIB network
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Figure 6.10: Master curve comparison of loss modulus between PIB28K-BA2 ( G′′: colored
symbols) and homopolymer PIB30K (black symbols). The reference temperature is 25 ○C.

4 8 1 2 1 6 2 0 2 4 2 8

1 0 5

1 0 6

 

 

 
Pla

tea
u m

od
ulu

s (
Pa

)

M  ( k g / m o l )

1 , 8

M c

Figure 6.11: Experimental plateau modulus (∎) and calculated plateau modulus (△) v.s.
molecular weight at room temperature.

The storage plateau modulus was taken at the frequency where the loss modulus shows a
minimum. The plateau modulus for four samples with different molecular weight is shown
in Figure 6.11. With increasing molecular weight, the experimental plateau modulus first
decreases. Above the critical molecular weight of entanglements Mc for a corresponding
homopolymer, the plateau modulus becomes nearly constant at around the value of 0.3 MPa
(dashed line) which is the plateau modulus of well-entangled homoPIB melt.

To estimate the plateau modulus, the rubber theory is used with the assumption that all
the telechelic polymer chains are used as active polymer strands (bridging chains) and the
estimated plateau modulus is shown in Figure 6.11. The equation for calculation of the
estimated plateau modulus is shown in the following

Gp,calculated =
ρRT
M

(6.5)

Where ρ is the density of telechelic polymer (we take the density [106] of PIB ≈0.92
g/cm3), R is the Boltzmann constant, T is absolute temperature and M is the molecular
weight between two crosslink points, i.e. the molecular weight of the polymers.
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6.2.1. Evidence for Interconnected micellar network from SAXS and rheological analysis

By comparison of the experimental plateau modulus and the calculated plateau modulus,
we can see that the calculated plateau modulus predicts the trend of the experimental plateau
modulus while the experimental values are significantly higher than the calculated values
(approximate 1.8 times higher) for all samples although we already took all the telechelic
polymer chains as bridging chains. Similar results were also reported [59, 107]. At higher
molecular weight, the reason is that entanglements are not considered for modulus calcula-
tion. At low molecular weight part, the reason can be that there exists constraint topological
entanglements in the short-chain melt because of the fixed chain ends.

To analyze the terminal flow part, the relaxation spectrum, described in chapter 2, was
calculated with the software of Anton Paar rheometer. Two different relaxation spectrums
( H(τ) vs. τ; H(τ)τ vs. τ) of sample PIB14K-BA2 at a series of temperatures are shown in
Figure 6.12. The peak widths for both spectra are around 1 decade, meaning the dynamic
bonding relaxation has a broad distribution.
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Figure 6.12: Relaxation spectrums ( H(τ) vs. τ: solid lines; H(τ)τ vs. τ: unfilled squares)
obtained with the software from Anton Paar rheometer.

We take the peak of the relaxation time distribution from the relaxation spectrum (H(τ)τ
vs. τ) and compare this relaxation time with the relaxation time from the inverse of the
crossover frequency of G′ and G′′ and the relaxation time calculated by η/G (η and G from
dynamic rheological measurements) according to the single-mode Maxwell model.

The results are shown in Figure 6.13. We can see they are similar and comparable.
By taking account of the limitation of calculation of relaxation spectrum, we will take the
reciprocal of crossover (G′ and G′′) frequency 1/ω as the terminal relaxation time for further
use.

In Figure 6.14a, we plot the natural logarithm of the relaxation time from the inverse of
the crossover frequency at different temperatures for four telechelic polymers with different
molecular weights. We can see that for the four telechelic polymers, the relaxation times
are very similar and not strongly molecular weight dependent, which is consistent with the
prediction by Tanaka [108] that the modulus-frequency master curve depends only weakly
on the molecular weight of the polymer chains. For comparison, the natural logarithm of
terminal relaxation time of homopolymer PIB with molecular weight of 30 kg/mol is also
plotted vs. 1000/T. Obviously, the temperature dependence of the relaxation time of the
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6. Nonlinear Rheology and Self-healing properties of Supramolecular PIB network
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Figure 6.13: Comparison of relaxation time from crossover frequency(∎), Maxwell model
( ) and the relaxation time from relaxation spectrum (▲) depending on temperature for
sample PIB14K-BA2.

homopolymer is considerably smaller than that of the telechelic polymers. This is again an
indication that in the case of the telechelic polymers the terminal flow dynamics is controlled
by hydrogen bonding instead of chain dynamics.

We can further fit the data with linear function and get the flow activation energy which
is shown in Figure 6.14b. The flow activation energy of the homopolymer is much smaller
compared to the telechelic polymers, suggesting the different flow mechanisms. For the four
telechelic polymers, the flow activation energy decreases with increasing molecular weight.
This could be explained by the reason that the fraction of aggregated chains decreases and
thus a smaller volume fraction of micelles are involved in the dynamic network with in-
creasing molecular weight. The terminal relaxation process is likely to be related to the
cooperative process of the hydrogen bonding. The analysis above further indicates that the
terminal flow dynamics of the supramolecular polymer network is controlled by hydrogen
bonding instead of chain dynamics.

6.2.2 Nonlinear rheological analysis
In the former section, we did SAXS and linear rheological analysis and found that the
telechelic polymers form dynamic interconnected micellar network. For commercial ap-
plication, study of nonlinear rheological properties of the materials is very important. The
nonlinear rheological measurements are useful for the further study of self-healing analysis
of the dynamic networks. The nonlinear rheological measurements were performed with
startup shear experiments. In startup shear, the samples were sheared with constant shear
rate for some time, during which the shear stress and shear strain were recorded.

At a shear rate which is smaller than the reciprocal of terminal relaxation time, the dy-
namic network has enough time to reconstruct and shows flow behavior. Shear stress first
increases with shear strain and becomes constant at high shear strain, indication of terminal
flow behavior. The Weissenberg number is defined as Wi = γ̇τ.

At a shear rate which is larger than the reciprocal of terminal relaxation time, the dynamic
network has no time to reconstruct. With increasing shear strain, shear stress first increases
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6.2.2. Nonlinear rheological analysis
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Figure 6.14: (a) Logarithm of terminal relaxation time vs. 1000/T for four telechelic samples
(PIB4K-BA2: ◻; PIB8K-BA2: ○; PIB14K-BA2: △; PIB28K-BA2: ▽) and a homopolymer
PIB with molecular weight of 30 kg/mol (◇) and the corresponding linear fitting curves; (b)
Flow activation energy vs. molecular weight for four telechelic samples and the homopoly-
mer (the same symbols as shown in (a) ).

due to the extension of the network strands. Gradually, shear stress on the network strands
and hydrogen bonding clusters is large enough that the dynamic bonding cluster will break
at non-equilibrium state at high strain and it leads to the fracture of the dynamic network,
which can be manifested as shear yielding.

Startup shear measurements of sample PIB14K-BA2 at 25 ○C and 10 ○C and sample
PIB14K-BA2 at 20 ○C and 15 ○C with a series of shear rates are shown in Figure 6.15a,
b, c and d. The terminal relaxation time from the linear response measurements of sample
PIB14K-BA2 at 25 ○C is 33 s at 25 ○C. At lower shear rate (Wi=0.33), we see the shear stress
gradually increases and becomes constant at some strain, indication of the viscoelastic fluid.
At higher shear rate (Wi >1) [109, 110] , the shear stress first increases and then decreases,
causing a stress maximum, which is called shear yielding.

The yield stress and strain both increase with the applied shear rate. This is contradictory
with the theoretical results from Tanaka [111] which predicts that the yield strain is weakly
dependent on the shear rate in the associative dynamic network. In the reported work on
nonlinear rheological results of associative polymer network, yield strain can either increase
[95,112] and decrease [113] with increasing shear rate or be independent [114] on shear rate.
But the mechanism is still unclear.

Figure 6.15b shows the startup shear measurements of sample PIB14K-BA2 at 10 ○C.
The results look similar to that at 25 ○C. One difference is that at higher Weissenberg number,
strain hardening at higher strain before yielding point can be observed. This can be due to
the nonlinear stress response of the bridging PIB chains at higher strain. At higher shear rate,
the stress grows very fast, during which hydrogen bonding disassociation is relatively slow,
so the stress is mainly applied on the bridging chains and the stress-strain relation becomes
nonlinear at higher strain [1], which leads to the strain hardening behavior at high strain.

Figure 6.15c and 6.15d show the startup shear measurements of sample PIB4K-BA2 at
20 ○C and 15 ○C. The stress-strain curves look similar to that of sample PIB14K-BA2 at 25
○C and there is no strain hardening. The difference is that the yielding strain is smaller than
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Figure 6.15: (a) Stress-strain curves for PIB14K-BA2 at 25 ○C for different shear rates (
Wi=0.33 —, Wi=1.04 —, Wi=3.3 —, Wi=10.4 —, Wi=33 —, Wi=100 —,
Wi=330 —, Wi=1000 —. (b) Stress-strain curves for PIB14K-BA2 at 10 ○C for dif-
ferent shear rates ( Wi=9 —, Wi=28 —, Wi=90 —, Wi=280 —, Wi=900 —,
Wi=2800 —, Wi=9000 —. (c) Stress-strain curve for PIB4K-BA2 at 20 ○C for different
shear rates ( Wi=1.1 —, Wi=3.5 —, Wi=11 —, Wi=35 —, Wi=110 — ). (d)
Stress-strain curve for PIB4K-BA2 at 15 ○C for different shear rates ( Wi=0.5 —, Wi=5—, Wi=50 — ).

that of sample PIB14K-BA2 at the same Weissenberg number. This is related to the chain
length of the bridging chains. Here we try to estimate the maximum length of the bridging
chains and compare it with the yielding strain. In the stretched state, the PIB chains can be
in the zig-zag conformation and the maximum length can be calculated as Rmax=nlcos(θ/2),
where n and l are the number and the length of the skeleton C-C bonds; θ is the angle
between neighboring C-C bonds (≈ 68○). With calculation, Rmax of sample PIB14K-BA2
and PIB4K-BA2 are 63.1 nm and 18 nm respectively. We take the distance between micelles
as the length of the bridging chains. From the distance between the micelles obtained in
SAXS measurements in Figure 6.3, the maximum extension ratios can be calculated as λmax =
Rmax

2π/q⋆ − 1. The maximum extension ratios of samples PIB14K-BA2 and PIB4K-BA2 are
687% and 227%. From Figure 6.15, all the yielding strains are reasonably smaller than the
maximum extension ratios although it’s hard to compare these two parameters indifferent
geometries quantitatively.
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6.2.2. Nonlinear rheological analysis

The startup shear data of sample PIB8K-BA2 also show similar shear yielding behavior
and are shown in Appendix. The startup shear results of sample PIB28K-BA2 are more
complicated and the yielding points are not very obvious, which might be due to the involving
of chains entanglement because the molecular weight is higher than Mc. The startup shear
data of PIB28K-BA2 will not be discussed further and are also shown in Appendix.
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Figure 6.16: (a) Shear stress-time data (◻) and fitting curve (—) for startup shear measure-
ment with Wi=0.33 at 25 ○C. (b) Shear stress-strain curves (solid lines) of startup shear mea-
surements for a series of shear rates at small strains( Wi=0.33 —, Wi=3.3 —, Wi=33—, Wi=330 — ) of sample PIB14K-BA2 at 25 ○C. The linear curve with a slope of the
plateau modulus from linear dynamic measurements (G=3×105 Pa) is shown in dashed line.

For the startup shear measurements with strain rate smaller than the inverse terminal
relaxation time, the sample shows flow behavior. We then use Maxwell model to fit the
stress-time curve of PIB14K-BA2 with Wi=0.33 at 25 ○C

σ = ηγ̇(1−exp(−G
η

t)) (6.6)

where σ is shear stress; η is viscosity; γ̇ is shear rate; G is the plateau modulus; t is time.
The fitting curve is shown in Figure 6.16a. The Maxwell model fits the experimental

data well. The fit parameters G=1.9×105 Pa and η=7.25×106 Pa×s are comparable to the
measured value G=3×105 Pa and η=9×106 Pa×s from linear rheological measurements.

With Maxwell fluid model, there is no yielding point with startup shear. For the startup
shear curves with higher Weissenberg number, we compare the beginning part of the startup
shear curve with a purely elastic model. As shown in 6.16b, startup shear curves of sample
PIB14K-BA2 at a series of Weissenberg numbers at 25 ○C are shown together with the linear
curve with a slope of the plateau modulus of PIB14K-BA2 from linear dynamic measure-
ments. We can see that at small strain and high shear rates, the startup shear curve overlaps
with the linear curve. Although at higher strain, it is not possible to fit the stress-strain curve,
the initial part can be fitted with elastic model.

The dependence of yield strain on Weissenberg number for two samples at different tem-
peratures is plotted in Figure 6.17. We can see that with increasing Wi, the yield strain
increases. The yield strain also increases with increasing molecular weight of the telechelic
PIB samples.
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6. Nonlinear Rheology and Self-healing properties of Supramolecular PIB network
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Figure 6.17: (a) Yield strain-shear rate data for two samples at different temperatures (
PIB14K-BA2: 10 ○C (∎) and 25 ○C (●); PIB4K-BA2: 15 ○C (▲) and 20 ○C (▼ ) . (b)Yield
stress-shear rate data for the same samples at different temperatures (the same symbols as in
(a)).

The dependence of yield stress on Weissenberg number for two samples at different tem-
peratures is also plotted in the right plot in Figure 6.17b. We can see that the data measured
at different temperatures for each sample nearly overlap. But the yield stress increases with
decreasing molecular weight at the same Weissenberg number. In summary, the yielding
stress-shear rate curves measured at different temperatures can be superposed after includ-
ing the relaxation time τ into the shear rate. We can conclude that the yield stress shows a
logarithm dependence on the Weissenberg number.

To quantitatively understand the shear yielding, we use a model from the literature to
deal with the relation between the yielding stress and shear rate [95].

The model deals with the shear yielding during startup shear of dynamic network. The
dynamic bonding has certain life time and it decreases as a function of shear stress. Assum-
ing shear stress grows linearly with strain and at the yield point the life time of the bonds
corresponds to the duration of the experiments, and the stress is found to be proportional to
the logarithm of shear rate (σcδ/Gpξ ∝ ln(δγ̇τ/ξ)), consistent with the experimental results
of our system. σc is the yield stress; δ is the length that characterizes the width of the bond
potential, i.e. the size of the micellar cores from SAXS curve fitting; Gp is the plateau modu-
lus of the dynamic network obtained from the linear dynamic rheological measurements; ξ is
the typical distance between junctions in the network, i.e. the distance between the micelles
d from SAXS patterns; τ is terminal relaxation time from linear dynamic rheological mea-
surements; the slope of the linear curve fitting is a constant K, which is a factor to describe
the local stress intensification at the crack tip and the fitting value of K is 3.82 in our case.

The corresponding new plot σcδ/Gξ - ln(δγ̇τ/ξ) is shown in Figure 6.18. The corre-
sponding parameters are shown in Table 6.2.

As we can see from the plot, the scaled yielding stress and shear rate data give a master
plot. We can confirm that the network fracture is related to the breakage of the dynamic
bonding which is dependent on the applied force. The results can not be described with the
classical Griffith model which predicts the brittle fracture of materials with the viewpoint of
energy at the crack tip. The possible reason could be that in Griffith model, the relaxation
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6.2.2. Nonlinear rheological analysis
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Figure 6.18: Scaled yielding stress vs. scaled shear rate data for two samples at different
temperatures.

Table 6.2: A list of parameters used for the calculation.

time of chemical bonds is extremely high and the fracture of chemical bonds is nearly inde-
pendent on the shear rate. And thus the energy for fracture is independent on the shear rate.
In our case, we need to break the dynamic bond to break the materials. The breakage of such
dynamic bonding can be influenced by the applied stress at high shear rate.

Stress relaxation in nonlinear region

The stress relaxation measurements were done by keeping the strain constant after startup
shear for different final shear strains with constant strain rate of 1 s−1 for sample PIB14K-
BA2. As shown in Figure 6.19a and 6.19b, with a startup shear strain of 150% which is
smaller than the yield strain at 25 ○C and 10 ○C, the following stress relaxation shows a slow
process which corresponds to a Maxwell fluid. When the strain is larger than the yield strain
(strain=500%), the stress relaxation shows two processes: the first one is the fast collapse
of the hydrogen bonding network and the second one is the normal terminal relaxation of a
Maxwell fluid.

At small shear strain, we use the stretched exponential function to fit the stress relaxation
curve.

σ(t) = σ0exp(−(t/τ)α) =Gpγexp(−(t/τ)α) (6.7)

where σ(t) is the the stress measured at time t after cessation of shear; σ0 is the shear stress
just after cease of the startup shear; Gp is the plateau modulus; γ is the startup shear strain; τ

is the relaxation time; α is the stretched exponent.
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Figure 6.19: Startup shear (black squares) and the following stress relaxation data (green
symbols for 150% and cyan symbols for 500%) after startup shear with strain of 150% and
500% (with a shear rate of 1 s−1) for sample PIB14K-BA2 at 25 ○C (left figure) and 10 ○C
(right figure) and the corresponding fitting curve (red curve for 150% and blue curve for
500% ).

The corresponding fitting curves are shown in Figure 6.19. We can see that the model
fits the experimental data very well.

Table 6.3: Comparison of fitting parameters and experimental values for sample PIB14K-
BA2 at 10 ○C and 25 ○C.

The fit parameters are shown in Table 6.3. The fit parameter for the slow process are
comparable with the values obtained from linear rheology. The small stretch exponents α

mean broad distributions of the relaxation time.
At higher startup shear strain, the stress relaxation process can not be fitted for the whole

relaxation process but only after the fast relaxation process, as we can see from the fitting
curve (blue line). This means that the Maxwell fluid model is not applicable to describe the
stress relaxation process after startup shear with high shear strain.

6.2.3 Modulus recovery (Self-healing) analysis after sample failure
Self-healing measurements for sample PIB14K-BA2 and PIB4K-BA2 were done by mea-
suring the dynamic storage modulus G′ 30 seconds (a similar time as the terminal relax-

90




1 0 0 1 0 1 1 0 2


1 0 4


1 0 5


1 0 6


 


 


τ=  3 3  s


sh
ea


r s
tre


ss 
 σ 


 (M
Pa


)


t  ( s )


c e s s a t i o n  o f  s h e a ra








1 0 - 1 1 0 0 1 0 1 1 0 2 1 0 3


1 0 4


1 0 5


1 0 6


τ=  9 0 0  s


sh
ea


r s
tre


ss 
 σ 


 (M
Pa


)


t  ( s )


b












6.2.3. Modulus recovery (Self-healing) analysis after sample failure

Figure 6.20: Modulus recovery experiments were done following this experimental proce-
dure.

ation time) after startup shear measurements with shear strains larger than the yield strain, as
shown in Figure 6.20. With a startup shear strain just above the yield strain, the dynamic net-
work failed. Then the shear strain was kept constant till time t2=t1+30s for all temperatures,
which is smaller than the time of fast relaxation as shown in the stress relaxation measure-
ments. During the waiting time (from t1 to t2), shear stress decreases due to fast fracture of
the network. Then the shear stress was reduced to zero by reducing the strain and the dy-
namic oscillatory measurements were started to measure the storage modulus recovery. The
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Figure 6.21: Normalized storage modulus curves for (a) sample PIB14K-BA2 and (b) sample
PIB4K-BA2 at different temperatures ( 25 ○C —, 20 ○C —, 15 ○C —, 10 ○C —, 5 ○C —).

measured storage modulus of sample PIB14K-BA2 and PIB4K-BA2 were then normalized
with the reference modulus at the longest measuring time and they are plotted in Figure 6.21.
We can see the recovery storage modulus curves for different temperatures differ a lot. With
decreasing temperature, the recovery is much slower. As we can see from Figure 6.21a, the
starting points of normalized G′ for all the curves are around 0.8. Below this part, the process
is very fast and difficult to measure. At long time scale, there is a slow perfectioning process.
We take normalized G′=0.8 as the starting point and G′=1 as the end point. Then we can take
the self healing time as the time at normalized G′=0.9 and plot it vs. temperature. For the
modulus recovery measurements of sample PIB4K-BA2, the result is shown in Figure 6.21b.
As we can see from the plots, the starting point that can be measured is already up to nearly
0.92. We can then take the self-healing time for sample PIB4K-BA2 as the time G′=0.92
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6. Nonlinear Rheology and Self-healing properties of Supramolecular PIB network

as the characteristic time for self-healing. The characteristic self-healing time for two sam-
ples and the corresponding terminal relaxation time are shown in Figure 6.22. We can see
that the self-healing time and the terminal relaxation time from linear rheology at different
temperatures are very similar. We know from linear dynamic rheological measurements that
the terminal relaxation time is related to the dissociation of the hydrogen bonding dynamic
networks which also determines the relaxation time of the dynamic network. A similar time
scale between the self-healing time and the terminal relaxation time might mean that the
reassociation of hydrogen bonds controls self-healing.
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Figure 6.22: Self-healing time (filled symbols) and terminal relaxation time (unfilled sym-
bols) depending on temperature for PIB14K-BA2 (∎, ◻) and PIB4K-BA2(▲, △).

6.3 Conclusion
A combined analysis of SAXS and rheological data shows that hydrogen bonding function-
alized PIB forms reversible dynamic network of interconnected micelles. Two relaxation
processes including PIB chain dynamics and hydrogen bonding relaxation are observed. Ter-
minal flow is controlled by dynamic bonding and the chain dynamics corresponds to normal
Rouse relaxation. Startup shear with high shear rates and large deformation leads to shear
yielding followed by fast stress relaxation caused by network failure. SAOS after shear yield-
ing shows a modulus recovery process consisting of a terminal flow dependent process and
a slow perfectioning of the network.
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Chapter 7

Summary

In this thesis, we studied three different supramolecular polymer systems with the exper-
imental methods of small angle X-ray scattering and rheology to investigate the structure
formation and the mechanical properties of hydrogen bonding groups functionalized poly-
mers in the bulk state. The first system includes a series of thymine/triazine functionalized
telechelic PIB samples. This system shows self-assembled micelles caused by unspecific hy-
drogen bonding and demixing between hydrogen bonding end groups and PIB main chains.
The second system is a supramolecular block copolymer PnBA-PIB linked with Hamilton
wedge/Barbituric acid hydrogen bonding groups. This system resembles a covalently bonded
block copolymer and shows ordered lamellar structure. The third system includes a series
of Barbituric acid bifunctionalized supramolecular PIB samples. This system shows inter-
connected micellar network where barbituric acid groups aggregate into clusters and act as
cross-link points.

Figure 7.1: Different kinds of micellar structure formed in the supramolecular PIB melts:
ordered micelles, disordered micelles and crosslinked micellar network.

The first system includes four hydrogen bonding telechelic PIB samples: a triazine mono-
functional PIB, a thymine monofunctional PIB, a mixture of the triazine monofunctional PIB
and the thymine monofunctional PIB, and a mixture of triazine bifunctional PIB and thymine
bifunctional PIB. These four hydrogen bonding functional PIB samples were studied semi-
quantitatively with SAXS and rheology. Three different micellar structures were found:
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ordered micelles, disordered micellar fluid, and crosslinked micellar network. Figure 7.1
shows the schematic pictures of three different micelles. The SAXS patterns of disordered
micelles were fitted well with Perkus-Yevick hard sphere model. The viscosity-volume frac-
tion of micelles of the disordered micellar fluid can be fitted with the empirical equation
from colloidal suspension. In such a system, besides the demixing between hydrogen bond-
ing groups and the PIB chains, unspecific hydrogen bonding was found to be an important
factor to influence the structural formation of supramolecular polymers in the bulk state.

Figure 7.2: The supramolecular block copolymer shows ordered lamellar structure below
TODT and disordered state above TODT .

The second system is a supramolecular block copolymer PnBA-PIB sample which is
linked through Hamilton wedge/Barbituric acid hydrogen bonding groups. It was investi-
gated with SAXS and rheology and an ordered lamellar structure was found at lower tem-
peratures. At higher temperatures, the order-disorder transition was confirmed with both
SAXS patterns and dynamic modulus curves. Figure 7.2 shows the schematic picture of the
order-disorder transition from ordered lamellar structure to disordered state. In the disor-
dered state, one different behavior from the normal covalently bonded block copolymer was
observed: the mean distance between the supramolecular block copolymer increases with
temperature. This indicates that an increasing fraction of the supramolecular block copoly-
mers disassociates with increasing temperature. Such a mixture of supramolecular block
copolymers and disassociated polymer blocks are in an equilibrium state because there is
no macrophase separation upto 180 ○C and the ordered lamellar structure is reversible after
cooling. In such a system, specific multiple hydrogen bonding is dominant. The unspecific
hydrogen bonding might also forms but it is not a key factor to dictate the structure of the
supramolecular block copolymers. The demixing between PIB and PnBA is the key factor
to influence the structural formation.

The third system includes several barbituric acid bifunctional PIB samples. The molecu-
lar weight of PIB was varied from 4 kg/mol to 28 kg/mol. Such system is interesting because
it shows self-healing properties. SAXS patterns show that the sample forms aggregates. In
rheological modulus curves, a long flat storage modulus plateau can be observed even for
the unentangled PIB samples. While at lower frequency, terminal flow can be found. With
SAXS and rheological analysis, interconnected dynamic networks (as shown in Figure 7.3)
can be concluded and the terminal relaxation of the dynamic network is controlled by dy-
namic hydrogen bonding. Nonlinear rheological behavior was studied and shear yielding
behavior was observed. Self-healing kinetics were studied by measuring the modulus recov-
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Figure 7.3: interconnected micellar network of supramolecular PIB samples.

ery after startup shear measurements. Most of the modulus recovery was finished within a
time which is similar as the terminal relaxation time of the dynamic network. The differ-
ence of rheological properties between the barbituric acid bifunctional PIB network and the
thymine/triazine bifunctional PIB mixture can be due to the stronger aggregation (stronger
hydrogen bonding) of thymine/triazine compared to the barbituric acid groups [115]. That
might also explain why barbituric acid bifunctional PIB samples shows self-healing proper-
ties while the thymine/triazine bifunctional PIB mixture not.

In conclusion, several kinds of aggregates were found in the three supramolecular poly-
mer systems and the driving forces for these aggregates are different. For the hydrogen bond-
ing functional nonpolar PIB samples, the demixing between the hydrogen bonding groups
and the main chain plays a more important role in influencing the structural formation and
rheological properties than the specific hydrogen bonding in the bulk state. A large amount
of unexpected unspecific hydrogen bonding was found in several samples, which can act as
another important factor. For the supramolecular block copolymer, the main driving force for
the structure is the demixing between two polymer blocks and the specific hydrogen bonding
was found to be very effective and structure formed was as expected.
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Appendix

A. SAXS data
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Figure A1: SAXS data (symbols) and curve fitting with hard sphere model (solid lines) for
PIB4K-BA2 at a series of temperatures.
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Figure A2: SAXS data (symbols) and curve fitting with hard sphere model (solid lines) for
PIB8K-BA2 at a series of temperatures.

Figure A1 and A2 show the SAXS data (symbols) of PIB4K-BA2 and PIB8K-BA2 at
a series of temperatures. The SAXS curves look very similar as the sample PIB14K-BA2.
A peak and a bump in the SAXS pattern can be clearly seen and they become weaker with

97




0 , 1 0 0 , 1 5 0 , 2 0 0 , 2 5 0 , 3 0 0 , 3 5 0 , 4 0


- 2


- 1


0


����
�����
�����
	����

����
������
������


 


�
log


 (In
ten


sity
)



������


��








0 , 1 0 0 , 1 5 0 , 2 0 0 , 2 5 0 , 3 0 0 , 3 5 0 , 4 0


- 2


- 1

�


����
�����
�����
	����

����
������
������


 


�
log


 (In
ten


sity
)



������







Appendix

increasing temperatures. The curve fitting (in solid lines) with hard sphere model were done
and the fitting curves are shown also in Figure A1 and A2. The fitting works well, similarly
as PIB14K-BA2.

B. Rheological data
Figure A3a and A3b show the original dynamic modulus curves of sample PIB4K-BA2 and
PIB8K-BA2 at a series of temperatures. Master curve constructions were done with the shift
factors from homopolymer PIB with molecular weight of 30 kg/mol. FigureA4a and A4b
show the master curves of PIB4K-BA2 and PIB8K-BA2 with a reference temperature of 25
○C.
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Figure A3: Complex modulus (G’, G") v.s. angular frequency ω for (a) PIB4K-BA2 and (b)
PIB8K-BA2 at different temperatures( -30 ○C ∣, -20 ○C —, -10 ○C ∗, 0 ○C ×, 10 ○C +, 20 ○C
⊙, 30 ○C D, 40 ○C ☀, 50 ○C 7, 60 ○C ▷ , 70 ○C ◁, 80 ○C ◇, 90 ○C ▽, 100 ○C △, 110 ○C
○, 120 ○C ◻ ).
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Figure A4: Master curves of (a) samples PIB4K-BA2 and (b) PIB8K-BA2 with a reference
temperature of 25 ○C. Different symbols represent the curves measured at different temper-
atures, same to the plots shown in Figure A3.
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Appendix

C. Startup shear
Figure A5a and A5b show the stress-strain curves of startup shear measurements for PIB8K-
BA2 and PIB28K-BA2. Shear yielding can be clearly observed for PIB8K-BA2 and PIB28K-
BA2. The yielding point for PIB8K-BA2 is sharp and can be clearly observed while PIB28K-
BA2 not.
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Figure A5: (a) Stress-strain curve for PIB8K-BA2 at 25 ○C for γ̇τ=33; (b) Stress-strain curve
for PIB28K-BA2 at 25 ○C for γ̇τ=27 ( —) and at 20 ○C for γ̇τ=23 ( —).
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