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Abstract

A thorough investigation was made of the structure-property relation of well-
defined statistical, gradient and block copolymers of various compositions.
Among the copolymers studied were those which were synthesized using
isobornyl acrylate (IBA) and n-butyl acrylate (nBA) monomer units. The
copolymers exhibited several unique properties that make them suitable materials
for a range of applications. The thermomechanical properties of these new
materials were compared to acrylate homopolymers. By the proper choice of the
IBA/nBA monomer ratio, it was possible to tune the glass transition temperature
of the statistical P(IBA-co-nBA) copolymers. The measured 7,’s of the
copolymers with different IBA/nBA monomer ratios followed a trend that fitted
well with the Fox equation prediction. While statistical copolymers showed a
single glass transition (7 between -50 and 90 °C depending on composition),
DSC block copolymers showed two T,’s and the gradient copolymer showed a
single, but very broad, glass transition. PMBL-PBA-PMBL triblock copolymers
of different composition ratios were also studied and revealed a microphase
separated morphology of mostly cylindrical PMBL domains hexagonally arranged
in the PBA matrix. DMA studies confirmed the phase separated morphology of
the copolymers. Tensile studies showed the linear PMBL-PBA-PMBL triblock
copolymers having a relatively low elongation at break that was increased by
replacing the PMBL hard blocks with the less brittle random PMBL-r-PMMA
blocks. The 10- and 20-arm PBA-PMBL copolymers which were studied revealed
even more unique properties. SAXS results showed a mixture of cylindrical
PMBL domains hexagonally arranged in the PBA matrix, as well as lamellar.
Despite PMBL’s brittleness, the triblock and multi-arm PBA-PMBL copolymers
could become suitable materials for high temperature applications due to PMBL’s
high glass transition temperature and high thermal stability. The structure-
property relation of multi-arm star PBA-PMMA block copolymers was also

investigated. Small-angle X-ray scattering revealed a phase separated morphology




of cylindrical PMMA domains hexagonally arranged in the PBA matrix. DMA
studies found that these materials possess typical elastomeric behavior in a broad
range of service temperatures up to at least 250°C. The ultimate tensile strength
and the elastic modulus of the 10- and 20-arm star PBA-PMMA block copolymers
are significantly higher than those of their 3-arm or linear ABA type counterparts
with similar composition, indicating a strong effect of the number of arms on the
tensile properties. Siloxane-based copolymers were also studied and one of the
main objectives here was to examine the possibility to synthesize trifluoropropyl-
containing siloxane copolymers of gradient distribution of trifluoropropyl groups
along the chain. DMA results of the PDMS-PMTFPS siloxane copolymers
synthesized via simultaneous copolymerization showed that due to the large
difference in reactivity rates of 2,4,6-tris(3,3,3-trifluoropropyl)-2,4,6-
trimethylcyclotrisiloxane (F) and hexamethylcyclotrisiloxane (D), a copolymer of
almost block structure containing only a narrow intermediate fragment with
gradient distribution of the component units was obtained. A more dispersed
distribution of the trifluoropropyl groups was obtained by the semi-batch

(X3

copolymerization process, as the DMA results revealed more ‘‘pure gradient
type’’ features for the siloxane copolymers which were synthesized by adding F at
a controlled rate to the polymerization of the less reactive D. As with
trifluoropropyl-containing siloxane copolymers, vinyl-containing polysiloxanes
may be converted to a variety of useful polysiloxane materials by chemical
modification. But much like the trifluoropropyl-containing siloxane copolymers,
as a result of so much difference in the reactivities between the component units
2,4,6-trivinyl-2,4,6-trimethylcyclotrisiloxane (V) and hexamethylcyclotrisiloxane
(D), thermal and mechanical properties of the PDMS-PMVS copolymers obtained
by simultaneous copolymerization was similar to those of block copolymers. Only

the copolymers obtained by semi-batch method showed properties typical for

gradient copolymers.
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Overview

The Introduction and Motivation section discusses briefly the development of the
study of copolymers from its infancy to the modern day discoveries and
techniques, as well as its motivation for this particular study. The methodological
systems used will then be discussed in Chapter 1, which covers dynamic
mechanical analysis and small angle X-ray scattering. In Chapter 2, each of the
studied materials as well as the devices involved (rheometer, tensiometer,
calorimeter etc.) are described in detail, with an explanation of the methods used.
Finally, all the findings of this work are discussed in three subchapters in Chapter

3, and are compared with available literature.







Introduction & Motivation

A polymer is a large molecule composed of many fundamental units, called
monomers, connected by chemical bonds. If these monomers are identical, the
result is a “homopolymer.” If the monomers are of two or more different types,
then the product is a hetero- or copolymer that can either be random or have a
well-defined sequence. Polymers are the most commonly encountered complex
material in the world. With the exception of metals and inorganic compounds,
most of the materials that we come into contact with everyday are polymeric.
These include elastomers in our automobile tires, paints, plastic wall and floor

coverings, foam insulation, and so forth, in our house.

Although there are many varieties of polymers, they all have some common
features. The rapid growth of polymer science over the past few decades has been
due in large part to a deeper understanding of the relationship between the
physical characteristics of polymers and the structure of the polymer molecules. It
has become apparent that molecular properties such as chain length, chain
stiffness, degree of branching, molecular architecture, and the number of charge
groups are more significant than the detailed chemical make-up of polymers in
determining their physical characteristics [1]. An understanding of the relationship
between such molecular properties and the physical characteristics can help
efficiently direct the synthesis of new materials with useful properties, as
constantly advancing technologies demand new, high performance and more

specialized materials with highly specialized functions [2-9].

What also has become apparent is that such materials are now rarely one-
component systems. And the investigation on systems built with two or more
components is in demand, especially for structure property correlations. Figure
0.1 shows a few examples of the two-component systems that are rapidly gaining

interest.
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Figure 0.1. Two component polymer systems, or copolymers.

Multi-component polymer systems can offer a huge potential because they can be
tailor-made for a vast number of applications. However, among the main
challenges in polymer technology today is the exact control of the polymer
architecture, as well as understanding the correlations between chemical structure
or architecture and a material’s characteristics. The pursuit of the design of these
new more specialized, and high performance materials require more precise
control over the polymerization process and over the structure of resulting
polymers. Among the factors to be controlled are: the molecular weight and its
distribution, structural topology of macromolecules, and the type and distribution

of functional groups in the chain.

One example of a two-component system is the block copolymer, in which the
instantaneous composition changes discontinuously and abruptly along the chain.
A block copolymer is composed of two or more sequences of monomers joined
together by chemical bonds. Several commonly encountered block copolymers are
depicted in Figure 0.2. Block copolymers are fascinating materials with unique
mechanical, optical, and structural properties. They can be used as surfactants, as

compatibilizing agents in polymer blends, as adhesives etc.
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Introduction & Motivation
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Figure 0.2. Commonly encountered block copolymers.
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The most important property of block copolymers is their ability to self-assemble.
Due to the possible incompatibility between different polymer species in a block
copolymer, the very low value of entropy of mixing for macromolecules, and the
fact that the different polymer blocks are connected by chemical bonds, block
copolymers can undergo a microphase separation and assemble into various
ordered structures [10-18]. Recently, self-assembled ordered polymer structures
with periodicities on the nanometer scale have become an important area of study
because of their potential applications in nanotechnology. For instance, it has been
suggested that block copolymers can be used in the development of new classes of
electronic devices [19] and in the synthesis of mesoporous solids that can be used
as catalysts and sorption media [20]. An important factor contributing to the block
copolymers’ widespread popularity is the controllability of the size and
morphology of the microstructure, and hence the material properties, by varying

the molecular weight, molecular architecture, and composition of the copolymers.

Another example of a two-component system, which has gained considerable
interest, is the gradient copolymer, in which instantaneous composition varies
continuously along the chain contour. Latest reports, both theoretical [21-24] and
experimental [25-28] show that the physical properties of gradient copolymers
differ considerably from those of the corresponding block and random
copolymers. The main effects observed were related to differences in local
dynamics, which in the case of the gradient copolymers with their broad range of
local compositions manifests itself in a very broad spectrum of relaxation times of
segmental motions. Qualitatively, in gradient polymers the temperature
dependencies of their dynamic properties and of their microphase separation
morphologies remain the same as compared to diblock copolymers, but changes in
the composition gradients will alter the microphase separation transition
temperature continuously along the temperature scale. The experimental data also
suggest a strong dependence of the morphological and dynamic states of the

gradient copolymer materials on their thermal history.
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Introduction & Motivation

In contrast to block and gradient copolymers, one other example is the statistical
copolymer, which has a constant composition along the copolymer chain. All
three types of these copolymers that have just been mentioned, even if built with
the same type and number of units, may have completely different properties as a
result of their architecture alone. And it is this relationship that has become the
main motivation for this study. Despite early mechanical and thermodynamic
investigations of statistical, gradient, and block copolymers, there are still many
systems of great industrial and technological interest which can still further
explain the relationship between copolymer architecture and its effects on the
thermomechanical behavior. And it is the focus of this study to explore these

specific systems which have not been studied before.

PROPERTIES
structure 3 dynamics
size scales, | \ time scales,
heterogeneity_" ) _ | response rates

MATERIAL

composition // processing
molecular
architecture

Figure 0.3. Characterization of the properties of copolymer materials.
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1 Methodological Systems

A significant portion of the studies reported in this volume involved dynamic
mechanical analysis and X-ray diffraction. This chapter discusses the theory, as

well as the basic underlying concepts behind these two methodological systems.

1.1 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) is a technique used to characterize a
material by analyzing its flow and deformation. A material’s reactions to periodic
variations or oscillations of an applied external mechanical field are recorded. The
possible resulting responses to such a field (stress or strain) are either dissipation
of the input energy in a viscous flow (non-reversible response), or storage of the
energy elastically (reversible response), or a combination of both of these two
extreme cases. Through the use of DMA it is possible to detect variations in both
contributions as a function of temperature or of the frequency of the oscillatory
deformation. The relaxation processes, which govern the behavior of a given

material, can therefore then be determined.

1.1.1 Definitions

= Hooke’s and Newton’s law

Polymers are viscoelastic, exhibiting properties of both elastic solids as well as
viscous liquids. It is necessary to derive expressions that relate stress and strain in
order to better understand the mechanical behavior of polymers. For an ideal

elastic solid, Hooke’s law states that
o=E¢ (1.1)
where tensile stress o is the force applied per unit cross-sectional area, and linear

strain ¢ is the change in length divided by the original length of the material. E is

the material’s Young’s modulus.

15



Methodological Systems

A given force, F' when applied to an ideal elastic solid or a spring, is proportional
to x which is the displacement of the spring from its equilibrium position, and can
be expressed as

F =—kx (1.2)

where k is the material specific spring constant.

For cases involving shearing, a shear stress o is related to the corresponding shear

strain y by the relationship
=Gy (13)
where G is the shear modulus.

As with ideal elastic solids, an ideal viscous liquid can also be defined. A viscous

liquid obeys Newton’s law of viscosity
T=n—"o (1.4)

where V' is the velocity and y is the direction of the velocity gradient in the liquid.
In cases of velocity gradients in single xy plane we can express the following

0':778—7/ (1.5)

where the shear stress o is directly proportional to the rate of change of shear

strain y in time ¢. 7 is the liquid’s viscosity.
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Chapter 1

With the assumption that the shear stresses related to stress and strain rate are
additives, a linear viscoelastic behavior can be formulated by combining

equations (1.3) and (1.5) to form the following

oy
o=Gy+n—- 1.6
yHn— (1.6)

which represents one of the simple models for linear viscoelastic behavior known

as the Voigt model, which is discussed in detail in Section 1.1.3.

= Stress and strain in DMA

Through the use of DMA the relationship between strain (deformation) and the
resulting stress is investigated. In the case where the sample being examined is
confined between two parallel plates (Figure 1.1), where the upper plate moves at
a constant velocity while the lower plate is stationary, the force /" needed to move

the upper plate of contact area 4 can be expressed as
F =04 (1.7)
where ¢ is the shear stress, which is constant through the gap. The shear strain

(deformation) is defined as the ratio of the horizontal displacement of the moving

plate Ax, to the distance between the two plates H

T [E

(1.8)

In a dynamic mechanical experiment, the applied strain is a time- and frequency-

dependent sinusoidal shear strain of given amplitude y,,

y(t)=y, sin(er) (1.9)
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Methodological Systems

Such a deformation results in a response (shear stress) which remains sinusoidal

and can differ only by phase shift and amplitude
o(t) = o, sin(wt + &) (1.10)

The dynamic mechanical measurement follows this basic principle. A sinusoidal
strain is applied, and the resulting response (stress), is simultaneously measured.
The resulting response will depend on the nature of the material, for example, in
the case of an ideal elastic system, the stress signal is in phase with the applied
strain, whereas for an ideal viscous system, the stress is 90° out of phase with the
strain. Real polymers exhibit viscoelastic behavior and the input and output

signals are shifted at a phase angle 0° <J < 90°.

A
_———x —F
. 1%
I CWLEY

/r /

Figure 1.1. Illustration of shear strain and stress in the dynamic mechanical

measurement. A sample is placed between two plates, a fixed lower plate and a
moving upper plate which moves at constant velocity. The force is denoted by F,

and the contact area by A.

The Boltzmann superposition principle states that the response of a material to a
given load is independent of the response to any load which is already on the
material. Materials which behave in this manner are described as linear

viscoelastic.
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Chapter 1

If the incremental strains Ay, Ay,, Ays etc. are applied to the material at times 7,

7, T3, respectively, then the total stress at time ¢ can be written as
O'(t) = A}/IG(t -, )+ A}/zG(t -7, )+ A73G(t -7, )+ (1.11)

where the stress relaxation modulus G(¢ — 7, )is a decreasing function of time. The

summation of (1.11) can generally be expressed in integral form as

jG —)My(z) (1.12)

= Different test geometries in DMA

Oscillatory shear experiments allow four possible sample geometries, depending
on the physical state of material. The different geometries are illustrated in Figure
1.2. For melts, Plate-plate and cone-plate are typically used, while rectangular

bars are more suited for solids, and couette for liquids or polymer solutions.

| | I
=5

a b c d
Figure 1.2. Types of test geometries used for different materials; (a) plate-plate

and (b) cone-plate for the melt, (c) rectangular bars for solids and (d) couette for

polymer solutions or liquids. Geometry (a) was used for this present investigation.

* (G’and G”, storage and loss moduli
Properties of linear viscoelastic materials can be described by the storage G’ and
loss G” moduli, which correspond to the elastic and viscous components

respectively. The units of both these moduli are Pa.
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Methodological Systems

For isotropic materials, the dynamic mechanical experiment would involve

measuring the applied sinusoidal shear strain ]/(l‘) of amplitude p,and angular
frequency w as shown in equation (1.9). The resulting stress a(t) of amplitude

o, and phase lag J is simultaneously measured (Figure 1.3).

3 .
strain strain

stress stress
time

Figure 1.3. Time profile of a simple shear experiment (see Figure 1.1) with and

without phase lag o.
Equation (1.10) can be expanded to
o(t)= (o, cos 8)sin(wt) + (o, sin &)cos(wt) (1.13)

and it then becomes evident that the stress could consist of two components: one

of magnitude (00 cos 5) in phase with the strain; and another one of magnitude
(0'0 sino ) being 90° out of phase with the strain. The stress-strain relationship can

therefore be defined by a quantity G’, which is in phase with the strain, and by a

quantity G ”, which is 90° out of phase with the strain, i.e.

o = 1,[G'(w)sin(wt) + G"(@)cos(wr)] (1.14)
where
G'(a)):ﬁcos5 and G”(a)):ﬁsiné (1.15)
7o 7o

20



Chapter 1

=  Complex shear modulus
It is convenient to expresse the shear stress and shear strain by using complex

notation due to the phase lag o
7' =y,(cosart +isinot)=y +iy" (1.16)
o' = o, [cos(wrt + 8)+isin(wr + 5)| = o, expli(ewt + 5)] (1.17)

Hence, the complex shear modulus (Figure 1.4) is defined as

G =2 =0 exp(is) = T cos 5 +iZLsing = G+ G" (1.18)

V4 7o 7o 7o

and |G'|= 2 =G +G™ (1.19)
7o
2
le& |
G" !
5 I
G' .

Figure 1.4. Diagram showing the complex modulusG* =G'+iG". G’
corresponds to the storage modulus (elastically stored energy) and G to the loss

modulus (dissipated energy).

The compliance J” is also sometimes used instead of the shear modulus G, and is

defined by

J =J —iJ" (1.20)
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Methodological Systems

Therefore we obtain that

Gl G"
J=—————adJ ' =——— 1.21
Grz +Gﬂ2 sz +G”2 ( )

The loss tangent is also a useful parameter. It is a measure of the ratio of energy
lost (as heat) to energy stored in a material in one cyclic deformation, and is

expressed as

14

tano =

(1.22)

!

The particular temperature dependence of tan 0 will make useful as a test of

thermorheological simplicity. The tan J is sometimes referred to as damping.
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Chapter 1

1.1.2 Oscillatory response of real systems

The “master curve,” a typical illustration of the G'(w) and G"” (w) behavior for a

homopolymer is illustrated in Figure 1.5, where the frequency dependence for n-

butyl acrylate is shown. The G’ and G” values are in the range of 1 to 10° Pa.

Compare this to the situation in crystalline solids where typically a constant,

frequency independent modulus of about 10'' Pa is obtained. The range of values

of the moduli, which change with temperature and frequency, is characteristic of

polymers and other soft viscoelastic materials. A number of specific regions of the

master curve can be identified, as follows:

a)

the glassy state, where an elastic response at the higher frequencies is
observed and the storage modulus G’ predominates and reaches the value of
about 10° Pa. In this region, the polymer lacks molecular mobility since no
motion longer than a segment exists, so it maintains the disordered nature of a
melt. However, limited localized segmental movements are still possible
giving rise to weak sub-glass relaxations. These relaxations are characteristic
of all amorphous polymers and glass-forming liquids in general. The existence
of the segmental flow region indicates a transitional phase between the glassy
and the rubbery (viscoelastic) state. This transition however, is not a real
thermodynamic transition, meaning that there is no heat of fusion associated,
but only a change in the specific heat. The loss modulus (G ”) predominates in
this region and decreases slower than G’. This is due to the energy dissipation
in the form of heat, caused by friction in the main chain segments, which
consist of a few repeating units that become mobile and as a result begin to
move. As the temperature continues to increase, an increasing fraction of
chain segments acquire enough energy to overcome the intra- and inter-

molecular forces.

23



Methodological Systems

o d C b a
10 E Gl
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Figure 1.5. The various regions in the viscoelastic spectrum of the homopolymer

n-butyl acrylate.

b) the rubbery (viscoelastic) state, where the shear modulus decreases around
three decades compared to the glassy state to approximately 10° Pa and elastic
behavior dominates (G >G”). This “rubbery plateau” is never perfectly flat as
there is always a slight increase of G’ with frequency, as can be seen in Figure
1.5. In this region, the slope of G’ is small, and the change in G” with increase
in frequency is also small or in some case decreases to a minimum, before
rising again at higher frequencies. The lower the slope of the G’ curve, the
deeper the minimum of G”. This is due to the increasing separation of the
segmental and chain modes. However, this rubbery plateau exists only if the
molecular weight of the polymer is greater than the so-called entanglement
molecular weight M,, which corresponds to the molecular weight contained

between two physically entangled points. The onset of entanglement is

24



Chapter 1

believed to occur at a critical molecular weight M, =~ 2.4M, [29-30]. The
extension of the plateau is proportional to the polymer molecular weight and

the height of the plateau is inversely proportional to M..

the viscous state or the polymer flow region, where dissipation of energy
prevails and G predominates. At this low frequency, motion of entire chains
takes place. When frequencies are low enough, G increases linearly with
frequency and G’ is proportional to quadratic frequency. The behavior can be
derived from simple models of viscoelastic systems such as the Maxwell

model, which is discussed later.

Two relaxation processes taking place at specific relaxation times can also

separate the different regions discussed above:

1)

2)

At the border between the glassy state and segmental region, the G’ and G”
cross (Figure 1.5). This crossover point is a guide used to determine what is
known as the segmental relaxation time z,, which is given by the inverse of the

frequency at that point (a)rs =1). For narrow dispersions, the crossover

frequency is identical to the frequency where G develops a maximum.

The chain relaxation time is determined from the crossover point of G’ and
G” at the border between the rubber region and the viscous state, using

ot =1.

c

These two crossover points and its correspondence to the relaxation times in the

polymer systems are mere approximations. A more accurate measure of the

characteristic relaxation times is the maximum in G”, which is located in the

approximate vicinity of the crossover points for narrow molecular weight

distributions. For broad distributions the crossing of the moduli and the maximum
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Methodological Systems

in G” are shifted away from each other, making the crossing point a less accurate

indication of the relaxation times.

Both the segmental and chain relaxation times as functions of temperature can be

determined from the following equation
log r(T): logT(T,ef)+10g(aT) (1.23)

where T, is the reference temperature and ar is the shift factor. Equation (1.23)
is applicable only for systems that are thermorheologically simple, which is

discussed later.

= Entanglement molecular weight

The entanglement of a polymer chain is a type of intermolecular interaction,
which does not involve an energetic change and is purely an entropic and
topological phenomenon. Chain entanglement affects mainly polymer chain
motions. The molecular weight between two adjacent temporary entanglement
points, which is defined as the entanglement molecular weight M,, can be

calculated from the plateau modulus Gy as

_ PyRTy

Me
GN

(1.24)

where py is the density of the polymer at temperature 7y, at which the plateau
modulus Gy is measured and R is the ideal gas constant (R=8.314 Jmol'K™"). The
value of the plateau modulus, Gy can be obtained from the frequency where the
minimum of the loss tangent tan ¢ is located, shown in the following equation

Gy =G'(w) (1.25)

tan 5min
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Chapter 1

1.1.3 Mechanical models of linear viscoelasticity

A simple representation of linear viscoelastic behavior can be demonstrated using
models consisting of Hookean springs that obey Hooke’s law, as well as
Newton’s dashspots, which are represented as oil-filled cylinders in which a
loosely fitting piston moves at a rate proportional to the viscosity of the oil and to
the applied stress. In the simplest case consisting of a spring and a dashpot, two
models can be constructed. These elements are either coupled in series (the
Maxwell model), or in parallel (the Voigt model) as illustrated in Figure 1.6. The

viscoelastic functions which are exhibited in each of these models are summarized

in Table 1.1.
&
o
£ 4
E
1
gl -
(a)

\ 4

(b)
Figure 1.6. (a) Maxwell, and (b) Voigt mechanical models for viscoelastic

behavior.
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Table 1.1

Viscoelastic functions of the Maxwell and the Voigt model.

The Maxwell model The Voigt model
J(e)=Jy+1/n J()=J,(1-e"")
E(t)=E,e™'" E(t)=E,
E'(a)):EOa)zfz(l+a)212) E'(0)=E,

E"(w)= an)r(l + a)zrz) E"(0)= E,0r = on
7'(@)=n/+o’r) n'(@)=7

J'(w)=J, J'(@)=J,/ (1+a)2' )
J'(0)=J,/or=1/0n J"(0)= Ja)r/(1+a)r)
tand =1/ wr tan o = ot

=  The Maxwell model

Stress-strain relation for the spring (see equation (1.1)) is written as

o =Eg, (1.26)
and for the dashpot
de,
o=n—=- 1.27
. (1.27)

Both the spring and the dashpot have the same stress, and the sum of the strain in

the spring and the dashpot makes up the total strain (¢ = g, = &).

Therefore, the equation of motion in this model is

de _de, _ds, 1do o (1.28)
d —di di  Edi 7
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Two cases could be considered:

a) stress relaxation for a constant strain (de/dt = 0)

In this first case,

ldo o_, (1.29)
E dt 7§
and with the solution
do__E, (1.30)
o7

integration would then lead to

o=0, exp(— ﬂj =0, exp(— L] (1.31)
n T

where 0y is the initial stress at time # = 0, and 7 =7/E is the relaxation time in

this model. Equation (1.31) shows that in the Maxwell model, the stress decays
exponentially with the time z. It is obvious that the stress relaxation behavior
cannot usually be represented by a single exponential decay term for real

polymers, nor does it necessarily decay to zero at infinite time.

b) constant stress (do/dt =0).
In this case, from equation (1.28) we obtain thatde/dt = o/, which is a constant

value. This would imply that the Maxwell model cannot describe creep. The time

dependence of stress is written as

o =0, exp(ia)t) (1.32)
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and can be inserted into equation (1.28) as the Maxwell model yields the

frequency dependence of storage and loss moduli (Figure 1.7)

(1.33)

1.0+

0.8-
[—]
Q
- 0_6~
€3]
X 0.4
£q)
0.2
0.0
10° 107 10° 10' 10°
log ot

Figure 1.7. The Maxwell model’s representation of the frequency dependence of

E’ and E”.

The plateau of E’ prevails over E” in the high frequency range, which is
characteristic for elastic behavior. The elastic modulus of a material in this

frequency range is given by

E, = lim E'(») (1.34)

W—>0

E” would be higher than the E’ in the low frequency region, which is typical for
Newtonian flow. In this range £’ and E” are proportional to »® and w. On a

logarithmic scale £’ and £ have slopes of 2 and 1, respectively (Figure 1.5).
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The zero shear viscosity can be obtained in this range according to

1, =lim _E"(a))

0—0 10}

(1.35)

= The Voigt model
This model consists of a spring and dashpot in parallel. The displacements of the
spring and the dashpot are equal, whereas the total stress ¢ comes from both of

these elements
e=¢ =¢,and oc=0,+0, (1.36)

And from equations (1.26) and (1.27), we derive the equation of motion

de
oc=FEc+n— 1.37
. (1.37)
which, after integration, gives
gzﬁ{l—exp(—ﬁtﬂ (1.38)
E n

where o, is the constant stress. The strain ¢ rises exponentially to the value of
o,/ E with retardation timez’ =7/E . Equation (1.38) and hence the Voigt model

can describe time dependence of creep. However, stress relaxation cannot be

predicted by this model.

It is important to point out that the Maxwell and the Voigt models are
simplifications and cannot properly describe the viscoelastic behavior in a wide

frequency range and would fail completely at creep and stress relaxation
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prediction respectively. If we wanted to describe the real behavior of polymer
systems more precisely, we could couple several Maxwell units in parallel or, for
instance, combine the Voigt and Maxwell units in series as has been done with

Burger’s model (Figure 1.8).

%t

|

| I

\ 4

Figure 1.8. Three-element model (Burger’s model) of viscoelasticity.

1.1.4 Thermorheological simplicity and time-Temperature superposition

Dynamic mechanical spectrometers have a typical frequency range between 107
and 500 rad/s. It can be seen from Figure 1.5 that the frequency range of the
“master curve” covers many decades, which are not possible to be measured
directly by the available apparatus. To overcome these limits, master curves are
constructed by combining results of measurements performed at various
temperatures within the same frequency window, typically 10" to 10* rad/s, as
illustrated in Figure 1.9. One of these dependences located above the glass
transition is taken as a reference, meaning it is not shifted, and all other curves are
shifted along the frequency scale to overlap with dependences measured at
adjacent temperatures. The responses of G’ and G obtained at higher and lower
temperatures than the reference temperature, are shifted to lower and higher
frequencies respectively. The end result is a continuous master curve

corresponding to the chosen reference temperature 7.
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log G', log G'' [Pa]

log w [rad/s]

Figure 1.9. Master curve constructed for a polystyrene test sample (M, =200
kg/mol). Frequency dependences of G’ and G~ are measured at various
temperatures with a fixed frequency window (between the two vertical dotted
lines). One of these dependencies is taken as a reference and is not shifted. All the
other curves are shifted horizontally by log ar to overlap with dependencies
measured at adjacent temperatures. Dependencies measured at higher and lower

temperatures are moved to lower and higher frequencies, respectively.

The procedure used to determine the storage and loss moduli over a very broad
frequency range is based on what is known as the time-temperature or frequency-
temperature equivalence principle. It states that the viscoelastic behavior at one
temperature can be related to that at another temperature by a change in the time-
scale only. In other words, the temperature change is equivalent to the change of

the deformation frequency of a given material. The equivalence principle is valid
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only for thermorheologically simple materials, that is, materials where the
distribution of relaxation times does not change with temperature. Therefore,
obviously it does not work in the temperature/frequency range where relaxation
processes with different temperature dependencies of relaxation times overlap.
The principle holds true only for amorphous homopolymers, and does not hold for
semicrystalline polymers, for polymer blends or block copolymers. In the case of
semicrystalline polymers and block copolymers, the reason for the failure of tTs is
the existence of molecular and supramolecular organization that change as a
function of temperature. In the case of immiscible polymer blends, tTs also fails
as a result of the different shift factors for the different components in the blend.
And in the case of miscible polymers, tTs fails again provided that the difference

in the glass transition temperatures (7;) of the two components is above 40 K.

» The Williams-Landel-Ferry (WLF) equation

The G’, G” dependencies obtained at various temperatures and their horizontal
shifts provide directly the temperature dependence of shift factor, log ar (7,T,.r),
as illustrated in Figure 1.10. This relationship between the shift factor and the
temperature can be expressed using the WLF equation, which was postulated by

Williams, Landel and Ferry [31], and written as

cl(r-r
loga, = M (1.39)
C,” +T-T,,

where C,"” and C," are material dependent constants that depend on the reference
temperature 7,.. For comparison purposes, it may be useful to express these
constants in correspondence to another reference temperature, particularly the

glass transition temperature 7.
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The new constants then, C,*and C,* with T, ¢ as a reference temperature, can be

determined using the following conversion relations

clvclv
o (1.40)
G+ Tg a Tref
Cy=C +T,-T,, (1.41)

Earlier assumptions based on analysis of limited data postulated that Cng and ng

were universal constants. However, these assumptions was not supported when

the results for a wider variety of viscoelastic materials were considered. From

(1.40) and (1.41), we derive that
crkcr =clvcy (1.42)

T,-Cy =T,-C" =T, (1.43)

where T, is the Vogel temperature or the “ideal” glass temperature at which,

regardless of the T}, log ar becomes infinite in accordance with equation (1.39).

The WLF equation holds true above the glass temperature until 7, + 100 K.
Although the equation was originally based purely on empirical observations, it

can also be derived directly from free volume theories.
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Figure 1.10. An example of the temperature dependence of a shift factor ar. The
line is a fit of the WLF equation (2.39).

1.1.5 Origin of the liquid-to-glass “transition”

The theory behind liquid-to-glass “transition” has not yet been fully understood.
The origin of the slowing-down process of the relaxation times of a system as it
approaches glass transition is one of the most fundamental problems in polymer
physics of liquids, in general, with several technologically important aspects such
as physical aging and refractive index stabilization [32-34]. Identifying the main
thermodynamic parameter that controls the slow dynamics in glass-forming
liquids, which gives rise to the dynamic arrest at 7, is still a topic of debate.

Theoretical predictions consider two extreme cases:

e Free-volume theories [35-36]

e Thermally activated processes on a constant density “energy landscape”

(Arrhenius model) [32-33]

In the first case, the controlling parameter is volume (V) or density (p) and the
slowing-down results from the decrease of the available volume or free volume.
In the second case, the controlling parameter is temperature (7), the landscape is

considered as fixed and the super-Arrhenius dependence of relaxation times on
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T(«(7)) is attributed to changes in the barriers and the minima encountered in the
exploration of the landscape. Clearly these cases should be considered as extreme,
since molecular transport in general, is driven by thermal activation processes
with potential energy barriers, which depend on local density [37]. Both

approaches are described below.

A. Free volume theories of the glass “transition”

The theories imply that if conformational changes in the polymer chains are to
take place, there must be space available for the newly rearranged molecular
segments to exist in. The total amount of free space per unit volume of the
polymer is called the fractional free volume V. As the temperature of the polymer
system decreases towards the glass temperature, the polymer chains rearrange
themselves to reduce the free volume, to certain point until the polymer chains are
moving so slowly that they cannot rearrange within the time-scale of the
experiment and the volume of the material contracts like that of a solid. If V; is
the fractional free volume at 7,. So ideally, above this temperature, the fractional

free volume can be written as
V,=V,+a,r-T,) (1.44)
where ayis the expansion coefficient of free volume.

Based on experimental data for monomeric liquids, Doolittle’s equation [38] finds

a relationship between the viscosity and the free volume via

B
n= AGXP(V—J (1.45)

f

where A4 and B are constants.
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Taking into account the relationship between zero shear viscosity and the shift

factor

:aT

we obtain that

(¢]

>4

=
7~ N\

o ||
N——

- 11
- —J - exp(f{Z - ZB (1.47)

<3

where Vris the fractional free volume at 7' and ¥ is the fractional free volume at

the reference temperature. If the glass transition temperature is set as the reference

temperature and the fractional free volume at this temperature is V7, then it

would result in the following equation

ar = exp[B(VL - %U (1.48)
ro Vs

If we insert equation (1.44) into equation (1.48), it would give

{_ i](T - Tg )
! (1.49)
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And by taking the logarithm of equation (1.49), the following can be obtained

(1.50)

which is the WLF equation (1.39) with C, = B/2.303V¢ and C, =V Ja, . It is

shown later that the WLF equation is equivalent to the Vogel Fulcher Tammann
(VFT) equation, and that the latter can also be derived from the free volume

theory.

= Vogel-Fulcher-Tammann (VFT) relation
The Vogel-Fulcher-Tammann equation was introduced by Fulcher [39-41] and

Tammann and Hesse [41] and successfully relates viscosity to temperature.

UO(T):AeXp(T_BT J (1.51)

0

Taking the logarithm of equation (1.51) would give

B*
lo T)=log A+ 1.52
gn,(T)=log [T Tj (1.52)

o0

where 77,1s the zero shear viscosity, 4 =17, (T rof ), B is the “activation parameter”,

B” = Bloge and T is a temperature at which the viscosity becomes infinite.
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By taking into account the relationship between zero shear viscosity and

relaxation time

T
770( ) — T(T) zaT (153)
770 T ref ) T(Treff
we can obtain that
T)=A4 1.54
7(7) exp(T_ij (1.54)
logz(T) = log 4 + B (1.55)
T-T,

Both pairs of equations, (1.51, 1.52) as well as (1.54, 1.55), are known as the
Vogel-Fulcher-Tammann (VLF) equation.

= Interchangeability of VFT and WLF equations
Using the equation for the temperature dependence of the viscosity (1.52), we

may also formulate the shift factor log ar . Equations (1.53) and (1.52) can give

770(T)

770 ref'

loga, =log =10gnoCT)—10gno@2¢)

=log A4+ 5 10gA+B—
T-T T, -T,

o0

ZB*L(T—YZG)(Y;ej_Tm)}

B* T-T.

. ref
" T,-T, T-T, +(T,~T,) (1.56)
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The last part of this equation can be expressed as

clr-r,)
loga, =———— (1.57)
¢,+T-T7,
where
B*
C,=————and C, =T.,-T, (1.58)
ref )

This illustrates that WLF and VFT equations are in fact the same. A

comprehensive conversion list of VFT into WLF parameters and vice versa can be

written
B*
AZIOgT(Tre')_Cl IOgT(va):A‘f‘—
. . Tref _Too
. B”
B =C,C, C, :—Tnf 7
T, =T, -C, C, =T, -T, (1.59)

Transition states
Basin (saddle points)
—~—

Amorphous inherent
structures

Potential energy —

Crystal
permutations

Partical coordinates —
Figure 1.11. A representation of potential energy (“energy landscape”) in the
multidimensional configuration space for a many-particle system (taken from F.H.

Stillinger, Science 1995).
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B. Thermally activated processes

Another approach to the liquid-to-glass transition is related to the thermally
activated processes on a constant “energy landscape” which is considered as fixed
for the entire system, meaning that it does not change upon cooling. A schematic
diagram of such an energy landscape is illustrated in Figure 1.11. Potential energy
depends on the spatial location of all the particles in system, and includes
contributions from various intermolecular as well as intramolecular forces such as
electrostatic polarization effects, covalency, hydrogen bonding, electron-cloud-
overlap repulsions and intermolecular force fields among other things [33]. In
Figure 1.11, the minima correspond to mechanically stable arrangements of all
particles. The smallest displacement from such an arrangement would restore
forces to the non-displaced particles arrangement. Equivalent minima can be
achieved by permutations of identical. Lower lying minima are occupied by the
system provided which is cooled to absolute zero slowly enough to maintain
thermal equilibrium. Pure substances then become virtually perfect crystals [33].
Higher lying minima correspond to less ordered systems with some or completely

amorphous regions.

C. Relative contribution of density and temperature on the segmental dynamics

Liquid-to-glass transition is a contentious issue and the domination of either
density or temperature in controlling the slowing-down process is still an open
question. However, it is possible to determine which of the two parameters plays
the more important role with respect to the dynamics. This can be accomplished

by calculating the ratio of the activation energy at constant volume to enthalpy of
activation E; / H™ . This dynamic quantity provides a quantitative measure of the

relative importance of density and temperature on the dynamics [42] of the a-

process. By defining the enthalpy of activation as

. Olnt
H = R(@(I/T)jp (1.60)
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and the activation energy at constant volume as

. Olnt
E, _R(O(I/T)] (1.61)

it can be shown that the ratio E, / H™ can be expressed as

(a—Tj (1.62)

=1- (1.63)
H" [8,0) (6lnrj
oP ).\ or ),
(am}
: d
By NP )y (1.64)

Because a change in temperature (7) would affect both the thermal energy (kzT)
and the density (p), it is impossible to separate the two effects by 7 alone. To
disentangle the effects of 7 and p on the dynamics, pressure-dependent
measurements have been invaluable [43-44] since pressure (P) can be applied
isothermally, therefore affecting only p, and have been used to provide a
quantitative assessment of their relative importance. Not only do the pressure-
dependent experiments provide the T,(P) dependence, but it also provides the
origin of the freezing of the segmental relaxation times (zs) at the liquid-to-glass
transition. Measuring the relaxation times, for example, as a function of the
thermodynamic variables 7 and P, coupled with the equation of state would allow

quantifying the role of temperature and density on the segmental dynamics [42,
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45-46]. The E; / H’ ratio can vary from 0, for volume dominated dynamics, to 1,

where thermal energy dominates. The monomeric volume plays a key role in
controlling the actual value [47]. In principle, this ratio can be calculated for any
substance provided that it is possible to measure the z5(7) and z5(P) dependencies
normally through dielectric spectroscopy measurements and the equation of state

from PVT measurements.

It has been shown that the same ratio of activation energies can be obtained from

the ratio of the isobaric a, =(0In¥/dT), to the isochronic a, =(0InV/aT).

thermal expansion coefficients as

EV* 1 (1.65)
H | _a,
[04

= Thermodynamic scaling of the glass transition dynamics

A number of different methods have been proposed to account for the scaling of
the relaxation time and the different E / H " values of different polymers and

glass-forming liquids. The variables that have been proposed include:

e logroc T7'V7 [44, 48-49], where y is a material constant that provides a
measure of the relative importance of p as opposed to 7. The y=4 is of
particular interest since it can be linked to the soft-sphere repulsive forces
(~Y ) that constitute the first (repulsive) part of the more general
distance-dependent potential U(r)oc 48[(0'/ r‘lz)— (o/ r)f(’J, where ¢ and o

have the units of energy and length, respectively [44, 49].
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e Inrc (p - p*)T"l, where p is an adjustable parameter. In many cases, this

thermodynamic scaling gives equally good results [50-52] the 7 and p

ranges are extremely large [52].

e monomer volume ¥, and its correlation to the dynamic quantity E; / H.

It has been shown that E/H" ~0.72-0.77V, for a series of glass-

forming liquids. This would suggest that the reason for the low

E; / H’ values in a number of glass-forming liquids and polymers is their

large monomer size. This proposed method suggests that monomer volume

and local packing play an important role in controlling the dynamics.

D. Parameters beyond free volume and thermal activation
Molecular transport is generally driven by thermal activation processes with
potential energy barriers £ that depend on local density [37]. The probabilities for

local rearrangements can by given by
P(V,T)= exp(— Ek—j (1.66)

It then becomes apparent that the free volume and Arrhenius models are two
extreme cases of the £ vs. V' dependence, shown in Figures 1.12(a) and 1.12(b). In
the Arrhenius model, a volume independent activation energy is assumed,
whereas in the case of the free volume model, the assumptions made can be
interpreted as a discontinuous change of the activation energy at certain V., from
an infinite value below V. to 0 above V. [37]. In Figure 1.13, the temperature
dependencies of relaxation times for the considered models for £(v) are shown in
the form of what is known as the Angel plot. This is an indication of the varying
behavior of the model system, which approximately corresponds to the variation
of properties observed for real systems. The different activation energies and

relaxation time dependencies should be regarded only as examples illustrating the
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possibilities to describe a class of behaviors ranging between the Arrhenius model

on one hand, and the typical non-Arrhenius case described by the traditional free

volume model, on the other.

Figure 1.12. Different types of dependencies of the activation energy for local
molecular rearrangements vs. local volume: (a) corresponding to the Arrhenius
model, (b) corresponding to the free volume model and, (c) to (e) some other

possible dependencies (taken from T. Pakula, J. Mol. Liq. 86, 2000, 109-121).

60

log 7

00 02 04 06 08 10
T,/T

Figure 1.13. Temperature dependencies of relaxation times calculated using E(v)

dependencies shown in Figure 1.12 (lines A-E correspond to cases (a)-(e) of

Figure 1.12, respectively) (taken from T. Pakula, J. Mol. Liq. 86, 2000, 109-121).
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1.1.6 Proposed fit function for the master curve

To describe more completely the frequency dependence of storage and loss

moduli, all the master curves were successfully fitted to the following function

— Al Az

y= log(l 0 ~l=n) 4 10t (x-1n) + 1075:012) 4 10bs() j (1.67)
_ 4 4

zZ= log(lo—cl(x—ltl) + lo—Cz(x—lfl) + 10—c3(x—]t2) + 10—5‘4()5—1[2) j (1.68)

where A, and A, are related to the height of the plateaus of the real part of the
modulus (storage modulus) above the frequency corresponding to the reciprocal
relaxation time /t, =—logr , It, =logr_ , wherer and 7, are the segmental and
chain relaxation times, respectively. The parameters b; to b4, and ¢, to c4 describe

the slopes on both sides of the characteristic frequency related to the reciprocal

relaxation. These fit parameters are illustrated in Figure 1.14.

G\,G" [Pa]

o [rads™]

Figure 1.14. Fit parameters of the empirical function (equation (1.67)).
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1.2 Small Angle X-Ray Scattering

Small-angle X-ray scattering (SAXS), which involves X-rays of wavelength 0.1 to
0.2 nm, is capable of delivering structural information of macromolecules
between 5 and 25 nm, of repeat distances in partially ordered systems of up to

150 nm [53].

X-ray scattering occurs as a result of the interaction of X-rays with electrons in
the material. The X-rays scattered from different electrons interfere with each
other and produce a diffractive pattern that varies, if the material is not
homogeneous, with scattering angle. The variation of the scattered intensity with
angle provides information on the electron density distribution, and hence the

atomic positions in the material.

As shown in Figure 1.15, a sample is irradiated with a collimated beam of X-rays
and the scattered intensity is measured as a function of the scattering angle 26 (the

angle between the scattered and incident beam).

sample
Figure 1.15. Definition of the scattering vector 5 of the scattering of the X-ray

beam of the intensity /) and the wavelength /.
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The incident beam is described by the unit vector S, while the scattered beam by

S . The scattering vector 5 is defined as

)

(1.76)

“
Il

where 4 is the wavelength of the X-rays. The length of the scattering vector 5 can

then be written as

2sinf
S =
A

(1.77)

SAXS patterns are typically represented as scattered intensity as a function of the

magnitude of the scattering vector

3 47sin@

/1 (1.78)

q

where 260 is the angle between the incident X-ray beam and the detector

measuring the scattered intensity.

1.2.1 Bragg’s law

Bragg's law states that when X-rays hit an atom, they make the electronic cloud
move, as does any electromagnetic wave. The movement of these charges re-
radiates waves with the same frequency, and this phenomenon is known as
Rayleigh scattering, or elastic scattering. The scattered waves can themselves be
scattered but this secondary scattering is assumed to be negligible. These re-
emitted wave fields interfere with each other either constructively or

destructively, producing a diffraction pattern on a detector. This resulting wave
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interference pattern is the basis of diffraction analysis. X-ray wavelengths are
comparable with inter-atomic distances (~150 pm) and thus are an excellent probe

for this length scale.

When phase shift is a multiple of 2z, then the interference is constructive, and this
condition can be expressed by Bragg's law [53]. Suppose that a single
monochromatic wave is incident on aligned planes of lattice points, with

separation d, at angle 6, as shown in Figure 1.16.

& ®
B

Figure 1.16. An illustration of the Bragg’s law.

If we observe the figure, we see that there is a path difference between the ray that
gets reflected along AC' and the ray that gets transmitted, and then reflected, along
AB and BC respectively. This path difference is

(AB+ BC)—(AC))
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The two separate waves will arrive at a point with the same phase, and hence
undergo constructive interference, only if this path difference is equal to any

integer value of the wavelength

(AB+BC) —(AC) = n

where 7 is an integer determined by the order given, 4 is the wavelength of the X-
rays, d, as shown in Figure 1.16, is the spacing between the planes in the lattice,
and 0 is the angle between the incident ray and the scattering planes, both

incorporated into the equation

- and 4C = 2d

AB =BC =
sin tan @

from which it follows that

2d 2d 2
AC"=ACcosl = c0s6’=( - cos@jcosn9= —cos’ 6
tan @ sin sin
When the equations are put together
2d 2d .
nA=——(-cos’ @) =——sin’ 6

siné@ siné

which can be simplified to the Bragg’s law equation
nA=2dsin@ (1.79)
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2 Materials & Their Characterization

The studies documented in this volume was made possible through close
collaboration with highly established synthesis groups, most notably the group of
XXXXXXXXX XXXXXXXXX XXXXXXXXXXXXX at the XXXXXXXXXX XX XXXXXXXXX,
XXXXXXXX XXXXXX XXXXXXXXXX 1N XXXXXXXXXX, XXXXXXXXXxXX, as well as the
group of XxxX XXXxX XXXXXX Of the XXXXXX XX XXXXXXXXX XXX XXXXXXXXXXXXXX
XXXXXXX, XXXXXX XXXXXXX XX XXXXXXXX In xxxX, xxxxxx, all of whom were
invaluable in their contributions to the design and innovation of the broad range of
materials studied and reported here. Various techniques were used for the
preparation of these materials, most noteworthy being that of atom transfer radical

polymerization (ATRP).

ATRP is a type of controlled/living radical polymerization which was developed
in the mid-1990s and can be applied to the preparation of many different
(co)polymers [54]. The technique allows for the preparation of polymers with
predetermined molecular weights, low polydispersity and controlled functionality,
composition and topology. Radical polymerization techniques including that of
ATRP are also known to be very tolerant of functional groups, allowing for the
polymerization of a broad range of unsaturated molecules [55]. This provides an
opportunity to form well-defined block, gradient and statistical copolymers with a

wide-ranging spectrum of properties [56-57].

2.1 Acrylate-based Linear Copolymers

For this first study, isobornyl acrylate (IBA) and n-butyl acrylate (nBA) were used
as component monomers to synthesize linear statistical, gradient and block

copolymers (Figure 2.1) via ATRP.
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The PIBA- and PnBA-based copolymers were prepared with systematically varied
molecular weights and compositions. Their copolymerization with specific
predetermined ratios was accomplished by carefully changing the monomer feed
during the polymerization process. Table 2.1 contains a complete list of the
synthesized homopolymers as well as the linear statistical, gradient and block

copolymers which were prepared for this study.

n-butyl acrylate isobornyl acrylate
CH2—CH%7 s ‘(CH2—CH+ Cane
! T.=-54°C . T,=94°C
‘{ Q’C:O n 9 OaC:O n 9
CH,,
CH;CH;CHy  p1op

U

Block copolymer  Statistical copolymer  Gradient copolymer

OeCOe0ee00
PROPERTIES

I

Comparing to acrylate
homopolymers

Polymer Repeating unit T5(° €)
poly(n-propyl acrylate) ‘(CHQ-—H{'IJH—}‘ -40
PPA 0-C=0/n
CHZ
CH;CH,
poly(ethyl acrylate) ‘(CHQ—{IJH% -24
PEA 9-C=0"'n
CH2
'CH,
poly(methyl acrylate) {CHZ——-ClH%— 10
PMA 0-C=0'n
CH,
poly(t-butyl acrylate) {CH2—§H+ 43
PiBA 0-C=0’n
H,C-C-CH,
H3

53



Materials & Their Characterization

Figure 2.1. Copolymerization of isobornyl acrylate and n-butyl acrylate in

different fashion and comparison of properties of resulting copolymers with

acrylate-based homopolymers such as PIBA, PMA, PEA and PPA.

Table 2.1

Properties of different types of (co)polymers prepared by ATRP.

Sample Type of Unit M1 Unit M2 w'\fl}/o S a W'\:I"l/o _ SPeresul theo”
copolymer (GC) predicted (NMR)  PDI M, "
WJ-02-09  homopoly. (DLB:’;%) ; 100 94.0 ; 1.06 28500 35400
WJ-02-11  homopoly. (D}’E’:m) - 100 430 ; 107 48900 43800
WJ135  homopoly. (Dllr»\i[gw) - 100 100 - 116 42200 40000
WJ-02-07  homopoly. (DPE‘EOO) : 100 24,0 - 106 96900 70200
WJ-02-29  homopoly. (D;z[;o 0 : 100 -40.0 - 106 86000 58800
WJ-02-10  homopoly. (DEE?«)) - 100 -54.0 ; 107 47900 40800
WJ-02-13  random (DIIE; 0 (D;Eﬁ)O) 80 46.5 79 106 34000 48000
WJ-02-19  random (DIIE4A8 0 (D?E?OO) 80 46.5 78 108 63700 66000
WJ-02-14  random (D}IE?S 0 (D;E; 5 % 70 53 105 43500 51600
WJ-02-20  random (DII’E?O 0 (D;Efg 0o 5 7.0 54 106 69000 67000
WJ-0235  random (Dlr}i?u) (anli/;()) 43 -10.6 41 108 26300 18400
WJ02-36  random (le:/;z) (DZE%O) 43 -10.6 39 107 39700 31600
WJ-02-28  random (D}IE% 5 (DSE?m) 43 -10.6 4 107 53000 48800
WJ-02-24  random (D}IE; 5 (DgE?élO) 43 10,6 w2 10 00 9400
WJ-02-16  random (DII,E‘?I 0 (D;E?I 5 3 204 38 106 44300 45000
WJ-02-22  random (DII’EIZAE 0 (D;E(‘; 0 3 204 30 12 P o400
WJ-0215  random (D11}33=120) (D’;E?go) 20 327 19 105 44700 44400
WJ-0221  random (D}l}i’?zo) (D’;E%O) 20 327 22 107 81900 76800
WJ-02-17  random (Dll}i‘; 0 (Dg}jﬁ‘“o) 10 419 13 106 55600 45000
WJ-0223  random (DII]’B:A6 0 (Dgljg‘g o 10 419 16 113 94000 76900
WJ02-30  block  WI-02-09 (D;Eg o S0 944 54 L12 54600 46300
WJ-02-45  gradient (D}IE[?%) (D;‘jg‘m) 47 . 47 LI3 74800 62300

a . . N
predicted using Fox equation;
® M, teo=([M]o/[In]0) X conversion x Momomer
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2.2 Acrylate-based Triblock and Multi-arm Block Copolymers

The preparation of well-defined homopolymers as well as diblock and triblock
copolymers of methylene-y-butyrolactone (MBL) wusing ATRP has been
previously reported. MBL, found in tulips, is the simplest member of
butyrolactones found and isolated from various plants [58-61]. Such natural
products are renewable, environmentally friendly, biocompatible, and
biodegradable. Also, they may possess some special physical and biomedical
properties. Recently, the possibility of using natural products to replace
petroleum-based raw materials in large commodity markets, such as plastics,
fibers, and fuels has been reviewed [61]. MBL consists of a five-membered ring
with an ester group and possesses structural features similar to those of methyl
methacrylate and polymerizes in a similar manner. Poly(a-methylene-y-
butyrolactone) (PMBL) has good durability, a high refractive index of 1.540, and
high 7, (195 °C) [62]. Various copolymers and blends containing MBL units have

good optical properties and resistance to heat, weathering, scratches and solvents.

In this section, block copolymers based on poly(n-butyl acrylate) (PBA), poly(a-
methylene-y-butyrolactone) (PMBL) and poly(methyl methacrylate) (PMMA)
were synthesized. The copolymers were systematically prepared with different
composition ratios as well as different types of architecture, from linear A-B-A-

type triblock copolymers to multi-arm star-like block copolymers.
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2.2.1 PMBL-PBA-PMBL triblock copolymers

For this study, a series of well-defined triblock copolymers containing a middle

block of PBA and outer blocks of PMBL or random PMBL-PMMA were

synthesized via ATRP. The basic reaction taking place in the preparation of these

materials is illustrated in Figure 2.2.

Br_ (CHy); Br Br (CH,); Br
BA
 ———
?0 (|:0 CuBr, CuBr, co (|:O ?0 (I:O
OMe OMe PMDETA OBu OMe  OMe OBu
Br-PBA-Br
Br-PBA-Br cl (CH,)s cl
+ »
CuCl, CuCl, Omo co co 0
o}
(f PRy ©” OBuOMe  OMe OBu
o}
¢ PMBL-b-PBA-b-PMBL

Figure 2.2. Preparation of PMBL-b-PBA-b-PMBL triblock copolymers.

These linear triblock copolymers with hard PMBL outer segments and soft PBA

control segments were prepared with varied composition ratios between the soft

and hard components, as listed in detail in Table 2.2

Table 2.2

Compositions of prepared PMBL-PBA-PMBL triblock copolymers with PMBL
outer hard blocks, and of prepared (PMBL-r-PMMA)-PBA-(PMBL-7-PMMA)

triblock copolymers with random copolymer outer hard blocks.

Hard Hard

Sample Triblock composition block block MBL/MI\QA

(MOl%)  (wi%%)? (mol%)
B215-L40 PBA,5(-b-PMBLy), 15.8 12.6 100/0
B215-L.68 PBA;;5(-b-PMBL;y), 23.7 19.3 100/0
B215-1.120 PBA;5(-b-PMBLgo), 36.3 30.3 100/0
B375-L32 PBA;75(-b-PMBL¢), 7.9 6.1 100/0
B375-L60 PBA375(-b-PMBL;), 13.8 10.9 100/0
B375-L144 PBA;75(-b-PMBL1,), 27.6 22.7 100/0
B375-L106M26 PBA;75(-b-PMBLs3-r-PMMA |3), 26.0 21.3 80/20
B375-L.82M50 PBAj75(-b-PMBL4;-r-PMMA,s), 26.0 214 62/38
B375-M132 PBA;75(-b-PMMAs), 26.0 21.6 0/100

®based on "H NMR spectra
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2.2.2 PBA-PMBL multi-arm block copolymers

While linear A-B-A-type triblock copolymers have been commonplace, the
synthesis of polymers with hyperbranched, brush and star-shaped molecular
architecture has only in recent years attracted much interest due to their different
properties from those of linear polymers. And the expansion in the synthesis of
these polymers has been possible due to the emergence of various new controlled

polymerization techniques, which includes that of ATRP.

All of the star-like copolymers studied here were prepared by grafting polymer
chains onto very short linear multifunctional initiators. It should be noted that this
is a completely new approach, as in the past, similar but much longer macro
initiators were used for the synthesis of polymer brushes, with a much higher
aspect ratio of length of backbone vs length of side chains [63-67]. For the
synthesis of the star-like copolymers, the side chains are much longer than the

backbone, resulting in the rather star-like structures.

Brush Star

Figure 2.3. Schematic representation of the brush and star architectures.

The relative asymmetry of these stars should depend on the aspect ratio (Figure
2.3). ATRP was used for both preparation of the multifunctional initiator and the
consecutive arm growth. The arm extension of living arm-ends was performed to

form star-like block copolymers.

In this study, a series of 10- and 20-arm star-like block copolymers containing
middle soft PBA block and outer hard PMBL block were synthesized by ATRP.
A list of the prepared samples is shown in Table 2.3.
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As an initiator, a poly(2-bromoisobutyryloxyethyl acrylate) (PBiBEA) with
degree of polymerization (DP) of 10 and 20, prepared by ATRP of
trimethylsilyloxyethyl acrylate (HEATMS) and its subsequent esterification, was

BrBrg; grBr
T i —
BrBr Br Brpr

—— PHEA — PBA —— PMBL

used.

HEA HEATMS PHEATMS PBIiBEA
i) TMS cleavage

o _ msa = o PMDETA Cubr/ EBiB KF/TBAF
R

TEA, DCM (o) : °
! anisole/ 60 °C
2 oo %(Br oS0
Br
OH OTMS H
OTMS c);@o
Br
PBIBEA-g-PBA PBIBEA-g-(PBA-b-PMBL)
n-BA/ CuBr/ CuBr. *r MBL/ CuCl/ CuCl,
—‘Z. . n —_— n
PMDETA/ Anisole, 70°C |)O o bpy/ DMF HO o)

00 00
Br Cl
m m
(0]

[OXNe) o "0 O

s s

Figure 2.4. Synthesis of PBiBEA-g-(PBA-b-PMBL) star copolymers.

Table 2.3

Compositions of the prepared PBiBEA-g-(PBA-b-PMBL) star-like block

copolymers.
Sample Triblock composition PMBL (mol %)" PMBL (wt %)"
10B115-A30 PBiBEA (-(PBA;;5-PMBL3)10 20.7 16.5
10B115‘A47 PBlBEAlO'(PBA] 15-PMBL47)10 290 242
10B240-A46 PBiBEA (-(PBA40-PMBLu )10 16.1 12.7
10B240-A86 PBiBEA 4-(PBA4-PMBLsgs)10 26.4 21.6
20B115‘A47 PBlBEAZO'(PBA] 15-PMBL47)20 290 242
20B115-A57 PBiBEA-(PBA;5-PMBLs7)x 33.1 27.6
20B230-A96 PBiBEA-(PBA;0-PMBLog )20 29.4 242
208750‘A156 PBIBEAZO'(PBA750-PMBL155)20 172 137

based on "H NMR spectra
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2.2.3 PBA-PMMA multi-arm block copolymers

In our second study of star-like copolymers, a series of 10- and 20-arm block

copolymers containing middle soft PBA block and outer hard PMMA block were

synthesized via ATRP. The same PBiBEA initiator was used.

KoK

BrBrg, BrBr
T —_—
Brgr Br Brar
—— PBIBEA
HEA
= TMS-CI
0 ——M =
O, TEA, DCM
OH

n-BA/ CuBr/ CuBr,
—_—
PMDETA/ Anisole, 70°C

— PBA — PMMA
HEATMS
=), PMDETA CuBrlEBiB
S anisole/ 60 °C
OTMS
PBIBEA-g-PBA

MMA/ CuCl/ CuCl,

_ =

B

oo bpy/ DMF
00
%m

(o2e]

/

[eX%e]
Wy

PHEATMS
i) TMS cleavage
KF/TBAF
oo 0 Q g
P a
OTMS

PBIBEA-g-(PBA-b-PMMA)

n
(¢}

m
0”70 O O

b

PBIBEA

Figure 2.5. Synthesis of PBiBEA-g-(PBA-b-PMMA) star copolymers.

Table 2.4

Compositions of PBiBEA-g-(PBA-b-PMMA) star-like block copolymers.

Sample Triblock composition PMMA (mol %0)* PMMA (wt %)*
10B115-M29 PBiBEA o-(PBA15-PMMAy)10 20.1 16.4
10B115-M51 PBiBEAp-(PBA,15-PMMAs))1o 30.7 25.7
10B240-M54 PBiBEA p-(PBA24-PMMAs4)10 18.4 14.9
10B240-M117 PBiBEA (-(PBA4-PMMA | 17)19 32.8 27.6
20B115-M38 PBiBEA,-(PBA15-PMMA5)50 24.8 20.5
20B115-M60 PBiBEA2-(PBA15-PMMAg)s0 343 28.9
20B230-M59 PBiBEA,)-(PBA,3-PMMAs59)20 20.4 16.7
208230'M107 PBlBEAzO'(PBA230-PMMA107)20 3 18 266
20B750-M180 PBiBEA~(PBA750-PMMA 50)20 19.4 15.8
20B750-M300 PBiBEA~(PBA750-PMMA;00)20 28.6 23.8

*based on "H NMR spectra
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2.3 Siloxane-based Linear Gradient Copolymers

In this section, siloxane-based linear gradient copolymers were synthesized
mainly via anionic ring-opening copolymerization of cyclotrisiloxanes. Gradient
organic copolymers have commonly been synthesized using mostly controlled
radical polymerization (CRP) techniques [21, 25, 27, 68-72]. However, there are
only a few examples of gradient copolymers obtained by anionic [21, 73-74] and
cationic [75] polymerizations. And reports on the synthesis of gradient
polysiloxanes are very scarce [76-77]. Nevertheless, gradient functionalized
polysiloxanes of well-defined structure may be of interest due to the unique
surface properties of polysiloxanes [78] and the advantageous features related to

the gradient copolymer backbone structure.

2.3.1 Fluorosiloxane-based copolymers

Copolymers based on fluorosilicones are studied here for the very first time, as
previously, only the synthesis of vinylmethyl polysiloxanes of gradient structure
has been published [78]. For this study, gradient and block copolymers which are
composed of 2,4,6-tris(3,3,3-trifluoropropyl)-2.,4,6-trimethylcyclotrisiloxane (F)
with hexamethylcyclotrisiloxane (D) were synthesized. A detailed list of the

synthesized copolymers and homopolymers is shown in Table 2.5.

CHg CH

3
| _CHs; | _CH,CH,CF
o—si” s T 1) Buli CHz  CH,CH,CF;3
HC. / \ FsCH.CH.C_ / \ 2) MeSicl LN/ _
Si o + Si (0] —_— Bu*€S|O>-<S|O>~S|Me3
s \ / s \ / THF | l
H3C A H3C / n m
0—|S'\ O—|S'\ CH; CHs
CHSCHS CHSCH2CH2CF3
D F

Figure 2.6. Synthesis of PMTFS-PDMS copolymers.
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Table 2.5

List of prepared block, spontaneous gradient and forced gradient D-F copolymers.

. M, M,-SEC?

Polymer D-F M, (theoretical) NMR in CH,Cl, (M,/M,)
Block copolymer 1:1 15,000 14,600 13,500 (1.13)
Gradient spontaneous 1:1 11,000 14,700 10,000 (1.13)
Gradient spontaneous 2:1 10,000 13,600 11,000 (1.12)
Gradient spontaneous 1:2 11,000 16,700 13,000 (1.20)
Gradient spontaneous 1:1 11,000 15,400 11,000 (1.15)
Forced Gradient 1:1 15,000 - 16,700 (1.17)
Gradient spontaneous DFD" 1:1 40,000 44,000 (1.15)
Forced Gradient DFD" 1:1 40,000 39,300 45,800 (1.15)
Homopoly. PDMS - 15,000 - -
Homopoly. PMTFPS - 20,000 - 18,000 (1.07)

®Relative to PS standards
°DFD copolymers (initiator Pb,Si(OL1i),)
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2.3.2 Vinylsiloxane-based copolymers

In this study, vinyl functionalized copolysiloxanes were synthesized by
equilibrium copolymerization of cyclotetrasiloxanes [79-81] or by non-
equilibrium polymerization of cyclotrisiloxanes with cyclotetrasiloxanes [82-83]
(Figure 2.7), the vinyl-containing gradient polysiloxanes obtained by the anionic
ring-opening copolymerization of 2-vinyl-2,4,4,6,6-pentamethylcyclotrisiloxane
(D,V) [76] or 2,4,6-trivinyl-2,4,6-trimethylcyclotrisiloxane (V)  with
hexamethylcyclotrisiloxane (D) [77].

n_-

| |
| /O—Si/\ /O—Si/ _ / | . / |
77N ~, N BulLi . , ® MegSicl . . .
S O+m S O —> BuTSIOrtSIOf ™ Li — > Bu TIO SiO—SiMes

| 3n | 3m 3n 3m

Figure 2.7. Synthesis of PDMS-PMVS copolymers.

Table 2.6
List of prepared block, spontaneous gradient and forced gradient D-V copolymers.
. M, (SEC)?

Polymer D-V M, (theoretical) M, (NMR) in CH,Cl, (M,/M,)
Block Copolymer 1:1 22000 20000 24000 (1.47)
Forced Gradient 1:1 21000 - 25700 (1.32)
Gradient Spontaneous 1:1 32000 - 35500 (1.40)
Gradient Spontaneous 1:2 13000 15700 15300 (1.25)
Gradient Spontaneous 2:1 14000 18500 (1.28)
Homopolymer PDMS - 14500 17400 (1.56)
Homopolymer PMVS - 14500

Relative to PS standards.
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2.4 Material Characterization

Characterization of the synthesized materials was done via differential scanning
calorimetry (DSC), dynamic mechanical analyses (DMA), tensile strength
measurements, and small-angle X-ray scattering (SAXS). This section outlines the

technical specifications of these characterization methods.

2.4.1 Dynamic mechanical analyses (DMA)

DMA was performed using the Advanced Rheometric Expansion System (ARES)
equipped with a force-rebalanced transducer, as well as the Rheometrics RMS 800
mechanical spectrometer, which is schematically illustrated in Figure 2.8. The
studied materials (pellets of 6 mm diameter and around 1 mm thickness) were
placed between two parallel plates. When required, the specimens were first

heated above 7, to become soft, therefore establishing better contact to the plates.

FORCE
TRANSDUCER

F(7)

|
g

I—> MOTOR

Figure 2.8. A schematic diagram of the dynamic mechanical analyzer. The

deformation (shear strain) input signal D(¢) is applied by the motor and the

resulting torque F(¢) is measured by the force transducer.
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Before obtaining temperature dependence of storage G’ and loss G” moduli,
isothermal strain sweeps at different temperatures are performed in order to
separate the linear from the non-linear viscoelastic regimes. The strain dependent
torque was measured and compared with the strain dependence of storage (G)

and loss (G ”) moduli (Figure 2.9).

10°¢ 110
of ;
10 A Torque
wp ot o S
© | ° A ; £
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© 10°} -1
(D 1055_ A :i 10-4 B
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10°f — |
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Figure 2.9. Isothermal strain sweep for an multi-arm PBA-PMMA block
copolymer taken as an example. The sample is sheared between two plates (see
Figure 1.2) and the resulting torque is recorded. Notice the insensitivity of the

shear moduli to the applied strain (linear viscoelastic regime).

For analyses of thermomechanical properties of the materials, shear deformation
was applied under conditions of controlled deformation amplitude, which was
kept in the range of the linear viscoelastic response of the studied samples. Plate-
plate geometry has been used with plate diameters of 6 mm. The gap between
plates (sample thickness) was about 1 mm. Experiments have been performed
under a dry nitrogen atmosphere. Frequency dependencies of the storage (G’) and
the loss (G”) parts of the shear modulus have been determined from frequency
sweeps measured within the frequency range 102-10° rad/s at various

temperatures. Master curves for G’ and G” at a reference temperature have been
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obtained using the time-temperature superposition, i.e., shifting the data recorded

at various temperatures only along the frequency coordinate.

2.4.2 Differential scanning calorimetry (DSC)

Thermal characterization of polymers was performed using a Mettler DSC-30
calorimeter as well as a DuPont 2000 thermal analysis system. Experiments were
conducted with cooling and heating rates of 10 K/min. The transition temperatures
were taken as corresponding to the maximum of the enthalpic peak and

determined from the second heating run at the inflection point.

2.4.3 Small-angle X-ray scattering (SAXS) analyses

Small-angle X-ray scattering measurements were conducted using a rotating
anode (Rigaku RA-Micro 7) X-ray beam with a pinhole collimation and a two-
dimensional detector (Bruker Highstar) with 1024 x 1024 pixels. A double
graphite monochromator for the Cu Ka radiation (4 = 0.154 nm) was used. The
beam diameter was about 0.8 mm, and the sample to detector distance was 1.8 m.
The recorded scattered intensity distributions were integrated over the azimuthal

angle and are presented as functions of the scattering vector g (s =2sin(6)/2,

where 26 is the scattering angle).

2.4.4 Tensile tests

Tensile tests were performed using a mechanical testing machine Instron 6000.
Samples with thickness in the order of 0.2— 0.5 mm were drawn with the rate of 5
mm/min at room or at elevated temperature. Dependencies of stress vs draw ratio
were recorded. Elastic modulus, elongation at break and stress at break were
determined by the averaging of 3—5 independent drawing experiments performed

at the same conditions.
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3 Results & Discussion

This chapter extensively documents the findings of our investigations on the
various complex copolymer systems. The morphology and thermomechanical
properties of all of the synthesized materials were analyzed mainly via DSC,

DMA, tensile strength measurements, and SAXS.

3.1 Comparing Acrylate-based Copolymers to Homopolymers

The primary goal of this work was to compare thermomechanical properties of
block, gradient and statistical copolymers of nBA and IBA with various acrylate
homopolymers. As shown in the last chapter in Figure 2.1, the copolymers were
prepared with systematically varied molecular weights and compositions to assist
in the investigation of structure property correlation. The choice of nBA and IBA
was dictated by the very different thermal properties of its homopolymers. The
glass transition temperature (7g) of PnBA is -54 °C whereas 7, of PIBA is 94 °C.
Thus, their copolymerization with carefully selected ratios could result in
polymers with thermal properties similar to various acrylate homopolymers such
as poly(z-butyl acrylate) (PfBA), poly(methyl acrylate) (PMA), poly(ethyl
acrylate) (PEA) and poly(n-propyl acrylate) (PPA). For example, the glass
transition temperature (7,) of the resulting statistical poly(isobornyl acrylate-co-n-
butyl acrylate) (P(IBA-co-nBA)) copolymers could be tuned by changing the
monomer feed during the polymerization process. This way, it may be possible to
generate materials which could hopefully mimic thermal behavior of the

homopolymers mentioned above.

3.1.1 Statistical P(IBA-co-nBA) copolymers

When comparing the thermomechanical properties of acrylate homopolymers and
P(IBA-co-nBA) copolymers, the first important question is whether the

copolymer system is isotropic in the bulk state or rather exhibits a micro-phase
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separation. To answer this question the DSC thermographs for all samples
described in Table 2.1 were measured. Some typical results obtained from
statistical copolymers with different compositions (the green line) together with
the respective curves for PIBA and PnBA homopolymers are shown in Figure 3.1.
Clearly, all the copolymers are completely amorphous and exhibit only a single
glass transition at a temperature increasing with the increase of the IBA content.
This indicates that there is no micro-phase separation in the statistical P(IBA-co-
nBA) copolymers, a finding further confirmed by DMA and SAXS experiments,

which will be discussed below.

0.1
—— PIBA
— IBA/nBA 79/21
0.04 IBA/nBA 53/47
— IBA/nBA 19/81

PnBA

60 40 20 0 20 40 60 8
T[°C]

0 100 120

Figure 3.1. DSC thermograms of statistical P(IBA-co-nBA) copolymers with
different monomer compositions: IBA(19%)-nBA(81%) copolymer (red, WJ-02-
15), IBA(53%)-nBA(47%) copolymer (green, WJ-02-14), IBA(79%)-nBA(21%)
copolymer (blue, WJ-02-13) of IBA and nBA. The thermographs of the respective
homopolymers are also shown for comparison (black for nBA and pink for IBA,

respectively).
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Scheme 3.1. Schematic representation of prepared copolymer samples of P(IBA-

co- nBA) with different molecular weights and compositions (Table 2.1 presents

detailed characterization of all copolymers).

The T,’s of all statistical copolymers (from the green and red lines in Scheme 3.1)

are plotted vs. their IBA content in Figure 3.2. The 7, varies continuously with

composition in both low and high molecular weight samples. To describe such

type of composition dependence of the 7, of copolymers or miscible polymer

blends, the Fox equation was used

g gl g2

I w o ow,

where Ty is the glass transition temperature of the copolymer, 7, and 7, are the

glass transition temperatures of the two homopolymers, and w; and w, are the
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weight fractions of the two repeat units in the copolymer. As can be seen in Figure
3.2, the experimentally measured 7, values closely follow the predictions of the
Fox equation, which is represented by the line linking the two homopolymers’

2
Ty’s.

1004 — T, predicted, Fox equation
] Tg measured, DSC (red line, scheme 3.2)
80__ ° Tg measured, DSC (green line, scheme 3.2)
604 —T, of homopolymers
40 |PtBA .
'6‘ |
2.20pmA
= 0- /
-201PEA °
_40]PPA .
] [ J
_60 1 L 1 L 1 L 1 L 1 L 1
0 20 40 60 80 100

Weight % of IBA

Figure 3.2. Tuning 7, in statistical copolymers of P(IBA-co-nBA) with different
IBA/nBA ratios and two different degrees of polymerization.

DMA was used to study the influence of the composition on the dynamics of the
P(IBA-co-nBA) copolymers. In Figure 3.3 the frequency dependence of the real
(G’) and imaginary (G ") parts of the shear modulus (master curves) are presented
for a series of statistical copolymers with similar (low) degree of polymerization
and an increasing amount of the IBA content (the green line in Scheme 3.1). It is
important to emphasize that all statistical copolymers studied here, allowed for a
construction of a smooth master curves and the shift factors conform to the WLF
equation. This confirms that the statistical P(IBA-co-nBA) copolymers obey the

principle of time-temperature superposition, i.e., they can be considered as
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thermorheologically simple. This subject can be addressed more quantitatively by
analyzing the temperature dependence of the minimum of tan(d), as recently
shown for a series of cycloolefin copolymers with different norbornene content

[84]. Such analyses, however, are beyond the scope of this study.

I T_=15°C

IBA/nBA
53/47
38/62
19/81
0/100

7

10°

o [rad/s]

Figure 3.3. Typical examples of G’ and G” dependencies (master curves) on
frequency for a linear PnBA homopolymer and statistical P(IBA-co-nBA)
copolymers with similar degrees of polymerization and different IBA/nBA ratios

(Scheme 3.1, the green line).

Let us first consider the pure PrBA. As can be seen in Figure 3.3, the relaxation
spectrum of this homopolymer shows the two distinct characteristic regions which
was discussed in Chapter 1. The one at high frequencies is related to segmental
(local) motions of the polymer chains and the lower frequency, or terminal one, is
related to relaxation of entangled chains. These two parts of the spectra are
characterized with their respective relaxation times, 7y and 7. [23]. These

relaxation times determine the time range within which the characteristic rubbery
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plateau is observed for linear polymers. For most of the linear flexible polymers,
as well as for PnBA, the plateau height is between 10° and 10° Pa. Outside the
rubbery plateau range the linear polymer melts become glassy at high frequencies

and flow within longer time periods, i.e., at low frequencies.

As can be seen from Figure 3.3, the increased amount of IBA in the copolymer
composition leads to a systematic shift of the master curves to lower frequencies.
This effect is related to the strong increase of the glass transition temperatures of
the respective copolymers. However, the shape of the master curves does not
change significantly and there is no evidence of any new relaxation processes in
the copolymers as compared to a PuBA homopolymer. This is an additional
indication that the statistical P(IBA-co-nBA) copolymers do not exhibit a phase
separation. In order to better understand the influence of the composition on the
dynamics of the statistical copolymers, we have determined the characteristic
times 7. related to the terminal relaxation process by the crossing points of the G’
and G” curves observed at the transition to the flow range at low frequency.
Results are shown in Figure 3.4(a) as a function of the IBA content for the
copolymers from the green and the red line in Scheme 3.1. As in earlier study
[85], the terminal relaxation times are normalized to the relaxation times of the
segmental motion, which makes the results nearly independent of the reference
temperature and free of effects related to the chain length dependence of the

segmental motion, usually observed for short chains.

71



Results & Discussion

1073
(@) O high DP
] low DP
10° °°
| (@)
" 10°+
77 ?
l—’('J :
10"+
10°+
0 20 40 60 80 100
Weight % of IBA
1(b) o high DP
6
10°- O lowDP
] A varying DP
@]
A
5_
10 : 5
Pu
A
10*
1 A
10 10° 10°
M, [9/mol]

Figure 3.4. Effect of (a) the composition, and (b) the molecular weight, of

statistical copolymers P(IBA-co-nBA) on the chain relaxation times.

As can be seen in Figure 3.4(a), the terminal relaxation times of the copolymers

depend weakly on the IBA content and much stronger on the degree of

polymerization. Furthermore even this weak dependence is most likely related to

the slight decrease of the copolymers molecular weight with the decrease of IBA
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content (see Table 2.1). This is further illustrated in Figure 3.4(b) where the same
data are plotted versus the molecular weight of the copolymers. For comparison,
the data for statistical copolymers with similar composition but different degree of
polymerization (the blue line on Scheme 3.1) are also shown. All statistical
copolymers show similar molecular weight dependence of the terminal relaxation
times independent of their composition. The slope of this dependence is
approximately 4, a value slightly higher than that typically found for

homopolymer melts in the entangled regime, i.e., ~3.4.

3.1.2 Statistical copolymers mimicking homopolymers.

As shown in a previous section, the glass transition of the statistical P(IBA-co-
nBA) copolymers can be tuned to any value between the T.’s of the two
homopolymers (i.e., between -54 and 94 °C) by proper choice of the comonomer
ratio. It is possible therefore, to synthesize copolymers with glass transition
temperatures matching the 7, of other acrylate homopolymers. This is illustrated
in Figure 3.2, where the glass transition temperatures of the PPA, PEA, PMA and
PrBA are shown as horizontal lines. It is interesting to verify if the statistical
P(IBA-co-nBA) copolymers can mimic not only the 7,’s of the acrylate
homopolymers, but also their mechanical properties. In order to do this, we
plotted in Figure 3.5(a) the DMA master curves measured for PPA homopolymer
and IBA(16%)-nBA(84%) copolymer with similar molecular weight. The two
master curves overlap very well both in the high frequency region (due to the
similar 7,’s) and in the low frequency region (due to the similar M,).

Nevertheless, a closer look at Figure 3.5(a) reveals also some differences.
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Figure 3.5. Comparison of the shear moduli spectra of (a) PPA (T; =-40 °C, M, =
86 000 g/mol; WJ-02-29) and IBA(16%)-nBA(84%) copolymer (7, = -39 °C, M,
=94 000 g/mol; WJ-02-23); (b) PEA (7, = -24 °C, M, = 96 900 g/mol; WJ-02-07)
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and IBA(33%)-nBA(67%) copolymer (7, = -20 °C, M, = 107 500 g/mol; WJ-02-
22); (c) PBA (T; = 37 °C, M, = 48 900 g/mol; WJ-02-11) and IBA(78%)-
nBA(22%) copolymer (7, = 42 °C, M, = 63 700 g/mol; WJ-02-19).

Most importantly, in the characteristic rubbery plateau region, the storage
modulus (G’) of the P(IBA-co-nBA) copolymer is significantly lower than the
corresponding value for the PPA homopolymer. This effect is even more evident
in Figure 3.5(b), which compares the master curve of statistical copolymer with
IBA(33%)/nBA(67%) with that of the PEA homopolymer of similar molecular
weight. Again, the overlap of the two spectra is remarkably good at high and low
frequencies, but the significant difference in the storage modulus is observed in
the plateau region. This means that while mimicking perfectly the glass transition
temperatures of the PEA and PPA, the P(IBA-co-nBA) copolymers are
significantly softer than their homopolymer counterparts. It is interesting to verify
if similar observations can be made also when comparing the copolymers with
higher IBA content, i.e., higher glass transition temperature with the PMA and
PtBA homopolymers. Unfortunately, as can be seen from Figure 3.2, none of the
synthesized copolymers had the appropriate composition in order to match the 7,
of the PMA. Nevertheless, the IBA(78%)-nBA(22%) copolymer (WJ-02-19) has a
glass transition temperature very similar to that of the PrBA. The DMA master
curves of these two materials are shown in Figure 3.5(c). The spectra are very
similar although slightly shifted due to the small difference in the glass transition
temperatures. More importantly, the copolymer is again softer than the

homopolymer, i.e., has a lower G’ value in the rubbery plateau region.

The data for the G’ in this region for all materials presented in Figure 3.5 are
summarized in Table 2. For comparison the values for nBA and IBA
homopolymers are also shown. As can be seen from the table in all cases, the
P(IBA-co-nBA) copolymers are significantly softer than the respective
homopolymers having same glass transition temperatures. The lower plateau

modulus of the copolymers indicates that they should have higher entanglement
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M,,. The effect is most likely related to the rather big and rigid side group of IBA,
which prevents the copolymer chains from a denser packing and therefore results
in a less dense and softer IBA containing copolymers. This conclusion is further

confirmed by the very low plateau modulus of the IBA homopolymer itself.

Table 3.1
Glass transition temperature and rubbery plateau storage modulus for the

polymers shown in Figure 3.5

Polymer Sample name T, [°C] plateau G’ [kPa]
PPA WJ-02-29 -40 140
IBA(16%)-nBA(84%) WJ-02-23 -39 95
PEA WJI-02-07 -24 170
IBA(33%)-nBA(67%) WJ-02-22 -20 70
PtBA WIJ-02-11 37 135
IBA(78%)-nBA(22%) WJ-02-19 42 85
nBA WJ-02-10 -54 130
IBA WJ-02-09 105 80

3.1.3 Gradient P(IBA-grad-nBA) and block PIBA-b-PnBA copolymers

As discussed above, the statistical P(IBA-co-nBA) copolymers exhibit
homopolymer-like thermomechanical properties, with no evidence for a two phase
behavior. However, the situations are remarkably different in the case of gradient
and especially block copolymers. In order to illustrate this, Figure 3.6(a) compares
the DSC thermographs of a statistical copolymer and a gradient copolymer, with
similar IBA/nBA composition and comparable molecular weight. As expected,
the statistical copolymer shows a clear glass transition at a temperature between
the 7,’s of the two homopolymers in agreement with the Fox equation. The
gradient copolymer, however, reveals a broad glass transition region with no
obvious glass transition temperature [21, 86-87]. Such behavior is probably
caused by the broad distribution of IBA and nBA segments with different lengths

along the gradient copolymer chains.

76



Chapter 3

0.0

- - --random

gradient

@

4 L L L 1 L 1 L
-80 -60 -40 -20 0 20 40 60
Temperature [°C]

80 100 120

1010
_; Tref:lscc (b)
l 08 _f m%ﬁ%m““
Eloe—:
ED E
--10"4
E GI GII
10°44 4 ° 8
] e o o random
E A a gradient
0-....I | IR AT | | IFEERT AAET | | IFEERT| AT | | IFEEET] BATR T TR RT| BT
10 -7 -4 -1 2 5 8
10 10 10 10 10 10
o [rad/s]

Figure 3.6. Comparisons between gradient IBA(47%)-nBA(53%) copolymer
(broad T,, M, = 74 800 g/mol; WJ-02-45) and statistical IBA(44%)-nBA(56%)
copolymer (7, =-10.6 °C, M,, = 53 000 g/mol; WJ-02-28).

Similar conclusions may be derived from the results of the DMA measurements

illustrated in Figure 3.6(b). The master curve for the statistical copolymer shows

the two distinct characteristic relaxation regions, as expected. The master curve
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for the gradient copolymer, however, shows very broad distribution of relaxation

processes, particularly in the segmental relaxation region.
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Figure 3.7. Comparisons of block IBA(54%)-nBA(46%) copolymer (7, = -54 °C,
94 °C, M, = 54 600 g/mol; WJ-02-230) and statistical IBA(54%)-nBA(46%)
copolymer (7, =7 °C, M,, = 69 000 g/mol; WJ-02-20).
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It was previously reported that this broadening could be related to compositions’
fluctuations in the studied copolymers [88-89]. A recent study of a similar system
has shown that using experimental techniques such as photon correlation
spectroscopy and dielectric spectroscopy the relaxation dynamic can be addressed

in greater detail [90].

In Figure 3.7(a), the DSC thermographs of statistical and block copolymers with
similar molecular weight and similar IBA/nBA composition are compared. While,
the statistical copolymer has a single glass transition, the block copolymer shows
two glass transition temperatures corresponding to the 7,’s of each component
indicating a micro-phase separation in the sample. In Figure 3.7(b) the frequency
dependence of G’ and G ” of the same copolymers are compared. It is important to
emphasize that in the case of the block copolymer, merely an attempt for
constructing a master curve is shown, as the temperature dependence of the shift
factors does not conform to the WLF equation. Nevertheless such an approach
was shown to reveal important information for the morphology and order-disorder
transitions in a number of block copolymer systems [91-93]. In our case, the block
copolymer ‘‘master curve’’ provides additional evidences for the micro-phase
separation in this sample. First of all the glass transitions of the two blocks are
clearly distinguishable at low and high frequencies, respectively. Furthermore the
behavior of the ‘‘master curve’ in the very low frequency region, namely G '(w)
overlapping with G”(w) and having a slope of ~0.5 may indicate the formation of

a lamella structure as theoretically predicted [94].

In order to verify these findings, SAXS experiments were performed on the same
pair of block and statistical copolymers. As expected the statistical copolymer has
revealed a smooth scattered intensity distribution without any peaks. The block
copolymer, however, showed a weak maximum, which may result from distance
correlations between PnBA and PIBA domains. There are no other peaks in the
spectra probably as result of the small contrast in the electronic densities of the

two blocks. For this reason it is not possible to make any conclusions concerning
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type of order or to identify any specific morphological forms. From the position of
the maxima, however, a structural periodicity of = 20 nm can be assigned to the

block copolymer sample.

3.2 Acrylate-based Block Copolymers as Thermoplastic Elastomers

Thermoplastic elastomers (TPEs) form an important class of materials combining
elastomeric behavior with thermoplastic properties. Commonly these are A-B-A
type triblock copolymers that combine a soft central block with glassy end blocks.
These blocks should be immiscible and should phase separate with formation of
thermoplastic microdomains, which act as physical cross-links for the soft matrix.
One of the most common TPEs is the polystyrene—polybutadiene—polystyrene
(SBS) triblock copolymer [95]. However, SBS suffers from two drawbacks. First,
the unsaturated polybutadiene block is easily oxidized and is sensitive to UV
degradation. Second, the upper service temperature is limited by 7, of the
polystyrene block (ca. 100 °C). Therefore, there is a continuous effort to replace
polystyrene by thermoplastics with higher 7, and also substitute polybutadiene
with more stable rubbery block [96].

Among the alternatives which have been considered are various fully acrylic
TPEs based on combination of polyacrylates as soft blocks with different
polymethacrylates as hard blocks synthesized by anionic [97] or controlled radical
polymerization [86, 98-101] techniques. One of the advantages of acrylates is
their versatility. For example, (meth)acrylic monomers cover a wide range of 7,
from ca. -50 to +200 °C. Furthermore, these polymers are not sensitive to UV and

oxidation.
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3.21 PMBL-PBA-PMBL linear triblock copolymers

In this section, the findings of our investigation into the morphology and
thermomechanical properties of the synthesized PMBL-PBA-PMBL triblock
copolymers containing a middle block of PBA and outer blocks of PMBL or
random PMBL-PMMA are discussed.

Morphology

Due to the incompatibility between PBA and PMBL, the prepared triblock
copolymers were expected to show strong phase separation. In order to gain
insight on the effects of this phase separation and its resulting microstructures,
SAXS analysis of thick films of the PMBL-PBA-PMBL triblock copolymers was
performed. Typical results are presented in Figure 3.8. The triblock copolymers
which did not undergo any additional thermal treatment were studied first. As
shown in Figure 3.8(a), only the copolymer with a high PMBL content (B215-
L120, 30.3 wt% PMBL) showed a well-ordered structure, consistent with
hexagonally packed cylinders (three relatively sharp peaks at relative

positions 5,4/35,/7s ). The copolymers with moderate PMBL content (19.3 and

12.6 wt% PMBL) did not exhibit well defined secondary peaks, indicating mainly
short-range ordered. The SAXS experiments were then repeated after thermal
annealing of the PMBL-PBA-PMBL samples at 150 °C for 1 h in order to
examine the effect of the annealing process on the morphology of the copolymer
films. The comparison of Figure 3.8(b) with Figure 3.8(a) shows that the annealed
films exhibited better ordering than the untreated samples, displaying at least three

scattering peaks in each of the SAXS spectra. Furthermore, the ratios of the
relative peak positions in all cases weres,\/gs,\ﬁs, i.e. consistent with a
hexagonal lattice. A closer look at Figure 3.8 shows that for the same length of the
PBA segment, an increase in PMBL block length leads to increase in the d-

spacing. Similar cylindrical morphology was observed via SAXS for most

PMBL-PBA-PMBL copolymers.
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Figure 3.8. SAXS spectra of PMBL-PBA-PMBL triblock copolymers with
constant PBA segments length and increasing PMBL length (a) before and (b)

after annealing for 30 min at 150 °C under nitrogen atmosphere.

The SAXS studies showed that PMBL-PBA-PMBL copolymers retain their
phase separated morphology even when annealed at temperatures above the 7, of
the hard PMBL component. Figure 3.9 compares the SAXS spectra of as prepared
thick films of B215- L68 with those measured after annealing at 150 and 220 °C
respectively. The hexagonal morphology remained phase separated even after
heating the copolymers to temperatures above the softening temperature of

PMBL.
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Figure 3.9. SAXS spectra of the B215-L68 before and after annealing at different

temperatures.

Thermomechanical properties

Dynamic mechanical properties of the PMBL-PBA-PMBL linear triblock
copolymers were characterized through the temperature dependencies of the real
(G’) and the imaginary (G”) parts of the complex shear modulus. Typical results
for series of copolymers with constant PBA content (DP = 215) and varying
PMBL block lengths are shown in Figure 3.10 together with the respective DSC
thermographs. Two distinct glass transition temperatures corresponding to the
PBA (T, ~ -50 °C) and PMBL (7; ~ 195 °C) segments, respectively, were
observed in both DMA and DSC data. This provides an additional evidence for
the microphase separated morphology of the copolymers. However, the glass
transition of PMBL becomes less obvious with decreasing PMBL content. With
respect to the mechanical properties, all samples were glassy below the glass
transition temperature of PBA, with storage modulus G’ = 1 GPa. Above this
glass transition, the copolymers become elastic and show a G’ plateau extending
up to the softening temperature of PMBL (~195 °C). The height of the plateau
strongly depends on the PMBL content. For example, the value of G’ is
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approximately 0.1 MPa for PMBL fraction around 12 wt% and up to ca. 10 MPa
for PMBL content of 30 wt%. In this elastic state the PMBL blocks form glassy
domains connecting the flexible PBA blocks. This is a typical situation for a
thermoplastic elastomer in which the hard phase elements or glassy domains act

as physical cross-links for the flexible component.
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Figure 3.10. Thermo-mechanical (2 °C/min) and DSC (10 °C/min) analysis of
PMBL-PBA-PMBL triblock copolymers.
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The deep minimum of G observed in this rubbery plateau region is related to the
very big difference in the glass transition temperatures of the soft and hard
components. The data for G in the minimum are rather noisy due to profound
elasticity of the copolymer, i.e. G™>>G” that results in a very small phase

angletan & = G"/G', that approaches the resolution limit of the rheometer. Finally,

both storage and loss moduli decreased above the 7, of PMBL but the copolymer
did not flow in the studied temperature range of up to 300 °C.

Tensile properties

The tensile mechanical properties of the PMBL-PBA-PMBL linear triblock
copolymers were investigated and typical results are shown in Figure 3.11(a). The
materials showed elastic behavior largely influenced by their composition. An
increase of the hard component (PMBL) content resulted in a significant increase
of elastic modulus and ultimate tensile strength. The elongation at break, however,
was relatively low i.e. up to 100% and not clearly related to copolymer
composition. Annealing the samples for 1 h at 150 °C did not help to improve the
copolymer tensile properties, and elongation at break remained relatively low (see
Figure 3.11(b)). This effect is most likely related to the brittleness of the hard
PMBL blocks [102].

In order to improve the tensile properties of the PMBL based copolymers, a series
of ABA type triblock copolymers were prepared in which the outer hard blocks
were replaced with a random copolymer of PMBL and PMMA. The (PMBL-r-
PMMA)-PBA—(PMBL--PMMA) triblock copolymers exhibit better tensile
properties than their PMBL-PBA—PMBL counterparts.
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Figure 3.11. Tensile mechanical properties of PMBL-PBA-PMBL triblock
copolymers with different compositions: (a) before and (b) after thermal annealing
at 150 °C for 1 h.

As shown in Figure 3.12, both elongation at break and ultimate tensile strength
significantly increased up to values of ~200% and ~3.2 MPa, respectively.

Nevertheless, the values of elongation at break are still significantly lower than
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those of the pure PMMA-PBA-PMMA triblock copolymer, of which stress—

strain curve is also shown in Figure 3.12.
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Figure 3.12. Tensile mechanical properties of (PMBL--PMMA)-PBA-(PMBL-7-
PMMA) triblock copolymers compared to that of PMBL-PBA-PMBL.

Some limitations in the tensile properties of the PMBL-PBA-PMBL triblock
copolymers may be related to incomplete chain extension, too short PMBL block,

or the intrinsic brittleness of the PMBL.

While the tensile properties of the PMBL-PBA-PMBL and the (PMBL-7-
PMMA)-PBA—(PMBL-r-PMMA) triblock copolymers are inferior to those of the
PMMA-PBA-PMMA copolymer, they have significantly better thermal stability
and retain their elastic properties up to very high working temperature of higher
than 200 °C. This is illustrated in Figure 3.13 that compares the temperature
dependence of the shear moduli of B375-L82M50 and B375-M132. Both
materials have similar molecular weights and hard block content. The copolymer
with pure PMMA hard blocks shows a rubbery plateau that extends only to about
120 °C. Furthermore, this material flowed at temperatures above 150 °C. In

contrast, the rubbery plateau of B375- L82MS50 extends to more than 200 °C and
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no flow was observed up to 300 °C. The same is true also for the copolymers
having pure PMBL hard blocks, as illustrated in Figure 3.10. This effect is related
to the very high glass transition temperature and high thermal stability [102] of
PMBL that could make the PMBL based thermoplastic elastomers particularly

suitable for high temperature applications.
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Figure 3.13. Comparison of the thermo-mechanical properties of (PMBL-7-
PMMA)-PBA—(PMBL-r-PMMA) and PMMA-PBA-PMMA triblock

copolymers.

3.2.2 PBA-PMBL multi-arm block copolymers

Recently, it was demonstrated that thermoplastic elastomers based on star block
copolymers [100-101, 103-104] may exhibit improved properties in comparison
with the linear A-B-A triblock copolymers. For example, multi-armed
polystyrene-b-polyisobutylene (PS-b-PIB) star block copolymers have shown
much lower sensitivity to diblock contamination and substantially better
mechanical properties than their linear triblock counterparts [105]. This section
delves further into the matter, and discusses how and to what extent the properties
change with respect to the changes in the block copolymer architecture from an

A-B-A triblock configuration, to that of 10-arm stars and eventually 20-arm stars.
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Thermomechanical properties

Characterization of dynamic mechanical properties of the multi-arm stars PBA—
PMBL block copolymers was accomplished through the temperature
dependencies of the real (G’) and the imaginary (G ") parts of the complex shear
modulus. Typical results for copolymers of constant PBA content and varying
PMBL block lengths are shown in Figure 3.14(a). Two distinct glass transition
temperatures corresponding to that of PBA (7, ~ -50 °C) and PMBL (7, ~ 195 °C)
segments were observed in the DMA spectra. This provides evidence of a
microphase-separated morphology of the copolymers. However, as can be seen in
the figure, the glass transition of PMBL becomes less obvious with decreasing
PMBL content. With respect to the mechanical properties, all samples were glassy
below the glass transition temperature of PBA, with storage modulus G'~ 1 GPa.
Above this glass transition, the copolymers become elastic and show a G’ plateau
extending up to the softening temperature of PMBL (~195 °C). The height of the
plateau strongly depends on the PMBL content. For example, in Figure 3.14(a)
the value of G’ at the rubber plateau region is approximately 0.1 MPa for
copolymers of PMBL fraction of around 12.7 wt% (10B240-L46) and up to
approximately 10 MPa for copolymers with PMBL content of 21.6 wt% (10B240-
L86). In this elastic state the PMBL blocks form glassy domains connecting the
flexible PBA blocks. This is a typical situation for thermoplastic elastomers in
which the hard phase elements or glassy domains act as physical cross-links for

the flexible component.

In Figure 3.14(b), a 10-arm star block copolymer 10B115-L30 is compared to an
A-B-A triblock copolymer of the same PBA to PMBL composition ratio, the
results of which were taken from a previous study. The two glass transition
temperatures corresponding to that of PBA and PMBL were clearly indicated in
both copolymers. A comparison of the rubbery plateau shows the 10-arm
copolymer having improved strength over its triblock counterpart, demonstrating

that the number of arms does have a significant effect on overall material strength.
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Figure 3.14. DMA spectra of the PBA-PMBL block copolymer (a) 10B240-L86,
10B240-L46, (b) B215-L68, 10B115-L30, (c) 10B115-L47, 20B115-L47.

As with their triblock counterparts, a deep minimum of G can be observed in the
rubbery plateau region of the DMA spectra. This is again related to the large
difference in the glass transition temperatures of the soft and hard components.
The data for G” in the minimum are also rather noisy due to profound elasticity of

the copolymer, i.e. G>>G " that results in a very small phase angletand = G"/G’,

that approaches the resolution limit of the equipment used. Finally, both storage
and loss moduli begin to decrease above the 7, of PMBL but the copolymers did

not flow in the studied temperature range of above 300 °C.
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Morphology

SAXS analysis of the 10 and 20-arm PBA-PMBL star copolymers was also
performed. As the evidence from the DMA spectra have indicated, the thick films
of these star copolymers were expected to show strong phase separation due to the
strong incompatibility between the two phases. Scattering measurements were
first made without additional thermal treatment to the samples. Then, in order to
examine the effect of thermal treatment, the SAXS experiments were repeated
after annealing the PBA-PMBL samples at 150°C. The results for 20BA115-
MBLS57 are presented in Figure 3.15.

—— 20B115-L57 before annealing
—— 20B115-L57 after annealing
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Figure 3.15. SAXS spectra of 20B115-L57 before and after annealing at 150°C

for 60 min.

The comparison shows that the annealed films exhibit better ordering than the
untreated samples, displaying two clear scattering peaks in each of the SAXS
spectra. In this particular case for copolymer 20B115-L57 with PMBL content of
27.6 wt%, the ratios of the relative peak positions were s, 2s, consistent with a

lamellar structure.

As demonstrated in the DMA spectra in Figure 3.14(a), an increase in material

strength is observed as the length of the PMBL outer block was increased. This
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was thought to have been attributed to the improved ordering of the material due
to stronger phase separation. However, as the SAXS results of annealed samples
in Figure 3.16 show, it was not simply an improved ordering which resulted in
increased strength, but rather a change in the ordering itself with the increase in

PMBL content.
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Figure 3.16. SAXS spectra after annealing at 150°C for 60 min for (a) 10B240-
L86, 10B240-L46, and (b) 20B115-L57, 20B115-L47.

Copolymer 10B240-L46 in Figure 3.16(a) for example, having lower PMBL outer
block length, appears at first glance to have a more ordered structure compared to
its counterpart with higher outer block length, 10BA240-MBL86. But after
determining the relative peak positions, 10BA240-MBL86 was shown to have a

lamellar structure with scattering peaks occurring at relative positions s, 2s,

92



Chapter 3

whereas 10BA240-MBL46 exhibited structures consistent with hexagonal-packed
cylinders (two relatively sharp peaks at relative positions s ,\/gs ). This change in

ordering from hexagonal cylinders to lamellar may be the cause of the very large
improvement in strength exhibited by copolymer 10B240-L86 in the DMA
spectra (Figure 3.14(a)). Samples 20B115-L47 and 20B115-L57 also exhibited

similar ordering changes, as shown in the Figure 3.16(b).

The different compositions of the 10-arm and 20-arm PBA-PMBL copolymers is
shown to have an effect on the d-spacing in the micro-phase separated structures.
As shown in the Table 3.2, the increase of PMBL block length leads to an
increase in the d-spacing at the same length of the PBA segment. And
demonstrated earlier in Figure 3.16, the SAXS results show that the multi-arm
block copolymers with lower outer PMBL content revealing a micro phase
separated morphology of cylindrical PMBL domains hexagonally arranged in the
PBA matrix. Samples with higher PMBL content revealed a lamellar structure. At
even higher molecular weight, in particular for samples 20B230-L96 and 20B750-
L156, no clear indication of structure was revealed from the SAXS results. The
number of arms did not seem to affect the d-spacing as shown in Table 3.2 when
comparing for example, copolymers 10B115-L47 and 20B115-L47, both having
the same PBA to PMBL ratio, but different number of arms.
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Table 3.2
Compositions of the prepared PBA-PMBL star-like block copolymers, their phase

separation spacing values and corresponding structure.

Sample SAXS : SAXS - Structure
(before annealing) (after annealing)
10BA115-MBL30 26.7 nm 25.3 nm hexagonal cylinders
10BA115-MBL47 28.9 nm 28.5 nm hexagonal cylinders
10BA240-MBL46 37.5 nm 36.7 nm hexagonal cylinders
10BA240-MBL 86 42.7 nm 42.1 nm lamellar
20BA115-MBLA47 28.9 nm 28.5 nm hexagonal cylinders
20BA115-MBL57 35.7 nm 353 nm lamellar
20BA230-MBL96 52.6 nm 49.6 nm -
20BA750-MBL156 71.9 nm 73.3 nm -

Tensile Properties

Tensile strength comparisons made between copolymers with varying PMBL
contents demonstrate again that an increase in the PMBL block length results in a
stronger material. However, in Figure 3.17(a) we observe that for copolymer
10B240-L86, elasticity is significantly reduced as a result of the higher PMBL
content when compared to copolymer 10B240-L46 of lower PMBL content. This
observation is due to the fact that the change in outer PMBL block lengths
contributes to stronger physical cross-linking of the material, enhancing overall
strength, however, sacrificing elasticity, and causing the material to become more

brittle in the process.
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Figure 3.17. Tensile properties of copolymers 10B240-L86 and 10B240-L46.
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3.2.3 PBA-PMMA multi-arm block copolymers

While thermoplastic elastomers containing PMBL have excellent thermal stability
and retain their elastic properties up to a very high working temperature (more
than 200 °C), their intrinsic brittleness seriously limits their potential as
thermoplastic elastomers. In this study, PMMA is used in place of PMBL in hopes
of solving the brittleness issue. PMMA, though having improved elasticity, has a
significantly lower glass transition temperature when compared to PMBL, making
them unsuitable for high temperature applications, but nevertheless a possible

candidate for use as hard blocks in thermoplastic elastomers.

Morphology
SAXS analysis of thick films of the star-like block copolymers illustrated that that
the majority of the samples reveal an expected micro phase separated morphology

of cylindrical PMMA domains hexagonally arranged in the PBA matrix (three
relatively sharp peaks at relative positionss ,\/gs, NER ). The samples with
shortest arm length and lower PMMA content, 10B115-M29 and 20B115-M38,

did not reveal a clear structure. They exhibited a short-range ordering only, as
indicated from the single broad peak observed in their SAXS spectra. The
different compositions of the 10-arm and 20-arm PBA-PMMA copolymers also
affect the d-spacing in the micro-phase separated structures. Table 3.3 shows the
calculated results of the d-spacing obtained from AFM and SAXS data of the
measured PBA-PMMA star block copolymers. As can be seen in Table 3.3, the
increase of PMMA block length leads to an increase in the d-spacing at the same
length of the PBA segment. Number of arms seems to have negligible influence

on change in d-spacing.

In order to examine the effect of thermal treatment on the copolymer films
morphology, the SAXS experiments were repeated after annealing the PBA-
PMMA copolymer samples at 150 °C. The experiment showed that there was no

lost of phase separation after annealing for 60 minutes and the annealed films
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even exhibited better ordering than the untreated samples, displaying at least three

scattering peaks in each of the SAXS spectra. The ratios of the relative peak

positions in these cases remained unchanged,s ,\/gs,«ﬂs, consistent with a

hexagonal lattice. As an example the SAXS spectra of a thick film of 20B115-

M60 measured before and after annealing are presented in Figure 3.18.

Table 3.3

Compositions of the prepared PBA-b-PMMA) star-like block copolymers and

their phase separation spacing values.

Spacing (nm)

Sample Triblock composition
AFM SAXS

10B115-M29 PBiBEAy-(PBA15-PMMAy9)1o - 22
10B115-M51 PBiBEA y-(PBA;;5-PMMAj5))10 30 24
10B240-M54 PBiBEA o-(PBA240-PMMAs4)10 59 30
10B240-M117 PBiBEA p-(PBA4-PMMA 17)10 63 38
20B115-M38 PBiBEA,)-(PBA;5-PMMA5)50 - 23
20B115-M60 PBiBEA-(PBA115-PMMAgo)20 48 24
20B230-M59 PBiBEA-(PBA230-PMMAs)2 61 33
20B230-M107 PBiBEA,)-(PBA230-PMMA 7)1 67 35
20B750-M180 PBiBEA,)-(PBA750-PMMA i50)20 100 63
20B750-M300 PBiBEA,y-(PBA750-PMMA300)20 111 73

Intensity [a.u.]

- - - - before annealing
— after annealing

s [nm™]

Figure 3.18. SAXS spectra of 20B115-M60 before and after annealing at 150°C

for 60 minutes.
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Thermomechanical Properties

Dynamic mechanical properties of the multi-arm stars PBA-PMMA block
copolymers were characterized through the temperature dependencies of the real
(G’) and the imaginary (G ") parts of the complex shear modulus. Typical results
obtained for two 20-arm star block copolymers with different arm compositions

(20B230-M59 and 20B230-M107) are shown in Figure 3.19(a).
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Figure 3.19. DMA spectra of the star PBA-PMMA block copolymer (a) 20B230-

M59, 20B230-M107, (b) 20B115-M38, 20B230-M59, 20B750-M180 and, (c)
20B230-M107, 10B240-M117.
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The existence of two distinct glass transitions corresponding to the PBA (7,~50
°C) and PMMA (T,~130 °C) segments is clearly displayed in both the DMA and
DSC data. This constitutes a further evidence for the microphase-separated
morphology of the copolymers. With respect to the mechanical properties, both
samples were glassy below the glass transition temperature of PBA, with storage
modulus G’~1 GPa. Above this glass transition, the copolymers became elastic
and showed a rubbery plateau (G'<l MPa) extending up to the softening
temperature of PMMA (~130 °C). In this elastic state, the PMMA blocks form
glassy domains connecting the flexible PBA blocks. As can be expected, the
degree of elasticity depends on the composition, i.e. the sample with lower
PMMA content has a smaller G’ value in the rubbery plateau region. The thermo-
mechanical properties at higher temperatures also show dependence on the
copolymer composition. While both materials retained their phase separated
morphology and low modulus rubbery behaviour well above the PMMA glass
transition, the copolymer 20B230-M59, with only a 16.7% PMMA content,
eventually start flowing at a temperature of around 250°C. On the other hand, the
copolymer 20B230-M107 did not flow in the entire temperature range studied, i.e.
up to 300 °C.

Figure 3.19(b) illustrates the effect of the overall molecular weight on the
mechanical properties of the star copolymers by comparing the DMA spectra of
20B115-M38, 20B230-M59 and 20B750-M180, three materials that have similar
compositions but significantly different M,,. As can be seen, the high molecular
weight copolymers (20B230-M59 and 20B750-M180) retain their phase separated
morphology and low modulus rubbery behaviour well above the PMMA glass
transition. In contrast the low molecular weight 20B115-M38 starts flowing at
temperature of 200°C. In spite of their very different molecular weights all three
copolymers have very similar values of the storage modulus G’ in the rubbery
plateau region between the glass transition temperatures of the two components.

This finding indicates that the copolymer composition and not the overall
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molecular weight is the main factor that determines the elastic properties of these

thermoplastic elastomer materials.

As discussed earlier, another important parameter that could influence the thermo-
mechanical properties of the star-like copolymers is the number of arms. Figure
3.19(c) compares the DMA spectra of a 10 and 20 arm star copolymers with
similar block lengths and compositions: 10B240-M117 and 20B230-M107. As
can be seen the two materials show practically identical spectra which indicates
that the number of arms have little influence on their mechanical properties. This
finding is not that surprising taking into account that both materials have a rather
large number of arms, i.e. 10 and 20 respectively. Indeed earlier studies of
polystyrene-b-polyisobutylene [104] and polystyrene-b-polydiene [106] star like
block-copolymers, have shown that the tensile properties of these materials reach
a plateau in the N, = 5-10 range. Evidently the presence of such a plateau
explains the similar mechanical properties of the 10 and 20 arm PBA-PMMA star

block copolymers.

Tensile Properties

The tensile properties of the PBA-PMMA star-like block copolymers listed in
Table 3 were also studied. Typical examples of the measured stress—strain
dependencies are shown in Figure 3.20(a). As expected the composition has a
major effect on the tensile properties of the PBA-PMMA star copolymers. We
found that both the initial modulus () and the tensile strength (¢ break) increase
strongly with PMMA content, while the draw ratio at break seems to increase with
the length of PBA segment and be reduced with increasing PMMA content.
During the last several years it was demonstrated that thermoplastic elastomers
based on star block copolymers [107-111] may exhibit superior properties as
compared to the linear ABA triblock type TPEs. Furthermore it was also shown
that the tensile properties of the star block copolymers improve with the number
of arms until reaching saturation at the N, = 5-10. In an attempt to explore these

effects in the case of PBA-PMMA based materials we have compared the newly
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synthesized 10 and 20 arm 10B115-M51 and 20B115-M60 to the 3-arm star

copolymer 3B164-M76 that we have studied recently [101] and to a linear
PMMA-PBA-PMMA block copolymer prepared using ATRP by the Jerome

group[112].
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Figure 3.20. Tensile properties of copolymers (a) 20B230-M59, 20B230-M107,

and (b) 20B115-M60, 10B115-M51, 3B164-M7.

Table 3.4

Ultimate tensile strength and maximum elongation at break of PBA-PMMA block

copolymers with similar composition but varying numbers of arms.

PMMA . . maximum
M, ultimate tensile :
Sample (g/mol) PDI content strength & (MPa) elongation
9 (Wt %) Y at break 4 (%)

linear ABA type 69,000 115 26 42 520
copolymer
3-arm star B164-M76 85,800 1.19 26 4.8 545
block copolymer
10-arm B115-M51 197,000 1.25 25.7 6.4 430
copolymer
20-arm B115-M60 412 000 1.36 28.9 74 375

copolymer
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As shown in Table 3.4 all four materials have practically the same polymer chain
composition ratio. As the 3-arm star copolymer B164-M76 has the same overall
composition and only slightly higher molecular weight as compared to the linear
PMMA-PBA-PMMA, in Table 3.4 we compared the properties of these materials.
While tensile strength and DMA results of the 10 and 20 arm star block
copolymers suggest that the number of arms have little influence on their
mechanical properties, an attempt was made to compare the tensile properties of
these new samples to earlier studies performed on 3-arm star PBA-PMMA block
copolymers as well as linear triblock PBA-PMMA copolymers. In the table below
we compare the properties of 4 materials. As can be seen from the table, there is
an increase in ultimate tensile strength with the increase in number of arms.
Particularly, the ultimate tensile strength of the 10-arm 10B115-M51 is
significantly better than that of the 3-arm copolymer. The improvement isn’t as
significant when comparing the 10-arm versus the 20-arm samples, which
suggests a plateau or saturation point in the improvement of the tensile properties
with respect to number of arms. The table also shows that for the star block
copolymers, the improvement in ultimate tensile strength results in the draw ratio
being sacrificed, as the maximum elongation of the thermoplastic elastomers is
significantly reduced with the increase in number of arms and ultimate tensile

strength.

101



Results & Discussion

3.3 Siloxane-based Linear Copolymers: Gradient or Block?

Gradient copolymers, with a controlled composition along the backbone but with
a homogeneous composition among the chains, are a promising class of materials
with tunable microstructures and physical properties. They can potentially be used
as polymer blend compatibilizers, surfactants, and environment-sensitive
materials, for example, materials for vibration and noise dampening. They also
can serve as the building blocks for the synthesis of complex macromolecular
architectures, such as polymer brushes, hyperbranched polymers, dendrimers, and

hybrid organic-inorganic materials [113-114].

3.3.1 Fluorosiloxane-based Copolymers

Fluorosilicones are polymers consisting of fluorocarbon groups, which have the
lowest known inter-molecular forces of all pendant groups, with the unique
flexibility of the siloxane backbone. The first and still the most common
commercial fluorosilicone is poly[methyl(trifluoropropyl)siloxane], PMTFPS.
PMTFPS products are used in many applications where resistance to fuel, oils and
hydrocarbon solvents is required. Examples are lubricants in bearings exposed to
such materials and sealants and elastomers for automotive fuel systems.
Fluorosilicone rubber shows good performance at extremely low temperatures
down to -70 °C which makes it unrivalled material for aerospace applications.
Other applications include antifoams for organic liquids and in cosmetics and
other skin use formulations where long-lasting oil and water repellency is desired,
release agents for PDMS-based pressure-sensitive adhesives, and antifouling
coatings and lubricants [21, 113]. Because fluorinated polysiloxanes are quite
expensive, their copolymers which can be used as additives to other polymers,

improving their properties, are of great interest.
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Thermomechanical Properties

It has previously been reported that the tapering nature of gradient copolymers
affect the 7,’s of both component monomers. In the case of fluorosiloxane-based
copolymers, the T’s of the corresponding homopolymers PDMS and PMTFPS
are -127 °C and -70 °C, respectively [115]. DSC results of the PDMS
homopolymer, illustrated in Figure 3.21(a), shows a characteristic crystallization
band at -88 °C and two endothermic peaks at -48.3 and -36.4 °C, which are typical
for PDMS if the chain length exceeds M, = 5000, which corresponds to
approximately 20 Ds; (PDMS) units [116]. From the differential scanning
calorimetry (DSC), these transitions are still present in block and spontaneous
gradient copolymers (Figure 3.21(c) and (d)) in which the dimethylsiloxane block
is sufficiently long, that is, more than approximately 5000, although, the
crystallization band becomes broader and moves to higher temperatures. The
enthalpy of crystallization depends on the M,, (Iength of the pure dimethylsiloxane
block). There is only one broad melting transition which appears at temperature
between the two peaks occurring in the PDMS homopolymer. Assuming the
enthalpy of melting of the crystalline PDMS to be 61.2 J/g [116], a PDMS
homopolymer having a total enthalpy of fusion of about 40 J/g is 60-65%
crystalline (under the fast cooling regime applied here). The enthalpy of
crystallization decreases to approximately 15 J/g for the block copolymer (Figure
3.21(c) (M,, of the D block is approximately 5000) and to 8.6 J/g for the gradient
copolymer synthesized via spontaneous copolymerization (Figure 3.21(d))(M,, of
the D block is approximately 2800). These enthalpy values correspond to
approximately 24% and 14% of the crystalline character of the PDMS block,
respectively. The “‘forced’” gradient copolymer (Figure 3.21(e)), or the gradient
copolymer synthesized via semi-batch method, does not reveal any crystallization

because the PDMS block is too short.
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Figure 3.21. DSC of (a) PDMS homopolymer (M,=17,400), (b) PMTFPS
homopolymer (M,=18,000), (c) PDMS-PMTFPS block copolymer (M,=13,500,
D:F=1:1), (d) spontaneous gradient copolymer (M,=10,000, D:F=1:1), (e)
gradient copolymer by semi-batch method (M,=16,700, D:F=1:1).

The effect of increased compatibility of both microphases, due to the increased D
content in the F-enriched segment, may also play a role. Glass transitions of both
chain fragments in the gradient copolymer are moved toward each other (that is,
T, for the PDMS segment raises, whereas 7, for the PMTFPS segment decreases)
and the melting of PDMS segment disappears, which indicates that gradient chain
microstructure prevents crystallization of PDMS segments. These changes are
also reflected in plots of shear modulus-temperature dependences showing that the
modulus G’ for the gradient copolymer is by about one order of magnitude lower

than that for the block copolymer as it is discussed in the next paragraph.
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Dynamic mechanical analysis for the copolymers in Figure 3.21(a), (b) and (c)
were performed for the evaluation of their properties under shear deformation in a
broad temperature range. Temperature sweep tests were conducted during both
heating and cooling of the samples. The results are summarized in Figure 3.22. In
the case of the block copolymer (Figure 3.22(a)), the glass transition of the PDMS
block is clearly indicated in both cooling and heating curves by the drop in G’ and
the maximum in G” at low temperatures around -130 °C. The softening related to
this transition is considerable and involves a drop of the real part of the shear
modulus by almost one order of magnitude. The glass transition of the PMTFPS
block is not clearly visible as it is covered by the crystallization of PDMS which
takes place in the same temperature region. Remarkably strong recrystallization of
the PDMS on heating is observed despite the fact that cooling was done rather
slowly at 2 K/min. This process is manifested by the strong increase of G’ in the
heating curve at temperatures of around -80 °C. At even higher temperatures
(above -50 °C) the melting of the crystalline PDMS leads to a strong drop in the
shear moduli. The temperature dependences of the G’ and G of the spontaneous
gradient copolymer (Figure 3.22(b)) differ significantly from those of the block
copolymer. Although the glass transitions of the two components are still well
pronounced, the crystallization of the PDMS is prevented by the gradient chain
structure of these copolymers. Furthermore, in the temperature range between the
two Ty’s, the storage modulus G’ of the gradient copolymer is significantly lower
than that of the block copolymer. Finally, the spectra of the copolymer prepared
by semi-batch method (Figure 3.22(c)) reveals ‘‘pure gradient type’’ features, that
is, single glass transition around -97 °C (between the 7,’s of the PDMS and
PMTFPS) which is roughly at the some position as that of the statistical (random)

copolymer, but is much broader as a result of the pure gradient structure.

It is important to emphasize at this point that the DMA data fit very well to DSC
results despite the fact that different cooling/heating rates (2 K/min in the case of
DMA and 10 K/min in the case of DSC) were used in the experiments.

105



Results & Discussion

G', G" [Pa]

Figure 3.22. Temperature dependence of the shear and loss moduli of (a) PDMS-
PMTFPS block copolymer (M, = 13,500, D:F = 1:1), (b) spontaneous gradient
copolymer (M, = 10,000, D:F = 1:1) and (c) gradient copolymer by semi-batch
method (M, = 16,700, D:F = 1:1).
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Morphology

As described above, both the DSC and DMA results have indicated a phase
separation in the block and the spontaneous gradient copolymers. To explore this
effect in more details and examine the type of the formed microstructures we have
performed temperature dependent SAXS experiments. The results summarized in
Figure 3.23 in the form of scattered intensity versus the scattering vector ¢, show
a strong phase separation and ordering in both block and spontaneous gradient
copolymers at all temperatures. Nevertheless, we again have significant
differences between these two types of materials. In the case of the block
copolymers (Figure 3.23(a)), several peeks are observed at relative positions
1:3"2:4"2:7'2:9'2 \which may indicate a hexagonal arrangement of cylinders,
although the peak intensity does not precisely correspond to this structure,
because the 3" reflection has suppressed intensity. For the gradient copolymer
obtained by simultaneous copolymerization (Figure 3.23(b)) two peaks were
observed at relative positions 1:2 which suggest a lamellar structure. On the other
hand, the gradient copolymer D-F, obtained by semi-batch method showed only
one weak and broad peak corresponding to a characteristic correlation length of

approximately 11 nm. This peak disappears after heating to 7> -40 °C.
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Figure 3.23. SAXS spectrum of the (a) PDMS-PMTFPS block copolymer (M, =
13,500, D:F = 1:1), (b) spontaneous gradient copolymer (M, = 10,000, D:F = 1:1)
and (c) gradient copolymer by semi-batch method (M, = 16,700, D:F = 1:1).

Dependance on Molecular Weight

To better understand the effects of the size and composition of the gradient
copolymers on their thermomechanical properties, we have studied three-segment
gradient copolymers with larger molecular weights prepared by simultaneous and

semi-batch methods. The DMA and SAXS spectra of these materials are shown in
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Figures 3.24 and 3.25, respectively. As can be seen in Figure 3.24(a), the
copolymer obtained by simultaneous copolymerization (M, = 44,000, M,/M, =
1.15) exhibited crystallization on heating, starting at about -90 °C. Interestingly,
there is an indication for weak crystallization on cooling as well at about -100 °C.
The second 7, at about -70 °C is also visible on both heating and cooling curves.
Furthermore, the sample is not flowing in the entire range studied that is, up to 20
°C. All these effects, which were not observed for the lower molecular weight
sample prepared in similar way (Figure 3.22(b)), indicate the presence of

relatively large PDMS segments as in a block copolymer.

G, G" [Pa]

120 -8 40 0

T[°C]
Figure 3.24. Temperature dependence of the shear and loss moduli of (a)
spontaneous gradient copolymer D-F-D (M, = 44,000, F:D = 1:1) and (b) gradient
copolymer D-F-D obtained by the semi-batch method (M, = 45,800, F:D = 1:1).
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The SAXS spectra of the high molecular weight spontaneous gradient copolymer,
which is shown on Figure 3.25(a), reveal four well defined peaks (as in the case of
the block copolymer in Figure 3.23(a)) indicating again a very strong phase
separation. Nevertheless, in contrast to the block copolymer that showed a
hexagonal microstructure, here the positions of the scattering peaks are observed
at g values of 1:2:3.4 indicating a lamellar structure. This is consistent with what
was found for the similarly prepared gradient copolymer with lower molecular

weight (Figure 3.23(b)).
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Figure 3.25. SAXS spectra of (a) spontaneous gradient copolymer D-F-D (M =
44,000, F:D = 1:1) and (b) gradient copolymer D-F-D obtained by the semi-batch
method (M = 45,800, F:D = 1:1).
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The high molecular weight gradient copolymer D-F-D obtained by the semi-batch
method (M, = 45,800, M,,/M, = 1.15) also shows properties significantly different
from those of its lower M,, counterpart (M, = 16,000, D:F = 1:1). For example, the
temperature dependences of G’ and G” of this material shown on Figure 3.24(b)
clearly reveal two T,’s, which was not the case for the low M,, copolymer (Figure
3.22(c)). Furthermore, the sample is not flowing in the entire range studied, that
is, up to 20 °C although the low molecular one was flowing above about -70 °C.
The observed differences in the mechanical properties are strongly related to the
different microstructures of the two materials as manifested by their SAXS
spectra. Although we were not able to identify a clear phase separation for the
lower molecular weight copolymer (Figure3.23(c)), a lamella type microstructure
was clearly observed for the high molecular weight material at all temperatures
(Figure 3.25(b)). The presence of only two scattering peaks however shows that
the effect is still weaker than those observed for the spontaneous gradient

copolymer with similarly high molecular weight (Figure 3.25(a)).

Thus, the thermomechanical properties and the microstructure formation in these
materials depend strongly on the molecular weight of the copolymers and on the

lengths of the uniform block at the chain ends.
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3.3.2 Vinylsiloxane-based Copolymers

The precise synthesis of polysiloxanes having vinyl groups attached to the
polymer chain has the potential to open new routes to a wide class of functional
siloxane copolymers with controlled chain structure, as the vinyl group at silicon
is a known versatile precursor that can be easily modified by chemical
transformations giving rise to a variety of side functionalized polysiloxanes. It can
be converted into many useful functional groups by various kinds of addition
reactions [117], such as hydrosilylation [82, 118-120], thiolene addition [116,
121-123], hydroboration [124], epoxidation [125-126], and others [127-128].

The apparent rate constants and reactivity ratios were estimated by computer

simulation to ber, ~0.011, 7, ~49.3. As a result of so much difference in

reactivity rates, simultaneous polymerization is predicted to lead to copolymers of
blocky structure containing a narrow intermediate fragment with gradient
distribution of siloxane units. Polymers having more uniform distribution of the
vinyl groups would be expected from the semi-batch process, by adding V3 at a

controlled rate to the polymerization of less reactive Ds.

The T,’s of the corresponding homopolymers, i.e., PDMS and PMVS are very
close to each other, -127 °C and -131.8 °C, respectively (Figure 3.26). Thus, the
differences related to the change in microstructure are hardly visible. PDMS
homopolymer shows a characteristic crystallization band at -88 °C and two
endothermic peaks at -48.3 and -36.4 °C, which are typical for PDMS if the chain
length exceeds M,=10000 [129]. These transitions are still present in block and
spontaneous gradient copolymers if M,>15000 in which the dimethylsiloxane
block is sufficiently long. The crystallization band becomes broader and moves to
higher temperatures and the enthalpy of transition depends on the M, (size of the
homogeneous dimethylsiloxane chain segment). There is only one broad melting

transition which appears at temperature between the two peaks occurring in the
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PDMS homopolymer. Assuming the enthalpy of melting of the crystalline PDMS
to be 61.2 J/g, the PDMS homopolymer shown in Figure 3.26(A) having a total
enthalpy of fusion of about 40 J/g is 60-65% crystalline (under the fast cooling
regime applied here). The degree of crystallinity decreases to around 15 J/g for the
block copolymer (Figure 3.26(C)) and to 8.6 J/g for the spontaneous gradient
copolymer (Figure 3.26(D)). These enthalpy values correspond to approximately
24% and 14% of the crystalline character of the PDMS block, respectively. Of
course the degree of crystallinity varies with the length of pure dimethylsiloxane
block in the copolymer. Semi-batch gradient copolymer (Figure 3.26(E)) does not
reveal the crystallization probably because the PDMS block is too short (the
weight of the PDMS block estimated from monomer conversion is 10000 in the
semi-batch gradient copolymer). The effect of increased compatibility of both
microphases, due to the increased D content in the V-enriched segment, may also

play a role.

The rate of temperature change in the DSC measurements also appears to have an
effect on crystallization and microstructural behaviors exhibited by the
copolymers. This is demonstrated in Figure 3.27 (b) and (c) with the block
copolymer as well as in Figure 3.28 (b) and (c) with the spontaneous copolymer.
The figures illustrate the results of DSC measurements performed at rates of
temperature change of 2 K/min and 10 K/min. From these results, we can clearly
see that the glass transition temperature is generally unaffected by the different
cooling and heating rates. This melting points of the copolymers were also
unaffected by the different rates of temperature change. However, when we take a
look at the crystallization temperatures, we are able to see that at different cooling
and heating rates, the recrystallization process can take place not only at different

temperature points upon cooling, but could also in fact take place upon heating.
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Figure 3.26. DSC of (A) PDMS homopolymer (M,=17,400), (B) PMVS
homopolymer (M,=14,500), (C) PDMS-PMVS block copolymer (#,=24,000,
D:V=1:1), (D) spontaneous gradient copolymer (M,=35,500, D:V=1:1), (E)
gradient copolymer by semi-batch method (#,=25,700, D:V=0.8:1).

To further analyze the different behaviors between the gradient and block

copolymers of PDMS-PMVS, dynamic mechanical analysis measurements were
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conducted on the block copolymer and both the gradient copolymers to study their

properties under shear deformation in a broad temperature range.

The samples were put through temperature sweep tests which were conducted first
during the cooling of the samples, then followed by heating. The results for the
block copolymer, the spontaneous gradient copolymer, and the semi-batch
gradient copolymer are displayed in Figures 3.27(a), 3.28(a) and 3.29(a)
respectively. In the case of the block copolymer in Figure 3.27(a), the glass
transition temperature at around -130 °C is clearly indicated in both cooling and
heating curves by the drop in G’ and the maximum in G”. This data is also
supported by the results obtained in the DSC measurements in Figure 3.27(b) and
(c). The DMA results for the block copolymer also show crystallization occurring
upon cooling at about -90 °C and melting upon heating at about -40 °C. This
behavior is also supported by the DSC data, but only the measurement performed
at a rate of temperature change of 2 K/min (Figure 3.27(b)). Interestingly, the
DSC measurements taken at a higher rate of temperature change of 10deg/min
showed crystallization occurring upon heating. In the case of the spontaneous
gradient copolymer which was obtained by simultaneous copolymerization, the
glass transition at around -130 °C also shows up in both DSC and DMA
measurements (Figure 3.28). The DMA results further indicate crystallization
upon heating occurring in the spontaneous gradient copolymer, beginning at
around -80 °C and melting at approximately -45 °C. If we look at Figures 3.28(b)
and (c), this strong recrystallization behavior upon heating is supported by the
DSC measurements performed at a slower rate of temperature change of 2
deg/min but is not observed at the rate of 10 K/min. As for the semi-batch
gradient copolymer, the glass transition at around -130 °C shows up in both DSC
and DMA data as expected. However, for this type of gradient copolymer which
was obtained by semi-batch method, the DSC as well as DMA results show no

indication of crystallization or melting.
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Figure 3.27. PDMS-PMVS block copolymer (M,=24,000, D:V=I1:1), (a)
Temperature dependence curves of the shear and loss moduli (b) DSC

measurement at 2 K/min (c) 10K/min.
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From the data gathered by the DSC and DMA measurements, it can be concluded
that DSC measurements taken at cooling and heating rates of 2 K/min fit well
with the DMA measurements performed. And it should also be emphasized that
DSC measurements taken at a faster cooling and heating rate of 10 K/min showed

conflicting results when compared to the results from the DMA measurements.

Morphology

In order to further examine the microstructure formation in block and gradient
copolymers we performed temperature dependent SAXS experiments on samples.
The results are summarized in Figure 3.30 in the form of scattered intensity vs. the
scattering vector g. The results show significant differences between these two
copolymer materials. In the case of the block copolymer, peaks are observed at -
60°C and -100°C at the relative positions 1:2 which suggest a lamellar structure.
For the spontaneous gradient copolymer, two peaks were also observed at the
same temperatures, but at relative positions 1:3. However, the secondary peak
obtained from the spontaneous gradient copolymer was weaker and broader when
compared to the block copolymer. And in the case of both copolymers, the
structures seemed to have been lost when either cooled down to 140°C or when

heated back to room temperature.
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Figure 3.30. SAXS spectrum of (a) PDMS-PMVS block copolymer (M;=24,000,
D:V=1:1); and of (b) PDMS-PMVS spontaneous gradient copolymer (M,=35,500,
D:V=1:1).
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4 Conclusion

The main focus of the studies discussed in this volume was to explore specific
systems which have not been studied before in hopes of having a better
understanding of structure-property relations in complex copolymer systems. And
from these various different studies which were done, it is clear that molecular
properties such as chain length, chain stiffness, degree of branching, molecular
architecture, and the number of charge groups, are of great significance, and
perhaps even more so than the detailed chemical make-up of polymers, in
determining their physical characteristics. This was well-demonstrated with the
different physical properties exhibited by the statistical, block and gradient
copolymers. All three types of these copolymers, even when built with the same
type and number of units, have completely different properties as a result of their
different architectures. The studies revealed that a deeper understanding of this
relationship between the molecular architecture and the physical characteristics is
vital for aiding in the design of new materials with more useful properties, as
constantly advancing technologies demand new, high performance and more
specialized materials with highly specialized functions. And it is this deeper
understanding of the structure-property relations that would undoubtedly be one
of the key factors contributing to the continuing rapid growth in the field of

polymer science.
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