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1. INTRODUCTION

1.1 Block copolymer materials

Polymer materials are known as high molar mass molecules with specific properties like light
weight, good mechanical strength and ease of processability which are useful for a large
number of applications. In addition, the desired properties might be obtained, for example, by
preparing mixtures so-called polymer blends or polymer alloys. In reality, the control of the
phase separation is prerequisite for a working blend system including achieving compatibility
of polymers. In fact, one meets some peculiarities in polymer-polymer mixtures compared to
mixtures of low molar mass materials because of macro-phase separation. In order to control
this, there is an excellent solution that is to have chemical bonds between the present
polymer partners in order to maintain stabilization during mixing and application of the
mixture. Such bonds are realized in block copolymers. One can say that a block copolymer is
a special case of a polymer blend. A block copolymer is simply a linear polymer chain where
two or more incompatible blocks derived from different monomers, pre-polymers or short
polymer chains are combined. Therefore, a phase separated morphology is the most typical
characteristic of block copolymers. Usually, block copolymers can be designed as di-block
(A-B), tri-block (A-B-C; A-B-A or B-A-B) and multi-block copolymers. Therein, multi-block

copolymers (AB), are the most important class from the polymer material viewpoint.

Multi-block copolymers can be synthesized from different polymer segments having active
functional groups at the chain ends. Telechelics (oligomers bearing active groups at the
chain ends) and segmented block copolymers which are prepared therefrom play an
important role in polymer chemistry. They allow to extent significantly the property profiles of
defined polymer materials by combining useful properties of two or more different pre-
polymers or polymers in one final product. In this project, new segmented block copolymers
derived from soft and hard polymeric segment combinations using selectively reacting

bifunctional coupling agents are the focus of the study.
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1.2 Objective

This study is based on a previous joint research work under the guidance of Prof. Dr. Pham
Huu Ly and Dr. Gerhard Maier, which initiated investigations concerning the preparation of
new segmented block copolymers. Firstly, hydroxyl terminated liquid natural rubber
developed at the NCST Hanoi, could be connected with hard telechelics prepared via a criss-
cross cyclo-addition reaction containing isocyanate end groups [1,2]. Later on, during a visit
as a guest scientist at the Leibniz-Institute of Polymer Research in Dresden, Germany,
experience could be gained on different high performance polymers and their end
functionalization. These preliminary studies allowed to develop a research program for a PhD
thesis concerning the preparation of segmented block copolymers involving the utilization of
further available soft segments. Under supervision of Prof. Dr. Brigitte Voit and Dr. Frank
Bohme, a new type of coupling agent with two different reactive groups was introduced. The
use of these coupling agents facilitates the block copolymer formation and broadens the

variety in suitable hard segments.

In the project, our purpose is the synthesis of segmented block copolymers using novel
selectively reacting bi-functional coupling agents which have recently been developed by
Jakisch at al. [3]. The chemical structure of the couplers is shown below:

(0]

é‘:\O (6] 2
(6]
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@Y@% s é}
N
BCA.1 BCA.2

Scheme 1.1: Structure of the bi-functional couplers

Both couplers have one oxazoline group that reacts with carboxylic groups and one
oxazinone group that reacts with hydroxyl or amino groups [3,4,5]. It was intended to
synthesize segmented block copolymers by combination of amino or hydroxyl terminated
pre-polymers and carboxylic terminated chain extenders using the above mentioned coupling
agents according to Scheme 1.2. Several prepolymers were selected such as hydroxyl
terminated liquid polybutadiene (PBD-OH), hydroxyl terminated liquid natural rubber (LNR)
and amino terminated liquid polybutadiene-b-acrylonitrile (PBAN) and poly(propylene glycol)-

bis(2-aminopropylether) (PPO). They were selected as soft polymer segments in the
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segmented block copolymers aimed for. Additionally, various di-carboxylic acids were chosen
as chain extenders.

To give a comprehensive view about the synthesis of the block copolymers and their
properties the following items were defined in the frame of this work:
Studies on reactivity of soft and hard segments with the couplers
Synthesis of new segmented block copolymers in melt using the couplers
Determination of formation and chemical structure of the new polymers by *H-NMR
Characterization of the obtained block copolymers including thermal, thermo-
mechanical, low temperature and mechanical properties, elastomeric characteristics,
micro-phase morphology and molar mass

Structure-property relationships in the yielded polymers.

step-1
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Scheme 1.2: A general overview of the synthesis of the block copolymers.
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2. OVERVIEW and THEORY

2.1. Introduction

The development of block copolymers was started by M. Szwarc et al. in 1955 [6,7]. The
work is based on basic studies on organometallic compounds such as sodium naphthalene
catalysts for copolymerization of styrene and butadiene monomers leading to the field of
“living” anionic polymerization. Extensive work concerning alkyl lithium catalysts as
polymerization initiation was performed and many remarkable results were obtained at the
laboratories of the Firestone Tire & Rubber Company by Stavely and co-workers in 1957 [8].
At that time, results from the Shell Laboratories in the USA concerning the successful
preparation of di- and tri-block copolymers based on styrene and butadiene monomers,

called “Kraton ", were published [9]. After that, many block copolymers were synthesized
and commercialized. It must be mentioned that there were great contributions from the
academic side but also from industrial laboratories and pilot plants. The results are published
in the technical literature, articles, reviews, and books [10-15] and founds application in new

products for the daily life such as Kraton , Lycra , Pebax , ect.

2.2. Overview and synthesis of block copolymers

This section gives an overview about the chemistry and synthesis technology of block
copolymers and their characteristic properties. The content focuses mainly on synthesis,
structural features, and property characteristics of block copolymers in general and

segmented block copolymers in particular.

2.2.1 Overview of block copolymers

Block copolymers are linear macromolecules consisting of different polymeric blocks or
segments. They are formed from different types of monomers and oligomers. Two or more
different and often incompatible blocks provide unique properties in the solid and solution
state which opens various interesting applications. In the solid state, the morphological
micro-phase separation in these materials may lead to phase structures with different
architecture (e.g. spherical, cylindrical, lamellar, etc). In addition to this, they form micelles

and aggregations in proper solvents [16-20].

Different types of block copolymers were studied [19]. In block polymers, different polymers

are linked together by chemical bonds. Typically, several block copolymer types are
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distinguished such as di-block copolymers (A-B), tri-block copolymers (A-B-A or A-B-C),
multi-block copolymers (-A-B-),, star-block copolymers (A-B-), X as displayed in Scheme 2.1.
The synthesis of block copolymers is an extremely important direction in polymer science. It
allows to combine two or more individual polymers which differ in nature so that polymers
with completely new properties are available. The properties of block copolymers can be
tailored by the length and the type of blocks used. The segments of block copolymers may
not only contain hydro-carbon moieties along the main chain but also oxygen, nitrogen,

silicon, phosphor, ect... These are the so-called “heteroatomic block copolymers” [17,19]

AR

ABA A By
AU ananeran

Diblock Triblock Multiblock

(AB), ABC

“BUpSV

Heteroarm star
Miktoarm star

Scheme 2.1: Types of block copolymers

From the technical point of view, multi-block copolymers are of high interest because of the
possibility to form so called “thermoplastic elastomers”. Such materials usually contain a
flexible part (soft block) and a rigid part (hard block). These two blocks are quite different in

structure and properties.

Usually, the soft block has a glass transition temperature below room temperature whereas
the hard block has a glass transition temperature or melting temperature distinctly higher
than the application temperature of the formed block copolymer material. In this material, the
hard segments can aggregate in domains which act as nodal points in a physical network. As
for soft segments, they form the polymer matrix to surround the hard domains. In other
words, the incompatibility of the soft and the hard blocks leads to a two-phase morphology as
demonstrated in Scheme 2.2 (taken from reference [19]). The influence of the chemical
structure, the chain length of segments upon the formation of “micro-domains” of the certain
phase is very high and determines the polymer properties distinctly. Thus, at room

temperature, these materials behave like elastomers, but at a temperature above T4 or Ty, of
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the hard blocks, the cross-linking effect is lost and the materials can be processed like

thermoplastics.

Scheme 2.2: Possible micro-phase structure of segmented block copolymer

Many block copolymers such as the tri-block copolymer styrene-butadiene-styrene (Kraton),
multi-block polyurethanes (Lycra), the segmented block copolymer polyether-block-
polyamide (Pebax) and other thermoplastic elastomers have universally been applied in
industry and domestic products. Now, the interest is focused on polymers with advanced
properties. Here, new block copolymers with blocks of high performance polymers or special
polymers such as main chain liquid crystalline polyester [69], polysulfone [72], poly(phenyl-p-

phenyleneterephthalate) [21] have been used.

2.2.2 Methods of block copolymer synthesis

In principle, the block copolymers might be prepared by chain polymerization, polyaddition
and polycondensation methods. Nevertheless, there are only a few methods which allow to
prepare block copolymers having control over structure and architecture from the beginning
[10-13,15-20].

a- Living chain-growth polymerizations

This is an important industrial and academic method of di- and tri-block copolymer
preparation with defined structures. It involves the addition of unsaturated molecules to a
rapidly growing polymer chain end. Under certain conditions, this polymerization process
does not have a terminating step. In this case, "living” chain ends can continuously
propagate. Therefore, expected block copolymers can be obtained if other monomers are
added according to Scheme 2.3. Chain-growth polymerizations can proceed by an anionic,

cationic, or a radical mechanism and are induced by the addition of free-radical-forming
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reagents or by ionic initiators. Like all chain reactions, it concerns three fundamental steps:
initiation, propagation, and termination. In addition, a fourth step called chain transfer may be
involved. Initiation may occur spontaneously by the absorption of heat, light (ultraviolet), or
high energy irradiation. But most frequently, initiators such as peroxides, azo compounds,

Levis acids, and organometallic reagents are used.

The work on “Living Polymers” started at the College of Forestry, State University of New
York, Syracuse New York, in 1955. The first publication concerning “Living Polymerization”
was entitled “Polymerization initiated by electron transfer to monomer. A new method of

formation of block copolymers”, by M. Szwarc, M. Levy and R. Milkolvich [6,7].

“Living” chain growth copolymerization methods comprise:
Anionic polymerization using conditions e.g. as described by Szwarc
Cationic polymerization using specific initiator systems.

Group transfer polymerization.

Initiation
I~ —— 2
Propagation of monomer A:

*+ A —— [|-A"

=AY+ A — (A A"

Propagation of monomer B:

I=-(A) A + mB —>1-(A) 1 (B)m1 B*
Deliberate termination
=AnrB)mr B + T —— 1A (B)mr BT

(*): anionic, cationic or free radicals

Scheme 2.3: Living chain —growth copolymerization
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b- Radical copolymerization

Block copolymers can also be synthesized by radical methods. A variety of compounds
decompose when heated to form free radicals. Dialkyl peroxides (ROOR’), hydroperoxides
(ROOH), and azo compounds (RN=NR’) are typical organic compounds that can decompose
thermally to produce free radicals. Benzoyl peroxide, azobisisobutyronitril, and t-
butylperoxide are commonly employed free-radical initiators. The thermal decomposition of
benzoyl peroxide takes place at temperatures between 60 °C and 90 °C. The O-O bond is
cleaved to yield benzoyl free radicals that might produce phenyl radicals and carbon dioxide.
Another example, azobisisobutyronitril is decomposed by short-wavelength visible light or
near-ultraviolet radiation at low temperature as 0 °C. In this case, thermal initiation does not
occur. Free radical polymerization can be carried out in aqueous medium. The
decomposition of peroxide or persulfate is accelerated by the presence of a reducing system.

This route of free-radical initiation is referred to as redox initiation.

The common free radical polymerization is not suited to prepare defined block copolymer
through monomer addition experiments, since to a large extent chain termination and transfer
occurs. However, so called controlled radical polymerization techniques have been
developed recently, which show similar characteristics as the living polymerization
processes. All these methods (ATRP, NMRP, RAFT) are based on the principle of chain end
deactivation which allows to reduce the concentration of active radicals and this reduces
strongly the termination. Here, block copolymers are formed but the control over the molar
masses of the segments is lower compared to living anionic polymerization and sometimes a
mixture of block copolymers and homo-polymer is formed. In addition, cross-linking can

occur through radical combination.

There are also some common routes using radical processes to prepare less controlled block

copolymers as show below:

+ Combination of two macroradicals:

R* + *R—wwwww —> Ri— R—WwvwWW
macroradical-1 macroradical-2 block copolymer

Scheme 2.4: Synthesis of block copolymers by combination of two macroradicals
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+ Macroradicals are created by mechanical or photo-chemical chain degradation in the

presence of a secondary monomer.

R]_— R]_ —_—> 2 Rl*
polymer-1 macroradical
Ri* + monomer-2 —> Ri—wvvww

block copolymer

Scheme 2.5: Synthesis of block copolymers through chain degradation

+ Using bifunctional initiators such as diperoxide (diacylperoxides), peroxide-diazo, these

reactions are controlled by temperature. General reactions are exhibited in Scheme 2.6.
(0]
—0000—-G-N=N—T '€ |_oo00-c*

|[—OO00O0— C* + monomer-1— |I—O000—C p*

(0]
o €

I—O000—-C C*

macroradical

C* + monomer-2 —  »  —————— AW
block copolymer

Scheme 2.6: Synthesis of block copolymers using bifunctional initiators

c- Copolymerization in a mechanical decomposition process.

There are many mechanical processes such as grinding, mixing, stirring at high speed and
so on which lead to polymer degradation where free macroradicals are formed. In such a
processes, the presence of a second monomer results in the formation of graft or block
copolymers, again with low control of structure, architecture and molar mass. This method is

used technically in reactive processing.

d- Copolymerization in a photo-chemical decomposition process

Several polymers as polystyrene having halogen groups at the chain end can be irradiated

by UV, X-rays, -rays, -rays. These can create free macroradicals that initiate another
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monomers to form block copolymers. Generally, this method is not significant in the practice.

Therefore, it will not be discussed further.

e- Block copolymer formation through active group terminated oligomers or prepolymers

Block copolymers can also be formed by the chemical connection of short polymeric
segments bearing suitable reactive groups (telechelics). Usually, these reactions demand
high temperatures, long reaction times, and the presence of a catalyst to reach good
conversions and high molar masses. The segments can be combined together as exhibited
in Scheme 2.7 either by condensation or addition reactions. Unfortunately, in some cases,
the reactivity of the telechelic is low or undesired side reactions may happen, therefore, it is
difficult to form proper block copolymers with high molar masses.

AVAVVAVAVA D ¢ + y _— WWWWWW— 7 —— e—
di-block copolymer
YWWWWW—X + y y —_— > WwWWW—7 Z— A
tri-block copolymer
X— MWWWA— X 4 y y — W Z‘ﬁ—l‘
soft segments hard segments "

segmented block copolymer
X, Y : reactive functional groups
Z :groups were formed.

Scheme 2.7: Synthesis of block copolymers from telechelics

The use of bi-functional coupling agents was considered as a good solution to circumvent
obstacles and difficulties in the polymerization process [22-31]. Not only monomers,
preformed functional terminated oligomers, and prepolymers but also short chain polymers
bearing active functional groups at both chain ends can be used. Through active mutual
functional groups at the chain ends, the polymeric segments can be combined by the
reaction with the coupling agent to form segmented block copolymers (AB), under suitable
reaction conditions and in better yield. These coupling agents can combine soft and hard
segments in melt or solution. According to Scheme 2.8, the various segmented block
copolymer structure types can be prepared by means of suitable bifunctional couplers.
Therein, telechelics can be linked together through active mutual terminal groups.
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MTMwIWWNW—X + k—R—h + y

> MW R — e—

di block copolymer
y —> WWWANANA—R R—w WA

wwwh—>xX 4+ k—R—h + Yy

three block copolymer
Y — > AE/WV\/V\N‘—RH*Q

soft segments coupling agent hard segments segmented block copolymer

X—AMWW—X + k—R—h + vy

x,y,k;h: active functional groups
x andy, k and h might be the same group
k-R-h: bifunctional coupling agent

Scheme 2.8: Synthesis of block copolymer using bi-functional coupling agent

Usually, bi-functional couplers contain only one type of active functional groups which can
react with both types of segments and a one-shot process are applied for segmented block
copolymer preparation [32,33]. The resulting products are obviously random block
copolymers or even homopolymers are formed to some extent. Therefore, segmented block
copolymers prepared through combination (polyaddition or polycondensation) of preformed
block segments are usually less defined as block copolymer prepared though “living” chain

growth process regarding the final composition.

In addition, the molar mass and molar mass distribution must be considered seriously in
these products. The final molar mass depends on the structure of used segments and on the
conversion of the reactive end groups. As in all step-growth processes, very high conversion
is necessary to reach a high degree of polymerization and the success of the reactions
depends also strongly on the exact stoichiometry of the functional groups. High conversion
and good end group control is essential when already relatively high molar mass precursor
polymers have to be combined. One has to be aware that the polydispersity of segmented
block copolymers obtained by using coupling agents cannot reach the same level as
obtained in controlled living polymerization. The polydispersity becomes broad when the

used telechelics show a broad molar mass distribution.

The utilization of bifunctional coupling agent will be displayed in more detail in Section 2.3.
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2.2.3 The characteristic properties and structure-property relationships of block copolymers

The synthesis of block copolymers allows to combine two or more individual polymers with
different properties and structures. As a result, novel polymers with completely new
properties are obtained. Such properties can usually not been delivered from common homo-
polymers or random copolymers. Block copolymers often consist of two or more blocks with
completely different solubility so that they can be used as so-called “macromolecular
surfactants” [17,19, 21].

Regarding the bulk properties of block copolymers, the unique features of thermoplastic
elastomers may be considered in view of the service temperature. In this area, polymers are
considered which are derived from two or more chemically incompatible segment or block
types. One of them, which acts as hard segment, is glassy or crystalline owing to the fact that
the service temperature is below its T, or Tr,. The hard segments associate to form small and
distinct morphological domains that serve as physical cross-links and reinforcement sites.
Limiting flow of the other phase, the matrix formed from soft segments leads to elastic
properties. It means that hard segments have Ty or T,, values far above the temperature of
usage. Contrary to this, the soft segments have T4 values much lower than the room
temperature [17,19].

a- Microphase separation and morphology of domains

A characteristic property of block copolymers is the micro-phase separation morphology of
micro-domains. Their morphologies are influenced by several physical and chemical factors
such as chemical composition, chain structure, solvent used in preparation and isolation,
molecular architecture and the processing conditions. These parameters determine the
various phase separation morphologies. A combination between SAXS and TEM allows to
confirm the typical morphological features in the solid state. Beside that, the size of the
domains is also determined by these techniques. The mechanical and thermal properties as
well as hardness of the material can be predicted to some extent based on the micro-size

and structure of the domains observed [19].

There has been a strong interest in attempting to observe the domains or micro-phase
separated morphological texture that arises within the segmented block copolymers. The
transmission electron microscope is known as the powerful equipment for investigating nano-

size phase morphology.
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For example, Scheme 2.9 (from reference [16]) shows the microphase separation of the SBS
tri-block copolymers (polystyrene-block-polybutadiene-block-polystyrene) in dependence on
the relative block volume fractions [16].

A Sphéres I Cy
0-20% A  20-40% A 40-64% A 64-84% A >84% A

Scheme 2.9: Phase separated morphologies of SBS systems

Actually, spheres, cylinders or lamellae of hard polystyrene segments in the soft
polybutadiene matrix are observed on TEM micro-photographs. Recently, a new bi-
continuous morphology was found in several block copolymers. This newly discovered
morphology has been named the “ordered bi-continuous double diamond” (OBDD). This
morphology influences the bulk properties of the block copolymers such as mechanical

strength, toughness and gas permeation.

During synthesis, hard and soft segments of the block copolymers are in disordered
arrangement rather than in a perfect ordered fashion. Hard segments poly-dispersity is a
function of combination between soft oligomers and chain extenders (see section 2.3.2). The
block copolymers with alternate sequences of hard-soft segments and rather low
polydispersity create a specific morphology and interesting properties. The segments
combine to form micro-domain physical structures leading to morphologies such as spheres,
cylinders, lamellae, gyroid, etc. The repulsive interaction among different segments causes
the domains to grow (thickness of the domains and radius of the spherical, cylindrical
domains). The surface-to-volume ratio is reduced, thus, the system is counterbalanced by
two opposite forces of entropy reduction. Statistical thermo-dynamical calculations can
supply information on the characteristics of the interfuse zone. Scheme 2.10 shows a model

of morphologies observed in phase separated block copolymers.

The formation of a partial interphase zone depends on the nature of blocks, molecular

characteristics of block copolymers and on the applied environmental conditions. At a certain
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temperature, when the free energy of mixing of both blocks is zero, a complete phase
separation occurs. Thus, order-disorder transitions at micro-size may lead to a new mixing
phase which can be clearly observed by micro-photographs or mechanical behavior. When
the temperature increases up to a certain temperature the system becomes disordered. At
this state, the molecules diffuse into the entire volume and the copolymer restructures itself

rapidly. The consequence is the formation of a homogeneous system.

QBDD

Scheme 2.10: Microscopic model of block copolymer morphologies

The possible morphologies might depend on the nature, structure and flexibility of the hard
segments. Physical interaction forces between soft-soft, hard-hard, soft- hard segments play
a deciding role for the formation of hard domains. Additionally, volume percentage of hard
and soft segments correlates to morphological textures. So, the given architectures can be
controlled to some extent by stoichiometry of the starting materials and molecular weight of
the formed copolymers. The mechanical properties of these materials increase together with
the size and density of physical network points in the system.

Unlike incompatible polymer blend systems, where the present polymers are observed in the
phase separated state at macroscopic scale, in the case of segmented block copolymer, the
phase morphology is established at microscopic scale, due to the covalent bond linking the
segments of different polymers, which forces them to regroup in smaller domains. The
plastic-to-rubber transition in the block copolymers has been interpreted as a consequence of
the fragmentation of the lamellar or interconnected glassy domains on stretching [16]. This
breaking of the short-range order in the glassy domains is followed at high elongation by the
ductile deformation of the domains, even at a temperature well below the glass transition
temperature. When stretching is applied, deformation will happen in the domains of the block
copolymer morphology. Therein, the spherical domains in the original sample are deformed
to elliptical domains. The structural reformation to the original structure after stretching has

been interpreted as a result of the orientation of the elastomer segments and increase in the
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interfacial energy resulting from the fragmentation of the glassy domains and breakdown of
the short-range order. These two factors contribute to the interfacial domain boundary
relaxation that is activated by fragmentation of glassy domains.

b- Morphological texture

Morphological changes in the segmented block copolymers can be induced by thermal
treatment. By means of various techniques such as DSC, FTIR spectroscopy, mechanical
analysis, SAXS and WAXS, as well as solid state NMR spectroscopy the thermal effect on
morphological texture was studied [15]. The influence of annealing temperature (temperature
around or slightly above the Ty or T, of the hard segment) and time on morphological
architecture can be recognized by DSC analysis. It means that when a temperature program
is applied, the change of the hard phase from disorder to order is illustrated by thermal
transition temperature signal changes. Correspondingly, the orderliness can be continuously
improved by further annealing. This promotes micro-crystallinity development inside the hard
domains but only if the hard segments are suitably symmetric and incorporated in a sufficient

content.

Effect of the thermal treatment on the morphological texture is dependent upon the chemical
nature and the physical forces of the segments. There is a dependence on the level of
thermal treatment which is reflected by significant glass transition changes of the soft
segments. Basically, it can be understood that the degree of phase separation (determined
by SAXS), and an increase in Young's modulus are a function of the annealing time [14].
Time-dependent studies on crystallinity of several segmented block copolymers at various
temperatures have been performed [19]. The aggregation of hard segments in a tri-block

copolymer is illustrated in Scheme 2.12.

soft segment hard segment
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Scheme 2.12: Effect of the thermal treatment on morphological textures
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But, the thermal treatment can also promote a disruption among domains, concomitantly,
leading to an increase of hard and soft segment mixing. At the annealing temperature the
domain morphology is less favored thermodynamically than at lower temperature. The soft
segments have to be somewhat strained at the lower temperature to allow phase separation
because it has a relatively short chain length. So, they tend to promote entropically driven
stress as induced from rubber elasticity behavior. This stress will increase as the temperature
increases, along with the relative increase in solubility of the two segments. Both factors will

favor segment mixing.

Upon cooling, however, a driving force exists towards phase separation, and it is indeed
induced, but the demixing process is not instantaneous. Their mobility is low, thereby,
hindering the phase separation process. This can be clearly shown by the SAXS method.
During cooling time, the block copolymer system increases gradually the degree of phase
separation. This involves transport processes of the respective segments through the highly
viscous matrix in order to advance into domain formation. It is expected, if the polymer is
initially ordered, i.e. semi-crystalline domains exist, domain disruption at higher temperatures
is reduced or even absent. In the case of amorphous copolymers, a short hard chain is
partially or even fully soluble in the soft segment matrix. This leads to a limited phase

separation.

Annealing effects are also noted for semi-crystalline segmented ether/ester copolymers. In
general, long annealing time will have some effects on the superstructure that can be
produced in these systems. Specially, the spherulitic texture can be controlled. These
materials possess morphologies which can be somewhat altered. Additionally, DSC studies
on the segmented ether/ester systems reveal multiple DSC events which are correlated to
thermal treatment and sample preparation. It might also be pointed out that in these cases
the soft segments can be crystallized. There may also be time-dependent hardening owning
to the partial crystallization of this phase. However, most of the time-dependent properties

arise from the hard domain formation.

c- Elastomer property characteristics

Elastomers are defined as macromolecular materials that return rapidly to approximately the
initial dimensions and shape after substantial deformation by a weak stress and release of

the stress (ASTM D1566-90). Elastomers, when to be compared with other engineering
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materials, are characterized by large deformability, lack of rigidity, large energy-storage
capacity, nonlinear stress-strain curves, high hysteresis, large variations with stiffness,
temperature, and rate of loading, and compressibility of the same order of magnitude as most
liquids. Elastomeric materials possess additional useful characteristics to a relative degree,
such as corrosive and chemical resistance, oil resistance, ozone resistance, temperature

resistance and resistance to other environmental conditions.

Studies on triblock S-B-S copolymers were carried out by Beecher and et al. [35] as an
example for a thermoplastic elastomer. A strong variation of strength up to 300 Psi was
reached, while elongation yielded only 3-5%, beyond which the stress remains essentially
constant with further elongation up to 200 %. Thus, mechanical properties show that during
the elongation cycle, the material has a high modulus, typical for a thermo-plastic rather than
that of a rubber. This behavior is characteristic for a typical thermoplastic-like material. After
the strain is removed, the original stress-strain behavior returns. This process can be

accelerated at elevated temperature. This behavior is typical for a crosslinked rubber.

Elastomeric block copolymers have a phase (multi-phase) morphology in solid structure with
glassy domains in an elastomeric matrix, which display strain softening i.e. a strain induced
plastic-to-rubber transition [16]. The behavior is shown by a number of studies as being
characteristic for the block copolymers. Similar behavior is also observed for the blends of
block copolymers with the corresponding homopolymers of molecular weight lower than, or
comparable to, the molecular weight of the block copolymer. The plastic-to-rubber transition
in the block copolymers is interpreted as a consequence of the fragmentation of the lamellar
or interconnected glassy domains on stretching. This breaking of the short-range order in the
glassy domains is followed at high elongation by the ductile deformation of the domains,
even at temperatures well below the glass transition temperature. The structural reformation

to the original structure (and thus to the original stress-strain behavior) is a consequence of:

1- The orientation of the elastomeric segments (giving rise to decreased entropy).
2- An increase in the interfacial energy resulting from the fragmentation of the glassy

domains and breakdown of the short-range order.

These two factors thus contribute to the interfacial domain boundary relaxation activated by

the fragmentation of the glassy domains.
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d- Use of block copolymers as blending agents

Block copolymers are regarded as an excellent solution for the control of polymer-polymer
miscibility since micro-phase separation is a typical feature for them. In a polymer blend, if a
block copolymer is used for a blend system comprising the parent homopolymers, their effect
on compatibility is optimal. Furthermore, studies on the morphology and compatibilization of
model A/B/(C-block-D) ternary blends were performed by Seung. B. C and Chang. D. H [36].
In there, three ternary blend systems involving: (i) PS/PB/(P MS-block-Pl); (i) PPO/PP/(PS-
block-PEB); (iii) PMMA/PP/(P MS-block-PI) were prepared by melt blending. These studies
indicated that the order-disorder transition temperature of the block copolymer, in relation to
the melt blending temperature, determines whether the block copolymer can play the role of
an effective compatibilizing agent. And, attractive thermodynamic interactions alone are not
sufficient for the compatibilization of two immiscible homopolymers unless the order-disorder
transition temperature of block copolymer is lower than the melt blending temperature,
because the viscosity of the block copolymer in an ordered state is a few orders of magnitude

higher than that in the disordered state.

In polymer blends, the macroscopic phase separation and by this reduction of mechanical
properties are considered as an indispensable consequence of the immiscibility of the
polymer partners. The cause of this is the strongly de-mixed morphology. Therefore,
compatibility of immiscible polymers is always a big problem which needs to be addressed. In
principle, one approach of compatibilization in polymer blends is the attempt to decrease the
interfacial tension. This increases the interfacial area and improves mixing of the blend
partners. With the purpose to enhance the phase-size uniformity and stability of the system,
the two separated polymer phases have to be controlled by a so-called "stitching” [21,38] as
drawn in Scheme 2.13. This is considered as a solution which can be addressed using multi-

block copolymers as compatibilizer.

There are two routes to compatibilize immiscible polymers which can be derived from the
above term “stitching”. The first one is compatibility by chemical reactions between the blend
partners or using specific interactions of them such as hydrogen bonding, ion-ion, and ion-
dipole interactions [39]. The reactions among the blend partners usually lead to the in-situ
formation of block copolymer structures at their interface. The second one is
compatibilization using block copolymers [40,41], which bear blocks of the same chemical

structure and physical nature as the blend partners or which are mixable with the blend
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components. It is very important to improve properties and morphology of the blend systems.

dispersed polymer polymer matrix  diblock copolymers multiblock copolymer

~1 um =10 nm

Scheme 2.13: Compatibility increase by use of block copolymer in incompatible blends

Many studies on the use of di- or tri-block copolymers in polymer blend system as
compatibilizer were reported [17,40,41]. The addition of the compatible blocks in the
appropriate homopolymer phases actually lowers the interfacial free energy. This was
demonstrated theoretically by Noolandi and co-workers [42,43]. A drop of the calculated
interfacial tension related to the increase of molecular weight of soft and hard block in the
used block copolymers is mentioned as well. Concomitantly, they note that, if the blocks are
too short, the block copolymers still act as surfactants, but are not able to give rise to a
reinforcement of the interface. It means that for compatibilization it is not only necessary to
have surface activity but also to reinforce the interfacial area. Therein, multi-block
copolymers exhibit a kind of pancake structure at the interface between two incompatible
partners in the blend. They prove a higher efficiency in compatibilization if compared to di or
tri-block copolymers, because they can increase the power of interfacial activity. In theory, a
certain critical length of multi-block copolymers will also affect their compatibilizing efficiency.
The multi-block copolymer forms loops which are large enough to penetrate into the homo-

polymer phases. It can be concluded that they reinforce and stabilize the interface.
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2.3 Segmented block copolymers

2.3.1 General features of segmented block copolymers

Segmented block copolymers (AB), (or multi-block copolymers) are one of the most typical
block copolymers. They have not only characteristics as a common block copolymer but also

typically individual properties of a microphase separated material.

As an example, segmented polyurethanes and several other segmented block copolymers
differ from the diene type of block copolymers (copolymers containing polybutadiene,

polyisoprene) prepared by chain growth in the following respects:

+ Firstly, the number of hard and soft segments in a sequential system is much greater than
in the typical diene block copolymers

+ Secondly, the molar mass of both soft and hard segments is relatively low (about 400-6000
g.mol™) relative to values of 10 000 to 100 000 g mol™ for di- or tri-block copolymers.

The segmented systems often have inter- and intra-molecular hydrogen bonding, whereas
typical tri-block diene type copolymers generally do not possess this type of secondary
bonding. Owning to their short length and stiffness (at least for some hard segments) the
hard segments tend, therefore, to behave more “rod-like”, in contrast to a long polystyrene
coiled glassy block in S-B-S copolymer. Likewise, the “shortness” of the soft segment tends
to limit the degree of extensibility. This is one outcome that arises from the short chain nature
of the segments as well as stiffness of the hard segments. Additionally, owning to segmented
nature, there are many more chemical junctions between soft and hard parts in comparison
with long block systems. This increase in junction number has important consequences in
terms of entropy restrictions, thereby, to influence the thermodynamic considerations of the

phase separation process.

Microphase separation in the solid state derived from incompatible blocks is one of the most
typical characteristic properties of segmented block copolymers [5,7,8]. The morphology and
nature of the separated domains including the diffusion and size of phase boundaries depend
on chemical compositions, chain structure, molecular weights of constituent blocks,
thermodynamic interaction parameters, solvent of use in preparation and isolation (casting),

solidification conditions and temperature. Of high commercial interest is the formation of
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thermo-plastic elastomers from soft and hard segments with a morphological phase
separation. The segmented block copolymers act as thermoplastic elastomeric materials
which exhibit several aspects of rubber-like elasticity [11-29].

2.3.2 Chemistry of segmented block copolymers

Basically, segmented block copolymers are formed in such a way that the chemical reaction
employs both monomer and preformed functionally terminated oligomers. Especially,
hydroxyl terminated polyester or polyether soft segments with low molar masses (500-6000
g.mol™) are used. Recently, several hydroxyl terminated hydrocarbon polymers such as
polybutadiene [44,45], polyisobutylene, polyisoprene [46] polysiloxane [47,48-51], liquid
natural rubber [1,2,52] were also utilized. Simultaneously, the other starting materials or
intermediates including di or polyfunctional isocyanates as coupling agent and low molar
mass polyfunctional alcohols [29,44,53], amino compounds [45], or acids [30] had been
employed. Early on, segmented systems were synthesized through basic linkages involving
isocyanate chemistry as shown in Scheme 2.14 below:

) HQ
n OCN—==————NCO + n HO— v \"A~"ANAA—~O0OH ——» C— N— == — N— C—- O—A~NNNS— O
n
diisocyanate diol urethane linkage
(¢ ¢ H O H 3
M OCN————NCO  + M HN—" " AA—NHy —— rC-N N-C—N— A~ A—N
m
diisocyanate diamine urea linkage
H S 0
K OCN—====——=—NCO + kHOOC—A M "\—COOH — » N—=———N- C— AN —C. + kCO,
k
diisocyanate dicarboxylic acid amide linkage

Scheme 2.14: Synthesis of segmented block copolymers using isocyanate compounds

In contrast to the segmented urethanes, amides or ureas copolymers, segmented polyester-
ether copolymers are generally prepared by the melt transesterification of an alkyl
terephthalate with a chain extender such as 1,4-butanediol, and hydroxyl terminated
poly(alkyloxides) such as either PEG or poly-THF polyethers, as illustrated in Scheme 2.15
below:
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Scheme 2.15: Synthesis of polyester-ether copolymers

There are many attempts reported for the combination of the soft segments mentioned above
with some different hard segments. Similar as the soft segments, hard segments used have
average molar masses between 500 and 5000 g.mol™. There are two good reasons why

higher molar mass segments are considered rarely:

+ The first reason is the difficulties of chemical kinetics of the formation of block copolymers,
which means that in a reactive mixture of a polymer segment which has a higher average
molar mass, the functional group concentration is lower. During the reaction, at the beginning
state the molar mass of copolymers will increase rapidly, then gradually and quite slowly. The
reason is that the velocity of the reaction which depends on structure and functional group
concentration. Furthermore, strong differences in the nature of soft and hard segments gives

rise to phase incompatibility, which hinders the formation of copolymers from them.

+ The second reason is the differences of the physical characteristics of hard and soft
segments. Hard segments with high molar masses and inherent viscosities, normally, are
very poorly soluble in common solvents, show high melting points and are often polar. In

contrast, soft segment structures are easy to be degraded or modified at high temperature
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such as the melting point of the hard segment and they may not be soluble in the same

solvents as the hard segment.

For example, the type of polyether glycol utilized has a pronounced effect on the synthesis of
the polyether-ester copolymers [54]. This is evident from the wide range of inherent
viscosities of these copolymers, the viscosities being influenced in turn by the soft segment
type. High inherent viscosities have been obtained when poly(tetramethylene oxide)glycol
(PTMO) and polyethylene oxide glycol (PEO) are employed, while low inherent viscosities
will result when polypropylene oxide glycol (PPO) was used [54]. This behavior has been

attributed to three factors.

1- At any given inherent viscosity, the melt viscosity of the PPO-based copolymer is
significantly higher than that of the analogous PTMO- or PEO-based systems.
Consequently the copolymer formation which is controlled by the diffusion-limited rate

of removal of the 1,4-butanediol is retarded

2- The rate of formation of the segmented copolymers based on PPO is decreased by
the presence of a secondary hydroxyl end-group on the PPO telechelic, which is

more reactive than the primary hydroxyl groups of the PTMO and PEO telechelics.

3- The rate of thermal degradation of PPO-based copolymers is faster than that of those
where the soft segment is PTMO or PEO. In addition, the temperature at which these
copolymers are prepared promotes the degradation of polypropylene oxide and
reduces the molar mass of the system. It has been pointed out that substituting PEO-
PPO for PPO is of only marginal benefit in overcoming the problem of low molar mass

of the resulting block copolymers.

2.3.3 Characteristics and structure-property relationships of segmented block copolymers

Role of soft segments in segmented copolymer

The flexible (soft) segments in the block copolymers do not only influence greatly the elastic
nature of the material but also contribute significantly to low temperature properties and
extensibility. Low temperature properties are in many cases dependent on the soft segment
structure for a given composition. For example, segmented polyether/ester copolymers

based on soft segments involving poly(tetramethylene oxide), poly(propylene oxide) and



Overview and Theory 24

poly(ethylene oxide) with one hard segment type with approximately 60 % content were
investigated by Wolfe [54]. Water absorption and low temperature properties of the
segmented block copolymers were regarded as a function of soft segment T, and flexibility.
So, the Ty of soft segments is very significant to estimate the quality of the phase separated
material. In addition, the possibility for crystallization will also influence the ultimate
mechanical properties. The structure of the soft segment backbone is the most important
factor in controlling the property of elastomers [16,17]. Besides, an asymmetric configuration
of the backbone with side groups along the chain leads to significantly poorer mechanical
properties in comparison with the symmetric configuration. Furthermore, soft segments which
contain bulky or rigid partners often result in tougher final products compared to those which
are derived from linear aliphatic blocks. Table 1 lists some of the asymmetric soft segments
which possess side groups along the backbone [55]. Structural effects on mechanical

properties were confirmed as expected.

Table 1(*): Effect of different soft segment structures on the mechanical properties of

polyurethane segmented block copolymers (* taken from reference [55])

Hydroxy terminated Tensile )
Shore Elongation Modulus
Polymers prepolymers/molar mass Strength )
4 hardness ) % (Psi)
(g.mol™) (Psi)
Poly(ethylene adipate
I y(ethy pate) 86 (A) 7400 655 900
980
Poly(tetramethylene adipate)
Il 88 (A) 7800 530 1300
989
Poly(hexamethylene adipate)
1 82 (A) 8600 650 1200
986
Poly(1,4-
v cyclohexyldimethylene adipate) 60 (D) 5600 355 4800
1190
Poly(tetramethylene glycol
\% M Y olycol) 90 (A) 5300 725 1000
974
Poly(propylene glycol
VI Yipropy olycoh 76 (A) 4200 800 640

1005
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Role of hard segments in segmented copolymers

The hard parts in segmented block copolymers are formed based on coupling agents such
as aromatic [30,34], aliphatic [31], cyclo-alphatic [29] structures and many different chain
extenders derived also from open-chain aliphatic [22], cyclo-aliphatic and aromatic aliphatic
[25] structures. The reasonable use of hard segment type depends on practical aims such as
the desired mechanical properties, upper service temperature, environmental resistance,
solubility characteristics and economic reasons. Therefore, the variation in the chain-
extender structure significantly influences the elastomeric properties of the copolymer
systems. As an example, several studies are carried out by Critchfild et al. [56] on a
systematic series of linear aliphatic extenders ranging in ethylene content from 2 to 12. The
observed changes in mechanical stiffness are attributed to both degree of phase separation
and intermolecular interactions. Asymmetric di-amine extenders are contrary to symmetric di-
amine in obtained material properties. Materials based on asymmetric diamines display a low
elongation at lower temperature but which increases when the temperature is increased. In
addition, hard segment crystallization is possible in the solid state leading to site
reinforcement in a physical network. This is one of the factors to explain the increasing
modulus, high tear strength, and lower rate of stress relaxation as known in elastomers using
extenders with a symmetric configuration. Besides, the properties of copolymers are usually
better when linear hydroxyl terminated aliphatic extenders are used and they depend on the

number of carbon atoms of the saturated hydro-carbon chain within the chain extender.

Effect of molecular weight and poly-dispersity on properties

For telechelic hard segments, under ideal and stoichiometric conditions, a complete
conversion towards block copolymer formation can be achieved. So, the sequential
distribution of them in a system is the most probable. Therein, a two step polymerization
process tends to result in a narrower weight distribution than a single-stage process does.
Segmented block polyurethanes from poly(tetramethylene-adipate) and poly(tetramethylene
oxide) diols as soft segments and hard segments based on MDI and butane-diol were
synthesized by Abouzahr and Wilkes [70]. In there, X-ray and mechanical analysis results
confirmed that the polymerization method was more complete in the case when the soft
segment was a polyester. In addition, the product of the one-stage process displayed lower
stress, higher hysteresis and a lower degree of phase separation than its two-stage
counterpart. The effect of distributing sites of hard segments along the polymer chain

influences the properties of segmented elastomers as well. This is evidenced by the
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mechanical behavior of these materials. The melting point of the system increases along with
increasing size of hard blocks and one is able to approach asymptotically the melting point of
the parent homopolymers. Mechanical tests show that the materials with a narrow segment
distribution have a significantly higher modulus than those having a broad distribution [10,11].
Narrow distribution of hard segments produces polymers with a better tensile strength and a
greater elongation at break point. The behavior is attributed to a more perfect physical
network when either one or both of the segments have narrow molecular weight distributions.
On the other hand, the hysteresis is lower when the size distribution for either segment is
broad. This is particularly pronounced for the case of hard segment distribution. It is also
suggested that in these systems crystallization of the soft segments may occur, thereby,

possibly leading to the good visco-elastic recovery of the material.

Effect of soft segment poly-dispersity on the structure of segmented block copolymers was
also considered on the base of mechanical properties. The compatibility of soft and hard

components within one system can vary with the hard segment crystallinity.

An investigation of the effect of increasing the number and weight average molecular weight
of the total polymer on the structure-property relationships of segmented block copolymers
was reported [56]. Characterization and mechanical properties show that the change
(enhancement or improvement) of property with increasing Mw continued to a certain Mw
level. From those studies, the results demonstrate that when the block copolymer molecular
weight increased, several characteristic properties increased. However, some polymer
characteristic properties decreased such as mechanical hysteresis, extension set, and stress

relaxation flex life when Mw was increased.

Hydrogen bonding effects

Hydrogen bonds may exist in the block copolymers with different degree. They influence the
morphological texture and the material properties of the systems. Based on early studies in
the literature, hydrogen bonds play an important role in the structure/property behavior of the
segmented block copolymers [9,10,31]. This was proved by many experiments, therein,
Senich and Macknight studied segmented block copolymers based on poly(tetramethylene
oxide) as soft segment in combination with hard segment based on 2,6-toluene diisocyanate
and 1,4-butanediol [71]. The nature of hydrogen bonding and its temperature dependence
was investigated by the use of FTIR techniques. The investigation of the NH and CO bond
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stretching absorptions confirmed that 85-90 % of the NH groups and 60 % of the CO groups
are hydrogen bonded. An additional absorption band in the CO stretching region at 1726 cm™
was attributed to an oxidation product of the polyether segment formed during initial sample
preparation and subsequent thermal treatment. In brief, the distribution of hydrogen bonding
between NH and CO is undoubtedly a function of composition, segment and chain extender
types and the molar mass of the system. Polymer researchers are mostly interested in
hydrogen bonds when using several specific copolymers such as polyester, polyether,
polyamine and others. Here, there are several prominent features in which the hydrogen
bonding density is highly important. It is able to promote the compatibility of inter-segments

and inter-chains. It enhances also stability and durability of the system.

2.4 Bifunctional coupling agents in the synthesis o f block copolymers

For our study the use of bifunctional coupling agents in the synthesis of new segmented
block copolymers is of special interest. The role of low molar mass coupling agents is

mentioned in the following.

2.4.1 Use of coupling agents in segmented block copolymer preparation

The synthesis of high molar mass polycondensates with good material properties demands
high degrees of conversion. The same applies for the preparation of segmented block
copolymers, where the propagation step is a condensation reaction. Examples for the
preparation of segmented block copolymers comprise reactions of dicarboxylic acid/diol
(esterification), diol/diol (etherification) or dicarboxylic acid /diamine (amidation) oligomers.
The preparation of block copolymers based on telechelic compounds is complicated due to
segregation effects during the reaction. To achieve high molar masses, severe condition
such as vacuum, effective mixing, presence of catalysts, high reaction temperatures and long
reaction times are demanded. Additionally, the equivalence of reacting groups has to be
ensured. Under such conditions, it is difficult to prevent undesired side reactions and by-
products that limit the formation of high molar mass block copolymers with defined
architectures. To increase the reaction rate and to lower the reaction temperature, a number
of highly reactive bifunctional compounds were used as chain extenders and coupling
agents, for example bisoxazolines [26,28], bisoxazinones [22,23], bisoxazolones [20,25],
dianhydrides  [14,18,29], diisocyanates [11-13,15,19,27,52-54] bisepoxides [21],

bislactamates [24] and so on.
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Especially, Otto Bayer and coworkers discovered and patented the chemistry of
polyurethanes in 1937 (German patent DRP 728981 on November 13 1937). After that,
diisocyanate coupling agents were often applied for the synthesis of segmented
polyurethanes, polyureas and polyamides in solution or in bulk [11-13,19,27]. These basic
linkages and reactions were mentioned above (in Scheme 2.14). Beside that, the conversion
of amino terminated prepolymers with diisocyanates was also reported by I. Yilgor et al., in
1982 [51]. This work provided siloxane-urea segmented copolymer systems (see Scheme
2.16). Here, the multi-block copolymer formation failed since branching or cross-linking side
reactions took place. Alternatively, bisoxazolines were used, which are able to react with
carboxylic groups at a temperature of 170°C. The chain extension of carboxylic terminated
polyesters by bisoxazolines was studied by Inata and Matsumura [58]. Concomitant with
bisoxazolines, bisoxazolones have proven to be active coupling agents for amino and
hydroxy terminated oligomers leading to negligible side reactions. The reactions of amino
group containing oligomers with a bisoxazolinone containing compound (bis-3,1-benzoxazin-
4-ones) were investigated in polar aprotic solvents at 80 °C by Ueda and Imai in 1979 [59].
Studies concerning the hydroxy/oxazolinone reaction were performed by Heilmann et al. in
1984 [57], and by Inata and Matsumura in 1985 [58]. Namely, the work was devoted to the
investigation of bulk reactions of 2, 2’-bis(4,4’-dimethyl-5(4H)-oxazolone) as chain extender
with , -dihydroxy-poly(oxytetramethylene) at a temperature of 185°C, as model for the

synthesis of thermoplastic elastomers.
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Scheme 2.16: Segmented poly(siloxane urea)

Next on, Fradet and et al. [22,24,25] and other groups [60-69] extended the investigations
based on bisoxazolines/COOH and bisoxazolinone/NH, reactions. Therein, some segmented
block copolymers were synthesized in the bulk. For example, segmented block
copolymersbased on polyoxyethylene (POE) and polyamide-12 using 2,2’-bis(4,4’-dimethyl-

5(4H)oxazolone) as bifunctional coupling agent were prepared according to Scheme 2.17.
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Scheme 2.17: Preparation of segmented copolymers using bisoxazolinone coupling agent

In another procedure, carboxylic terminated polyamide-12 was combined with dicarboxy
poly(2,2’-oxydiethylene succinate) though 2,2’-bis(2-oxazoline) as coupling agent. In these
copolymers, the distribution of blocks is random rather than alternating. Then, the chain
extension of a difunctional ABA-type triblock oligomer as a method to form alternating instead
of random block copolymers was performed according to Scheme 2.18.
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POTM : poly(oxytetramethylene)
PA : polyamide

Scheme 2.18: Synthesis of a segmented block copolymer based on PA.12 and POTM

For the preparation of segmented block copolymers, the use of coupling agents with two
reactive groups of the same type is limited to mixtures of components which possess the
same terminal groups. Here, the reactions take place in the interface but also in the single
phases. If the coupling agent is more soluble in one of the blend components, the latter can

even become predominant. In such cases, complete control of the reaction is hardly possible
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and copolymers with indefinite block length are obtained. To overcome this problem, it is
possible to combine two oligomers with different terminal groups through only one coupling

agent possessing two respective reactive groups.

2.4.2 Novel selectively reacting bifunctional couplers with oxazinone and oxazoline groups.

The chemical structures of the bifunctional coupling agent BCA.1 and BCA.2 used in this
study were already displayed in Scheme 1.1. As a typical example, the bifunctional coupling
agent of 2-(4-(4H-3,1-benzoxazin-4-on-2-yl)phenyl)-1,3-oxazoline (BCA.2) was prepared by a
two-step route according to Jakisch et al [3]. The process is displayed in Scheme 2.19.
Firstly, the monomethylester chloride of terephathlic was converted with 2-aminobenzoic
acid. The obtained product of the first step is 2-(4H-3,1-benzoxazin-4-on-2-yl)benzoyl
chloride. Secondly, the resulting product was reacted further with 2-aminoethanol in
tetrahydrofuran. The final product was yielded after being treated by SOCI, in 1,2-
dichloromethane at 0 °C within 10h. By the same method BCA.1 was prepared [5]. These
synthesized compounds contain one oxazoline group that reacts with carboxylic groups and
one oxazinone group that reacts with hydroxyl or amino groups. The selectivity of these
couplers under control of the temperature was proved by experiments [4]. If a system
includes compounds containing carboxylic and amino groups simultaneously, the oxazinone
group of the coupling agent reacts first with the amino groups at a temperature of 160 °C and
then, at a temperature above 200 °C, the oxazoline group reacts with the carboxylic groups
[3-5].

QN

2-aminobenzoic acid i
1.KOH, methanol
CH@OC@COCI CH@OC@ C::@ -
HOO

THF, N(Et)3, 00C 2.aqueous HCI

(0]
g 0
HOOC@Cf N SOCl, CIOC©—<\ 2-aminoethanol
reflux N >

HoOoC THF, N(Et)3, 0°C

fo) (@]
0 1.SOCly, CHoCly, 09C, 1h O O
HO— CHo— CHo— NHOC—©—<\ i N%@—<
N

2. aqueous NaHCO3

Scheme 2.19: Synthetic procedure of novel selectively reacting bifunctional coupling agent



Overview and Theory 31

Model reactions of BCA.2 with various nucleophiles such as benzoic acid, n-dodecyl amine,
dodecanoic acid and n-dodecyl alcohol at different temperature were performed earlier [3].

The results are given in Table 3.

Table 3: Selectivity of the reactions of various nucleophiles with BCA.2 (*)

Reactivity of the coupling agent with nucleophiles

Nucleophile Temperature
compounds °c . . . .
Oxazinone side Oxazoline side

Cy1;H23COOH 220 - +
Ph-COOH 220 - +
C12H250H 240 + )

150 + -

ClZHZSNHZ 220 + (+)

(*): this table is taken from reference [3].

It was evidenced that the reaction of the coupling agent proceeded with high selectivity.
Additionally, the dodecyl amine reacted with both oxazoline and oxazinone groups at
temperatures above 220 °C. However, the reaction rate of the oxazoline group with alkyl-

amine is distinctly lower than that the oxazinone group.

Under control of the temperature, the reactions of various nucleophiles with the coupling
agent proceed in two ways as shown in Scheme 2.19 (taken from Scheme-4 in reference

[4D).
le) o~
[ N@N .
R—COOH R—NH,

0 H o 2 0 o g
I o o [ C—N C—N—R I
R—C—0O—CHy—CHy,—N—-C N /C* O—R"
N ; />

Scheme 2.20: Selectivity of various nucleophiles with the bifunctional coupling agent
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Further experiments between amino terminated oligomers such as PEO, PPO, PEAA, PA.6,
PA.12 with the coupling agent were performed as well [3,4,5]. Therein, polymers were
synthesized based on polyamide-6,12 having a concentration of the carboxylic group equal
to the amino groups at the chain ends using the bifunctional coupling agent. The process of

synthesis is given in Scheme 2.21.

Q
c-0

o
)
n HOOC—PA—NHy + n N

R: alkyl, aryl

H O

'\-| ﬁ) | Il O
n HoocfPAfocON ch%\Nj

(e}

p o we e an
C—PA—N—CON—C—R—C—N—CHZ—CHZ—O
n

Scheme 2.21: Synthesis of segmented copolymers using bifunctional coupling agent

The coupling agents are also versatile modifiers for AB-type polyamides. Because of their
two different reactive groups, they are combined simultaneously by the coupling agent. By
high selectivity under temperature control, the reactions of oxazoline and oxazinone groups

with carboxylic acid and amino groups can proceed independently.

Thus, true segmented block copolymers might be prepared from carboxylic and amino or
hydroxyl terminated prepolymers. As introduced early, several prepolymers are used for
preparation of segmented block copolymers including hydroxyl terminated PBD, LNR and
amino terminated PBAN, PPO. These act as soft polymer segments in the segmented block
copolymers, and chain extenders with various di-carboxylic acids have to be used. The
different reactive conditions for the block copolymer formation must be considered in detalil

for optimization of the material properties.
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2.5 Summary

The architecture, the chemical structure, and the morphology are the basic characteristics
that influence the final properties of the segmented block copolymers. Basically, the overall
structure-property relationships of segmented copolymers depend on chemical nature and
physical factors. In these materials, the hard segments associate to form physical network
points and the soft segments form the elastic matrix among them. They can be processed
like regular thermoplastic polymers (e.g. extrusion, injection molding). The micro-phase
morphological characteristics allow to use the materials as compatibilizers in blend systems

as well.

Details of our work will be shown in the next sections. We developed new segmented block
copolymers by means of the bifunctional couplers BCA.1 and BCA.2 as bridging units to
connect hard and soft segments. LNR, PBD, PBAN and PPO were used as soft segments in
combination with hard chain extenders to prepare new segmented block copolymers (AB),.
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3. EXPERIMENTAL

3.1 Materials

a- Soft segments used (summarized in Table 3.1):

Table 3.1: Derivation and some technical data of the soft segments

Molar mass o State at room
Symbol Name 4 Derivation N
g.mol condition
Hydroxyl terminated liquid natural Synthesis (*) in Transparent,
LNR Y Y q 4500 Y ) P o
rubber our laboratory yellow, liquid
Hydroxyl terminated liquid Aldrich (catalo Transparent,
PBD Y Y ) q 2800 ( 9 P o
polybutadiene No 19,079-9) colorless, liquid
Amino terminated liquid Aldrich (catalog | Transparent, slight-
PPO ) 2000 o
poly(propylene oxide) No 40,079-4) yellow, liquid
Amino terminated liquid Polymer Sci. Transparent,
PBAN ) o 5500 o
poly(butadiene-b-acrylonitrile) Company colorless, liquid

(*) LNR was prepared in our lab in Hanoi according to Ravindan’s process [73,74] by UV radiation in

solution, in presence of H,0,, (determined by vapor pressure osmometer (VPO)). PBD was purified

and dried before use. PBAN, PPO were used as received.

b- Hard segments or hard segment components used (tabulated in Table 3.2):

Table 3.2: Derivation and some technical data of the hard segments

Molar mass o State at room
Symbol Name 4 Derivation N
g.mol condition
HS.1 N-(undecyl)-5-amino-isophthalic acid 363
Terephthalic acid di(4- isi
HS.2 p ( 406 Synthesis in
carboxyphenyl)ester our laboratory | White powder,
1,6- Hexadiyl-N,N’-bis(trimellitic acid i
HS.3 yl N ( 464 at IPF in amorphous
imide) Dresden
1,12- Dodecanediyl-N,N’-bis(trimellitic
HS.4 o 552
acid imide)
PA.12a Amino terminated polyamide-12 2000 Transparent,
Degussa AG
opaque
. . . (Germany) )
PA.12b Amino terminated polyamide-12 5000 crystalline
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c¢- Bifunctional coupling agents

The bifunctional coupling agents BCA.1 and BCA.2 were synthesized at our laboratory (IPF)

as described previously [3,5].

2-Phenyl-benzo[1,3]oxazin-4-one (monooxazinone) was supplied by Dr. Jakisch

d- Other solvents and chemicals

Other solvents and chemicals used in the experiments are given in Table 3.3.

Table 3.3: Solvents and chemicals used

No

10

11

12

13

14

15

Merk company

Xylene
Toluene
Benzene
Terephthalic acid chloride
4-Hydroxybenzoic acid
N,N-Dimethylacetamide
1,6-Diaminohexane
1,12-Diaminododecane
5-Aminoisophthalic acid
Lauric acid chloride
2-Aminoterephthalic acid
Dibuthyltindilaurate
Chloroform
Hexafluoropropanol

Trifluoroacetic acid

Aldrich company

Dichloromethane
Tetrachloroethane
Tetrahydrofurane
Tetrachlorocarbon
n-Hexane
Acetone
Vinylacetate
Tert-butanol
2-Hydroxyetylmetacrylate
Ethylenglycol
Etylmetylketone
Dioxane
Isopropanol
Polybutadiene

PPO

Fluka company

n-Butylamine
N-Metyl-2-pyrolidone
Dimetyl-2-sulfoxide
Triethylamine
N,N-Dimethylaniline
N-benzyl-Dimethylamine
Cyclohexylamine
N,N-Dimethylformamide
Pyridine

Isopropanol
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3.2 Methods and Instruments

a- Spectroscopic analysis of *H-NMR:

The 500.13 MHz *H-NMR spectra were recorded on a DRX 500 NMR spectrometer (Bruker).
DMSO-d; (d (*H) = 2.50 ppm; d (*3C) = 39.6 ppm) and CDCl;-d; (d (*H) = 7.15 ppm were used
as solvent, lock, and internal standard. The *H-NMR spectra in TFA- d; were referenced on

sodium 3-(trimethylsilyl) propionate-2,2,3,3-d, (d (*H) = 0 ppm).

b- Gel permeation chromatography (GPC)

GPC measurements were performed with a modular chromatographic equipment (KNAUER)
containing a refractive index detector and a Lichrogel PS 40 column. A mixture of
hexafluoroisopropanol/chloroform was used as eluent at room temperature with a flow rate of

1.0 ml.min™". Polystyrene standards were used for calibration.

¢- Dynamic mechanical analysis (DMA)

DMA measurements were carried out with a DMA 2980 (TA Instruments) Dynamic
Mechanical Analyzer at a frequency of 1 Hz and a heating rate of 5 K.min™. For this, thin
films were prepared by pressing at 220 °C and a pressure of 10 MPa for 1 min. After that, the
pressed films were cooled to room temperature within 30 min. Prior to the dynamic
mechanical analysis, the samples were kept at room temperature in a desiccator at least for

2 weeks to ensure relaxation.

d- Differential scan calorimeter (DSC)

DSC curves were recorded on a DSC Q1000 (TA Instruments). The samples were scanned

from -80 to 200 °C with a heating and cooling rate of 20 K.min™.

e- Transmission electron microscope (TEM)

TEM investigations were carried out with a Zeiss EM 912. For this, thin films were prepared

with a laser cutter. The samples were stained with OsO,.

f- Mechanical property measurements

Mechanical properties were measured on standard dumbbell test pieces with the universal
testing machine Zwick 1456 according to ISO 527-2. The test pieces of BCP.7 and BCP.8
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were obtained by injection molding on Boy 22 A HV (Boy GmbH & Co. KG, Germany) (size:
4x12x2 mm). The test samples of others were prepared by mechanical press in melting state
(size: 4x12x0.2 mm). The pieces were conditioned by storing at 23 °C and 50 % relative

humidity for 14 days.
3.3. Synthesis

3.3.1 Synthesis of soft and hard segments

a- Synthesis of LNR

LNR was prepared by photo-chemical degradation as described in the literature [73,74].

1, 4
HO—-CH CHp——OH
c=cg 2
H CHz
5 ’/n

LNR: *H-NMR (CDClz-d,): 5.05 (1H, t, H?), 1.97 (4H, m, H**), 1.60 (3H, s, H°).

b- Synthesis of hard segment HS.1

HS.1 was prepared from 5-aminoisophthalic acid and laurylic acid chloride in N,N-
dimethylacetamide solvent using diethylamide as alkali catalyst. A mixture of 18 g of 5-
aminoisophthalic acid and 20 g of laurylic acid chloride in 100 ml solvent was stirred
continuously for 5 h at room temperature. Than, the pH value of the solution was adjusted
equal to 1. The conversion product was precipitated from solution. The precipitate was
isolated and washed with distilled water. A white powder was yielded after drying at 60 °C for

4 h in vacuum.

7 6 5 4 Lo
CH3{CHy+CHy—CHy™
€,
HS.1: "H-NMR (DMSO-dg): *H-NMR (DMSO-dg): 10.22 (1H, s, H?), 8.45 (1H, s, H%), 8.15 (1H,
s, HY), 2.33 (2H, t, H%, 1,61 (2H, m, H°) 1.24 (16H, m, H®), 0.85 (3H, t, H’ of CHjs at alkyl

chain end).
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c- Synthesis of hard segment HS.2

HS.2 was synthesized from dichloro-terephthalic acid and 4-hydroxybenzoic acid. Firstly,
19.2 g of dichloro-terephthalic acid was dissolved in N,N’-Dimethylacetamide. Then,
triethylamine as catalyst and 27.6 g of 4-hydroxybenzoic acid were added. The reaction
mixture was maintained at room temperature for 4h with violent stirring. Subsequently, the
mixture was diluted with distilled water and the pH of the solution was adjusted by aqueous
HCI (pH=1). A white precipitate appeared whereas the mixture was stirred continuously with
a high speed for 30 min. After that, the product was isolated by filtration and washed with

distilled water. A white powder was obtained after drying at 60 °C under high vacuum.

\C\) I I \C\)
HO— CO O— C@ C—- OG C—-OH
HS.2: 'H-NMR (DMSO-dq): 8.37 (4H, d, H?, 8.08 (4H, d, H'), 7,51 (4H, d, H*).

d- Synthesis of hard segment HS.3

11.6 g of 1,6-diaminohexane and 36.4 g of trimellitic acid anhydride were put into a three
neck flask containing 50 mml of N,N’-dimethylacetamide as solvent. The reactive flask was
equipped with a condenser, a nitrogen gas inlet and outlet, and a magnetic stirrer. After that,
the flask was immersed in an oil bath which was preheated to 170 °C and constantly
maintained for 4h in nitrogen atmosphere. Then, the flask was removed from the oil bath.
The mixture was slowly cooled down to room temperature and the pH was adjusted by
aqueous HCI (pH=1). The white precipitate appeared, whereas the mixture was stirred
continuously with a high speed for 10 min. The precipitate was isolated and carefully washed

with distilled water. A final white powder was gained after drying at 60 °C under high vacuum.

2 1 9 Q Q
I I
HO-C c. 4 5 6 C-OH
\©[ N—CHpo— CHz—é CH2>* CHy— CHy— N<i©/
3 < 2 c
5 T I
e} (o]

HS.3: 'H-NMR (DMSO-dg): 8.34 (2H, d, H®), 8.21 (2H, s, HY), 7.96 (2H, d, H?), 3.58 (4H, t,
H%, 2,51 (4H, m, H°) 1.32 (4H, m, H°).
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e- Synthesis of hard segment HS.4

The same procedure as described for HS.3 preparation was used to synthesize HS.4 from 20
g mol of 1,12-diaminododecane and 36.4 g of trimellitic acid anhydride. In this case, the

reaction time had to be prolonged to 5 h.

1 9 Q 1t
HO—C C 4 5 6 C—OH
\@ >N7CH27 CHz% CH2>* CHpy—CHy— N<i©/

3 c 8 C
2 )

HS.4: 'H-NMR (DMSO-dq): 8,33 (2H, d, H%), 8.21 (2H, s, HY), 7.96 (2H, d, H?), 3,58 (4H, t,
H%, 2,59 (4H, m, H®) 1.27 (16H, m, H°).

3.3.2 Reactions of soft and hard segments with the bifunctional coupling agents

a- Reaction of PBD with 2-phenyl-benzo[1,3]oxazin-4-one (monooxazinone) as a model
reaction

2 g of PBD and 0.446 g of monooxazinone were placed into a 100 ml three neck flask. Then,
Ti(OC4H1)4 (0.3% w/w of PBD) was added as catalyst. The reaction flask was equipped with
a mechanical stirrer, a nitrogen inlet and outlet. The flask flushed with nitrogen was
immersed into a 180 °C preheated oil bath. At this temperature, the reaction mixture was
stirred with 300 rpm for 30 min. Then, the flask was removed from the oil bath and cooled to

room temperature. The final yellow semi-liquid product was yielded.

o} O o

a
9 H I I 53 4 roz I H
9 _C-N C-0—cHo. 2 3 cHy CHy—CH——0-C N-C
H S CH
10 8 5 30
X CHy -y
11 7 6

4

Model compound: 'H-NMR (CDCls-d1): 12.2(1H, s, H?%), 9.18(2H, d, H5), 8.63(1H, d, H9),
8.35(1H, t, H°), 8.30(1H, t, H'), 7.80(1H, t, H'), 7.73(1H, t, H'), 7.30(1H, d, H®), 5.61(1mH,
q, H*), 5.45(2nH, g, H*®), 5.01(2mH, d, H*), 2.10(2n+3mH, m, H"***?),

b- Synthesis of soft oxazoline terminated segments

+ Oxazoline terminated PBD
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The same procedure for the reaction between PBD and the monooxazinone was applied to
prepare oxazoline terminated PBD. 2 g of PBD were reacted with 0.584 g of BCA.1 at 200 °C

within 1h, in presence of Ti(OC4H10)4 as catalyst, in nitrogen atmosphere.

Oxazoline terminated PBD: *H-NMR (CDCl5-d,): 12.05 (1H, s, H? of -NHCO-), 9.52 (1H, s,
H®), 8.36 (1H, d, H®), 8.30 (1H, s, H"), 8.17(1H, d, H®), 7.79 (1H, t, H'), 7,59(1H, d, HY),
5.61(1H, g, H*), 5.45(2nH, q, H*®), 5.01(2H, d, H*), 4.5(2H, t, H"), 4.19 (2H, t, H°),
2.10(2+3H, m, H'%), 1.48 (1H, m, H%), 1.32 (2H, m, HY).

In further experiments, the reaction between PBD and BCA.2 was carried out under the

same conditions.

+ Oxazoline terminated PPO

2 g of amino terminated PPO and 0.584 g of BCA.1 were put into a 100 ml three neck flask
which was equipped with a mechanical stirrer, a nitrogen inlet and outlet. The flask was
immersed into an oil bath preheated to 180 °C. It was removed from the bath after 10 min

and an oxazoline terminated PBD was gained.

OH CH3

| Hs H oj
d[ >_Qc N— CH— CH2 o- CHZfCH <
N-Hb H-N
o=C

9 8

Oxazoline terminated PPO: 'H-NMR (CDCls-dy): 12.26 (1H, s, Hb), 9.4 (1H, s, H%), 8.08 (1H,
s, HY, 7.76 (1H, d, H"), 7.73 (1H, t, H®), 7.52 (1H, t, H®), 7.12 (1H, t, H®), 7.09 (1H, d, H®),
4.50 (2H, t, H°), 4.37 (1H, d, HY), 4.12 (2H, t, HY), 3.71 (1H, H?), 3.52 (2H, m, HY), 3.42 (H, d,
H?), 1.32 (3H, d, H*), and 1.12 (3nH, d, H%).
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+ Oxazoline terminated PBAN

Oxazoline terminated PBAN was prepared by the same process which was applied for the
preparation of oxazoline terminated PPO. The reaction was also done at 180 °C within 15

min.

0
Il
[ >—Q CHz\ 3 CHZ CHZ CHz CH @_< ]
3 CH
N-H a

X 4 CH2

ot ke

12 11

Oxazoline terminated PBAN: *H-NMR (CDCl5-d,): 12.43 (1H, s, H%), 10.14 (1H, s, Hb), 8.85
(1H, s, H"), 8.48 (1H, s, H®), 8.29 (1H, d, H'9), 7.98 (1H, d, H%, 7.9 (2H, t, H'?), 7,56 (1H, d,
H™), 5.61(1H, q, H%, 5.45(2H, q, H°), 5.01(2H, d, H*), 4.49(2H, t, H°); 4.12 (2H, t, HY),
2.10(2+3H, m, H'%), 1.48 (1H, m, H%), 1.32 (2H, m, HY).

¢- Reaction of hard segments with bifunctional coupling agent
+ Reaction between HS.4 and BCA.1

A mixture of 5.22 g of HS.4 and 5.84 g of BCA.1 was put into a 100 ml three neck flask. The
flask was equipped with a mechanical stirrer, a nitrogen inlet and outlet. Then, the reaction
was performed in melt at 200 °C. A complete conversion was reached within 5 min in

nitrogen atmosphere.

O\\ (\D\ | c b (HD 1
/cﬁ C—N—CHp—CHp—O-C 4 5 6
Q N—CHz— CHp— (CHp)g— W
:@
o]

12 11

Oxazinone terminated HS.4 : 'H-NMR (DMSO-dg): 11.54 (1H, s, H"), 10.29 (1H, s, H%), 8.87
(1H, s, H%), 8,38 (1H, d, H%), 8.30 (2H, s, H'), 8.19 (1H, d, H%), 8.12 (2H, d, H'), 7.96 (2H, d,
H?), 7.67 (1H, t, H'?), 7.6 (2H, t, H'), 3,58 (2H, t, HY), 2,59 (2H, m, H®), 1.27 (16H, m, H°).

+ In further investigations, the reaction of BCA.1 and hard segments was performed at
different temperatures (HS.2 at 220 °C, HS.3 at 210 °C and HS.4 at 190 °C).
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3.3.3. Synthesis of block copolymers based on amino terminated PPO and carboxylic

terminated short chain extenders

a- Segmented block copolymer based on HS.1/BCA.1/PPO (BCP.1)
Synthesis of BCP.1 was performed in two steps:

+ In the first step, 2.0 g of PPO and 0.584 g of BCA.1 in a molar ratio 1/2 (PPO/BCA.1) were
put into a three neck flask. The reactive flask was equipped with a mechanical stirrer, a
nitrogen gas inlet and outlet. After that, the flask was immersed in an oil bath which was
preheated at 190 °C and stirred with a 300 rpm speed. The mixture was maintained at this

temperature for 10 min in nitrogen atmosphere.

+ In the second step, when complete conversion was achieved, 0.363 g of HS.1 was added.
The reaction temperature was increased up to 190 °C at a 500 rpm stirring speed. The
mixture was kept at this temperature for 20 min. After that the flask was removed from the oil
bath and slowly cooled down to room temperature. The resultant final product was sticky,
transparent, light brown and flexible. After two days the sample became hard and was not

sticky.

In a further experiment, BCP.1 was synthesized by an one-shot process. Namely, a
stoichiometric mixture of 2 g of PPO, 0.584 g of BCA.1 and 0.363 g of HS.1 was heated at
200 °C for 15 min. And then, the sample was cooled down to room temperature. The

resultant final product was sticky, transparent, light brown and flexible.

The chemical structure of BCP.1 is shown in Figure 5.1 (in chapter 5)

BCP.1: 'H-NMR (CDCls-dy): 12.42 (1H, s, H'), 10.87 (1H, s, H*), 9.29 (1H, s, H'"), 9.21 (1H,
s, H™), 8.12 (1H, d, H*"), 8.03 (2H, d, H®"), 7.78 (1H, d, H*), 7.73 (1H, t, H*"), 7.52 (1H, t,
H®"), 7.09 (1H, d, H?"), 4.63 (2H, t, H™), 4.35 (1H, m, H*), 3.91 (2H, t, H®), 3.71 (1H, H%), 3.52
(2nH, m, HY), 3.42 (nH, d, H?), 2.34 (2H, t, H*), 1.36 (2H, t, H*), 1.32 (3H, d, H®), 1.28 (16H,
m, H*), 1.12 (3nH, d, H%) and 0.91 (3H, t, H"").

b- Segmented block copolymer based on HS.2/BCA.1/PPO (BCP.2)

The first step was the preparation of oxazoline terminated PPO as described above for the
preparation of BCP.1. In the second step, 0.406 g of HS.2 (1/1 molar ratio) was added. The

reaction temperature was increased with 10 K.min up to 200 °C, while the mixture was
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stirred with a 500 rpm speed. The mixture was kept at this temperature for 15 min. After that,
the flask was removed from the oil bath and slowly cooled down to room temperature. The
resulting product was yellow, not sticky and flexible.

The chemical structure of BCP.2 is shown in Figure 5.1 (in chapter 5)

BCP.2: 'H-NMR (CDCls-d; ): 12.43 (1H, s, H'), 9.30 (1H, s, H'"), 8.37 (2H, d, H*), 8.24 (2H,
d,H™), 8.08 (2H, d, H*™), 7.93 (1H, d, H®), 7.74 (1H, t, H®"), 7.53 (2H, t, H*"), 7.38 (1H, d,
H?"), 7.03 (1H, d, H"), 4.62 (2H, t, H'®), 4.35 (1H, m, H*), 3.94 (2H, t, H®), 3.73 (2H, d, H),
3.52 (2nH, m, HY, 3.42 (nH, d, H?), 1.32 (3H, d, H®%), 1.12 (3nH, d, H3).

c- Segmented block copolymer based on HS.3/BCA.1/PPO (BCP.3)

The first step was performed similar to the synthesis of BCP.1. When complete conversion
was achieved within 10 min in the first step, 0.464 g of HS.3 was added. The reaction
temperature was increased up to 210 °C while the mixture was stirred with a 500 rpm. The
mixture was kept at this temperature for 15 min. After that, the flask was removed from the oll
bath and slowly cooled down at room temperature. The resultant final product was sticky,
transparent, light brown and flexible. After two days the sample became hard and was not
sticky.

The chemical structure of BCP.3 is shown in Figure 5.1 (in chapter 5)

BCP.3: 'H-NMR (CDCls-d,): 12.38 (1H, s, H'®), 9.21 (1H, s, H'), 8.5 (1H, s, H'™), 8.45 (1H,
d, H'?"), 8.03 (2H, d, H*"), 7.92 (1H, d, H*"), 7.7 (1H, t, H*"), 7,58 (1H, d, H™"), 7.51 (2H, t,
H®"), 7,08 (1H, d, H?"), 4.62 (2H, t, H'®), 4.35 (1H,m, H?), 3.94 (2H, t, H?), 3.73 (2H, d, H"),
3.71 (2H, H°), 3.52 (2nH, m, HY), 3.42 (nH, d, H?), 1.66 (2H, t, H'*), 1.37 (5mH, m, H™"), 1.32
(3H, d, H%), 1.12 (3nH, d, H®).

d- Segmented block copolymer based on HS.4/BCA.1/PPO (BCP.4)

The first step was performed similar to the synthesis of BCP.1. When the complete
conversion between PPO (2.0 g) and BCA.1 (0.584 g) was achieved, 0.522 g of HS.4 was
added. The reaction temperature was increased up to 190 °C while the mixture was stirred
with 500 rpm. The mixture was kept at this temperature for 15min. After that the flask was
removed from the oil bath and slowly cooled down to room temperature. The resultant final
product was sticky, transparent, light brown and flexible. After two days the sample became

hard and was not sticky.
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BCP.4 was also synthesized by one-shot process similar as described for BCP.1.

The chemical structure of BCP.4 is shown in Figure 5.1 (in chapter 5)

BCP.4: 'H-NMR (CDCls-d,): 12.38 (1H, s, H'®), 9.21 (1H, s, H'), 8.5 (1H, s, H™), 8.45 (1H,
d, H'%), 8.03 (2H, d, H"), 7.92 (1H, d, H™"), 7.7 (1H, t, H*"), 7,58 (1H, d, H'*), 7.51 (2H, t,
H®"), 7,08 (1H, d, H™), 4.62 (2H, t, H'), 4.35 (1H, m, H%), 3.94 (2H, t, H®), 3.73 (2H, d, H°),
3.52 (2nH, m, HY, 3.42 (nH, d, H?"), 1.66 (2H, t, H®"), 1.37 (4H, m, H'""), 1.32 (3H, d, H%),
1.12 (3nH, d, H3).

3.3.4. Synthesis of block copolymers based on hydroxyl terminated prepolymers (PBD and

PBAN) and carboxylic short chain extenders

a- Segmented block copolymer based on HS.4/BCA.1/PBD (BCP.5)
Synthesis of BCP.5 was carried out in two steps:

+ Firstly, 2.8 g of PBD and 0.584 g of BCA.1 were put into a three-neck round-bottomed flask
equipped with a stirrer, a nitrogen inlet, a nitrogen outlet and a condenser. The physical
mixture was regularly stirred for 10 min and then Ti(C4Hy0), was added as catalyst. The flask
was immersed into a metal bath pre-heated to 200 °C for 30 min with violent stirring and
nitrogen flow. The resulting product was a homogeneous mixture in a semi-liquid state at
room temperature, with light-orange color.

+ Secondly, in the same flask, the reaction temperature was maintained at 200 °C, in
nitrogen atmosphere. To the mixture, a solution of 0.522 g of HS.4 and 10 ml of N-methyl-
pyrrolidone were added dropwise within 10 min. After that the reaction was continued for 10
min. Then, N-methyl-pyrrolidone was distilled off, and the viscous polymer mixture was cast
in a glassy tray which the tray was treated by silicon oil releasing agent. The sample was put

into an oven and dried at 80 °C for 3h under high vacuum.

The chemical structure of BCP.5 is shown in Figure 6.1 (in chapter 6)

BCP.5: "H-NMR (CDCl;-dy): 12.05 (1H, s, H of phenyl-NHCO-), 9.51 (1H, s, H™), 9.34 (1H, s,
H of -NHCO-), 8.36 (1H, d, H™), 8.33 (1H, s, H'"), 8.32 (1H, d, H*), 8.29 (1H, d, H*"), 8.14
(1H, d, H*"), 8.09 (2H, d, H*"), 7.8 (1H, t, H*"), 7,58 (1H, d, H*"), 5.61(1mH, g, H®), 5.45(2nH,
g, H*®), 5.01(2mH, d, H*), 4.80(2H, t, H®, CH,-OCO-), 3.82 (2H, t, H’), 3.64 (2H, t, H"), 2.80
(2H, q, H*), 2.10(2n+3mH, m, H***"*), 1.66 (2H, t, H*").
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b- Segmented block copolymer based on HS.4/BCA.1/PBAN (BCP.6)

5 g of PBAN and 0.584 g of BCA.1 were put into a three-neck round-bottomed flask equipped
with a stirrer, a nitrogen inlet, a nitrogen outlet and a condenser. Firstly, the physical mixture
in the flask was stirred for 10 minutes. Then, the flask was immersed into a metal bath pre-
heated to 200 °C. The temperature was kept for 15 min with violently stirring and nitrogen
flow. After, the first step had finished, the reaction mixture was kept at 200 °C in nitrogen
atmosphere and 0.522 g of HS.4 was added. After 10 min, the viscous polymer mixture was
cast in a tray treated by a releasing agent. The sample was dried in an oven at 80 °C for 3 h

under high vacuum.

The chemical structure of BCP.6 is shown in Figure 6.2 (in chapter 6)

BCP.6: 'H-NMR (CDCls-d,): 10.19 (1H, s, H of amide ), 8.92 (1H, s, H'"), 8.36 (1H, s, H"),
8.33 (1H, d, H*), 8.29 (1H, d, H*"), 8.08 (1H, d, H*), 7.98 (1H, d, H®*), 7.9 (2H, t, H*"), 7,56
(1H, d, H®"), 5.61(1mH, q, H"), 5.45(2nH, g, H*%), 5.01(2mH, d, H®), 4.60(2H, t, H®, -CH,-
OCO), 4.2 (2H, t, HY, 3.64 (2H, t, H*), 2.80 (2H, g, H*"), 2.10(2n+3mH, m, H***®), 1.66 (2H,
t, H®.

3.3.5 Synthesis of segmented block copolymers based on carboxylic acid terminated PPO

and amino terminated polyamide-12

(Preparation of copolymers based on PA-12/BCA.1/PPO was carried out according to

Scheme 7.1 in chapter 7).

a- Synthesis of carboxylic terminated PPO

Carboxylic terminated PPO (4) was obtained by conversion of amino group terminated
poly(propylene oxide) 3 with trimellitic acid anhydride. For this 2.0 g (1 mmol) of the amino
group terminated poly(propylene oxide) PPO (M, = 2000 g.mol™) and 0.284 g of trimellitic
acid anhydride were placed into a three neck flask equipped with a mechanical stirrer, a
nitrogen inlet and outlet. The flask flushed with nitrogen was immersed into an at 180 °C
preheated oil bath. At this temperature, the reaction mixture was stirred with 300 rpm for 10

min and carboxylic acid terminated poly(propylene oxide) was prepared.
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4: 'H-NMR (TFA-d,): 8.61 (1H, s, H%), 8,54 (1H, d, H*), 8,03 (1H, d, H*), 4.73 (1H, m, H%®),
4.45 (2H, d, H'®), 3.91 (1mH, m, H®), 3.75 (2nH, d, H™), 1.58 (3eH, d, H*), 1.27ppm (3nH, d,
H).

b- Segmented block copolymer based on PPO/BCA.1/PA.12.a (BCP.7)

Block copolymers (BCP.7 and BCP.8) were prepared by conversion of carboxy terminated
PPO with amino group terminated PA12 using bifunctional coupling agent BCA.1. Three

different procedures were performed.

+ Procedure 1: The conversion to block copolymers was carried out immediately after
preparation of carboxylic terminated PPO in the same reaction flask. To 2.205 g of molten
carboxy terminated PPO, an amount of 0.584 g of coupling agent BCA.1 and 2.0 g of amino
group terminated polyamide-12 (Mn= 2000 g.mol™*) were added simultaneously. The reaction
mixture was stirred with 500 rpm while the temperature was increased from 180 to 220 °C
with 10 K.min™. After that, the reaction condition was kept constant for another 15 min. Then,
the reaction flask was removed from the oil bath and allowed to cool down slowly to room
temperature. During the whole procedure, the mixture was flushed with nitrogen. A rubber

like yellow polymer was obtained.

+ Procedure 2: To 2.205 g (1 mmol) of molten carboxy terminated PPO, an amount of 2
mmol of coupling agent BCA.1 was added. Under stirring with 500 rpm and a steady nitrogen
flow, the temperature was raised to 200 °C and maintained for 10 min. Then, an amount of 1
mmol of amino group terminated PA.12 was added and the reaction was continued and

finished as described above.

+ Procedure 3: An amount of 20 g of amino group terminated PA.12 and 0.584 g of coupling
agent BCA.1 were added into a 100 ml three neck flask which was preheated to 220 °C in an
oil bath. The reaction was continued at this temperature under stirring and a steady nitrogen
flow for 15 min. Subsequently, the sample was cooled down slowly to room temperature and
ground into powder. The powder was added to 20.59 g of carboxylic acid terminated PPO
which was preheated to 180 °C into a 100 ml three neck flask equipped with a mechanical
stirrer, a nitrogen inlet and an outlet. The temperature was raised to 220 °C under stirring and
a steady nitrogen flow. After 20 min at this temperature, the flask was removed from the oll

bath. An inhomogeneous mixture of separated solid and liquid parts was obtained.
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BCP.7: 'H-NMR (TFA-d1): 8.77 (1H, s, H'®), 8.66 (1H, s, H*), 8.53 (1H, d, H*), 8.00 (1H, d,
H®), 7.9 (2H, d, H*), 7.85 (1H, t, H*), 7.76 (1H, d, H®), 7.65 (1H, t, H®%), 7.53 (2H, t, H*),
4,77 (2H, t, H'), 4.09 (2H, t, H*), 3.91 (ImH, m, H*), 3,73 (2mH, d, H"), 3.54 (2nH, t, H*"),
2.7 (2nH, t, H'"), 1.75 (2nH, g, H?"), 1.68 (2nH, g, H*"), 1,3 (2nH, m, H*"), 1.26 (3mH, d, H*).

c- Block copolymer based on PPO/BCA.1/PA.12.b (BCP.8)

In further experiments, PA 12 with a molar mass of 5 000 g.mol™ was used. In that case, the

reaction temperature was raised to 240 °C.

BCP.7 and BCP.8 were synthesized in a large amount (minimum 0.3-0.5 kg) in order to
investigate mechanical properties which test pieces were prepared by injection molding on a
Boy 22 HV.

d- Model compounds for PPO/BCA.1/PA.12 block copolymer

(Model compounds were prepared according to Scheme 7.2 in Section 7).

+ Model compound 7

A mixture of 3.65 g of n-butylamine, 9.6 g of trimellitic acid anhydride, and 150 ml acetone
was put into a 250 ml glass and stirred violently with a magnetic stirrer for 15 min at room
temperature. Then, the mixture was cooled down in an ice bath and kept there for 5 h. A
white precipitate settled out which was filtered off and washed thoroughly with distilled water.
After drying at 80 °C in vacuum, a white powder was obtained which was dissolved in 30 ml
of DMA and the solution was refluxed for 5h at 160 °C. After that, the mixture was poured into
a glass with 200 ml distilled water. The glass was left overnight. The white precipitate was
filtered off, washed with water several times, and dried in vacuum for 3 h at 80 °C.
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7: 'H-NMR (TFA-d1): 8,61 (1H, s, H%, 8.56 (1H, d, H%), 8.02 (1H, d, H®), 3.8 (2H, t, H, -CH,-
N of butyl ), 1,69 (2H, m, H® CH,), 1.38 (2H, m, H®, CH,-), 0.39 (3H, t, H*®, CHz-).

+ Model compound 8

8 was synthesized by the reaction of the compounds 1 and 7 in melt and purified by
extracting with absolute ethanol. An amount of 4.94 g of 7 and 5.84 g of 1 were put into a
three neck flask equipped with a mechanical stirrer, a nitrogen inlet and outlet. The flask
flushed with nitrogen was immersed into an oil bath preheated to 200 °C. The reaction was
maintained within 10 min in nitrogen atmosphere. After cooling down room temperature the
sample was taken from the flask by mechanically. The obtained hard product was pulverized
by hands before being extracted by absolute ethanol within 8 h. The sample was dried in

vacuum at 70 °C within 1 h. The final product gained is 8.5 g of a white powder.
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8: 'H-NMR (TFA-d1): 8,62 (1H, s, H™), 8.52 (1H, d, H'®), 8.46 (1H, d, H'"), 8.39 (1H, s, H"),
8.35 (2H, d, H'), 8.18 (1H, d, H™), 8.02 (1H, d, H'®), 7.96 (2H, t, H*), 7,73 (1H, t, H®), 4,77
(2H, t, H*, -CH,-0), 4.09 (2H, t, H™, -CH,-NH), 3.8 (2H, t, H’, -CH,-N of n-butyl ), 1,69 (2H,
q, H®), 1.38 (2H, m, H®), 0.39 (3H, t, H™).

+ Model compound 9

An amount of 0.876 g n-butylamine and 2.92 g of 1 were put into a 100 ml one neck flask
containing 25 ml of DMA as a solvent. The reaction flask was equipped with a magnetic
stirrer. The flask was immersed into an to 120 °C preheated oil bath and kept there for 2h.
Subsequently, the sample was cooled down to room temperature and precipitated in 100 ml
distilled water. The obtained white powder was dried under vacuum at 70 °C for 2 h. The
product was re-crystallized in ethanol. Yield: 89 %, T, = 165 - 166 °C (9).
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9: 'H-NMR (TFA-d1): 9.45 (1H, s, H%*), 7.98 (1H, d, H%*)), 7.94 (1H, d, H*), 7.91 (2H, s, H®),
7.66 (1H, t, H*"), 7.54 (2H, t, H*®), 5.35 (2H, t, H*®>, CH,-0), 4.48 (2H, t, H*®, CH,-N), 3.55 (2H,
t, H?®, CH,-NH), 1.67 (2H, m, H® CH,), 1.42 (2H, m, H** CH,), 0.93 ppm (3H, t, H*!, CH3).

+ Model compound 10

An amount of 2.47 g of 7 and 3.71 g of 9 were put into a three neck flask. The reaction flask
was equipped with a mechanical stirrer, a nitrogen inlet and outlet. The flask was immersed
for 15 min into an oil bath preheated to 200 °C. After that, the sample was cooled down to
room temperature. The resulting product was extracted for 8 h with absolute ethanol. After

drying for 3 h at 70°C in vacuum, 5.8 g of model compound 9 were received.
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10: *H-NMR (TFA-d1): 8.77 (1H, s, H?), 8.66 (1H, s, H™), 8.53 (1H, d, H'"), 8.00 (1H, d, H'?),
7.90 (2H, d, H?®), 7.85 (1H, d, H?®), 7.76 (1H, d, H**), 7.65 (1H, t, H*"), 7.53 (2H, t, H®), 4,77
(2H, t, H'), 4.09 (2H, t, H'®), 3.76 (2H, t, H’, -CH,-N of n-butyl ), 3.51 (2H, t, H?®, -CH,-NH- of
butyl), 1.66 (4H, m, H%), 1.63 (2H, m, H?), 1.38 (2H, m, H%, 1.35 (2H, m, H*®), 0.93 (3H, t,
H™, CHj; of n-butyl), 0,89 (3H, t, H*, CH; of n-butyl).
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4. REACTION OF SOFT AND HARD SEGMENTS WITH SELECTIVELY REACTING
BIFUNCTIONAL COUPLING AGENTS

4.1. Introduction

Coupling agents were chosen to prepare high molar-mass multiblock copolymers within a
few minutes, without any by-products. As introduced earlier, couplers often contain oxazoline
groups which react with several pre-polymers with carboxylic, phenolic, and thiophenol
groups [3,59] and other couplers contain oxazinone groups which react with hydroxyl, thionyl
or amino groups [3-5,57,58]. They were also employed as reactive compatibilizers or cross-
linkers in polymer blends [39,65,66,75,76]. Basically, these are nucleophilic reactions
between the coupler with oxazinone or oxazoline groups and pre-polymers with active
hydrogen functional groups at different temperatures. These selectively reacting couplers
satisfy very well the demands about preparation of segmented block copolymers (AB), from
soft and hard segments containing different functionalities. These scientific findings are the
basis for our extensive work, specifically, studies on the reactivity of soft and hard segments
with bi-functional coupling agents in melt in order to prepare new segmented block
copolymers with higher average molar masses. Additionally, the couplers have a high
selectivity under different reaction conditions in dependence on the applied temperature. This

is expected to be of great advantage to the reaction control.

Based on the bifunctional coupling agents BCA.1 and BCA.2, new block copolymers may be
synthesized by a one-shot process provided the reaction temperature is high enough so that
both functional groups of the coupler can react with the active hydrogen groups of the
starting blocks. Under special conditions, both oxazoline and oxazinone groups may react in
some extend with the same functional groups as for example -OH and -NH, (at a
temperature higher than 240 °C) [4]. Here, several unexpected side-reactions may occur.
Therefore, it will be better to perform a two step reaction process which starts at lower
temperatures (below 220 °C). For this, the advantage of a one-shot process might be

ignored.

It was the aim to find the best condition for preparing new segmented block copolymers for
each system. The general chemical reactions of the couplers and telechelic soft and hard
segments are given in Scheme 2.20 (Section 2.4.2). In the following, the work is separated
into two parts including the reaction of carboxylic terminated hard segments with the
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oxazoline group of the coupler and the reaction of soft amino and hydroxyl terminated

prepolymers with the oxazinone group of the coupler in melt.

4.2. Studies on the reaction of soft segments with the couplers

Here, we display investigations concerning reaction conditions including temperature, time,
and catalysts. The chemical structure of the soft and hard segments used and the products
obtained are evidenced by *H-NMR spectra. Furthermore, the chemical conversions are also

determined.

4.2. 1 Reactions of soft segments and the couplers

a- Soft PBD segment and the coupler

As reported in reference [5], the reaction of n-dodecanol and the bifunctional coupling agent
demands a high temperature (above 240 °C), a long time and is incomplete. Therefore, liquid
polybutadiene (PBD) with hydroxyl groups at both chain ends meets some difficulties
concerning the sensitivity of the chemical reaction at high temperature. So, the work starts
with the reaction of a monooxazinone compound and hydroxyl terminated polybutadiene
(PBD-OH) as a model reaction.

+ Investigation of the reactivity of PBD-OH with monooxazinone

Scheme 4.1 shows the reaction of PBD-OH and a compound bearing an oxazinone group a

so-called monooxazinone.
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Scheme 4.1: Reaction of monooxazinone and PBD-OH
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The reaction was performed in melt at temperatures between 120 °C and 240 °C, within 30
min. Unfortunately, the oxazinone group did not react with the hydroxyl groups at any given
temperatures. At temperatures above 240 °C, the reacting mixture became a ruber-like
product with a brown color and swelling was observed in most common solvents. Since the
chemical structure of PBD contains double bonds along the chain it seems not to resist the
high temperatures applied. Additionally, sublimation of monooxazinone happens strongly

during the reaction time. So, it is difficult to know if the reaction works or not.

Then, Ti(OC4H10)s was used as a catalyst. The reaction took place at 180 °C and at higher
temperature. 95% conversion was reached after 30 min at 200 °C and a complete conversion
was achieved after 45 min. The conversions were calculated from the integral intensities of
the respective "H-NMR signals. As written in Table 4.1, the reaction was carried out at
several temperatures between 120 and 220 °C. The obtained product has a yellow color, is

transparent and liquid at room temperature.

Table 4.1: Effect of temperature on conversion

No Temp (OC) Time (min) Catalyst Conversion %

1 120 0

2 150 0

3 180 72

30 Ti(OC4H10)4

4 200 94

5 220 68

6 240 not determ

At temperatures below 170 °C the reaction does not work in spite of the presence of
Ti(OC4Hyp), as catalyst. Additionally, lower conversions were achieved at temperatures

above 200 °C since violent sublimation of monooxazinone occurred.
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The 'H-NMR spectrum of the obtained product is given in Figure 4.1.
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Figure 4.1: *H-NMR spectrum of product after 30 min (in CDClz-d,)

In this reaction, the hydroxyl groups of PBD react with the oxazinone group to form two new
bonds. The amide linkage between the two benzene rings of the newly formed terminal group
is evidenced by the typical signal of the amide proton at 12.18 ppm (peak-a). The formation
of the ester linkage is confirmed by the disappearance of the signal of the two protons of -
CHy-O- group at 3.92 ppm which appears only in the hydroxyl group terminated linear PBD
chain. Opening of the oxazinone ring leads to a significant change of the electron density on
the two aromatic rings. This is visible by the chemical shifts of the protons on both rings.
Signals of the monooxazinone at 8.37, 8.30, 7.88, 7.76, 7.63, and 7.56 (ppm) disappear
whereas signals at 9.18, 8.35, 8.30, 7.80, 7.73, and 7.30 (ppm) correspond to the structure
obtained after opening of the oxazinone ring. So, the structure of the formed product was

confirmed.

Briefly, this initial results demonstrated that the oxazinone group reacted with hydroxyl
groups in the melt in presence of a catalyst (Ti(OC4H10)4) in the temperature range from 180-
200 °C.
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+ Reaction of PBD with the couplers

In analogy to the reaction of PBD and monooxazinone, the reaction of PBD with the
bifunctional coupling agent BCA.1 was performed at 200 °C in the presence of Ti(OC,H,0)s as

a catalyst. The reaction is shown in Scheme 4.2.
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Scheme 4.2: Reaction of PBD and BCA.1

Similar to the reaction with monooxazinone, the oxazinone group of the coupler reacts with
hydroxyl group to form one ester bond and one amide bond. Therefore, the electron
arrangement of both benzene rings of the coupler changed more or less in each position in
the system. This influences directly the interactions between the protons and the electronic
system. Thus, a change of the chemical shift of these protons before and after the reaction
was detected. Typically, the chemical shift of of the oxazoline group protons (-CH,-) was also
influenced by this effect. Certainly, two new specific signals at 4.53 (peak-3) and 4.12ppm
(peak-4) were formed corresponding to the two signals at 4.57 (peak-1) and 4.18 ppm (peak-
2) of the oxazoline group of the unreacted coupler (see Figure 4.2). The comparison of the
integral ratio between these two peaks before and after the reaction was done. From this
ratio the conversion of the reaction was determined. Here, a conversion of about 90 % was
reached after 45 min. After 1h, complete conversion was achieved. In this way, oxazoline
terminated liquid PBD was prepared. The final product obtained was homogeneous, semi-
liquid, sticky and yellow.

The kinetics of the process was also recorded by *H-NMR. Figure 4.2 shows the spectra of
the coupler BCA.1 and the converted products after 20, 45, and 60 min. The studies on the
reaction process show that the conversion percentage increases fast at the beginning. After
20 min 60 % conversion was achieved. At the starting time, the concentration of the

participating functionalities is the highest. After that the concentration decreased.
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Concomitantly, the average molar mass of the formed products rapidly raised. Nevertheless,
these factors hinder significantly further reactions. Actually, after 45 min the conversion
reached was only 85 % and 1h was needed in order to achieve complete conversion. Under
the condition applied, undesired defects or cross-linking may occur on the sensitive double
bonds along the main chain of PBD. But, these were not found by *H-NMR spectroscopy.
However, after prolongation of the reaction time to 90 min, the reaction mixture became
brown, rubber-like, and swelling in common organic solvents was observed. So, the reaction

laid a big challenge for further research in melt, as well as preparation of block copolymers

from it.
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Figure 4.2: Conversion of PBD and BCA.1, *H-NMR spectra of a) bi-functional coupling
agent, b) after 20 min, c) 45 min, and d) 60 min at 200 °C (in CDCl,-d,).
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Several attempts were made to shorten the reaction time by the use of several different
catalysts. For example, dibutyltindilaurate was added to the reaction mixture. With this

catalyst, the reaction occurred as well, but the necessary reaction time was not reduced.

In further investigations, the reactivity of another coupler (BCA.2) was considered under the
same conditions as the reaction of BCA.1 and PBD. 80 % conversion was evidenced within
1h, which is lower than that of BCA.1. This means that the time and temperature factors are
significantly improved when BCA.1 is used. This is explained by its chemical structure.
BCA.1 has an aromatic ring bearing both oxazoline and oxazinone groups. So, the super-
conjugated electronic system of oxazinone-benzene ring- oxazoline is enhanced. It leads to a
better nucleophilic reaction of both active groups. On the other hand, BCA.2 has another
aromatic ring carrying oxazoline. Therefore, the steric configuration of BCA.1 has a great
advantage to react with functional groups containing active hydrogen. Actually, the melting
point of BCA.1 (170 °C) is lower than that of BCA.2 (185 °C) as written in Table 3.2.

Therefore, in all further experiments, BCA.1 is preferably employed.

b- Reaction of hydroxyl liquid natural rubber (LNR) and BCA.1

In analogy to the model reaction of monooxazinone and PBD, the reaction between LNR and
monooxazinone was also tested. The reaction did not work in the presence of the catalyst.
Under conditions applied, LNR could not endure. This can be the consequence of structural
defects. Chain termination with hydroxyl groups is not perfect. LNR might be more stable
when modification is carried out in solution as described elsewhere [1,2]. Therefore, polymer

products have to be made from LNR, which will be displayed in other studies.

¢- Reaction of amino terminated poly(propylene oxide) (PPO) and BCA.1.

In a series of experiments, BCA.1 was chosen to prepare oxazoline terminated liquid PPO.
The reaction of BCA.1 and amino group terminated PPO was carried out at temperatures
between 150 °C and 240 °C. During the reaction, the oxazinone group combines with the
amino group according to Scheme 4.4. Fortunately, this reaction took place only at 170 °C
and at higher temperatures as investigated initially [4,5]. For this experiment, complete
conversion could be gained within 10 min at 180 °C or within 5 min at 200 °C. Compared with
the reaction of the hydroxyl group as described above, the time for the reaction between the
oxazinone and the amine group was much improved. A liquid, transparent and yellow product

was obtained.
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Scheme 4.3: Reaction of amino terminated PPO and BCA.1

The modification reaction of the active functional groups at the chain end was determined by
'H-NMR. The results are given in Figure 4.3 and 4.4. Spectra of the coupler, the pure PPO
and the conversion products are shown. The spectra confirm formation of new end groups
and allow to determine the degree of conversion in dependence on the reaction time. Firstly,
formation of new end groups was proved by the spectra through variation of the chemical
shift of the signals of the oxazoline group and of the units at both chain ends of PPO. The
three signals at 3.12 (peak-a), 3.03 (peak-b) and 1.04 ppm are derived from the
corresponding protons of CH, CH,, and CHjs in the terminating propylene oxide units of the
original material (see Fig. 4.3b). They are transformed into new signals at 3.65 (peak-a’),
3.60 (peak-b"), and 1.35 ppm in the conversion product (see Fig. 4.3c and d). Additionally,
two signals at 4.57 (peak-1) and 4.18 ppm (peak-2) are specific for the two types of protons
(-CH,-) of the oxazoline group. Two corresponding peaks at 4.50 (peak-3) and 4.11ppm

(peak-4) appear in the spectrum of the conversion product.

The conversion percentage was also determined from the integral intensity of these typical
signals of the oxazoline group. At 180 °C, 74 % and 91 % conversion was reached within 5
and 7 min, respectively. The oxazoline groups were not destroyed or underwent any side-
reactions under the reaction condition applied.
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Figure 4.3: Conversion between PPO and BCA.1, *H-NMR spectra of a) BCA.1, b) PPO, ¢)
after 5 min, and d) after 7 min in melts at 180 °C (CDCl,-d,)

Figure 4.4 shows the *H-NMR spectra of the conversion products in the high magnetic field
area (aromatic region). In this region, signals of protons of the two aromatic rings and protons
of the amide groups were observed. According to Scheme 4.3, two amide groups are formed
from the reaction of the oxazinone and amine groups. This leads to some changes of the
chemical structure and effects the electron system of BCA.1. Firstly, the electron density on
the two aromatic rings of the coupling agent is strongly varied after conversion. This means
that the interactions of all protons of both aromatic rings with their electron system are

influenced. Therefore, they exhibited chemical shift variations in the *H-NMR spectrum.
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Especially, the formation of two amide groups is obviously demonstrated by the appearance
of two new singlets at 12.51 ppm (peak-2) and 8.70 ppm (peak-1) after the oxazinone ring
opened. Secondly, a singlet at 9.2 ppm (peak-3) is specific for the proton (number-3) of the

amide group between the aromatic rings. Signals of protons number-4,5,6,7 and 8 were also

found.
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Figure 4.4: *H-NMR spectrum of oxazoline terminated PPO at aromatic region (in CDCls-d,).

It can be said that a perfect modification was achieved within 10 min at 180 °C. Oxazoline
terminated PPO is ready for further conversions with carboxylic chain extenders to form the
segmented block copolymers. Oxazoline terminated PPO opens a new prospect to the
synthesis of polymer materials such as copolymers, blends, and composites. Many
compounds with carboxylic groups at the chain ends or along the main chain can highly

participate in the creation of these polymer materials.

In the next chapters, we will mainly display several conversions between the oxazoline
terminated PPO and di-carboxylic chain extenders in preparation of new segmented block

copolymers.

d- Reaction of amino terminated polybutadiene-block-acrylonitrile (PBAN) with BCA.1

As shown in Scheme 4.5, the reaction of PBAN and the bifunctional coupling agent was
carried out. Similar to the reaction between PPO and BCA.1, here, an amino group reacts
with one oxazinone group. So, analysis of the chemical structure and conversion valuation
were considered as well. The amino functionalities at both chain ends of PBAN were

modified to oxazoline at 190 °C. *H-NMR spectra of BCA.1 and the conversion products are
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given in Figure 4.5. As discussed above for the reaction of PPO and BCA.1, therein, the
oxazinone ring was opened by the amine groups. Changes involving chemical shifts of the
protons of the oxazoline group at both chain ends of the modified product were observed. 83
% conversion was obtained within 10 min. The reaction between PBAN and the coupler
occured slowly in comparison with PPO. It demands a longer reaction time, at least 15 min,
in order to reach a complete conversion. The reaction time is clearly influenced by the
average molar mass of PBAN (5500 g.mol™) and the compatibility between PBAN and BCA.1

is relatively low. The final product has a yellow color, is semi-liquid, sticky and transparent.
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Scheme 4.5: Reaction of amino terminated polybutadiene-block-acrylonitrile and BCA.1

In summary, the obtained results about the reactivity between soft segments and bi-

functional couplers allow the following conditions:

The reactions between BCA.1, BCA.2 and hydroxy terminated LNR did not happen
since the chemical structure of LNR is not perfect. So, LNR was not used for the
preparation of segmented block copolymers, which is considered in other research.
Hydroxyl terminated PBD was combined with the coupler in melt within 45 min at
200°C in presence of Ti(OC4H10), catalysts. A complete conversion was achieved.
Amino terminated PPO reacted with BCA.1 at 180 °C. A complete conversion was
gained within 10 min without catalyst. Also for BCA.2, within 10 min at 200 °C, the
conversion to the bifunctional prepolymer was 100 %.

Amino terminated PBAN was completely modified by reacting with BCA.1 at 190 °C
within 15 min.
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In order to form the segmented block copolymers, oxazoline terminated soft segments have
to be combined with carboxylic terminated chain extenders. Therefore, studies on the
reactivity of di-carboxylic extenders with BCA.1 and BCA.2 are necessary to find good

conditions for each hard di-carboxylic extender.
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Figure 4.5: Conversion between PBAN and BCA.1, 'H-NMR spectra of a) BCA.1,
b) after 10 min, and c) after 15 min (in CDCl;-d,)
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4.2.2. Reaction of hard segments and the coupler

As mentioned earlier, the reactivity of BCA.1 and BCA.2 with some carboxylic acid
compounds was tested by Jakisch and co-worker [3-5]. Therein, the reactions were carried
out in melt at temperatures from 180 to 210 °C within 5 min without catalyst. In order to
search for the best conditions for each carboxylic extender, similar investigating work had to
be performed in details. By a 500.13 MHz spectrometer (Bruker-500), the chemical
structures of the hard segments, BCA.1, BCA.2 and the conversion products were
determined. DMSO-dg had to be used as solvent for the NMR measurements since the

solubility of the carboxylic acids and the couplers in CDCl; is quite poor.

As shown in Scheme 4.6, the reaction is a nucleophilic addition reaction between a
carboxylic acid and an oxazoline groups. It is carried out in the melt state. Several di-
carboxylic acid chain extenders are initially introduced to prepare block copolymers.
However, the problems emerge here, due to the quite high melting point of these carboxylics
(see in Table 3.2). Almost all compounds have a melting point above the reaction
temperature (190-220 °C). This is the biggest hindrance to apply di-carboxylic acid

compounds universally for our purposes.

O ,/O
HOOC — == — COOH + 2 [ C
N/ /\:\< o)
carboxylic acids
200-220 °C BCAL

5min

O H o) o) H O o

o)
c C—N—CHy— CHyp— O— G G O~ CHp— CHp— N— G ¢
o] o)
Scheme 4.6: Reaction of BCA.1 and carboxylic acid chain extenders

Chemical structures and *H-NMR spectra of several synthesized chain extenders used are
exhibited in Figure 4.6. Basically, they have low molar masses and active benzoic acid
functionalities. The high compatibility of the di-carboxylic acid extenders with the coupler
makes them easier to combine together in the melt state. The chemical mechanism of the

reactions is typically nucleophilic. Finally, one ester and one amide bonds is formed.
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The change in nature of bonding after reaction was recognized by 'H-NMR spectra as
exhibited in Figure 4.7. The reaction of HS.4 and BCA.1 is an example for the studies about
the reactivity between oxazoline and carboxylic groups. Specifically, two signals at 4.29
(peak-a) and 4.08 ppm (peak-b) derived from the original coupling agent (see Fig. 4.7a)
correspond with the two new broad signals at 4.51 (peak-e) and 3.76ppm (peak-d) from the
final product (see Fig. 4.7d). The chemical shift of the two new signals was strongly
influenced by the change of chemical bond nature. In fact, the ether bond —CH,-O- of the
oxazoline group was modified to an ester bond after conversion. This is the main reason for
the chemical shift change of the CH, protons towards lower magnetic field. Contrary, the
bond of the N-CH; group was also converted to —-NH-CH,- leading to a chemical shift change
of the CH, protons towards higher magnetic field. By comparison of integral intensities of the
signals before and after reaction the degree of conversion could also be evidenced. In this

case, a complete conversion was reached within 5 min
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Figure 4.6: "H-NMR spectra of a) HS.1, b) HS.2, ¢) HS.3, and d) HS.4 (DMSO-ds)
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The other hard di-carboxylic acid extenders were investigated in the same procedure.
Fortunately, the high melting point of the carboxylic acid compounds did not meet any
difficulties in combination with the coupler. At 200 °C the coupler was melted and the
carboxylic acids could be dispersed in the viscous liquid. This facilitates the reaction of the
oxazoline group with the carboxylic groups. Consequently, the reactive mixture becomes
homogeneous. The resulting products are transparent, harder, yellow and brittle at room
temperature. Their physical and chemical characteristics are in agreement with their

utilization as hard partners in segmented block copolymers.
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Figure 4.7: Conversion between BCA.1 and HS.4, *H-NMR spectra of a) BCA.1, b) HS.4, and
¢) obtained product (DMSO-de.)

In summary, in this study, the reactions of BCA.1 and the chain extenders from HS.1 to HS.4
were investigated. The results concerning reactions of the hard segments with the BCA.1

and BCA.2 are as follows:
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The hard carboxylic acid chain extenders combined well with the coupling agent at
200 °C within 5 min. The final products have two oxazinone groups at both chain
ends.

Melting points of the carboxylic acids used are relatively different and higher the
reaction temperature. However, this did not cause any problems since the oxazoline
groups started to react with carboxylic acids at temperatures for below the melting

point.

4.3 Summary

The studies on the reaction of hard and soft segments with the couplers are the basis for the
procedure of the segmented block copolymer synthesis. Complete conversion between the
carboxylic chain extenders and the couplers was usually reached within 5 min, without
catalyst, at 200-220 °C. For the soft segments, the reaction time was 10 min with PPO at
170-180 °C, 15 min with PBAN at 180 °C and 60 min with PBD at 190-200 °C in the presence

of a catalyst.
So, there are three possible routes to synthesize new block copolymers comprising:

One-shot process (a molar stoichiometric mixture of a soft segment, a coupler, and a
hard segment (1/2/1) is heated at 200-220 °C).

The coupler reacts with the hard segment first, and after that, the soft segment is
added.

The soft segment reacts with the coupler first, then, the hard segment is added.
Finally, the best procedure will be applied for preparing the segmented block copolymers.

Reality, the reactivity and compatibility of the hard segment-coupler products with soft
segments is lower than that of the soft segment-coupler products with hard segments.
Therefore, new block copolymers can be synthesized only by an one shot process or by a

specific two-step process, which will be described in details in the next chapters
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5. SYNTHESIS AND CHARACTERIZATION OF NEW BLOCK COPO LYMERS BASED ON
SOFT PPO SEGMENT AND CARBOXYLIC ACID CHAIN EXTENDER S.

5.1 Introduction

Different telechelics can be combined through the use of active bi-functional coupling agents,
which contain suitable reactive groups. In order to form segmented block copolymers with
high molar mass, severe reaction conditions are not enough. It has to be ensured that the
functionality number of the soft segments is equal to 2 (F, = 2), and the exact average molar

mass of the telechelics has to be known.

As mentioned previously, new segmented block copolymers based on poly(propylene oxide)
(PPO) and hard di-carboxylic acid extenders should be synthesized using bifunctional
couplers by the three possible routes as shown in Scheme 5.1.

HaN—PPO—NH;
+ step-1

step-1 HOOC COOH HooC.

1800c | HaN—-PPO-NH,

# Q ﬁ) H I ﬁ) I 0
X | | ,
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N N : :
o ]
H-N one-shot ?N NAE
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step-2 HaN-PPO-NHy 220°C
2200c | HOOC COOH
route-| 1 1]
? QH Q ? He QH H
COC (CH C-0- (CHpp— N- CQ C-N—PPO—N
H-N N-H
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Scheme 5.1: Possible chemical process to prepare new segmented block copolymers
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5.2 Formation and structural characterization of ne  w segmented block copolymers

Segmented block copolymers (AB), were formed by chemical combination of soft amine
terminated PPO and several hard carboxylic acid terminated chain extenders with the
bifunctional coupling agent according to Scheme 5.1. The preparation of these block
copolymers was performed in one-step and two two-step processes: According to Route-I,
an amino terminated PPO reacted first with the oxazinone group of the coupler. This reaction
was carried out at 180 °C. In the same reaction equipment, the hard chain extender was
added at higher temperatures between 200 °C and 220 °C. In Route-Il, a reactive mixture
including an amino terminated PPO, a carboxylic acid chain extender and the coupling agent
was put into the same reaction equipment. In Route-lll, the carboxylic acids chain extender
combined first with the coupler. Then, amino terminated PPO was added under the same
reaction conditions. Experiments showed that Route-l and Il gave the expected results.
Route-lll was limited by physical factors. Here, difficulties appeared due to a significant
increase in viscosity of hard segment after conversion with the coupling agent. This led to a
phase separation during the reaction with soft segment. Particles were observed by light
microscopy in the final products. The block copolymers synthesized by the suitable

processes are shown in Table 5.1.

Table 5.1: Overview of the obtained polymers based on PPO (2 000 g.mol™) and dicarboxylic
acids chain extenders using BCA.1

Soft segment  Carboxylic acid chain extenders Route Block copolymers
? 2
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Therein, BCP.2 and BCP.3 have to be prepared by Route-I, because HS.2 and HS.3 has a
much higher melting point (320 °C and 255 °C) than the applied reaction temperature (200-
220 ° C). However, HS.2 and HS.3 are soluble in liquid PPO at these temperatures and the
reacting mixture was homogeneous. BCP.1 was synthesized by Route-I or Route-Il, because
the melting point of HS.1 is at 185 °C which is lower than the reaction temperature (200 °C).
So, BCP.1 was prepared within 10 min in concomitant presence of PPO, BCA.1 and HS.1.
The obtained product is yellow-brown, transparent, un-sticky, and flexible. BCP.4 was
synthesized in the same manner as BCP.1. The obtained product is flexible, transparent,

yellow, and un-sticky.

Results of "H-NMR measurements of the final products using CDCl; as proper solvent are
shown in Figure 5.1. Generally, -COOH/oxazoline and -NH,/oxazinone reactions leading to
segmented block copolymer formation were evidenced. Formation of BCP.1 is an example.
Here, two new amide groups were formed by the addition reactions between one amino
group of PPO and one oxazinone group. This reaction was detected by chemical shift
changes of special signals of the propylene oxide units of PPO at the chain end. This was
proved above in section 4.2.1. In the *H-NMR spectrum of BCP.1, three signals appeared in
the spectra of the block copolymers at 3.72, 3.64 and 1.35 ppm (peak-4, 5 and 6, see Figure
5.1a) were observed. Additionally, the specific signal of the proton in the -CONH- group
between the two aromatic rings of the coupler was found at 12.4 ppm. Beside that, dominant
signals of the protons of the two aromatic rings of the coupling agent used can be
determined at 9.29, 8.15, 8.04, 7.72, 7.53 and 7.08 ppm (peak- 1h, 3h, 4h, 6h, 5h and 2h).
After the conversion, two new specific signals deriving from -CH,-CH,- protons of oxazoline
groups appear at 4.63 and 3.91 ppm (peak-1b and 2b, see Figure 5.1a). These signals are
the result of the opening of the oxazoline ring. In the bifunctional coupling agent, these two
signals appear at 4.56 and 4.19 ppm. Finally, the presence of HS.1 in BCP.1 was also
confirmed by signals at 10.88 ppm (peak- 2r) and 9.22 ppm (peak-1r). It can be said that a
perfect conversion of the COOH/oxazoline and the NH,/oxazinone in segmented block

copolymer formation was reached.

Actually, the four products achieved are based on one soft PPO segment and four different
dicarboxylic chain extenders. Distinct differences of their spectra come from the chemical
structure of the chain extenders used. In the 'H-NMR spectrum of BCP.2, three signals of
HS.2 at 8.37, 8.08 and 7.51 ppm (peak-8r, 10r and 9r) were detected (Figure-5.1b). In the
case of BCP.3 and BCP.4, a special signal at 1.68 ppm was observed which is derived from

the -CH,-N groups directly linked with the imide group (see Figure-5.1c and 5.1d). The signal
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at 1.32 ppm exhibits a difference concerning the number of CH, units in the aliphatic chains
in BCP.3 (n-hexane chain) (see Figure-5.1c) and BCP.4 (n-dodecane chain) (Figure- 5.1d)

which appears in the integral intensities.
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Figure 5.1 *H-NMR spectra of a) BCP.1, b) BCP.2, ¢) BCP.3, and d) BCP.4 (CDCl,-d,)
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The 'H-NMR spectra of the obtained polymers confirmed clearly the combination of PPO and
chain extenders through the bifunctional coupling agent. In other word, the structure of the
polymers contains two different block types including one soft PPO block and another hard
block which is based upon both the chain extender and the coupler. Therefore, the resulting
polymers can be considered as segmented block copolymers (AB),. These block copolymers

with new properties are characterized in the following by physical and chemical methods.

5.3 Characterization of obtained copolymers

GPC traces of the polymers in dependence on reaction time are given in Figure 5 2. Molar
masses of the polymers were measured by GPC on a Water-liquid chromatograph equipped
with two Waters Styragel columns and a UV absorbance detector. A molecular weight
calibration curve was constructed from separate primary standards of monodisperse
polystyrene covering a range of molecular weight, M, = 500-100 000 g.mol*. The GPC
traces of BCP.1, 2, 3 and 4 samples which differ in the dicarboxylic acid chain extenders
used and the respective starting oligomer of PPO. Weight average molar mass of these
segmented block copolymers was determined in the range from 20 000 to 40 000 g.mol™ and
polydispersity of them from 2 to 4 (see Fig 5.2b, ¢, d and e). The average molar mass of

these polymers is much higher than the PPO starting material (M,, = 2 000 g.mol™).

abundance

Log(M)

Figure 5.2: GPC curves of a) PPO, b) BCP.1, c) BCP.2, d) BCP.3, and e€) BCP.4)

(measured in CHCI; solvent)
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Weight and number average molar masses and polydistribution of the polymers and the
original PPO are summarized in Table 5.2. It is assumed that a degree of copolymerization
was achieved in the obtained polymers.

Table.5.2: Average molar mass of PPO and BCP.1-4 (measured in CHCl3)

Polymer weight PPO* BCP.1 BCP.2 BCP.3 BCP.4
M, (g.mol™) 800 9 900 9 000 6 300 6 500
M., (g.mol™) 1000 26 300 24 700 25100 24 300
PD (M./M,) 1.25 2.66 2.74 3.98 3.74
Degree of Polymerization - ~8-10 ~7-9 ~5-10 ~6-10

* PPO has Mn = 2 000 g.mol™ (in catalog)
The phase behavior of the block copolymers was investigated by DSC. Thermal curves of
the block copolymers in dependence on the temperature are shown in Figure 5.3 and

thermal characteristics are summarized in Table 5.3.

Table 5.3: Results of DSC measurement of the obtained block copolymers (1* heating)

Weight loss
Weight 9 Ty T Tm DH
Samples from DSC 0 0 o
(mg) . (C) (C) (©) (J/9)
%

PPO 9.989 2.0 -71 none none none
BCP.1 7.983 0.6 -55 73 136/140 4.9
BCP.2 5.803 0 -51.5 71 130 7.1
BCP.3 6.533 0 -51 76 125/158 9.1
BCP.4 7.991 0.7 -51 74 146 17.5
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Two glass transition temperatures observed at about —55 and +73 °C indicate that the
copolymers with the two different blocks have a two phase structure. The lower T4 belongs to
the soft segment as amorphous phase. The increase of the first T, (to about -55 °C) in the
copolymers in comparison with the Ty of the virgin PPO (at about -71 °C) is a certain
evidence of successful copolymerization with some influence of the hard segment on the soft
segment. The higher T, pertaining to the hard segments appears in all samples at about the
same temperature independent on the nature of the chain extenders. Additionally, a broad
melting region of the block copolymer samples was observed in the higher temperature
range from 125 to 160 °C. The melting regions could be referred to the carboxylic acid chain
extenders and the coupling agent. From these results, it is assumed that there was a distinct

phase separation in the obtained copolymers.
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Figure.5. 3: DSC diagram of a) BCP.1, b) BCP.2, c) BCP.3, and d) BCP.4
(1% heating)

The phase structure of the resulting polymers is also evidenced by transmission electron
microscopy. TEM photographs of BCP.1, BCP.3 and BCP.4 are given in Figure 5.4 (BCP.2
sample preparation for TEM was not successful). Micro-phase separated morphologies of
the block copolymers were observed. The samples were stained by osmium tetra-oxide.

Small white domains emerged in a dark matrix on micro-photographs. These domains can be
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considered as the continuous phase and the matrix is also seen as the continuous phase.

Here, size of the domain from 2 nm to 5 nm was observed.

b)

c)

Figure 5.4: TEM microphotograph of a) BCP.1, b) BCP.3, and c) BCP.4

The phase separation can lead to the block copolymers which possess elastic properties.
This will appear in their rheological response and mechanical behavior. For BCP.2, 3 and 4,
the storage modulus G’ and the loss modulus G” in dependence on temperature are plotted
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in Figure 5.5. They exhibited that the transition temperature value of soft segments in the
block copolymers are recognized by a broad signal at about -45 °C. Additionally, the typical
plateau region in the G’ plot between T, of the soft segment and the temperature at below 60
°C as usually found for elastic materials is also observed. For BCP.3 and BCP.4, the storage
modulus G’ and the loss modulus G” are comparatively similar while BCP.2 gives a worse

result. The mechanical strength of the polymers is lost at temperature above 80 °C.
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Figure 5.5: Storage modulus G’ and loss modulus G” of BCP.2 (short dot curve), BCP.3
(solid curve) and BCP.4 (dashed curve)
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The stress-strain property of BCP.4 is displayed as an example, which is shown in Figure
5.6. The test pieces of others were prepared by mechanical press in melting state. The
tensile strength of these block copolymer samples studied is not as high as for conventional
block copolymers, which could also not to be expected from phase separated materials
having low molecular weight hard segments. The tensile curves a stress-strain correlation
distinctly exhibited that the samples act as rubber-like plastic materials. The deformation
(elongation %) developed along with the increase of the strength that occurred during the
time applying the strain force. This proves that the final polymer products act as elastomeric

materials.

tensile strength in MPa

0 T T T T T T T T T 1
0 10 20 30 40 50

Elongation in %

Figure 5.6: Stress-strain curves of block copolymer BCP.4
(measured on six individual sample test pieces

Photograph of mechanical property test pieces
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5.4 Summary

Four block copolymers were successfully prepared based on the soft PPO segment in
combination with four hard di-carboxylic chain extenders through bi-functional coupling
agent. The successful formation and chemical structure of the copolymers were evidenced
by *"H-NMR and GPC. The average weight molar mass of the obtained block copolymers is
about 20 000-30 000 g.mol™. Thermal characteristics were exposed by means of DMA, DSC.
With hard di-carboxylic extenders used the high temperature application of the final product
is restricted since the crystallization of the hard segments in the block copolymer system is
low. This was proved by DSC showing weak glass transition of hard segments. TEM micro-
photographs proved a domain size of the hard parts from 2 to 5 nm. The mechanical
properties exhibited the basic characteristics of an elastomer material out of a classic

thermoplastic.

By the same manner, other block copolymers might be synthesized through utilization of the
bi-functional coupling agent in combination of the soft and hard segments. From that, many

products with interesting properties might be prepared.
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6. SYNTHESIS AND CHARTERIZATION OF NEW BLOCK COPOLY MERS BASED ON
PBD AND PBAN SEGMENTS

6.1 Introduction

Block copolymers are prepared from polybutadiene (PBD) and polybutadiene-block-
acrylonitrile (PBAN) as soft segments in order to achieve new elastomeric polymer materials.
They can be formed from low molar mass polymers or pre-polymers bearing specific active
functional groups at the chain ends. Polymerization or co-polymerization methods based on
telechelics are usually employed. New segmented block copolymers can be formed by a
direct combination of the mutual reactive groups or by the use of active bi-functional coupling
agents. Although some studies including structural investigations and characterizations of
materials based on soft PBD or LNR segments have been reported [1,2,76-94], extended
studies are still limited. As elastomeric starting materials for synthesizing graft or block
copolymers, recently, PBD and LNR have received special interests of polymer researchers.
Therein, many new different types of couplers are used for making copolymers, as well as
cross-linking agents in blends or composites [78,85]. Typically, the couplers bear isocyanate
functional groups such as TDI [86-92], MDI [82], HDI [89,90], IPDI [88,91], HMDI [94] and are
considered to be of use in both basic research and industrial manufacture. These couplers
demonstrated that they have excellent abilities such as very high reactivity, short reaction
time, transparent resulting products, and so on. Nevertheless, isocyanate couplers also
make problems since they react easily with water in the air and side-reactions can take place

between isocyanate groups and urethane groups formed.

In this chapter, our aim is to use selectively reacting bi-functional coupling agents for the
preparation of block copolymers based on hydroxyl terminated PBD and amino terminated
PBAN in the melt. The reactions of these soft segments with several short carboxylic acids
and the coupler forming the hard segments are studied. The formed block copolymers have
the general structures as displayed in Scheme 6.1 and Scheme 6.2.

? Q Q ? HQ Q

%{ PBD oc@ C— N— (CHp)p— O— C— e C— O— (CHp)— N— CQ C-0-H—
H-N N-H
o=C c=0

- @ -n

Scheme 6.1: General structure of new segmented block copolymers with soft PBD segment
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A strong problem during the synthesis is the limited compatibility of the soft and the hard
telechelics in the melt. This influences strongly the formation of proper segmented block
copolymers. So, it is necessary to use a two step process in preparing the copolymers. In the
first step, a complete conversion between the soft segments and the bi-functional couplers
was achieved in melt. Next, the hard carboxylic acid terminated telechelic is added to form

the segmented block copolymers.

HQ ?H 2 ] o 2 !
4<PBAN N-C C—N— (CHp)— O— C—=—————=—=—0C-0—(CHp2-N-C C—N——
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O

Scheme 6.2: General structure of segmented block copolymers with soft PBAN segment

HS.4 is preferably used as chain extender since this dicarboxylic acid chain extender has a
lower melting point than the others. The formation of block copolymers, the degree of
conversion and the chemical structures of the starting materials and yielded products are
investigated by "H-MNR. Physical and chemical property characteristics of the final products

are determined by solubility investigations, DSC, and DMA.

6.2 Formation and structural determination of new s  egmented block copolymers

a- Segmented block copolymers based on PBD/BCA.1/HS.4 (BCP.5)

'H-NMR spectra of PBD and the polymer product based on the soft PBD segment obtained
by a two step process are given in Figure 6.1. The spectrum of the product was compared
with the spectrum of PBD as the soft starting material. As investigated in Section 4.2, the
complete conversion of the oxazinone group of the coupler with the hydroxyl groups of PBD
was reached. This is demonstrated by the complete disappearance of the typical signal at
4.12 ppm of the protons of -CH,-O- which is linked directly with hydroxyl groups at both poly-
butadiene chain ends. Instead, the signal of the respective protons in the spectrum of the
final product was observed at 4.86 ppm. Under the reaction condition used the chemical
structure of the butadiene chain was not changed. It is evidenced by specific signals of the
protons of the double bonds at 5.65 ppm (peak-3’), 5.02 ppm (peak-4’) (1,2-butadiene) and
5.47 (peak-2), 5.43ppm (peak-3) (1,4-butadiene).
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The *H-NMR spectrum of BCP.5 shows that the reaction between the oxazoline terminated
polybutadiene and the di-carboxylic extender (HS.4) was not perfect. Obviously, two typical
signals of the un-reacted oxazoline group were observed at 4.15 (peak-b) and 4.54 ppm
(peak-a). Two other quite broad signals appeared at 4.38 (peak-c) and 3.82 ppm (peak-d).
They can be assigned to the structural unit formed by the reaction of the oxazoline group
with the carboxylic group of the chain extender. As calculated from the integral intensities,

only a conversion of 60 % was reached for the block copolymer formation.
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Figure 6.1: "H-NMR spectra of a) PBD, and b) BCP.5 (in CDCls-d,)

Attempts were made to achieve a copolymer with higher conversion. Nevertheless, this
remain is a challenge because of no compatibility between the completely non-polar
polybutadiene and the polar chain extenders. Further, with the thermally sensitive double
bonds in the soft segment, it is impossible to perform the reaction at higher temperatures for

longer time.
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b- Segmented block copolymer based on PBAN/BCA.1/HS.4 (BCP.6)

Figure 6.2 shows the 'H-NMR spectra of the oxazoline terminated polybutadiene-b-
acrylonitrile and the product after being combined with the chain extender (HS.4). The
complete conversion of the oxazoline group with the carboxylic groups was recognized. This
conclusion is based on the two typical signals of the group formed after the reaction of the
oxazoline group with the carboxylic acid group at 4.65 (peak-c) and 4.21 ppm (peak-d).
These signals at 4.50 ppm (peak-a) and 4.12 ppm (peak-b) correspond with the mentioned

signals before the reaction takes place.
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Figure 6.2: "H-NMR spectra of a) oxazoline terminated PBAN, and b) conversion product
(in CDCl3-d,)
A comparison of the spectra of the products obtained before and after the reaction was
carried out. The typical signals of the butadiene chain were still maintained. Besides, there

are negative changes concerning the chemical shifts of the structural unit of the acrylonitrile
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chain. It is assumed that unexpected side-reactions or cross-links may occur under the
applied conversion condition. Especially, the content of the nitrile groups along the soft main
chain was strongly varied. This is proved by the disappearance of the signals at 3.40 (peak-
10) and 2.92 ppm (peak-9) which are specific for the CH and CH, protons of the acrylonitile
group. Moreover, several new unknown broad signals were observed in the spectrum of the
final product. It is obvious that the chemical structure of the product was changed. Therefore,

property characteristics of this product have not been investigated

6.3. Characterization

BCP.5 is characterized by several physical and chemical methods including:

The solubility characteristics of BCP.5 were studied in several organic solvents. The received
results concerning the solubility of the prepolymer components and the segmented block
copolymers are given in Table 6.1.

Table 6.1: Solubility characteristics of pre-polymers and BCP.5

Solvent PBD HS.4 BCP.5
Acetone + + +
Tetrahydrofuran + + +
1,4-Dioxane + - -
Methyl ethyl ketone + - -
N,N-Dimethylformamide + + +
Dimethyl sulfoxide + + -
Ethyl acetate + - -
Benzene + - +
Toluene + - +
Nitrobenzene + - -
Tetrachloromethane + - *
Chloroform + - +
1,2-Dichloroethane + - +
Cyclohexane + - -
Hexane + - -

Solubility: + soluble; - insoluble; +swelling or partly soluble.
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It can be seen that the block copolymers show a highly selective behavior with solubility only
in certain chlorinated organic solvents. Not all solvents which dissolve both prepolymers are
also solvents for the block copolymers. This can be explained by the presence of polar
groups and aromatic rings in HS.4, beside the non-polar polybutadiene chains in the same
material. Furthermore, the block copolymers are capable of forming gels in polar and non-
polar solvents. Consequently, solvents for selective extraction of the block copolymers can
be found. It allows removal of any non-reacted prepolymer, as well as formed products
having low molecular weights. Thus, n-hexane was used for purifying the copolymers by
extraction of free PBD or low conversion products. The solubility of the obtained product in
comparison to the prepolymers clearly demonstrated that there was a chemical combination
of the present segments. From the received results about solubility of BCP.5 as exhibited in
Table 6.1 above, a good solvent can not be found for GPC measurement, as well as
viscosity investigation. So, average molar mass of these block copolymers has not been
determined by GPC. It is still a challenge to solve this problem for copolymers derived from

polybutadiene.

Thermal characterization

Transitional temperatures for BCP.5 determined by DSC are tabulated in Table 6.2. It shows
that there are two glass transitions and one melting transition in the sample examined. The
glass transitions correspond to the PBD and to the hard block formed by the reaction of HS.4
with the coupler, respectively. These T, values proved that the obtained material has a phase
structure. Hard segment content is about 20 % (w/w) leading to the fact that the crystallinity

of hard segment is quite weak.

Table 6.2 DSC results of BCP.5

Weight Weight loss from o DH

Samples Ty (C) Tm
(mg) DSC (%) (J/9)
BCP.5 8.092 11 -68/61 176 0.11

Dynamic mechanical and elastomeric characterization

The DMA curves of BCP.5 are shown in Figure 6.3. The glass transitions of the block
copolymers are visible as broad peaks in loss modulus G” curves. Two separate regions are
visible which are specific for the soft and hard segments. From the results, one can assume

that a phase separated structure exist in these materials. The storage modulus G’ of the
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polymer decreases slightly in a wide range of temperature from -30 to 40 °C. This is the

range were elastic properties can be assumed. The different molar masses of the hard

segments as mentioned influence clearly the storage modulus of the final products. For the

sample with low molar mass this value is lower than that of the high molar mass. This can be

demonstrated by mechanical properties. For BCP.5, the storage modulus decreases fast in
the higher temperature range from 60 to 100 °C. Although, the materials have relatively high

melting temperatures, but the applicability at higher temperatures is still limited.
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Figure 6.3: Storage modulus G’ (solid line) and loss modulus G” (dotted line) of BCP.5 in

dependence on temperature

Photograph of a mechanical property test piece.
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Mechanical properties

The stress-strain property of BCP.5 was not determined since the test pieces could not be

successfully prepared by mechanical press in melting state.

6.4. Summary

A segmented block copolymer based on soft hydroxyl functionalized PBD and a hard
carboxylic acd chain extender (HS.4) was synthesized in melt using the bifunctional coupling
agent. The formed product exhibited characteristics of an elastomeric material. The formation
of the segmented block copolymers was not perfect. The reaction time of 1h seemed to be
long at the high temperature applied. Side reactions are assumed to influence the structure
of PBD negatively. It might be more advantageous for the block copolymer preparation from
these soft segments when the reaction is carried out in solution. Such work will be carried out
in other studies.

The preparation of segmented block copolymers based on PBAN must be considered in

other manner.



Synthesis and Characterization of New Block Copolymers 85

7. SYNTHESIS AND CHARACTERIZATION OF NEW BLOCK COPO LYMERS BASED ON
CARBOXYLIC ACID TERMINATED PPO AND PA.12

7.1 Introduction

Block copolymers based on amino terminated poly(propylene oxide) PPO and polyamide-12
(PA.12) are synthesized using BCA.1. The possible routes are given in Scheme 7.1. The
same PPO (M, = 2000 g.mol™) which was used for studies described above was used also
here as a soft polymeric block. The glass transition temperature value of PPO (T, = -61 °C) is
comparatively low, which can lead to elastomeric behavior at low temperature. As second
block, PA.12 with two different molar masses (PA.12a and PA.12b) was used. Recently, this
polymer was used as hard segment in several block copolymers. These hard blocks have a
Ty value of 60 °C and a melting temperature of 210 °C. These values of the hard block are

suitable to form elastomeric materials in combination with the soft PPO.
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Scheme 7.1: Reaction process for synthesizing of copolymers from PPO and PA.12
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7.2. Formation and structure of the segmented block copolymers

Segmented block copolymers were obtained by the coupling reaction of carboxylic acid
terminated PPO and amine terminated PA.12 using bifunctional coupling agent BCA.1
according to Scheme 7.1. The carboxylic acid terminated PPO was synthesized by
conversion of amino group terminated PPO with trimellitic acid anhydride. This reaction

proceeded quantitatively as confirmed by *H-NMR spectroscopy.

The preparation of the block copolymers was performed in three different routes which differ
in the kind of order how the components were mixed with each other. In the first procedure,
all reactants including BCA.1, carboxylic terminated PPO and amino terminated PA.12 were
put together right from the beginning. In the second procedure, BCA.1 and carboxylic
terminated PPO were reacted first resulting in the formation of an oxazinone terminated PPO
and then amino terminated PA.12 was added. In the third procedure, the opposite order of
mixing was performed in the course of which at first the reaction of the coupler and amino
terminated PA.12 resulted in an oxazoline terminated PA12 and than carboxylic terminated

PPO was added. Table 7.1 summarizes the different polymers synthesized.

Table 7.1 Sample overview

inh* M, of PPO** M, of PA.12** M *r (G PC) M, Fr* (G PC)
Polymers | Procedure 4 4
dL.g™ g.mol™* g.mol™* g.mol g.mol
PPO - not determ 2000 - 1300 10 600
PA.12a - 0.160 - 2000 1500 5200
PA.12b - 0.189 - 5000 3200 10 300
1 0.206 2000 2000 6 100 116 700
BCP.7 2 not determ 2000 2000 not determ | not determ
3 not determ 2000 2000 not determ | not determ
BCP.8 1 0.248 2000 5000 12 600 288 800
* : Measured in chloroform/hexaflouroisopyl alcohol.
ok : As given by the supplier.

rkk : Measured in chloroform/hexafluoroisopropanol using polystyrene standards
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The structural characterization of the block copolymers by *H-NMR spectroscopy proved to
be difficult because of the complicated structure of the linking group formed during the
reaction and the incomplete conversion of the terminal groups. In order to facilitate the signal
assignment, model compounds (7, 8, 9, and 10) that represent the hypothetical terminal
groups and the respective structural units of the polymer were synthesized. The preparation
is demonstrated in Scheme 7.2 and described in the experimental part. Additionally, the
synthesis of the intermediates, oxazinone terminated PPO (4a) and oxazoline terminated
PA.12 (5a) (see Scheme 7.1), were performed in melt under the same conditions as used for
the preparation of the block copolymers.

0 7

o] T 1. Acetone, 25 T, 15 min C-OH
\ C-OH 2. DMA, 160, 5 h
CH—CH—CH—CHp—Np  + O CH= OGN
-H,0 J
o]

o 7

2

? 0 0t HQ o
Cq \ C—-O—CHp—CHy— wc@—/{
74 Oﬁ ———>  CHg—CHy— CHp—CHy—N O
—
</\ I 8
N (@]
1
o)

]
%o DMA, 120T, 2 h o} O H
CHz—CHy—CH—CHy—NH;  + P _ [N}—QCI\FCHzCHzCHzCHa
\
Ch

N—H 9
1 )
Cc=0
o ? o g H
200 T, 15 min \ C—~O—CHp—CHp— I\FCQC N~ CHp— CHy— CHy—CHg
7 + 9 ———>  CHz—CHy—CHy—CHx—N
i 10 N-H
o Cc=0

Scheme 7.2: Synthesis of model compounds

Figure 7.1 shows the 'H-NMR spectra of BCA.1, 4a and that of model compound 8. A
comparison of the 'H-NMR spectra of 8 and 4a was carried out. The spectrum of 4a in the
aromatic region matches well with that of 8 and allows assigning all signals. Small signals of
BCA.1 in the spectrum of 4a indicate incomplete conversion of the coupling agent owing to a
slight deviation from the equimolar ratio of the reactants. Signals of the carboxylic groups of
carboxylic terminated PPO have to be expected at about 8.03, 8.54, and 8.62 ppm. A

thorough analysis of the spectrum verifies these signals, however, in a very low intensity.
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Some additional inassignable small signals may indicate side reactions in a marginal extent.
Generally, from these results one can conclude that the reaction between BCA.1 and
carboxylic terminated PPO proceed as expected and in a satisfactory extend resulting in the

formation of an oxazinone terminated PPO.

A similar smooth conversion was found in the case of the reaction of the amino group

terminated polyamide-12 with the oxazinone group of BCA.1.
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Figure 7.1: "H-NMR spectra of a) the coupling agent, b) model compound 8, ¢) oxazinone
terminated PPO 4a (in TFA-d;)
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The 'H-NMR spectrum of the respective intermediate 5a is shown in Figure 7.2.c. The

comparison with the spectra of PA-12 and model compounds 9 indicates a high yield of

conversion. The amino group signals of PA.12 at 6.53 and 3.32 ppm disappeared almost

completely whereas the oxazoline group signals are still present in the spectrum. Side

reactions are negligible.

The results showed that both the amino group terminated PA12 and the carboxy terminated

PPO reacted with the opposite sites of the coupling agent in high yields and in the expected

manner. This encouraged us to perform the preparation of block copolymers according to the

different routes shown in Scheme 7.1.

9 10
4 3 2 1
11 O O H
[ C—N—CH—CH—CH>—CH3 1 at0.93 ppm ®
12 N
- 8 at 9.45 ppm 8 N—H 2 at1.42 ppm ®
I
C=0 3atl1l.67 ppm®
: oy
a) 10 11 12 4
6 7 6
9
7
a
a b
b)
NHy—CHy—PA12Y\AN b

A -,

"
11' O o H
[ C—N—CHp—PAL2AANN
12 N
8  N-H
c=0
.
11" 12
7 6
c)
I\ J
8.0 7.8 76 7.4 6.0 5.0 4.0 3.0 ppm

Figure 7.2: *H- NMR spectra of a) model compound 9, b) amino group terminated polyamide

5, and c¢) oxazoline terminated polyamide 5a (in TFA-d,)
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Figure 7.2.b shows the *H-NMR spectrum of block copolymer BCP.7 synthesized by route-1
as an example. The spectra of the starting polymers PPO and PA.12, and the respective
model compound 10 are shown as well. Basically, the aliphatic part of the spectrum of final
products 6 (include BCP.7 and BCP.8) represents a superposition of the spectra of PPO
(2000 g.mol™) containing carboxylic groups at the chain ends and oxazoline terminated
PA.12 (2 000 and 5 000 g.mol™*) with the exception that the amino group signal of polyamide

disappeared completely showing that the reaction proceeded with high conversion.
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Figure.7.3: "H-NMR spectra of a) model compound 10, b) final product BCP.7, c) carboxylic
acid terminated PPO 4, and amino terminated PA.12a (in TFA-d,)
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A high yield could also be realized for the oxazoline group since the respective signals in the
spectrum of BCP.7 at 4.5 and 5.4 ppm are very small. These oxazoline group signals have to
be assigned to terminal groups since signals of coupling agent BCA.1 could not be identified.
The aromatic part of the spectrum of BCP.7 matches very well with that of model compound

10. Additional signals of unconverted carboxylic groups appear at 8.0 and 8.6 ppm.

The results clearly show that the reaction of coupling agent BCA.1 with the amino and
carboxy terminated prepolymers work very satisfying. The structures identified by using
model compounds indicate block copolymer formation in a high extent. Small amounts of
unreacted groups in the block copolymer can be attributed to deviations from the equimolar

ratio.

The smooth conversion of BCA.1 with oligomers including carboxylic acid terminated PPO
and amino terminated polyamide-12 to oxazinone terminated PPO and oxazoline terminated
PA, respectively, suggest that the sequence of addition of reactants (route 1, 2 and 3 shown
in Scheme 7.1) should not have a strong influence on the final product. Our experiments,
however, showed that only route 1 and 2 provided satisfactory results. Route 3 was
accompanied by strong mixing problems owing to a significant increase in viscosity of
polyamide-12 after conversion with the coupling agent. This is most probably caused by the
reaction of BCA.1 with carboxylic acid groups in polyamide-12 which are present in a small

content. Further mixing with low viscous carboxylic acid terminated PPO was ineffective.

The chemical structure of the multi-block copolymers based on both soft and hard segments
was evidenced by 'H-NMR spectroscopy. Simultaneously, it is demonstrated that there were
no side reactions or any special byproducts under the reaction condition applied. So, the
block copolymer might be synthesized in short time with a good mixing machine. Specially,
the linking units in structure (AB), of the obtained block copolymers are consistent with the
expectation.

In summary, it was evidenced that the oxazinone/amine and oxazoline/carboxylic acid
reactions of the coupler in this system results in the formation of multi-segmented block
copolymers. This can not be expected in systems were common coupling agents with only
one type of functionality is used. Furthermore, the high selectivity of the coupler in the

reaction in melt allows to prepare a lot of other block copolymers in the same manner.
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7.3 Characterization of the segmented block copolym  ers

For a selected number of samples, GPC measurements were performed. Figure 7.4 and
shows GPC traces of the two block copolymers BCP.7 and BCP.8 which differ in the length
of their polyamide blocks. Block copolymers BCP.7 and BCP.8 were prepared by using
amino terminated PA12 with M, = 2 000 and 5 000 g.mol™, respectively, and PPO with M, =
2000 g.mol™. The GPC traces of the respective starting oligomers are also shown in Figure
7.4. A distinct shift of the curve maxima to higher molecular weights confirms the formation of
block copolymers, the molecular weight distribution of which, however, is relatively broad.
The block copolymer curves exhibit large portions with higher molecular weights. That might
be a hint on side reactions which, however, could not be detected unambiguously by NMR
spectroscopy. The increase in molar mass during the coupling reaction can also be
concluded from the comparison of inherent viscosities shown in Table 7.1. It is assumed that

a degree of copolymerization was achieved in the BCP.7 and BCP.8 block copolymers.
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Figure 7.4: GPC traces of a) block copolymer BCP.8, b) block copolymer BCP.7, ¢) PAl2a
(M, =5 000), d) PA12b (M, = 2000), and e€) PPO

The GPC results obviously proved that segmented block copolymers were prepared based
on short polymer chains having active functional groups at both chain ends by using

selectively reacting bifunctional coupling agent.
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The phase behavior of the block copolymers was investigated by DSC. For this the samples
were pressed in thin fims and annealed for two hours at 120, 150, 180 and 200 °C
respectively. Heating scans of BCP.8 are shown in Figure 7.5. Two glass transitions at about
-50 °C and +60 °C indicate that the two blocks of the polymer are phase separated in the
course of the annealing procedure. The lower T4 has to be assigned to the amorphous PPO
block. In the case of the unannealed sample two transitions are observed in the lower
temperature range. After annealing, these two transitions converge into one which is more
pronounced. It is assumed that the unannealed sample possess terminal PPO blocks with
higher mobility which after annealing demobilize by incorporation into the segmented block
copolymer phase separated morphology. The higher T, belonging to the amorphous parts of
the semicrystalline PA12 phase is not visible in the virgin sample but becomes very

pronounced after annealing indicating full phase separation in the amorphous part only upon

annealing.
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Figure 7.5: DSC scan of BCP.8 a) virgin sample, after 2h annealing at b) 120, c) 150, d)180,
and e) 200 °C (1* heating, glass transition region)

At higher temperatures, the melting transition of the semicrystalline PA.12 phase could be
identified. The melting transition presented in Figure 7.6 shows a moderate response to

annealing. Annealing at a temperature below the melting transition (at 120 °C, curve b)
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results in a distinct shift of the melting transition to higher temperatures. With increasing
annealing temperature, the melting temperature decreases. The sample annealed in the
molten state (at 200 °C, curve e) shows nearly the same melting behavior as the unannealed

sample. This suggests that no changes occurred with respect to morphology and crystallinity.
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Figure.7.6: DSC scan of BCP.8 a) virgin sample, after 2h annealing at b) 120, c) 150, d)180,
and e) 200 °C (1* heating, the melting region)

However, the cooling runs shown in Figure 7.7 reveal the opposite. A very distinct influence
of annealing on the crystallization is seen. With increasing annealing temperature,
crystallization starts earlier and the crystallization peak becomes narrower. Obviously,
annealing results in an improved crystallizability of the polyamide blocks. In our opinion, this
is a clear hint to progressive phase separation during annealing which becomes particularly
pronounced when the annealing was done at the melting temperature. It is assumed that in a

well phase separated block copolymer crystallization is improved
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The thermal behavior of BCP.7 is very similar. The glass and melting transitions appear
nearly at the same positions as found for BCP.8. Only the crystallization peak of BCP.7 is
about 15 K below that of BCP.8 showing a retarded crystallization. This can be explained by
the reduced chain length of the polyamide blocks in BCP.7 which are exposed to a stronger

influence of the appending polyether blocks.

0,04

-0,5
o
2
% -1,0 4
= o
T o a)
o
<
S 1,54
I b)
©
£ )
2 -2,04 d)

e)
-2,5 T T T T T T T
120 130 140 150

temperature (C)

Figure 7.7: DSC scan of BCP.8 a) virgin sample, after 2h annealing at b) 120, c) 150, d) 180,
and e) 200 (cooling, crystallization region).

The two phase structure of the polymers is also demonstrated by TEM. Figure 7.8 shows that
BCP.7 and BCP.8 are phase separated in the range of several nanometers. The phase
separation appears to be more pronounced in BCP.8 which is attributed to the larger length
of the polyamide blocks. As expected for a polydisperse segmented block copolymer, no

regular pattern is observed.
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b)

Figure 7.8: TEM micrographs of block copolymers: a) BCP.7, and b) BCP.8.

Owing to the phase separation into crystallizable and non-crystallizable parts, the block
copolymers possess elastic properties. This appears in their rheological response and
mechanical behavior. For BCP.7 and BCP.8, the storage modulus G’ and the loss modulus
G” in dependence on temperature are plotted in Figure 7.9. Both samples show the typical
plateau region in the G’ plot between the two glass transitions as usually found for elastic
materials. After reaching the second T4, a strong reduction in stiffness can be seen which
disappears completely near the melting point. Comparing both samples, one can see that the

stiffness of the sample with the higher PA12 content (BCP.8) is distinctly higher.



Characterization of New Block Copolymers

100000

10000

1000

G'in MPa

100

G"in MPa

10

0,1 T T T T T T T T T
-50 0 50 100 150

temperature in C

0,1

Figure 7.9: Storage modulus G’ and loss modulus G” of BCP.7 (dotted line), and BCP.8

(solid line) in dependence on temperature

Photographs of DMA test pieces of BCP.7 and BCP.8

BCP.7 BCP.8
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Tensile tests were performed on injection molded test bars. For that, 500 g of each
copolymer has to be synthesized. The results are summarized in Table 7.3. The respective
stress-strain curves of BCP.7 measured on 10 different specimens as shown in Figure 7.10
reveal typical ductile behavior. The profiles of the individual curves are characterized by a
strong increase in stress at low strains which leads into a gradual increase until break. The
sample BCP.8 shows a similar behavior up to a strain of about 150 % (Figure 7.11). At
higher strain, the profiles of the individual specimens become nonuniform (4 examples are
shown only) which most probably is caused by structural inhomogeneities created during
preparation of the samples. The trend, however, shows (7 samples out of 10) that more or
less pronounced strain hardening occurs which is characterized by reconstituting stress at
higher strain. Owing to the higher content of PA.12, tensile strength (18.8 MPa) and modulus
(421 MPa) of BCP.8 exceed distintly the values obtained for BCP.7. That also concerns

elongation at break which reaches values up to 500 % in case of BCP.8.

Table 7.3: Tensile properties of BCP.7 and BCP.8 segmented block copolymers

Sample E; in MPa Smax iIN MPa & in %
BCP.7 134 (18) 9.9 (1.2) 180 (21)
BCP.8 421 (84) 18.8 (2.5) 337 (94)
Pebax® 5533* V) 145 44 500
Pebax® 4033*+ ! 50 36 450
E; : Tensile modulus

Smax . Maximum tensile strength

& : Elongation at break

1) : Commercial products used as references

* : Block copolymer of PA.12 and 30% w/w of poly(tetramethylene oxide) [112,113]
o : Block copolymer of PA.12 and 53% w/w of poly(tetramethylene oxide) [112,113]

+ Numbers in brackets refer to standard deviations based on ten measurements
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Figure 7.10: Stress-strain curves of BCP.7

Photograph of mechanical test pieces of BCP.7
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Figure 7.11: Stress-strain curves of BCP.8

Photograph of mechanical test pieces of BCP.8
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7.4 Summary

The bifunctional coupling agent BCA.1 has proven to be a versatile tool for the preparation of
block copolymers based on carboxylic acid terminated PPO and amino terminated PA.12.
The conversion in melt proceeded in satisfactory yields within a relatively short time of 15
minutes. The structure of the linking group between the blocks was confirmed by *H-NMR

using model compounds.

The segmented block copolymers are characterized by a two-phase morphology. Hard
domains of several nanometers in a soft matrix were found. Additionally, two glass transitions
determined by DSC and DMA indicate a phase separated morphology of the polymers.
Annealing at a temperature near the melting point did not influence the glass transitions
much, but, improved the crystallizability of the samples distinctly. This is probably caused by
proceeding phase separation during annealing that leads to more perfect domains in which
interference of crystallization by the second component is reduced.

The polymers under investigation can be regarded as materials with soft and hart segments.
Such polymers are known as thermoplastic elastomers. One example for this is Pebax® (poly
ether block polyamide) which has been commercialized by Arkema. The properties of this
polymer are in between these of a thermoplastic and an elastomer (Table 7.3). Although the
mechanical properties of our polymers do not entirely reach the respective values of Pebax®
it is obvious that both materials behave very similar. It is reasonable to assume that
utilization of the full potential of our polymers would be possible if advanced processing
equipment (reactive extrusion) is used.

The advantage of our approach is the versatility resulting from the utilization of the
bifunctional coupling agent. It allows tailoring the chemical structure of block copolymers in a
wide range and to reduce the time of preparation. This opens new possibilities for
development of new materials with combined properties by simple melting mixing.
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8. STRUCTURE-PROPERTY RELATIONSHIPS OF THE COPOLYME RS OBTAINED

8.1. Introduction

Thermoplastic block copolymers are phase separated macromolecular materials, the
behavior of which exhibits rubber-like elasticity in the absence of covalent cross-links.
Usually, their chemical structure is based upon at least two chemically individual segments or
short polymer chains. One of these segments is generally understood as the hard block from
the point of view of the application temperature. Because of physical forces, the hard
segments associate to form distinct domains. The size of these domains depends on the
number of hard segments, their molar mass, and the nature of the other segments The other
component are rubbery blocks or flexible chains that form the soft matrix, which has the hard
domains imbedded in an architecture similar to crystals. These crystal architectures or
ordered domains can be designed by thermodynamic driving forces concerning the nature of
chemically incompatible segments and physical factors. The segmented systems often have
inter- or intra-molecular hydrogen bondings, specially, in the hard domains, but it is difficult to
determine exactly their effect on material properties.

The properties of the block copolymers are dependent on the length of the sequences of
repeating units, or domains. For example, diblock copolymers (A.B,) of styrene and
butadiene (Solprene®) and tri-block copolymers styrene-butadiene-styrene (SB),S, (Kraton®)
are commercially available [17-19]. The segments in typical commercial block copolymers of
styrene and butadiene are sufficiently long so that the products are flexible plastics (or
rubber-like). Structure-property relationships in block copolymers are usually valuated by
physical property characteristics. Mainly, the thermal behavior is exhibited consisting of glass
transition, melting range, thermal conductivity, heat capacity, expansibility, and stability [95-
103]. Mechanical properties are influenced by the average molar mass, crystallinity, and
viscoelasticity [100,104-105]. Additionally, solubility [103,106], diffusion [107], permeability
[108], flammability [109], electric [110] and optical properties [111] were also considered.

In this study, the length and stiffness of the hard block telechelics in combination with the soft
block telechelic have to be considered. Here, PPO is an example for the soft segment and
the chemical structure of hard segments was clearly defined. Furthermore, the coupling
agents do not only play a combining role of telechelics but also display an important part of
the hard segments in the final products. Likewise, the behavior of several soft segments is

evaluated with regard to their influence flexibility and low temperature properties.
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8.2 Behavior of hard segments

As discussed in chapter 5, 6 and 7, the chemical structure of the synthesized block
copolymers were evidenced by *H-NMR spectra, in which several hard chain extenders were
used in combination with one PPO type (2 000 g.mol™). The hard segments (hard block) in
the block copolymers synthesized are formed by the combination of a bi-functional coupling
agent and a carboxylic acid terminated chain extender (except BCP.7 and BCP.8). Of
course, many types of different chain extenders such as aliphatic, cycloaliphatic, aromatic
aliphatic can be used for these systems. Here, several short chain extenders and two types

of amino terminated polyamide were employed which are summarized in Table 8.1.

Table 8.1: Characteristics of the resulting block copolymers containing different hard block
telechelics and soft block PPO.

Pol Characteristics
olym- .
o Structure of hard chain extenders M, T, T Tensile
g.mol'1 °c °c MPa
HOOC. COOH
136/
BCP.1 26300 -55/73 2
N—H 140
|
c=0
CHzCHy CHZ/
o)
BCP.2 Q C e Q C e 24700 | -51.5/71 130 1,25
HO—-C. O—-C C-0O C—OH
o o o o
I I I I 125/
BCP.3 | Mo~ N C c-oH | 25100 -50/76 4.2
/N—CH2<CH2>CH2—N\ 158
¢ 4 i
o (o]
N ? Q Q
BCP.4 HO*CQC\ . c—oH 24300 | -51.0/74 | 146 4
N—CHy—{ CHy—}CHy—N|
pan{orjon
‘(‘: 12 Il
fe) (@]
BCP.7 { H O } 116700 -57/40 162.8 9.9
HoN— (CH2)11- |‘\l* &7 (CH2)11 NH>
n
BCP.8 288800 -56/45 168.6 18.8
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a- Influence of the bi-functional coupling agent

It can be said that the material properties of the synthesized block copolymers are partially
contributed by the bi-functional coupling agent such as the separated phase morphology,
stiffness and mechanical properties. Generally, the chemical structure of the hard block in
the final products is given in Scheme 8.1. It includes the aromatic rings and the polar amide

and ester bonds.

HQ 2t ? 2 HQ )
NC—@—CNCHZCHZ-OCChain ExtenderCOCHZCHzNC—Q—C
H-N N-H
o=C c=0
coupling unit coupling unit

Scheme 8.1: General chemical structure of hard block in the segmented block copolymers

Figure 5.1, 7.1, 7.2 and 7.3 display 'H-NMR spectra of the obtained copolymers. The
incorporation of the coupling agent was proved. The content of the coupler in the product is
more or less defined since the molar mass of the carboxylic short chain extenders used (400
— 600 g.mol™) is similar to that of the two coupling units (584 g.mol™). Therefore, a distinct
influence of the coupler has to be expected as well. In the case of the hard polyamide-12
segments (2 000 and 5 000 g.mol™) which have much higher molar masses the structural
influence of the incorporated coupler is assumed to be lower. Also, for BCP.7 and BCP.8, the
hard block is combined with the coupler through the amino end groups (to oxazinone), not be

COOH groups (which react with oxazoline).

b- Chain extender effects
Mechanical

The mechanical properties of the obtained block copolymers are given in Figures 5.6, 7.10
and 7.11. The stress-strain curves are influenced by the nature of the corresponding hard
segments. For short hard chain extenders, rubber-like material characteristics are evidenced
by DMA. As discussed previously, the values of the strength increase with the elongation.
This shows that the samples behave like an elastomer. A significantly higher strength can be
achieved by the use of high molar mass chain extenders as found for the copolymers with
PA12 blocks. As summarized in Table 8.1, it can conclude that the elongation does not only
depend on the physical factors in the sample preparation but also on the different types of

the chain extender structure.
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Morphological

Micro-photographs of the obtained block copolymers have been exhibited in Figures 5.5 and
7.9. The figures show the domain or micro-phase separated morphological texture that arises
within the segmented block copolymers. As discussed in chapter 5 and 7, the size of the
hard domains are different in each case, which depend on the chemical structure, the nature,
and size of the hard chain extenders, as well as the sample preparing conditions. For
example, segmented block copolymers BCP.1, 2, 3, and 4 based on PPO (2 000 g.mol™) and
short dicarboxylic acid chain extenders, they have a poor phase separation with particles of
only 2-3 nm and a diffuse interface. On contrary, the phase separated morphology of BCP.7
and BCP.8 based upon PPO (2 000 g.mol™) and PA.12 (2 000 and 5 000 g.mol™) is more

pronounced than which.

Solubility

The solubility of the segmented block copolymers in some different solvents is influenced by
the hard and soft segments. The block copolymers of the short chain extenders and PPO are
soluble in several common solvents, which are also good for PPO. Although the short chain
extenders are completely insoluble, the polymers based on them are soluble. For example,
the results of BCP.2 are tabulated in Table 8.2. One can see that the solubility of BCP.2
strongly depends on PPO.

Table 8.2: Solubility of BCP.2 in several common solvents

Solvent PPO HS.2 BCP.2
Acetone + - +
Tetrahydrofuran + - +
1,4-Dioxane + - +
Dimethyl sulfoxide + + +
Toluene + +
Tetrachloromethane + - +
Chloroform + - +

1,2-Dichloroethane + - +
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Contrary to BCP.2, the solubility of the segmented block copolymers based on hard PA.12
segments and PPO is completely determined by the PA.12 block. The results are shown in
Table 8.3. It shows that hexafluoroisopropanol and trifluoroacetic acid are good solvents for
PA.12. Similarly, these are good solvents for BCP.7 and BCP.8.

Table 8.3: Solubility of BCP.7 and BCP.8 in several solvents

Solvent PPO PA.12a and PA.12b BCP.7 and BCP.8
Tetrahydrofuran + - -
Dimethyl sulfoxide + - -
Hexa-flouro-isopropanol + + +
Toluene + - -
Tetrachloromethane + - -
Chloroform + - -
TFA + + +
1,2-Dichloroethane + - -

In this case, the solubility of the obtained block copolymers can be explained by the fact that

their structure has a chemical affinity with stronger solvents

Thermal properties

For resulting block copolymers, the role of the hard chain extenders used is important in
order to form so called “elastomer materials”. But, for block copolymers containing short
chain extenders, the rapid decline of the mechanical properties with increasing temperature
is common and the weakness in high temperature resistance is visible in the DMA diagram
(Figure 5.4). However, the materials can be applied at low temperature. For copolymers
containing PA.12, they have an improved range of application in the low temperature

resume, which was recognized by DMA as well (see in Figure 8.9).
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8.3 Behavior of soft segments

It is known that the flexible (soft) segments of block copolymers greatly influence the elastic
nature of the material and significantly contribute to the low temperature properties like
solubility and extensibility. Therefore, the parameter T4 of the soft segment is highly
important. The glass transition temperature values of the soft segments must be low enough
to form materials working at low temperatures. For example, hydroxyl terminated aliphatic

polyesters and polyethers are the most common materials to form the soft segments.

As indicated earlier, PPO, PBD, PBAN and LNR are soft block telechelics, which were used
as soft segments in the segmented block copolymers described here. For the segmented
block copolymers based on these soft segments, the regularity in chemical backbone and
chain length can improve tensile properties as well as the hysteresis characteristics of the
copolymers. Characteristics of theses soft telechelics and their block copolymers are
summarized in Table 8.4

Table 8.4 Characteristics of obtained block copolymers containing various soft block

telechelics.
Characteristics
Polymer Chemical structure of soft segment Modulus
My Ty Tm
4 o o MPa
g.mol C C o
(-50 °C)
CH3 CH3
BCP.4 | N CH- CHyl 0 CHy CHNH, 35300 | -51.0 | 86/118 | 3000
n

no no
BCP.5 O ze=cg O 61 300
| determ determ
HoN CHZ\C:(XCHZ CHy—CH CHy—CH NH3 no no
BCP.6 H H oH CN -58 400
n CHy m determ determ
z
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In principle, the block copolymers are elastomeric or thermoplastic elastomer materials which
are not cross-linked like products based on natural rubber and synthetic rubbers. They have
relatively high tensile strength compared to a cross-linking system. Unlike polymers which
are chemically cross-linked by sulfur or other vulcanizing agents, thermoplastic elastomers
become fluid on heating above the melting point or softening temperature of the hard
segment. Therefore, they can be processed as a thermoplastic material, and upon cooling to
ambient temperatures they recover their elastomeric properties. Basically, the properties of
thermoplastic elastomers are mainly controlled by physical interaction of the soft and hard
segments.

Table 8.4 lists some polymers which were synthesized based on the given soft segments.
Generally, mechanical properties of synthesized block copolymers are different from case to
case. As already indicated, for PBD and PBAN, their mechanical properties are
comparatively poor. A reason for this is the poor compatibility between the soft and hard
block telechelics leading to difficulties during the synthesis. The soft component is nonpolar
and, therefore, less compatible with the polar hard segment. Furthermore, they can not resist
the high temperatures usually applied during the synthesis in melt for longer time. And, they
have probably some cross-links or side-reactions which complicates the matters of
structure/property behavior. PPO overcomes these shortcomings due to the presence of
oxygen along the polypropylene oxide chain (hetero atomic chain). With moderate polarity,
liquid PPO interacts with the hard block telechelics and the coupler on a relatively polar level.
From that point of view, the preparation of the copolymers in melt by using the couplers is a
great advantage. From the results exhibited in Chapter 5 and 7, one can conclude that PPO
is relatively good miscible with the hard polar segments at higher temperatures. PPO is
considered to be a solvent for the hard block telechelics. So, the copolymer formation takes

place in the homogeneous state.

In brief, the combination of good properties of different homopolymers in one final product
can be achieved to different extent. It is more difficult in systems were the homopolymers are

quite different in nature including solubility of the reactants during the melt preparation.
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8.4 Summary

Some basic differences in chemistry and structure of polymer chains are able to affect the
final bulk properties of the segmented block copolymers. The most important thing is the
compatibility of the soft and hard segments. Furthermore, molar mass and chain length
played also a deciding role. The hard block telechelics influence distinctly the block
copolymerization, the size of the hard domains, and the morphology and strength of the
formed materials. Together with the coupling agent, the effect of the hard part in the polymer
becomes stronger and more distinct. In these materials, the coupling agent acts as a hard
part together with the hard low molar mass telechelics used. Besides, soft telechelics
contribute to the elastomeric properties of final products. Because of the combination of soft
and hard block polymer parts in one product, in these materials coexist two attributes. They

possess a good extensibility and relatively high strength.
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9. GENERAL SUMMARY

In order to overcome the disadvantages in preparation of segmented block copolymers (AB),
using coupling agents containing only one type of functionality group, novel selectively
reacting bifunctional coupling agents BCA.1 and BCA.2 were recently developed, which were
applied in this work for the synthesis of new segmented block copolymers based on soft
hydroxyl or amine terminated segments and carboxylic acid terminated chain extenders.
Specifically, these coupling compounds contain one oxazoline group that reacts with
carboxylic acid groups and one oxazinone group that reacts with hydroxyl and amine groups.

These reactions were controlled by the temperature.

The reaction of the couplers with several soft block oligomers and hard chain extenders were
studied in order to find the best reaction conditions for preparing new segmented block
copolymers. As soft oligomers, polybutadiene, liquid natural rubber, polybutadiene-b-
acrylonitrile and poly(propylene oxide) were used. Also, short chain extenders had to be
employed based on dicarboxylic acid terminated compounds (HS.1 to HS.4). In addition, the
reaction of two amino terminated PA.12 samples with different molar masses as hard
segments in combination with PPO and the bifunctional coupling agent were also studied.
Reactivities, conversions, and chemical structures of the samples before and after reaction

were confirmed exactly by *H-NMR spectra.

Actually, new segmented block copolymers were prepared by an one-shot or a two step
processes in which the coupling agent reacted with the soft segment at 180 °C and then the
hard segment was added at higher temperatures. Namely, BCP.1 to BCP.4 were
synthesized from PPO and HS.1 to HS.4. BCP.5 and BCP.6 were formed from PBD, PBAN
and HS.4. Finally, BCP.7 and BCP.8 were prepared from PPO and PA.12a (2 000 g.mol™)
and PA.12b (5 000 g.mol™).

Property characteristics of the obtained block copolymers were detected:

Average molar masses of BCP.1 to 4 were determined by GPC with CHCI; as solvent.
Weight average molar masses in the range of 20 000-30 000 g.mol™ with polydispersities
(PD) from 2 to 3.5 were recorded. Degree of copolymerization is also achieved within about
6-10. For BCP.5 and BCP.6, the solubility in common organic solvents is poor or swelling

was observed. For this reason, no satisfying solvents or solvent mixtures were found for
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GPC measurement. In the case of BCP.7 and BCP.8, a mixture of chloroform and
hexafluoroisopropanol (1/1) was used as solvent for GPC. For BCP.7, a weight average
molar mass of about 120 000 g.mol™ and PD = 20 were determined. A weight average molar

mass of BCP.8 of about 300 000 g.mol™ and PD = 25 were also evaluated.

The resulting block copolymers are phase separated materials with a crystalline hard phase.
This was demonstrated by two glass transition temperatures corresponding to the soft and
hard segments and various melting regions of the hard chain extenders. DSC measurements
from -80 °C to +200 °C showed that most block copolymers based on short chain extenders
gave two glass transition temperatures. The obtained polymers have a Ty at low
temperatures belonging to the soft blocks a second T4 at room temperatures which is not
very well visible. These copolymers have elastomeric property characteristics. BCP.7 and
BCP.8 have also two distinct glass transition temperatures. The first glass transition
temperature at -50 °C belongs to the soft PPO segment and the glass transition temperature
at +60 °C is that of the hard PA.12 segment. Additionally, these polymers have also a
relatively high and pronounced melting region at about +162 °C. Therefore, they behave like

thermoplastic elastomers.

The crystallization behavior of the resulting products was evaluated by DSC. Emphasis was
laid on the characterization of BCP.8. The sample was annealed at different temperatures
between 120 °C and 200 °C for 2h and cooled down slowly for 1h. The investigations
evidenced that the hard segment arrangement became more uniform with increasing

annealing temperatures.

The mechanical behavior of the resulting block copolymers at low temperature was
evaluated by DMA. For block copolymers based on PPO and hard chain extenders, the
storage modulus varied strongly in the temperature range from -45 to -20 °C corresponding
to the state transition temperature. In the range from -20 to 80 °C, the storage modulus
gradually decreases. In this temperature range elastomeric properties are observed. With
low molar mass chain extenders the thermal transitions are less pronounced. This was
evidenced by DSC and DMA. The interactive forces leading to segregation of the hard
segments to hard domains in these materials is weak. The energy of transition inside the
hard domains was not enough to be recognized. In contrast, BCP.7 and BCP.8 have two
distinct glass transition temperatures and a pronounced melt of the hard phase. A phase

structure of the polymers was obviously formed.
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For these new materials, the controlled phase separation morphology in nano-size was
evidenced by TEM. A hard domain size of about 2-5 nm surrounded by a soft matrix was
observed on the micro-photographs. This is consistent with the low hard segment content

and the segment alternation (A-B), in multi-block copolymers.

With respect to the mechanical properties, a relationship between tensile strength and the
average molar mass of the block copolymers was found out. The samples behave as rubber-
like thermoplastic materials. For PCB.1 to 4, the tensile properties depend on the degree of
polymerization and the polymer distribution. The reinforcement ability of the hard domains in
a physical network was achieved as expected. As a consequence, the obtained final
products have mechanical properties like a typical elastomeric material. Yet, for BCP.7 and
BCP.8, the mechanical properties reached the level of commercial products such as

polyether-block-polyamide which is known as a thermo-plastic elastomeric material.

The results evidenced obviously that segmented block copolymers were obtained by the use
of these couplers. The reactive selectivity of the coupler led to the formation of multi-block
copolymers with exact alteration of the blocks (A-B),. They have not only characteristics of a
common polymer material but also unique features of micro-phase separated materials.

For the future, the work can be continued in the following way:

1- Extending the synthesis of segmented block copolymers based on other soft amino
terminated segments and hard carboxylic terminated chain extender using the couplers.

2- Study if the final products can act as compatibilizers for several polymer blend systems
based upon polyamide-12.

3- The products could be blended with several brittle synthetic resins. They might function as

plasticizers.
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APPENDIX:
ASTM
ATRP
BCA.1
BCA.2
CDCls-d,
DMSO-d6
DMA
DSC
FTIR
GPC
'H-NMR
HPBD-b-PEG
HS.1
HS.2
HS.3
HS.4
LCP-b-PSU

LNR

NCST
NMRP
PBD

PBAN

Acronyms and Abbreviations

American Society for Testing and Materials
Atom transfer radical polymerization
Bifunctional coupling agent-1

Bifunctional coupling agent-2
Chloroform-deuterium
Dimethyl-sulfoxide-deuterium

Dynamic mechanical analysis

Differential scanning calorimeter

Fourier transformation infra-red

Gel permeation chromatography

Proton nuclear magnetic resonance
Polybutadiene-block-polyethylene glycol
Terephathalic acid di (4-carboxyphenyl)ester
1,6-Hexadiyl-N,N’-bis(trimellitic acid imide)
1,12-Dodecandiyl-N,N’-bis(trimellitic acid imide)
N-(undecyl)-5-amino-isophthalic acid amide
Liquid crystalline polymer-block- polysulfone
Hydroxyl terminated liquid natural rubber
Number average molar mass

Weight average molar mass

National Center for Science and Technology
Nitroxide mediated radical polymerization
Hydroxyl terminated liquid polybutadiene

Amino terminated liquid polybutadiene-b-acrylonitril



PPO

PD

PS-b-PB-b-PS

PLC-b-PB

PA-b-PES

PEBA

OBDD

RAFT

TEM

TFA-d1

SAXS

WAXS

UV-vis

Poly(propylene oxide)

Polymer distribution
Polystyrene-block-polybutandiene-block-polystyrene
Poly liquid crystaline-block-polybutandiene
Polyamide-block-polyethylene styrene
Polyether-block-amide

Ordered bicontinuous double diamond
Reversible addition fragmentation transfer
Transmission electron microscopy
Triflouro acetic acid deuterium

Glass transition temperature

Melting temperature

Small angle X-rays

Wide angle X-rays

Ultraviolet visible



