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Chapter 1

General introduction

Introduction

Thermoplastic elastomers (TPE’s) are polymers that show elastomeric behaviour at their
service temperature and can be melt-processed at elevated temperatures 2. TPE’s contain
thermally reversible physical crosslinks and can be melt-processed repeatedly. The main
advantages of TPE’s compared to conventional elastomers are the ease of processing and the
ability to recycle production scrap. However, TPE’s are usually not as effective as chemical
crosslinked elastomers in solvent resistance and resistance to deformation at high temperature.
TPE’s can be roughly divided into three main groups. The largest group comprises the
styrenic triblock copolymers, followed by the second largest group containing thermoplastic
polyolefins (TPO and TPV) and finally the last group consisting of multi-block copolymers.
This last group can be divided in thermoplastic polyurethanes, polyesters and polyamides.
The global demand for TPE’s is expected to grow 6.4 percent per year, to 2.15 million metric
tons in 2006 . This growth is due to the replacement of natural and synthetic rubber as well

as rigid plastics and metals by TPE’s.

Segmented block copolymers

Segmented block copolymers or multi-block copolymers consist of alternating flexible soft
segments and crystallisable rigid segments . The flexible segments have a low glass
transition temperature and provide the material its flexibility. The rigid segments act as
physical crosslinks for the soft phase and give the material dimensional stability and solvent
resistance. The properties of segmented block copolymers can be varied by changing the
block lengths of the flexible and rigid segments.

The rigid segments can contain ester, urethane or amide groups, while the flexible segments
are usually polyesters or polyethers. The rigid and flexible segments are thermodynamically
immiscible and, therefore, phase separation occurs. Phase separation can occur through

liquid-liquid demixing or crystallisation. Polyurethanes phase separate through liquid-liquid
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demixing, often followed by partial crystallisation of the rigid segments. Fast crystallising
segments, such as polyesters or polyamides, usually phase separate through crystallisation.

The generally accepted morphology of segmented block copolymers that contain fast
crystallisable segments is proposed by Cella I and is schematically shown in Figure 1.1. The
amorphous phase (D) is the continuous phase that consists of flexible segments and some
amorphous rigid segments dissolved in it (C). Part of the rigid segments has crystallised into

lamellae (A).

—
Figure 1.1: Schematic representation of the morphology of a segmented block copolymer with crystallised rigid
segments as proposed by Cella [: A, crystalline domain; B, junction of crystalline lamellae; C, amorphous rigid

segment, D, amorphous phase.

Film applications

There is a growing demand for films of segmented block copolymers that combine a number
of properties including flexibility, elasticity, permeability to water vapour, chemical
resistance, and thermal stability. The nature of the flexible segments has a strong influence on
the type of application. Copolymers composed of hydrophilic polyether segments, like
poly(ethylene oxide) (PEO), can be used for breathable film applications. These films must be
permeable for water vapour while being a barrier for liquid water. One can think of a wide
range of application markets for breathable films, as summarised in Table 1.1.

There are several commercially available segmented block copolymers that can be used for
breathable film applications. The combination of a high water vapour permeability, water
impermeability and elasticity makes these materials suitable for breathable film applications.
A well-known commercial breathable copolyester elastomer is Arnitel (DSM), which contains
flexible polyether segments and poly(butylene terephthalate) (PBT) rigid segments.
Thermoplastic polyamides, like PEBAX, are supplied by Atofina. These segmented block

copolymers consist of polyether flexible segments and PA-6 or PA-12 rigid segments.
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Important commercial segmented polyurethanes are Elastollan (Elastogran) and Pellethane
(DOW). Thermoplastic polyurethanes can be synthesised from a long-chain diol (polyether or
polyester), diisocyanate and a chain extender (usually a low molecular weight component like

a diol or diamine).

Table 1.1: Breathable film applications. >

Medical / hygiene  Surgical garments
Mattress cover dressings

Adult incontinence articles / babies diapers

Textile Films for textile lamination for sports, leisure and work-wear
Footwear
Construction Roofing membranes

Wall coverings

Food packaging Fruit, vegetables, mushrooms

Industry Gas separation membranes
Antistatic film

Membranes for fuel cells

Monodisperse crystallisable segments

In general, segmented block copolymers have an incomplete phase separation, indicating that
a large amount of non-crystallised rigid segments is present in the soft phase. The glass
transition temperature of the soft phase increases with increasing amount of non-crystallised
rigid segment present. A relatively high rigid segment concentration is required to obtain a
segmented block copolymer with good mechanical properties, since the rigid segment
crystallinity is rather low.

An effective way to improve phase separation in segmented block copolymers is by using
monodisperse crystallisable segments "®. These segments crystallise over their full length
and, therefore, even short segments (i.e. low molecular weight) are able to crystallise.
Moreover, the crystallisation of these segments is almost complete indicating that only a small
amount of non-crystallised rigid segments is present in the soft phase.

The use of monodisperse crystallisable segments containing urethane(urea) *? or amide
groups 08317 in segmented block copolymers has been studied previously. The rigid
segments crystallise and form lamellae in the continuous soft phase, acting as thermo-

reversible physical crosslinks, giving the material dimensional stability and solvent resistance.
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Krijgsman et al. reported the synthesis and characterisation of monodisperse crystallisable
bisester tetra-amide segments (T6T6T) 8. These segments are composed of dimethyl
terephthalate (T) and hexamethylenediamine (6) (Figure 1.2).

The monodisperse crystallisable T6T6T segments have been incorporated in hydrophobic
polyether-based copolymers. The synthesis and characterisation of poly(tetramethylene oxide)
(PTMO)-T6T6T 101324 and poly(propylene oxide) (PPO)-T6T6T ! segmented block
copolymers have been previously reported. The polyether-T6T6T copolymers crystallise fast,
have a relative high modulus, an almost temperature independent rubbery plateau and a sharp
melting temperature. Besides, these copolymers are highly elastic and have high fracture

strains.

(I:I) | | | Il (I)I
COC N=(CH)—N— c@—c N—(CHZ)G Oc

Figure 1.2: Structure of monodisperse crystallisable bisester tetra-amide (T6T6T) segment.

For breathable film applications it is interesting to synthesise a segmented block copolymer
with a high soft phase concentration, as the gas vapour is transported mainly through the soft
phase. By using monodisperse rigid segments, segmented block copolymers with a polyether
concentration up to 97 wt% can be achieved while the copolymer still possesses good thermal
mechanical properties. These copolymers can achieve a fracture stress and strain of 11 MPa

and 870% respectively M.

Research aim

The aim of the research described in this thesis, is to study the synthesis and structure-
property relations of segmented block copolymers based on flexible polyether segments and
monodisperse crystallisable segments. The polyether phase consists of hydrophilic
poly(ethylene oxide) (PEO) and/or more hydrophobic poly(tetramethylene oxide) (PTMO)
segments. Well phase-separated polymer structures are obtained by using monodisperse
crystallisable segments, resulting in a rather pure polyether phase. The influence of the soft
phase composition of the copolymers on the thermal mechanical properties, water absorption,

surface hydrophilicity, gas permeation properties and water vapour transmission is studied.
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Outline of this thesis

This thesis is directed to the research on segmented block copolymers with poly(ethylene
oxide) (PEO) and/or poly(tetramethylene oxide) (PTMO) flexible segments and monodisperse
crystallisable T6T6T segments.

In Chapter 2 the synthesis of segmented block copolymers with different PEO molecular
weights is reported. The thermal mechanical properties and crystallisation behaviour of these
copolymers are investigated.

Chapter 3 describes the synthesis of segmented block copolymers where the PEO segments
are extended with terephthalic units to create long flexible segments. The soft phase
composition is varied by changing the PEO molecular weight and/or the molecular weight of
the total flexible segment. The morphology and thermal mechanical properties of these
copolymers are studied.

The synthesis of segmented block copolymers consisting of a mixture of hydrophilic PEO and
hydrophobic PTMO segments is given in Chapter 4. The effect of the incorporated PTMO
segments on the thermal mechanical properties and crystallisation behaviour of the
copolymers is examined.

Parameters affecting the water absorption of polyether-based segmented block copolymers are
determined in Chapter 5. Furthermore, the influence of water on the physical properties and
tensile properties of polyether-based segmented block copolymers is discussed.

The surface hydrophilicity, determined by contact angle measurements, and the water vapour
transmission through films of the polyether-based segmented block copolymers are reported
in Chapter 6 and Chapter 7 respectively. The relation between the soft phase composition of
the copolymer on both the surface hydrophilicity and the water vapour transmission is
investigated.

Gas permeation properties and pure gas selectivity values of these well phase-separated PEO-
based segmented block copolymers are discussed in Chapter 8.

In Chapter 9 the synthesis and characterisation of segmented block copolymers, which are
end-capped with monofunctional PEO segments, are reported. Furthermore, branched
polymer structures are created by incorporating a trifunctional carboxylate ester to increase
the polymer molecular weight while the mPEO concentration remains relatively high. The
influence of PEO end-blocks on the polymer molecular weight, the thermal mechanical

properties, the water absorption, the surface properties and the tensile properties is studied.
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Chapter 2

Synthesis and characterisation of segmented block copolymers

based on PEO and monodisperse crystallisable segments

Abstract

Segmented block copolymers based on poly(ethylene oxide) (PEO) flexible segments and
monodisperse crystallisable bisester tetra-amide segments were made via a polycondensation
reaction. The molecular weight of the PEO segments was varied from 600 to 4600 g/mol and a
bisester tetra-amide segment (T6T6T) based on dimethyl terephthalate (T) and hexamethylenediamine
(6) was used. The resulting copolymers are melt-processable and transparent.

The crystallinity of the copolymers was investigated by DSC and FTIR. The thermal properties were
studied by DSC, temperature modulated SAXS and DMA. The elastic properties were evaluated by the
compression set test.

The crystallinity of the T6T6T segments in the copolymers is high (>84%) and the crystallisation is
fast due to the use of monodisperse tetra-amide segments. DMA experiments show that the materials
have a low T, a broad and almost temperature independent rubbery plateau and a sharp flow
temperature. With decreasing amide content the storage modulus and flow temperature of the
copolymers decrease.

With increasing PEO segment length both the PEO melting temperature and the PEO crystallinity
increase. When the PEO segment length is longer than 2000 g/mol, the PEO melting temperature is
above room temperature. The presence of a semi-crystalline PEO phase in the copolymer increases
the modulus and results in higher compression set values at room temperature.

The properties of PEO-T6T6T copolymers are compared to similar polyether-T6T6T segmented block

copolymers.
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Introduction

Thermoplastic elastomers (TPE’s) are polymers that show elastomeric behaviour at their
service temperature and can be melt-processed at elevated temperatures. Segmented block
copolymers are a kind of TPE’s. Generally, segmented block copolymers, composed of
alternating rigid and flexible segments, have a two-phase structure. One phase consists of
mobile segments containing a low glass transition temperature, the other of crystalline
domains with a high melting temperature. The crystalline domains act as physical crosslinks
and can be considered as filler, reinforcing the amorphous matrix. Due to the presence of
physical crosslinks the materials have good elastic properties.

The glass transition temperature (T,) of the soft phase depends on the type and length of the
flexible segments and on the amount of rigid segment dissolved in the soft phase. Materials of
interest have a low T, and a high melting temperature and, therefore, they posses a broad
rubbery plateau. Often used flexible segments with a low T, are polyethers, like
poly(tetramethylene oxide) (PTMO), poly(propylene oxide) (PPO) or poly(ethylene oxide)
PEO. The crystalline domains provide the material dimensional stability, heat stability and
solvent resistance. Crystallisable segments that have a high melting temperature contain

usually urethane, ester or amide groups.

In literature several segmented block copolymers based on flexible PEO segments and ester

[1-4] 5-7]

, amide ©7 or urethane "' type of rigid segments are reported. The PEO-based
copolymers are used for breathable film applications, like gloves, laminates on textile, roofing
membranes, gas separation membranes or food packaging materials. Furthermore, these

copolymers might be considered as biomaterials for various biomedical applications, like

[14-18] [19,20]

tissue engineering and controlled drug release systems
The crystallinity of the rigid segments in these PEO-based segmented block copolymers is
usually low (~30%) *'*?! which means that a large amount of the rigid segments is
amorphous and partially dissolved in the PEO matrix. Therefore, these copolymers have at
least a three-phase morphology; a crystalline rigid phase and two amorphous phases. The
glass transition temperature of the PEO phase is low but increases when the content of non-
crystallised rigid segments dissolved in the PEO matrix increases. Besides, a second glass
transition temperature is observed that originates from the amorphous rigid phase. When the
concentration and length of the PEO segments increase, the PEO segments tend to crystallise,

creating an extra crystalline phase in the copolymer ),
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The crystallisation of the rigid segments can be improved by using monodisperse

crystallisable segments ***°!

. These monodisperse segments crystallise fast and almost
complete. Consequently, there is hardly any non-crystallised rigid segment dissolved in the
soft phase. A low amount of monodisperse rigid segments (~5 wt%) is already sufficient for
good mechanical and elastic properties of the copolymer.

The use of monodisperse crystallisable segments in segmented block copolymers containing

I or amide groups ?**°2?! has been previously studied. These copolymers

urethane(urea) 2%
have a low under-cooling, a relatively high modulus and an almost temperature independent
rubbery plateau. Besides, these polymers have a high elasticity and high fracture strains. The
copolymers can consist of PTMO or PPO flexible segments and bisester tetra-amide rigid
segments (T6T6T) %3] The TET6T segments are based on dimethyl terephthalate (T) and

hexamethylenediamine (6) (Figure 2.1) (34]

(0]

Il Il ﬂ ﬁ ﬂ ﬁ
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H H

H H

Figure 2.1: Structure of bisester tetra-amide segment T6T6T-dimethyl.

The PTMO-T6T6T 2% and PPO-T6T6T P copolymers show good solvent resistance, are
melt-processable and transparent. DMA experiments revealed that the copolymers have a low
glass transition temperature, a broad and almost temperature independent rubbery plateau and
a sharp flow temperature. The crystallised T6T6T segments have a ribbon-like structure with
a high aspect ratio (L/D = 1000) dispersed in the polyether matrix. The strong increase in
modulus with T6T6T content can be described by the composite model of Halpin-Tsai
2635381 'This model suggests that the function of the crystalline segments as reinforcing filler
is important for obtaining a copolymer with a high modulus. By increasing the T6T6T
concentration in the PTMO-T6T6T and PPO-T6T6T copolymers, the storage modulus of the
rubbery plateau and the flow temperature were increased. The storage moduli of the rubbery
plateau were similar for both polyether-T6T6T copolymers, but the flow temperatures of
PPO-T6T6T were lower than those of PTMO-T6T6T. Furthermore, both copolymers have
comparable low compression set values (6 — 17%).

Both PTMO and PPO polyether segments are hydrophobic and it would be interesting to
study segmented block copolymers based on hydrophilic PEO segments and monodisperse
T6T6T segments. Generally, PEO refers to polyols of a molecular weight above
20,000 g/mol. Below this molecular weight it is known as poly(ethylene glycol) (PEG).
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However, when PEG segments are build into the copolymer the term PEO is used. To prevent

confusion, only the term PEO is used, for both the prepolymers as well as the copolymers.

Aim

This chapter is directed to the synthesis and characterisation of segmented block copolymers
based on PEO segments and monodisperse crystallisable TOT6T segments. A polymer series,
denoted as PEO,-T6T6T, will be prepared where the molecular weight of the PEO segments
(x) is varied between 600 and 4600 g/mol. As the PEO length increases the T6T6T content in
the copolymer decreases.

The T6T6T-dimethyl segments are analysed by DSC and MALDI-TOF. The molecular
weight of the block copolymers is determined with inherent viscosity measurements. By using
FTIR, information is obtained about the PEO and T6T6T crystallisation in the copolymer.
SAXS experiments are used to study the polymer morphology. Phase transitions and thermal
mechanical behaviour are studied with DSC and DMA respectively. The elastic behaviour is

investigated with compression set tests.

Experimental

Materials. 1,6-Hexamethylenediamine (HMDA) was obtained from Aldrich. Dimethyl terephthalate (DMT) and
N-methyl-2-pyrrolidone (NMP) were purchased from Merck. Tetra-isopropyl orthotitanate (Ti(--OC;H;),) was
obtained from Aldrich and diluted in m-xylene (0.05 M) received from Fluka. Irganox 1330 was obtained from
CIBA. Methyl phenyl terephthalate (MPT) was synthesized from phenol (obtained from Aldrich) and methyl-(4-
chlorocarbonyl)benzoate (obtained from Dalian) P*. Difunctional poly(ethylene glycol)s (M, of 600, 1000,
1500, 2000, 3400 and 4600 g/mol) were obtained from Aldrich.

Synthesis of T6T6T-dimethyl. Krijgsman et al. describe the synthesis of T6T6T-dimethyl **!. First, 6T6-diamine
was made by the reaction between an excess of HMDA and DMT (8:1 molar ratio). A mixture of HMDA (1.2
mol, 139 g) and DMT (0.15 mol, 29 g) was heated to 80 °C in a 1 L stirred round bottomed flask with nitrogen
inlet and a reflux condensor. After approximately 1 h the 6T6-diamine started to precipitate. After 4 h ~500 mL
toluene was added to the mixture to improve stirring. The product was collected by filtration and washed twice
with warm toluene (80 °C) to remove the excess of HMDA. Finally, the product was washed with diethyl ether
and dried at room temperature. The product contained impurities (mainly 6T6T6) as analysed by '"H NMR B4,
After recrystallisation from n-butyl acetate at 110 °C (15 g/L) the purity of the product became 98%.

Second, a mixture of 6T6-diamine (0.02 mol, 7.2 g) and MPT (0.08 mol, 20.5 g) was dissolved in 400 mL NMP
in a 1 L stirred round bottomed flask with nitrogen inlet and a reflux condensor. The mixture was heated to
120 °C for 16 h. After cooling, the precipitated product was collected by filtration and washed with NMP, warm
toluene (80 °C) and diethyl ether **. The purity of the final product was >95% as analysed by '"HNMR .,
PEO,-T6T6T block copolymers. PEO,-T6T6T block copolymers were synthesised by a polycondensation
reaction using PEO segments and T6T6T-dimethyl. The synthesis of PEO,-T6T6T is given as an example.

10
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The reaction was carried out in a 250 mL stainless steel vessel equipped with a magnetic stirrer and nitrogen
inlet. The vessel contained T6T6T-dimethyl (10 mmol, 6.86 g), PEO,y (10 mmol, 20.0 g), Irganox 1330
(0.20 g), 50 mL NMP and catalyst solution (1.0 mL of 0.05 M Ti-(i-(OCs;H;),) in m-xylene). The reaction
mixture was heated to 180 °C under a nitrogen flow in an oil bath. After 30 min the temperature was increased to
250 °C in 1 h. After 2 h at 250 °C the pressure was slowly reduced (P < 21 mbar) to remove all NMP. Than, the
pressure was further reduced (P < 1 mbar) to allow melt polycondensation for 1 h. The polymer was cooled to
room temperature while maintaining the vacuum. Liquid nitrogen was added to the reaction vessel to isolate the
polymer. Before analysis, the polymer was dried in a vacuum oven at 50 °C for 24 h.

Injection-moulding. Samples for dynamic mechanical analysis, differential scanning calorimetry and
compression set were prepared on an Arburg-H manual injection-moulding machine. The barrel temperature was
set approximately 80 °C above the melting temperature of the copolymer and the mould temperature was set at
70 °C.

MALDI-TOF. Matrix Assisted Laser Desorption Ionization Time-Of-Flight experiments were performed using a
Voyager (Applied Biosystems) mass spectrometer. A 337 nm UV nitrogen laser producing 3 ns pulses was used
and the mass spectra were obtained in the linear mode. Samples were dissolved in TFA (0.1 wt%) and added to
30 pL acetonitril/water solution (50/50 mol%) with 0.1 mg/L 2,5-dihydroxybenzoic acid (DHB) as the matrix.
One pL of solution was placed on a gold-sample plate. After that, the solvent was evaporated and the sample
transferred to the MALDI-TOF for analysis.

Fourier Transform InfraRed (FTIR). FTIR spectra were recorded on a Nicolet 20SXB FTR spectrometer with
a resolution of 4 cm™. The polymer was dissolved in TFA (0.1 wt%) and by spin coating, a thin polymer film
(~15 pm) was formed on a silicon wafer. The polymer film was placed between two pressed KBr tablets. The
FTIR data were collected between 700 and 4000 cm™. For temperature-dependent FTIR, a heating rate of
10 °C/min was used under a constant helium flow.

Small Angle X-ray (SAXS). Synchrotron SAXS measurements were performed at the Dutch-Belgium
(DUBBLE-BM26) beamline, at the European Synchrotron Radiation Facility (ESRF) in Grenoble. The
wavelength of the beam was 1.2 A. A two-dimensional SAXS detector was used and a g-range of 0 — 1.8 nm™
was measured. Temperature dependent profiles were recorded at a heating and cooling rate of 10 °C/min using a
remote controlled LINKAM DSC. Two dimensionally SAXS intensity was azimuthally integrated to obtain the
scattering pattern as a function of q = 4= sin 8/A, where ¢ is the scattering vector, 26 the scattering angle and 4 is
the X-ray wavelength.

Differential Scanning Calorimetry (DSC). DSC spectra were recorded on a Perkin Elmer DSC7 apparatus,
equipped with a PE7700 computer and TAS-7 software. Dry polymer samples (5 — 10 mg) were heated from -50
to 250 °C at a rate of 20 °C/min. Subsequently, a cooling scan from 250 to -50 °C at a rate of 20 °C/min
followed by a second heating scan under the same conditions as the first heating were performed. The melting
temperature (T,,) was determined from the maximum of the endothermic peak in the second heating scan and the
crystallisation temperature (T.) from the peak maximum of the exothermic peak in the cooling scan. The under-
cooling of the copolymer was defined as the difference between the melting and crystallisation temperature.
Viscometry. The inherent viscosity (n;.,) of the polymers was determined at 25 °C using a capillary Ubbelohde
type 1B. The polymer solution had a concentration of 0.1 dL/g in a 1/1 (molar ratio) mixture of phenol/1,1,2,2-

tetrachloroethane.
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Dynamic mechanical analysis (DMA). The torsion behaviour (storage modulus G’ and loss modulus G as a
function of temperature) was measured using a Myrenne ATM3 torsion pendulum at a frequency of 1 Hz and
0.1% strain. Before use, samples (70x9x2 mm) were dried in a vacuum oven at 50 °C overnight. Samples were
cooled to -100 °C and then heated at a rate of 1 °C/min. The glass transition temperature (T,) was defined as the
maximum of the loss modulus and the flow temperature (Tgoy) as the temperature where the storage modulus
reached 1 MPa. The temperature where the rubber plateau starts is denoted as the flex temperature (Tge) and the
storage modulus at 20 °C is given as G’y c.

Compression set (CS). Samples for compression set experiments were cut from injection-moulded bars with a
thickness of ~ 2.2 mm. The compression set was measured according to the ASTM 395B at 20 °C. Samples were
compressed (25%) for 24 h and after 30 min of relaxation the thickness of the samples was measured. The

compression set (CS) was defined as;

dy—d
CS=—"""2x100% [%] (Equation 2.1)
0“1

where, d, = thickness before compression [mm]
d, = thickness during compression [mm]

d, = thickness 30 min after release of the compression [mm]

Results and discussion

Synthesis and characterisation of T6T6T-dimethyl

T6T6T-dimethyl was synthesised from 6T6-diamine and methyl phenyl terephthalate using
NMP as a solvent, according to the method described by Krijgsman et al B*. The obtained
product was a white powder and the yield of the reaction was around 95%.

The purity of the T6T6T-dimethyl segments is important as it affects the monodispersity of
the rigid segments in the polymer. Previous research on the use of tetra-amide rigid segments
in segmented block copolymers shows that with an increased dispersity of the rigid segments,
the mechanical and elastic properties of the copolymers deteriorate 2****!. The purity of the
T6T6T-dimethyl was calculated by using the method described by Krijgsman et al. ** and a
purity of 98% was found. This purity is comparable to the value found by Krijgsman et al.

Figure 2.2 shows the DSC results of the first heating and cooling scan of T6T6T-dimethyl.
One sharp melting peak and two crystallisation peaks are observed. Most likely, the second
crystallisation temperature (at lower temperature) can be ascribed to a crystalline transition.

3

Such a transition was also found for 6T6-diamine **! and is quite common for polyamides

like nylon-6,6 7).
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Heat flow endo up
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Figure 2.2: First heating scan and cooling scan of T6T6T-dimethyl at a scan rate of 20 °C/min.

A melting temperature of 298 °C and a melting enthalpy of 180 J/g were observed for T6T6T-
dimethyl. Literature reported values for the melting temperature of T6T6T-dimethyl of 303 °C

and melting enthalpies of 152 — 170 J/g 2634,

MALDI-TOF was used to further evaluate the purity of T6T6T-dimethyl. The analysed
product can contain a proton (H"), a sodium ion (Na") or a potassium ion (K ). The molecular
weight of the positively charged element must be added to the molecular weight of the
product. The matrix used for the MALDI-TOF experiments was DHB (2,5-dihydroxybenzoic
acid) and this compound can induce peaks at 273, 413, 551 and 727 m/z. In Figure 2.3 the
MALDI-TOF spectrum of T6T6T-dimethyl is given.
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Figure 2.3: MALDI-TOF spectrum of T6T6T-dimethyl.
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Besides the two peaks of the matrix (273 and 413 m/z), the MALDI-TOF spectrum of T6T6T-
dimethyl shows two clear peaks at 687 and 709 m/z (687 m/z = T6T6T-dimethyl + H, 709
m/z = T6T6T-dimethyl + Na). No peaks were observed of di-amide (T6T) or hexa-amide
(T6T6T6OT). Therefore, it is concluded that T6T6T is monodisperse.

Polymerisation of PEO,-T6T6T copolymers

Segmented block copolymers based on PEO and T6T6T-dimethyl were prepared via a
polycondensation reaction using a titanium-based catalyst. As T6T6T-dimethyl units have a
high melting temperature (303 °C) B4, NMP was used in the first step. The maximum
reaction temperature was limited as PEO degrades at high temperatures. In nitrogen

%31 and when air (oxygen) is

surroundings PEO starts to decompose at around 350 °C !
present the decomposition starts already at 220 °C %), Therefore, Irganox 1330 was added to
the reactor as antioxidant. In the first step the T6T6T units were coupled to the PEO, thereby
lowering the melting temperature of T6T6T, so that the polycondensation reaction could be
carried out in the melt at 250 °C. During the polycondensation reaction, methanol was formed
and the removal of methanol yields high molecular weight polymers.

Throughout the polymerisation the reaction mixture was transparent, which indicated that
melt phasing did not take place. Even in the solid state the polymers were transparent, while
being semi-crystalline. This suggests that the T6T6T crystals are too small to scatter light.
The materials had a slight yellow/brown colour. Previously, it was observed that the colour of
NMP changes from slightly yellow to brown with increasing temperature *°). The
monodispersity of the T6T6T units in the polymer was maintained during melt synthesis and

processing *%).

FTIR

One way of studying the crystallinity of the PEO,-T6T6T copolymers is by Fourier Transform
Infrared Spectroscopy (FTIR). This can be done by looking at the absorption peaks of the
carbonyl groups present in the copolymer, which are the amide carbonyl in the crystalline and
amorphous state, respectively 1630 and 1660-1670 cm™, and the ester carbonyl at 1720-1730
cm™ (Table 2.1).
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Table 2.1: Peak assignments of IR bands of PEQ,yy-T6T6T in the wave number region 1580 — 1760 cm™.

Peak Description

1720 — 1730 cm™  Stretching C=0 of ester bond
1660 - 1670 cm™  Stretching C=0 of amide bond; amorphous
1630 cm™ Stretching C=0 of amide bond; crystalline

The crystallinity can be obtained by comparing the intensity of crystalline amide carbonyl
with amorphous amide carbonyl. In the melt, the amide segments are in the amorphous state
and the amount of the amide carbonyl in the crystalline state is expected to be zero. Similar
calculations were performed on nylon-6,6 . An increase in the crystallinity of nylon-6,6,
expressed as an increase in the density, was linearly related to the decrease of the amorphous
band and the increase of the crystalline band. In Figure 2.4 the FTIR spectra of PEOjgpo-

T6T6T at different temperatures are given.

Absorbance [a.u.]

T

1740 1700 1660 1620 1580

Wave number [cm’l]

Figure 2.4: FTIR spectra of PEQO;y-T6T6T recorded at different temperatures: 50, 100, 150, 170 and 190 °C.

The absorbance peak of the crystalline amide C=0O decreases and the absorbance peak of
amorphous amide C=0 increases with increasing temperature. This change is particularly
strong when the temperature approaches the melting temperature of the copolymer
(T PEO2o-T6TO6T is 167 °C). In the melt, the peak at 1630 cm’ has almost completely
disappeared, while the peak at 1670 cm™ is maximal. At temperatures higher than the melting
temperature of the copolymer, the intensity of the 1630 cm™ peak is very low and no further
changes in the FTIR spectra are observed. The wave number of the amorphous amide
carbonyl band increases with temperature from 1660 to 1670 cm™. The absorbance peak of
the ester carbonyl shifts from 1720 to 1730 cm™ with increasing temperature but the intensity

is hardly affected.
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The crystallinity of the rigid segments can be calculated using the 1630 and 1670 cm™ peak

intensities (Equation 2.2 and 2.3) (261

h o
(1630 cm )h % 100% [%]
+ -1 .
D+ Mygsoen (Equation 2.2)

X, =
(Cxh

(1670 cm™

C= h(1630cm*‘ at50°C) h(1630 cm™! melt)

h(lﬁ70cm’l melt) h1670 em™ at50°C) (Equation 2 3)

where X, is the T6T6T crystallinity in copolymer, and /630 cm'1 ) and h670 cm'1 ) the height
absorbance peaks at 1630 cm™ and 1660 - 1670 cm™ respectively.

For calculating the constant C, the peak intensities determined at 50 °C and in the melt are
used. The peak intensities are taken at 50 °C as this is above the melting temperature of the
crystalline PEO segments. The constant C for PEO,p00-T6T6T, calculated by using Equation
2.3, has a value of 2.35. This is in agreement with the constant found for PTMO-T6T6T
copolymers *°!. The value of C is assumed to be similar for all PEO,-T6T6T copolymers. By
using Equation 2.2 the crystallinity of the copolymers as a function of temperature can be
determined. In Figure 2.5 the T6T6T crystallinity of PEO2goo-T6T6T is given as a function of

temperature.
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Figure 2.5: T6T6T crystallinity as a function of temperature for PEQppp-T6T6T.

A small increase in T6T6T crystallinity is observed, followed by a decrease in T6T6T
crystallinity above 100 °C. This decrease is small up to 130 °C and approaches zero at 190 °C.
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For the copolymers with a PEO segment length of 2000 and 4600 g/mol the crystallinity at
50 °C was 84 and 87%, respectively. These high values for T6T6T crystallinities are in
accordance with the values found for PTMO-T6T6T 2% and PPO-T6T6T B copolymers.

The TO6TO6T crystallinity of PEO,p00-T6T6T at room temperature is lower than that at 50 °C.

FTIR spectra of all PEO,-T6T6T copolymers recorded at room temperature are given in
Figure 2.6.

Absorbance [a.u.]

1740 1700 1660 1620 1580

Wave number [cm'l]

Figure 2.6: FTIR spectra of PEO-T6T6T recorded at room temperature with different PEO lengths (x): e, 1500;
m, 2000; A, 3400; A, 4600.

With increasing PEO length, the peak at 1630 cm™ decreases, the peak at 1660 cm™ increases
and the peak at 1720 cm™ remains constant. This suggests that at room temperature the
crystallinity of the T6T6T segments decreases as the PEO length increases. To study this in

more detail, FTIR spectra of PEQ4s00-T6T6T are recorded in a temperature range of 20 to
70 °C (Figure 2.7).

70 °C
60 °C |
50°C
40°C |

20°C

Absorbance [a.u.]

1740 1700 1660 1620 1580

Wave number [cm'l]

Figure 2.7: FTIR spectra of PEO4500-T6T6T recorded at different temperatures (20 - 70 °C) for the wave number
region 1580 — 1760 cm™.
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On heating from 20 to 50 °C, the solution cast films showed a decrease in the peak intensity at
1660 cm™. Above 50 °C the peak intensity does not change anymore. In Figure 2.8 the T6T6T
crystallinity of PEO4600-T6T6T is given as a function of the temperature.
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Figure 2.8: T6T6T crystallinity of PEQO.500-T6T6T as a function of temperature: heating-cooling cycle at
10 °C/min.

On heating from 20 to 50 °C the T6T6T crystallinity increases and at temperatures above 50
°C the crystallinity decreases slowly. The maximum T6T6T crystallinity at 50 °C coincides
with the melting temperature of PEO4e00 crystals in the copolymer (T, PEO = 53 °C). In the
subsequent cooling scan from 70 to 20 °C the T6T6T crystallinity only increases. These
results suggest that the T6TOT crystallisation in a solution-cast film is not complete.

With FTIR it is also possible to study the melting and crystallisation of the PEO segments.
The absorbance peaks of PEOu4g00-TO6T6T in the wave number region between 700 and 1400
cm’ are taken at different temperatures (Figure 2.9). With increasing temperature some
absorbance peaks shift and these peaks are indicated by arrows. The assignments and
descriptions of the changing absorbance peaks are given in Table 2.2. From these spectra it is

clear that the PEO crystals in the PEO4600-T6T6T copolymer melt at about 50 °C.
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Absorbance [a.u.]

1400 1300 1200 1100 1000 900 800 700

Wave number [cm'l]

Figure 2.9: FTIR spectra of PEO ;500-T6T6T recorded at different temperatures for the wave number region 700
— 1400 cm™.

Table 2.2: Assignments and description of the most distinguishable FTIR absorbance peaks of amorphous and
crystalline PEO V.

Amorphous PEO  Crystalline PEO  Description

1350 cm’™ 1360 /1343 cm™  Wagging CH,
1250 /1280 cm™ 1240/ 1280 cm™  Twisting CH,
1150 cm™ Stretching C-0O, Stretching C-C
1110 cm™ 1111 ecm™ Stretching C-O
1061 cm™ Stretching C-0O, Stretching C-C, rocking CH,
960 cm’! Rocking CH,
950 cm’™ 950 cm’! Stretching C-O, rocking CH,
860 cm™ 843 cm’ Rocking CH,
SAXS

SAXS experiments were performed to obtain information about the morphology of the
segmented block copolymers. The long-spacing (L) can be determined from SAXS
measurements on materials that possess a lamellar structure. This spacing corresponds to the
lamellar thickness plus the thickness of the inter-lamellar (amorphous) region. The L-spacing
is an average value of a two dimensional ordering of the lamellae in the matrix. The
temperature modulated SAXS studies were carried out on PEQOjg-T6T6T. The T6T6T
crystallites in this copolymer have a ribbon-like structure dispersed in the amorphous matrix.

In the intensity plots, where the scattering intensity /(g) is given as a function of the scattering
vector ¢, a scattering maximum is observed which indicates the presence of phase-separated

domains (Figure 2.10).
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Figure 2.10: SAXS curves of PEQO;p-T6T6T at different temperatures.

The small drop in intensity in the beginning of the curve is due to scattering of the beam. The

L-spacing can be derived from the scattering data;

q (Equation 2.4)

As the temperature increases, the scattering maximum and intensity decrease at the same time.
These changes are due to melting of the T6T6T crystals. Above the melting temperature of
the copolymer (T, of PEO;9go-T6T6T is 195 °C) there was no peak observed anymore, which
indicates that there was no crystalline order present in the melt. The SAXS curves show only
one broad scattering maximum. Therefore, it is assumed that the T6T6T lamellae have a
comparable thickness and width. In Figure 2.11 the long-spacing of PEOjgp-T6T6T as a

function of temperature is given, during a heating and cooling cycle.
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Figure 2.11: Long-spacing of PEO,9y)-T6T6T as a function of temperature. heating-cooling cycle at 10 °C/min.
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The long-spacing of PEO;¢p-T6T6T at 25 °C is 8.2 nm and remains almost constant upon
heating till a temperature of approximately 170 °C. This is due to the monodisperse segments
that all melt at the same temperature. As the temperature reaches the melting temperature of
the copolymer the L-spacing increases tremendously. Upon cooling, the L-spacing decreases
again with a temperature lag of 30 °C. This small temperature lag indicates a high rate of
crystallisation of the monodisperse segments. At 25 °C the L-spacing was 9.9 nm which is
close to the starting value.

The lamellar thickness can be determined from the SAXS data by using the linear correlation

function, which is obtained via cosine transformation of the SAXS data **! (Equation 2.5).

0

0 (Equation 2.5)

where Q is the invariant, /(g) the scattering intensity, g the scattering vector and r the radius.
This function is based on a two-phase lamellar morphology with periodically stacked
crystalline domains. The use of the linear correlation function yields the average crystalline

lamellar thickness (/.). In Figure 2.12 the correlation function of PEO0-T6T6T is given.
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Figure 2.12: Correlation function of PEOpp-T6T6T.

The calculated correlation function of PEO;ggo-T6T6T reveals a lamellar thickness of 3.8 nm

at room temperature. The value of the lamellar thickness is in good agreement with the
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extended T6T6T chain segment length (3.7 nm) and comparable to previous results on
PTMOgpo-TOT6T 261 and PPO1g0o-T6T6T block copolymers. From these results the
amorphous layer thickness (/,) can be calculated (L = [, + [.) and this is 4.4 nm. The
amorphous layer thickness depends on the polyether length, the TO6T6T crystallinity and the

chain conformation.

DSC
By using DSC the melting and crystallisation temperatures and enthalpies of PEO,-T6T6T
copolymers were determined. The second heating scan and first cooling scan of the

copolymers are plotted in Figure 2.13 and the corresponding results are given in Table 2.3.

Heat flow Endo up [mW]
Heat flow Endo up [mW]
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Figure 2.13: (a) Second heating scan and (b) first cooling scan of PEO-T6T6T with different PEO lengths (x):
g, 600, o, 1000; m, 2000, A, 3400.

Table 2.3: DSC results of PEO,-T6T6T copolymers.

PEO T6T6T

PEO length (x) Conc. T6T6T Conc. PEO | T, AH,, Th AH,, T, Tu-T.
[g/mol] [Wt%] [wt%] [°C] [J/gPEO] | [°C] [J/gT6T6T] [°C] [°C]
600 51.0 49.0 - - 219 81 201 18
1000 38.4 61.6 -2 20 195 104 169 26
1500 29.4 70.6 7 49 181 81 144 37
2000 23.8 76.2 21 53 167 73 161 6
3400 15.5 84.5 44 89 162 37 - -
4600 11.9 88.1 53 103 161 42 - -

The copolymer with a PEO length of 600 g/mol shows no melting peak of PEO since these
segments are too short to crystallise. As the PEO length and thus the concentration increases

the melting temperature and enthalpy of the PEO crystals increase, which indicates that the
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PEO crystallinity increases. For the copolymers with x is 3400 and 4600 g/mol no
crystallisation peak of T6T6T is observed as most likely the T6T6T concentration is too low
to give a measurable peak. The melting enthalpy of T6T6T in the copolymer is lower than
observed for the T6T6T-dimethyl segments (152 — 180 J/g). Furthermore, the melting
enthalpy of T6T6T shows a decrease as the PEO concentration increases. This suggests that
the TOTOT segments are not fully crystallised or that due to exothermic mixing energies the
melting endotherms are not simply related to crystallinities. The copolymers have a low

under-cooling, 6 — 37 °C, since monodisperse crystallisable rigid segments crystallise fast.

Dynamic mechanical analysis

The storage and loss moduli of the PEO,-T6T6T copolymers, determined by DMA
measurements, are plotted as a function of temperature in Figure 2.14 and the corresponding
data are given in Table 2.4.

All copolymers have a broad and almost temperature independent rubbery plateau and a sharp
melting temperature. This is typical for crystallisable segments of monodisperse length. The
storage modulus and flow temperature increase with decreasing PEO, length due to an

increased T6T6T content.
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Figure 2.14: Storage (a) and loss (b) modulus of PEO,-T6T6T with different PEO lengths (x): 0, 600, o, 1000;
m, 2000; A, 3400.

The synthesised PEO,-T6T6T copolymers have a high inherent viscosity (>1.4 dL/g) and,
therefore, a relatively high molecular weight (Table 2.4). An inherent viscosity of 1.0 dL/g for

similar polymers corresponds to a polymer molecular weight of ~10,000 g/mol **!.
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Table 2.4: Dynamic mechanical properties of PEO.-T6T6T copolymers.

PEO length Conc. Conc. Ninh Tg Tﬂex G,ZO oC Tﬂow C525% CSZS%

) T6T6T PEO (20°C) (70°C)

[g/mol] [wt%] [wt%] [dL/g] [°C] [°C] [MPa] [°C]  [%] (%]
600 51.0 490 14 33 4 160 216 34 55
1000 384 616 14 45 13 86 199 22 -
1500 294 706 15 -46 7 57 180 23 -
2000 238 762 21  -48 20 38 174 17 45
3400 155 845 25 50 33 72(18") 159 49 -
4600 119 881 2.1 -45 55 201(12") 154 32 -

! Storage modulus of the rubbery plateau determined at 55 °C

Glass transition temperature

The plot of the loss moduli as a function of the temperature of the PEO,-T6T6T copolymers
(Figure 2.14b) shows a low glass transition temperature (T,), which originates from the
polyether phase. A T, of an amorphous T6T6T phase is not observed (T, of nylon-6,T is
125 °C "), which suggests that there is no separate amorphous T6T6T phase present in the

copolymers. In Figure 2.15 the T, and flex temperature (Tpex) of PEO,-T6T6T are given as a
function of the PEO length.

Temperature [°C]

0 1000 2000 3000 4000 5000
PEO length (x) [g/mol]

Figure 2.15: Transitions of the soft phase in PEO,-T6T6T as a function of PEO length (x): O, glass transition;

¢, flex temperature; X, melting temperature of PEO (DSC results) (dotted line: expected flex temperature in
absence of PEO crystallisation).

The PEO segments in copolymers have higher glass transition temperatures than the T, of the
PEO prepolymers (72 to —65 °C ). This effect is due to the reduced mobility of a bound
segment, which can decrease the T, of the polyether phase with approximately 20 °C 331 The
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T, of the polyether phase increases also with increasing amount of amorphous rigid segments
dissolved in the polyether phase. When the T, of the copolymers with x > 1000 g/mol is
corrected for the reduced mobility, the T, is close to the T, of the PEO prepolymers. This
suggests that only a low amount of amorphous T6T6T is dissolved in the PEO phase, which is
in accordance with the expectation that the T6T6T crystallisation is almost complete. The

high T, for PEOggo can be explained by the high physical crosslink density in this copolymer.

The shoulder in the storage modulus after the glass transition temperature is a result of the
melting of the PEO crystalline phase (Figure 2.14a). An increase in PEO length leads to a
higher PEO melting temperature and crystallinity (Table 2.3). The flex temperature (Tpex),
defined as the temperature where the rubbery plateau starts, is related to the melting
temperature of PEO (Figure 2.15). In the case of a complete amorphous PEO phase, the Tpex
would have followed the same trend as the T,, indicated by the dotted line in Figure 2.15.

Storage modulus

The modulus of the rubbery plateau of PEO,-T6T6T copolymers increases with T6T6T
content (Figure 2.16a). As the copolymers have a comparable T6T6T crystallinity one can
conclude that the modulus increases with crystalline content. With an increase in T6T6T
content, the physical crosslink density and the reinforcing filler effect of the crystalline

domains increase.
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Figure 2.16: (a) Storage modulus of the rubbery plateau and (b) the storage modulus at 20 °C of polyether-
T6T6T copolymers as a function of the T6T6T content: ¢, PEO; o, PPO %/ A, PTMO P

The moduli of the rubbery plateau of PEO-T6T6T copolymers are compared to the
corresponding moduli of PPO- ¥ and PTMO-T6T6T % copolymers (Figure 2.16a). The
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increase in modulus with T6T6T content is similar for the polyether-T6T6T copolymers. This
suggests that the reinforcing filler effect of the TO6T6T crystallites is comparable in all three
types of polyether-T6T6T copolymers and that the lamellae have a high aspect ratio (L/D of
~1000) B3,

The strong increase in modulus of the polyether-T6T6T copolymers is well described by the
fibre composite model of Halpin-Tsai ****°. This model suggests that the crystalline ribbons
in the copolymer can be considered as reinforcing nano-fillers for the amorphous matrix.
Besides the TOT6T concentration, the storage modulus is also influenced by the presence of a
semi-crystalline PEO phase. In Figure 2.16b the storage modulus of PEO,-T6T6T copolymers
is given at 20 °C. When the PEO segment length is >2000 g/mol, the PEO melting
temperature is above 20 °C, which results in a higher G5 «c. Copolymers with long PEO
segments have a relatively low T6T6T concentration but since a semi-crystalline PEO phase
is present at room temperature, the modulus is higher than when the copolymer contains an
amorphous PEO phase (indicated by the dotted line in Figure 2.16b). Therefore, it is not
possible to obtain a low modulus (G’ < 15 MPa) PEO,-T6T6T copolymer.

Flow temperature

The flow temperature of PEO,-T6T6T copolymers increases with the rigid segment content.
The melting temperature of the copolymers, measured with DSC, corresponds well to the
flow temperature determined with DMA. The decrease in melting temperature with increasing
PEO length can be explained by the solvent effect theory proposed by Flory. This theory
describes that the amorphous phase acts as a solvent for the crystallisable phase ***). An
increase in amorphous phase content leads to a decrease in the melting temperature of the
copolymer. The melting point depression of a semi-crystalline polymer by adding a solvent or

plasticizer can be described according to the following equation >*¢!

2

1 1 R V, 5 .
[ x—Lxlyv. — v’ Equation 2.6
T T AT v, - 2v?) (Eq )

m m N

where T}, is the melting temperature of the copolymer, 7. the melting temperature of the

crystalline homopolymer, R the gas constant, 4H, the melting enthalpy of the crystalline
segment, V), the molar volume of the crystalline segment, ¥ the molar volume of the solvent,

x the Flory interaction parameter and v, the volume fraction of the solvent. Equation 2.6 is
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based on the assumption that the enthalpy and entropy of melting are temperature
independent. So, the depression of the melting temperature of the copolymer by the presence
of a solvent depends on the melting enthalpy, the ratio of molar volumes and/or the Flory

interaction parameter.
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Figure 2.17: Melting temperature of polyether-T6T6T copolymers as a function of volume fraction of polyether:
¢, PEO; o, PPOY; A, PTMO 1.

In Figure 2.17 the melting temperatures of the polyether-T6T6T copolymers are plotted
against the volume fraction of polyether (v5). The densities of PEO, PPO and PTMO,
respectively 1.13, 1.00 and 0.98 g/cm’, and the calculated density of T6T6T (1.32 g/cm’) are
used to determine the volume fraction of polyether in the copolymers 4", At a similar PEO
concentration the flow temperature of PEO-T6T6T is lower that of PTMO-T6T6T % or PPO-
T6T6T ¥ copolymers. This suggests that PEO is more effective in lowering the melting
temperature than PPO and PTMO.

The proposed relationship between 7, and v, according to Equation 2.6 is not simple and a

linear extrapolation to v = 0, in order to determine 7 % is not accurate. Besides the T’ ,,? , also

the V,/V, ratio and y parameter are unknown. This means that three parameters are unknown,
which makes it complicated and so far impossible to solve Equation 2.6. Most likely, the
difference in melting temperature between the polyether-T6T6T copolymers, at similar
polyether concentrations, can be explained by different interaction parameters between the

polyether and T6T6T segments.
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Compression set

The compression set (CS) is a measure for the recovery of a material after compression. Ideal
elastomers show a perfect recovery after compression, which means that no visco-elastic and
plastic deformation occur. In segmented block copolymers two processes are involved in the
relaxation; an elastic and visco-elastic process and a process of plastic deformation 2%,
Biemond et al. found that at room temperature the CS values of segmented block copolymers
slightly decrease in time, indicating that the effect of visco-elastic deformation in this CS test
is small *. Moreover, the stress relaxation experiments show that the copolymers relax at a
low rate. At higher temperatures, the visco-elastic relaxation is faster and possibly also
stronger *°!. So, the CS at room temperature is mainly determined by the plastic deformation.
Generally, the CS values of segmented block copolymers with monodisperse rigid segments

increase with increasing rigid segment concentration ***°*%_In Figure 2.18 the CS values of

polyether-T6T6T copolymers is given as a function of the T6T6T concentration.
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Figure 2.18: Compression set at 20 °C of polyether-T6T6T copolymers as a function of the T6T6T content:
¢, PEO; o,PPO ¥ ; A, PTMO P

At low T6T6T contents, the CS values of PTMO- and PPO-T6T6T copolymers are very low.
However, the CS values of PEO,-T6T6T copolymers at room temperature increase when the
T6T6T content is below 20 wt%. In this case the PEO segment length is >2000 g/mol and
these long PEO segments are partly crystalline and have a melting temperature above 20 °C
(Table 2.3). The crystalline PEO phase restricts the recovery and thus the elasticity of the
copolymer at room temperature. When the CS is measured at 70 °C, above the PEO melting
temperature, the high CS values at low T6T6T contents are absent (Table 2.4). The PPO

segments do not crystallise and the PTMO segments can crystallise but the melting
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temperature of these crystals is below room temperature. Thus, the CS values of PPO-T6T6T
and PTMO-T6T6T copolymers are not influenced by the presence of polyether crystals.
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Figure 2.19: Compression set at 20 °C of PEO-T6T6T copolymers as a function of the storage modulus at 20 °C
(dotted line; expected trend in absence of PEO crystallisation).

The PEO crystalline phase interferes not only in the CS at 20 °C but also in the modulus at
20 °C. The relationship between the modulus and compression is characteristic for segmented
block copolymers. However, the PEO,-T6T6T copolymers contain a rather complex modulus-
CS relationship (Figure 2.19). The CS values of copolymers with a PEO length of 600 to 2000
g/mol decrease with decreasing storage modulus. This behaviour is known for other
polyether-T6T6T copolymers %% However, the copolymers with x = 3400 and 4600
g/mol show no further decrease in CS values with decreasing modulus, which is due to the
presence of high melting PEO crystals. This indicates that at room temperature the
copolymers with PEO3409 and PEO4e09 have poor elastic properties.

So, it is impossible to create a low modulus material (G’ < 15 MPa) based on PEO,-T6T6T

block copolymers with good elastic properties.

Conclusions

Segmented block copolymers based on poly(ethylene oxide) (PEO) flexible segments and
monodisperse crystallisable tetra-amide segments (T6T6T) have been synthesised via a
polycondensation reaction. A polymer series is prepared where the molecular weight of PEO
segments is varied from 600 to 4600 g/mol, thereby changing the T6T6T concentration from

51.0 to 11.9 wt%. The copolymers have a high molecular weight, are melt-processable and
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transparent. By using monodisperse rigid segments the crystallisation of the copolymers is
fast and almost complete. The under-cooling of the copolymers is low (20 — 30 °C) and the
T6T6T crystallinity high (>84%). Besides, the T6T6T crystallinity remains high up to
approximately 30 °C below the melting temperature of the copolymer. SAXS experiments
reveal a lamellar thickness of 3.8 nm, which corresponds to the calculated extended length of
T6T6T. The L-spacing of the copolymer remains almost constant upon heating due to the use
of monodisperse segments.

DMA experiments show that the materials have a low T,, a broad and almost temperature
independent rubbery plateau, and a sharp melting temperature. Due to the use of
monodisperse rigid segments the phase-separation between the hard and soft phase is almost
complete and only a small amount of non-crystallised rigid segments is dissolved in the PEO
matrix. As the T6T6T content increases (11.9 — 51.0 wt%), the storage modulus of the
rubbery plateau (12 — 159 MPa) and the flow temperature (154 — 216 °C) increase.

The PEO melting temperature and enthalpy increase when the molecular weight of the PEO
segments increases. When the PEO length is >2000 g/mol the melting temperature of the PEO
crystals is above room temperature, which results in a reduced elasticity of the copolymer. So
far, it is impossible to create a low modulus material (G* < 15 MPa) based on PEO,-T6T6T
copolymers with good elastic properties due to the PEO crystallisation.

The PEO-T6T6T copolymers have similar modulus-composition behaviour as PPO-T6T6T
and PTMO-T6T6T copolymers, indicating that the reinforcing effect of the TO6T6T crystals is
comparable. However, at equal T6T6T concentration the melting temperature of the

polyether-T6T6T copolymers decreases in the order of PTMO > PPO > PEO.
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Chapter 3

Segmented block copolymers with terephthalic extended

PEO segments

Abstract

Segmented block copolymers based on poly(ethylene oxide) (PEO) flexible segments and
monodisperse crystallisable bisester tetra-amide segments (T6T6T) were synthesised. The PEO
segments, having a molecular weight of 300 to 2000 g/mol, were extended with terephthalic units up to
flexible segment lengths of 1250 to 10,000 g/mol. The influence of terephthalic units in the soft phase
on the polymer morphology, the thermal mechanical and the elastic properties was studied.
Copolymers consisting of PEO segments with a length >2000 g/mol contain a semi-crystalline PEO
phase that melts above room temperature. The presence of a PEO semi-crystalline phase at room
temperature increases the modulus and decreases the elasticity of the copolymer. Copolymers
containing short PEO segments (M, of 300 and 600 g/mol) that are extended with terephthalic units
have a much lower PEQO crystallinity and melting temperature than corresponding copolymers with
long PEO segments.

The presence of terephthalic units in the copolymer increases the glass transition temperature of the
soft phase by approximately 5 °C. However, the low temperature flexibility of these copolymers is
improved due to a lower PEO crystallinity and melting temperature. With the use of terephthalic
extended PEO segments, segmented block copolymers with a low modulus (G° < 15 MPa) are

obtained that have good elastic properties.
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Introduction

Segmented block copolymers consist of alternating flexible and crystallisable rigid segments.
The flexible segments have a low glass transition temperature, providing the polymer its
flexibility. The rigid segments can crystallise into lamellae and act as physical crosslinks and
reinforcing filler for the amorphous matrix.

The crystallinity of the rigid segments in segmented block copolymers is usually low (~30%),
which means that a large amount of the rigid segments is amorphous and partially dissolved
in the amorphous matrix ", This indicates that a relatively high amount of rigid segments is
necessary to obtain good mechanical properties of the copolymer. The crystallisation of the
rigid segments can be improved by using monodisperse crystalline segments >*!. These
monodisperse segments crystallise fast and almost complete. Consequently, there are hardly

any non-crystallised rigid segments dissolved in the amorphous matrix.

Several segmented block copolymers containing poly(tetramethylene oxide) (PTMO) flexible
segments and monodisperse bisester rigid segments have been reported [*"). PTMO segments
of 1000 g/mol or shorter are amorphous while longer PTMO segments are semi-crystalline.
The presence of a semi-crystalline PTMO phase reduces the low temperature flexibility and
elasticity of the copolymer. The PTMO crystallinity increases upon straining (strain-induced
crystallisation) resulting in a strain-hardening behaviour of the copolymer. Copolymers that
show (PTMO) strain-hardening have relatively high tensile strengths but reduced elasticity.
The PTMO crystallinity can be suppressed by extending PTMO segments with terephthalic

units, which results in improved low temperature flexibility *.

Krijgsman et al. [**

studied copolymers based on PTMO oy extended with terephthalic units
to segment lengths of 3000 — 10,000 g/mol and monodisperse bisester tetra-amides (T6T6T)
segments. The T6T6T segments are based on dimethyl terephthalate (T) and hexamethylene-
diamine (6) ", The PTMO-T6T6T copolymers have a fast crystallisation and a high
crystallinity (~85%). A low amount of T6T6T (~5 wt%) is already sufficient to obtain good
mechanical and elastic properties of the copolymer. Besides, the modulus of the material is
relatively high and constant over a wide temperature range and the material melts in a narrow

temperature range. By incorporating terephthalic units in the PTMO phase the glass transition

temperature of this phase was increased by approximately 5 °C.

Copolymers based on poly(ethylene oxide) (PEO) flexible segments have a hydrophilic

[11-15]

character and can be used in breathable films applications The synthesis and
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characterisation of PEO,-T6T6T segmented block copolymers, where x represents the PEO
molecular weight, have been discussed in Chapter 2 of this thesis. Copolymers with PEO
segment lengths >2000 g/mol have a semi-crystalline PEO phase that melts above room
temperature. The presence of a semi-crystalline PEO phase at room temperature results in
copolymers with a relatively high modulus but reduced elastic properties. Therefore, the
presence of a semi-crystalline PEO phase at room temperature is often undesirable.

It is expected that the PEO segments can be extended with terephthalic units without
increasing the PEO melting temperature and crystallinity too much. These copolymers are
denoted as (PEO./T),-T6T6T, where y represents the molecular weight of the total flexible
segment. The morphology of the copolymers is investigated with AFM and the thermal
mechanical properties are studied with DSC and DMA. The elastic behaviour of the
copolymers is evaluated by compression set measurements. The thermal mechanical and
elastic properties of (PEO,/T),-T6T6T copolymers are compared to PEO,-T6T6T copolymers,
to study the influence of terephthalic units in the PEO phase.

Experimental

Materials. Dimethyl terephthalate (DMT) and N-methyl-2-pyrrolidone (NMP) were purchased from Merck and
used as received. Tetra-isopropyl orthotitanate (Ti(i-OC;H;);) was obtained from Aldrich and diluted in m-
xylene (0.05 M) received from Fluka. Irganox 1330 was obtained from CIBA. Difunctional poly(ethylene
glycol)s (M,, of 300, 600, 1000 and 2000 g/mol) were obtained from Aldrich and used as received.

PEO,-T6T6T block copolymers. The PEO,-T6T6T copolymers were synthesised by a polycondensation reaction
using PEO segments with a molecular weight of 600 — 4600 g/mol and T6T6T-dimethyl. See chapter 2 of this
thesis.

(PEO/T),~-T6T6T block copolymers. The preparation of (PEOso-T)s000-T6TO6T is given as an example of the
synthesis of a polymer containing PEO segments extended with terephthalic units, where PEO of a molecular
weight of 600 g/mol is extended with DMT to a flexible segment length of 5000 g/mol.

The reaction was carried out in a 250 mL stainless steel vessel equipped with a magnetic stirrer and nitrogen
inlet. The vessel contained T6T6T-dimethyl (5 mmol, 3.43 g), PEOgy (35.15 mmol, 21.09 g), DMT
(30.15 mmol, 5.85 g), Irganox 1330 (0.21 g), 50 mL NMP and catalyst solution (3.5 mL of 0.05 M Ti-(i-
(OC5H;)4) in m-xylene). The reaction mixture was heated to 180 °C under a nitrogen flow in an oil bath. After
30 min the temperature was increased to 250 °C in 1 h. After 2 h at 250 °C the pressure was slowly reduced (P <
21 mbar) to remove all NMP and the reaction product methanol. Subsequently, the pressure was further reduced
(P < 1 mbar) to allow melt polycondensation for 1 h. The polymer melt was cooled down to room temperature,
while maintaining the vacuum. Then the reaction vessel was filled with liquid nitrogen and the polymer was

removed. The copolymer was then dried in a vacuum oven at 50 °C for 24 h.
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Injection-moulding. Samples for dynamic mechanical analysis, differential scanning calorimetry and
compression set were prepared on an Arburg-H manual injection-moulding machine. The barrel temperature was
set approximately 80 °C above the melting temperature of the block copolymer and the mould temperature was
set on 70 °C.

Viscometry. The inherent viscosity (n;,,) of the polymers was determined at 25 °C using a capillary Ubbelohde
type 1B. The polymer solution had a concentration of 0.1 dL/g in a 1/1 (molar ratio) mixture of phenol/1,1,2,2-
tetrachloroethane.

Atomic Force Microscopy (AFM). AFM measurements were performed on a Bioscope AFM and Nanoscope IV
controller. The AFM height and phase images were recorded in tapping mode using a TESP cantilever. The
operating set point value (A/Ag) was 0.6 — 0.7 and the scan size was 1 pm. Solvent-cast samples of ~15 pm were
prepared from a 10 wt% solution in TFA.

Differential scanning calorimetry (DSC). DSC thermograms were recorded on a Perkin Elmer DSC7 apparatus,
equipped with a PE7700 computer and TAS-7 software. Dry polymer samples (5 — 10 mg) were heated from -50
to 250 °C at a rate of 20 °C/min. Subsequently, a cooling scan from 250 to -50 °C at a rate of 20 °C/min
followed by a second heating scan, under the same conditions as the first heating scan, were performed. The
melting temperature (T,,) was determined from the maximum of the endothermic peak in the second heating scan
and the crystallisation temperature (T.) from the peak maximum of the exothermic peak in the cooling scan. The
under-cooling of the copolymer was defined as the difference between the melting and crystallisation
temperature (T, — T).

Dynamic mechanical analysis (DMA). The torsion behaviour (storage modulus G’ and loss modulus G as a
function of temperature) was measured using a Myrenne ATM3 torsion pendulum at a frequency of 1 Hz and
0.1% strain. Before use, samples (70x9x2 mm) were dried in a vacuum oven at 50 °C overnight. Samples were
cooled to -100 °C and then heated at a rate of 1 °C/min. The glass transition temperature (T,) was defined as the
maximum of the loss modulus and the flow temperature (Tgoy) as the temperature where the storage modulus
reached 1 MPa. The temperature where the rubber plateau starts is denoted as the flex temperature (Tgey). The
storage modulus at 20 °C is given as G’ oc.

Compression set (CS). Samples for compression set experiments were cut from injection-moulded bars with a
thickness of ~2.2 mm. The compression set was measured according to the ASTM 395B at 20 °C. Samples were
compressed (25%) for 24 h and after 30 min of relaxation the thickness of the samples was measured. The
compression set (CS) is calculated according to Equation 3.1.

dy—d
20 T2 5100%  [%] (Equation 3.1)

0 1

CS =

where dy = thickness before compression [mm]
d, = thickness during compression [mm]

d, = thickness 30 min after release the compression [mm]
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Results and discussion

PEO-based segmented block copolymers have been synthesised, where the PEO segments are
extended with terephthalic units to create long flexible polyether segments. These copolymers
are denoted as -[(PEO,-T),-PEOy],- or in brief (PEO,/T),, where x is the PEO molecular
weight, y the total flexible segment length expressed in molecular weight and »n the number of

repeating PEO/T units (Figure 3.1).

i i
H O—CHZ—CHAEO—C@*C o—cn;cnﬂaOH
n

Figure 3.1: Structure of PEO extended with terephthalic units, where m represents the number of EO repeating
units and n the number of PEO/T units.

The PEO segments have a molecular weight of 300 - 4600 g/mol and the total flexible
segments (1) have lengths up to 10,000 g/mol. The compositions of these copolymers are
given in Table 3.1. The thermal mechanical and elastic properties of (PEO./T),-T6T6T
copolymers are compared to PEO,-T6T6T copolymers to study the influence of terephthalic
units in the PEO phase.

The PEO,-T6T6T % and (PEO,/T),-T6T6T copolymers were synthesised by a polyconden-
sation reaction, using T6T6T-dimethyl that was synthesised prior to the polymerisation. The
T6T6T concentration in the copolymer decreases with increasing flexible segment length.

At a constant rigid segment length the probability that melt phasing occurs increases with a
higher molecular weight of the flexible segment !, During the polymerisation of (PEO,/T)y-
T6T6T copolymers the melt remained transparent, indicating that melt phasing was absent.
Moreover, hardly any sublimation of DMT was observed during the polymerisation,
indicating that most of the DMT was used to extend the PEO segments.

The materials in the solid state were also transparent, indicating that the T6T6T crystals were
too small to scatter light. The materials have a slightly yellow/brown colour, which is due to a
change in the colour of NMP from yellow/brown to brown with increasing temperature .. All
polymers had a high inherent viscosity (1.2 — 2.5 dL/g) and, therefore, a relatively high
molecular weight (Table 3.2).

37



Chapter 3

AFM

Phase angle images, recorded using AFM, show the difference between the flexible and
crystalline phase at the surface. The morphology of (PEOgo0/T)s000-TOT6T is investigated and
the light ribbons correspond to the T6T6T crystallites (Figure 3.2).

1
0.0 1.0 pm

Figure 3.2: Morphology as measured by AFM at Ix1 um for a solution-cast sample of (PEOgsy/T)s000-T6T6T
(phase angle image).

Crystallites with long ribbon-like structures are observed. From AFM images it is difficult to
determine the ribbon thickness accurately due to the dimensions of the AFM tip. It is expected
that the ribbon thickness will correspond to the length of an extended T6T6T segment, which

(516171 The full length of the crystalline ribbons cannot be determined since

is around 3.7 nm
only the surface morphology of a sample is scanned. The observed length of the ribbons at the
surface is around 1000 nm. It is expected that the actual ribbon length is longer as the ribbons
disappear out of the surface. Transmission Electron Microscopy (TEM) measurements of
PPO-T6T6T copolymers reveal a ribbon length of 1000 - 5000 nm "), Therefore, the aspect

ratio of the crystalline ribbons is expected to be between 300 and 1000.

DSC

The thermal properties of PEO,-T6T6T and (PEO,/T),-T6T6T copolymers were studied with
DSC. The melting and crystallisation temperatures and corresponding melting enthalpies of
the copolymers, obtained from the second heating and first cooling scan, are given in
Table 3.1.

The PEO melting temperature and enthalpy of PEO,-T6T6T copolymers increase with
increasing PEO segment length. The PEO melting temperatures rise from -2 °C for PEO;gg0-

38



Segmented block copolymers with terephthalic extended PEO segments

T6TOT to 53°C for PEOu4g00-T6T6T. The PEO melting enthalpy increases from 20 to 103 J/g
with increasing the PEO length from 1000 to 4600 g/mol, which indicates an increase in the
PEO crystallinity. The (PEO300/T)2500-T6TO6T, (PEOg0o/T)1250-T6T6T and (PEOgoo/T)2500-
T6T6T copolymers show no melting peak of PEO.

Table 3.1: DSC results of PEO,-T6T6T """ and (PEO,/T),-T6T6T copolymers.

PEO T6T6T

xory Conc. T6eT6T Conc. PEO Conc. T | Ty AH,, T AH,, T. Tn-T.
[g/mol] [wt%] [wt%] [wt%] | [°C] [J/gPEO] | [°C] [J/gT6T6T] [°C] [°C]
PEO-T6T6T

600 51.0 49.0 - - - 219 74 201 18

1000 384 61.6 - -2 20 195 95 169 26

1500 29.4 70.6 - 7 49 181 74 144 37

2000 23.8 76.2 - 21 53 167 66 161 6

3400 15.5 84.5 - 44 89 162 34 - -

4600 11.9 88.1 - 53 103 161 39 - -
(PEO3o¢/T),-T6T6T

2500 19.9 58.4 21.7 - - 205 151 205 0
(PEOgsy/T),-T6T6T

600 51.0 49.0 - - - 219 74 201 18

1250 333 60.4 6.3 - - 208 88 194 14

2500 20.0 69.0 11.0 -6 5 187 99 185 2

5000 11.1 74.8 14.2 -3 6 171 59 165 6
10,000 59 78.1 16.0 2 33 158 64 156 2
(PEO 00¢/T),-T6T6T

1000 384 61.6 - -2 20 195 95 169 26

2500 20.0 74.4 5.6 15 48 181 93 144 37

3000 17.2 76.3 6.5 19 48 179 103 151 28

5000 11.1 80.6 83 26 65 170 90 135 35
(PEO:00¢/T),-T6T6T

2000 23.8 76.2 - 21 53 167 66 161 6

4000 13.5 83.8 2.7 39 78 165 54 130 35

6000 9.5 86.8 3.7 42 80 158 40 140 18

8000 7.2 88.5 43 46 82 154 35 133 21

The PEO melting temperature of the (PEO,/T),-T6T6T copolymers is affected by the PEO
segment length (x) and the total flexible segment length (v). In Figure 3.3 the PEO melting
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temperature of PEO,-T6T6T and (PEO,/T),-T6T6T copolymers is given as a function of the
flexible segment length.

The PEO melting temperature increases with the PEO length in the (PEO,/T),-T6T6T and
PEO,-T6T6T copolymers. However, there is a difference in PEO melting temperature
between both types of copolymers. The presence of terephthalic units in the PEO phase
influences the PEO melting temperature. A less strong increase in PEO melting temperature
(and melting enthalpy) with increasing flexible segment length is observed when terephthalic
units are present. A similar increase in PEO melting temperature with flexible segment length
is observed for the PEOgyo/T, PEO;00o/T and PEO,oo/T series.

The PEO,-T6T6T copolymers have a semi-crystalline PEO phase at room temperature when
the PEO length is >2000 g/mol. By extending the PEO segments with terephthalic units it is
possible to create a copolymer with long flexible segments and a reduced PEO melting

temperature and crystallinity.
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Figure 3.3: PEO melting temperature as a function of flexible segment length: ¢, PEO-T6T6T !'"%:
0, (PEOsyy/T),-T6T6T; A, (PEO 00¢/'T),-T6T6T; O, (PEO290y/T),-T6T6T.

The melting temperature of the crystalline TOTO6T phase in these copolymers depends on the

16 The melting temperatures of the PEO,-T6T6T copolymers

polyether concentration
decrease ~60 °C by increasing the PEO segment length from 600 to 4600 g/mol due to an
increase in the polyether content from 49 to 88 wt% (Table 3.1). The melting enthalpies
showed considerable scattering in the data and at low T6T6T concentrations the enthalpies
were difficult to measure accurately with DSC. In Chapter 2 it was reported that the TOT6T
crystallinity in PEO,-T6T6T copolymers, as measured by FTIR, is ~84%. Since the

(PEO,/T),-T6T6T copolymers have similar T6T6T melting enthalpies as the PEO,-T6T6T
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copolymers, it is expected that the T6T6T crystallinity in the PEO/T extended copolymers is
also high.
The under-cooling (T, - T¢) of the rigid phase in the (PEO,/T),-T6T6T copolymers is low,

between 2 - 35 °C, due to the use of monodisperse rigid segments.

Dynamic mechanical analysis

The storage moduli of (PEOg0/T),-T6T6T copolymers with different flexible segment lengths
(v) are given as a function of the temperature in Figure 3.4. All (PEOgo/T),~-T6T6T
copolymers have a low T, and some copolymers show a melting transition of PEO.
Furthermore, a broad and almost temperature independent rubbery plateau and a sharp flow
temperature were observed. The storage modulus and the flow temperature increase with
increasing TO6T6T concentration due to an increased crystalline T6T6T content.

The thermal mechanical properties of all (PEO,/T),-T6T6T copolymers studied are reported
in Table 3.2.

-100  -50 0 50 100 150 200 250
Temperature [°C]

Figure 3.4: Storage modulus of (PEOgy/T),-T6T6T copolymers with different flexible segments lengths (y):
g, 600; ¢, 1250; A, 2500; m, 5000; A, 10,000.

Low temperature properties

All (PEO./T),-T6T6T copolymers have a low and sharp glass transition temperature. The T,
of the soft phase depends on the composition of the soft phase and the physical crosslink
density. The soft phase of the (PEO,/T),-T6T6T copolymers consists of PEO, terephthalic
units and non-crystallised TOT6T units. The terephthalic units do not crystallise and belong to
the amorphous phase '®7). Since the T6T6T crystallinity is high (~85%) the amount of
amorphous T6T6T dissolved in the soft phase is low.
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Table 3.2: Dynamic mechanical properties of PEO,-T6T6T ' and (PEOYT),~-T6T6T copolymers.

xory Conc. Conc. Conc. Ninh Ty Taex G’aec Gssec Thow CSasve  CSysy,
T6T6T PEO T (20°C) (70°C)
[g/mol] [wt%] [wt%] [wt%] [dL/g] [°C] [°C] [MPa] [MPa] [°C] [%] [%]
PEO,-T6T6T
600 51.0 49.0 - 1.4 33 4 160 159 216 34 55

1000 384 61.6 - 1.4 -45  -13 86 85 199 22 -

1500 294 70.6 - 1.5 46 7 57 57 180 23 -

2000 23.8 76.2 - 2.1 -48 20 38 37 174 17 45

3400 15.5 84.5 - 2.5 -50 33 72 18 159 49 -

4600 11.9 88.1 - 2.1 -45 55 201 12 154 32 -
(PEO39y/T),-T6T6T

2500 19.9 58.4 21.7 1.7 -28  -17 46 46 210 13 46
(PEOgsy/T),-T6T6T

600 51.0 49.0 - 1.4 33 -4 160 159 216 34 55

1250 333 60.4 6.3 1.9 -40 23 68 68 208 23 49

2500 20.0 69.0 11.0 1.7 -44 -4 32 33 190 15 52

5000 11.1 74.8 14.2 1.4 -43 2 12 12 170 10 47

10000 59 78.1 16.0 1.5 -44 21 5 5 145 5 50
(PEO,00/T),-T6T6T

1000 38.4 61.6 - 1.4 -45  -13 86 85 199 22 -

2500 20.0 74.4 5.6 1.4 -43 16 34 34 180 15 55

3000 17.2 76.3 6.5 1.3 -45 17 30 31 178 13 -

5000 11.1 80.6 8.3 1.2 -44 25 35 17 167 10 -
(PEO:00¢/T),-T6T6T

2000 23.8 76.2 - 2.1 -48 20 38 37 174 17 45

4000 13.5 83.8 2.7 2.1 -45 35 87 17 161 45 66

6000 9.5 86.8 3.7 2.3 -44 41 115 11 153 49 52

8000 7.2 88.5 4.3 2.0 -44 45 110 4 143 52 -

"'CS could not be determined as the sample was pulverised

The flexible segment length of (PEO,/T),-T6T6T copolymers is assumed to be the length
between network points. An increase in flexible segment length results in a decrease in T, of
the copolymer due to a reduction in network density (Figure 3.5). The Ty’s of (PEOJ/T),-
T6T6T copolymers are slightly higher (~5 °C) than those of the PEO,-T6T6T copolymers as
the presence of terephthalic units in the soft phase restricts the mobility of the PEO segments.
This was also observed for PTMO/T-T6T6T segmented block copolymers [*'®. The T, of
(PEO300/T)2500-TOTOT is higher than corresponding copolymers with PEOgo/T or PEO;990/T
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extended to a length of 2500 g/mol. This can be explained by a combination of a relatively

high terephthalic unit content and low molecular weight of PEO used (300 g/mol).

Te [°C]

0

2000 4000

6000 8000 10000
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Figure 3.5: Glass transition temperature as a function of flexible segment length: ¢, PEO,-T6T6T;
0,(PEOspy/T),-T6T6T; O, (PEOsoy/T),-T6T6T; A, (PEO 109¢/T),-T6T6T; O, (PEO299y/T),-T6T6T.

In the case of fully amorphous flexible segments the flex temperature is related to the T, of

the copolymer. However, the flex temperature of copolymers containing a semi-crystalline

PEO phase is related to the melting temperature of this segment.

The shoulder in the storage modulus after the glass transition temperature is the result of the

melting of the PEO crystalline phase (Figure 3.4). An increase in flexible segment length

leads to a higher PEO melting temperature and crystallinity (Table 3.1). The Tgex of PEO,-

T6T6T and (PEO,/T),-T6T6T copolymers increases strongly with increasing PEO segment

length (x) and total flexible segment length (y) (Figure 3.6).
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Figure 3.6: Flex temperature as a function of flexible segment length: ¢, PEO-T6T6T; o,(PEQ3yy/T),-T6T6T;
0, (PEOgsoo/T)-T6T6T; A, (PEO 100¢/T),-T6T6T; O, (PEO29900/T),-T6T6T.
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The increase in Tpex with flexible segment length is stronger for PEO,-T6T6T copolymers
than for (PEO,/T),-T6T6T copolymers. When terephthalic units are present in the flexible
segment, the increase in PEO melting temperature with increasing flexible segment length is
less strong, which is due to a reduced PEO crystallinity.

Copolymers with long flexible segments and good low temperature flexibility can be obtained

by extending short PEO segments (300 or 600 g/mol) with terephthalic units.

Storage modulus

The increase in modulus of polyether-T6T6T copolymers with increasing T6T6T content can
be described by the fibre composite model of Halpin-Tsai, which states that the crystalline
ribbons act as reinforcing fillers for the soft phase '"'. This reinforcing filler effect
depends on the crystalline content and the aspect ratio of the lamellae. The use of
monodisperse TOTO6T crystallisable segments results in crystallites that have a ribbon-like
structure with a high aspect ratio !'". Previous results discussed in Chapter 2 showed that the
type of polyether has no effect on the modulus of polyether-T6T6T copolymers since these
copolymers have a comparable morphology and T6T6T crystallinity.

In Figure 3.7 the storage modulus at 20 °C of PEO,-T6T6T and (PEO./T),-T6T6T copolymers

is given.
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Figure 3.7: Storage modulus at 20 °C as a function of T6T6T content: ¢, PEO,-T6T6T, o, (PEO;yy/T),-T6T6T; 9,
(PEOgy/T)y-T6T6T; A, (PEO 0p/T),-T6T6T; O, (PEO:4¢/T),-T6T6T.

The storage modulus at 20 °C of PEO,-T6T6T copolymers decreases as the PEO length
increases due to a reduced T6T6T content. However, as the PEO length is >2000 g/mol the

T6T6T content is low but the G’ oc increases as a result of a semi-crystalline PEO phase
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(Figure 3.7). When the PEO phase is completely amorphous at room temperature, the G’ oc
values of (PEO,/T),-T6T6T and PEO,-T6T6T copolymers are comparable (Figure 3.7). This
indicates that the terephthalic units have no effect on the modulus of the copolymers, which is
in line with previous research on PTMO-based copolymers with monodisperse rigid segments
5618 The (PEO,/T),-T6T6T copolymers with long PEO segment (x of 1000 and 2000) have
relatively high storage moduli at room temperature despite the low T6T6T contents, which is
due to the presence of a semi-crystalline PEO phase. Only (PEOgo/T),-T6T6T copolymers
have a low storage modulus at room temperature since the PEO phase of these copolymers is

completely amorphous.

For segmented block copolymers it is interesting to have good elastic properties even at low
temperatures. This means that the material should have a low modulus combined with a low
flex temperature. Low temperature flexibility can be obtained when the crosslink density in
the copolymer is not too high and when the PEO melting temperature is suppressed. The
relation between the Tpex and storage modulus at 20 °C of PEO,-T6T6T and (PEO,/T),-

T6T6T copolymers is given in Figure 3.8 and shows a rather complex behaviour.
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Figure 3.8: Flex temperature as a function of storage modulus at 20 °C.: ¢, PEO,-T6T6T; o,(PEOQ;3,y/T),-T6T6T;
<>, (PEOgoo/D}-TlsTlsT, A, (PEOlooo/T)y-TéT(ST,' 0O, (PEOZO()o/T)y-T6T6T

It is not possible to obtain a PEO,-T6T6T copolymer with a low modulus (G’ < 15 MPa) and
a Thex below room temperature as was discussed before in Chapter 2. (PEO./T),-T6T6T
copolymers based on PEO segments with a length of 1000 and 2000 g/mol cannot be used to
obtain a low modulus material since these copolymers with follow the same trend in Tgex

versus modulus as PEO,-T6T6T copolymers with PEO segments longer than 2000 g/mol. The
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(PEO300/T),~-T6T6T copolymer has a low flex temperature and low storage modulus at 20 °C
but the glass transition temperature is relatively high (-28 °C). Therefore, only (PEOgoo/T),-
T6T6T copolymers can be used to create a low modulus material (G’ < 15 MPa) combined

with low temperature flexibility.

Flow temperature

The flow temperature of T6T6T in polyether-T6T6T segmented block copolymers decreases
with increasing polyether content '®!. This decrease in flow temperature of polyether-T6T6T
segmented block copolymers can be explained by the solvent effect theory of Flory, which
states that the amorphous phase in a copolymer, i.e. the polyether phase, acts as solvent for
the crystallisable phase “**'. The melting point depression depends on the type of polyether
and the volume fraction of polyether ' In Figure 3.9 the flow temperature of PEO,-T6T6T
and (PEO./T),-T6T6T copolymers is given as a function of the polyether concentration. To
determine the volume fraction of PEO in the copolymers, the concentrations and densities of

PEO, T and T6T6T (1.13, 1.20 and 1.32 g/cm’ respectively) are used 2.
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Figure 3.9: Flow temperature as a function of volume fraction PEO: ¢, PEO,-T6T6T; o,(PEO;yy/T),-T6T6T;
<>, (PEOgoo/D}-TlsTlsT, A, (PEOlooo/T)y-TéT(ST,' 0O, (PEOZO()o/T)y-T6T6T

With increasing volume fraction of PEO the flow temperature decreases for both PEO,-
T6TO6T as well as (PEO,/T),-T6T6T copolymers. The flow temperatures of (PEO./T),-T6T6T
copolymers are slightly higher than those of PEO,-T6T6T copolymers. The presence of
terephthalic units in the flexible segments results in a less lowered melting temperature of the
copolymer. Most likely, the terephthalic units present in the amorphous phase restrict the

function of the amorphous phase as solvent for the crystalline T6T6T phase.
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Compression set
Important for segmented block copolymers is the elasticity of the material. A measure for the
elasticity is the compression set (CS). Generally, the CS values of polyether-T6T6T

(5616171 " This trend is also

copolymers decrease as the rigid segment content decreases
observed for the (PEO,/T),-T6T6T copolymers when the PEO phase is amorphous at room
temperature (Figure 3.10, Table 3.2). When this is the case, there is hardly any difference
between the CS values of PEO,-T6T6T and (PEO./T),-T6T6T copolymers, indicating that the

presence of terephthalic units in the flexible segments does not affect the CS values.
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Figure 3.10: Compression set at 20 °C as a function of T6T6T content: ¢, PEO,-T6T6T; o, (PEO3yy/T),-T6T6T;
<>, (PEOgo()/Dy-T6T6T, A, (PEO]O()O/DJ,-T(?T(?T, O, (PEOZO()O/DV-T6T6T

Copolymers containing a PEO crystalline phase above room temperature have higher CS
values than copolymers containing an amorphous PEO phase at room temperature. The
presence of semi-crystalline PEO phase at room temperature restricts the recovery of the
copolymer and thus the elasticity. The CS values have also been determined at 70 °C, well
above the PEO melting temperature. At 70 °C, the CS values are higher than at room
temperature due to more plastic deformation (Table 3.2). At this temperature no trend
between CS and T6T6T content is apparent.

Generally, a high polyether concentration is necessary to create a low modulus material. In
Figure 3.11 the compression set is given as a function of the storage modulus, both

determined at 20 °C.
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Figure 3.11: Compression set at 20 °C as a function of the storage modulus at 20°C: ¢, PEO,-T6T6T;
0, (PEO3y/T),-T6T6T; O, (PEOsoy/'T),-T6T6T; A, (PEO 0p/T),-T6T6T; O, (PEO20/T),-T6T6T.

For PEO,-T6T6T copolymers, a high PEO concentration corresponds to a long PEO segment
length. However, copolymers with a PEO length >2000 g/mol contain a semi-crystalline PEO
phase at room temperature, which results in copolymers with a high G’59 oc. A similar
behaviour was observed for (PEO2goo/T),-T6T6T copolymers. The (PEO,/T),-T6T6T
copolymers with a PEO segment length smaller than 2000 g/mol have a PEO melting
temperature below room temperature and the corresponding CS values decrease with

decreasing storage modulus.

Conclusions

Segmented block copolymers based on poly(ethylene oxide) (PEO) flexible segments and
monodisperse crystallisable bisester tetra-amide segments (T6T6T) were made. The PEO
segments, having molecular weights from 300 to 2000 g/mol, were extended with terephthalic
units to flexible segments lengths up to 10,000 g/mol. These copolymers are denoted as
(PEO,/T),-T6T6T and are compared to PEO,-T6T6T copolymers. All copolymers have a high
molecular weight, are transparent and melt-processable.

By using monodisperse rigid segments the crystallisation is fast and almost complete. AFM
experiments show that the crystallised T6T6T segments in the polymer have a ribbon-like
structure with a high aspect ratio. DMA experiments revealed that the copolymers have a low
glass transition temperature, a broad and almost temperature independent rubbery plateau and

a sharp melting temperature.
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The presence of terephthalic units in the soft phase has no disturbing effect on the modulus of
the copolymer but the flow temperature is slightly higher. The soft phase composition has
influence on the low temperature properties like the glass transition temperature, the PEO
melting temperature and crystallinity. An increase in glass transition temperature of
approximately 5 °C is observed when terephthalic units are present in the soft phase, which is
due to a reduced mobility.

PEO,-T6T6T copolymers contain a semi-crystalline PEO phase at room temperature when the
PEO segment length is above 2000 g/mol. The presence of PEO crystals at room temperature
results in a relative high modulus and a reduced elasticity of the copolymer. This is also
observed for (PEO,/T),-T6T6T copolymers with PEO segment lengths of 1000 or 2000 g/mol.
The (PEO300/T),-T6T6T copolymers have a low PEO melting temperature and low storage
modulus at 20 °C, but the glass transition temperature is relatively high (-28 °C). Only
(PEOg00/T),~-T6T6T copolymers can be used to obtain a low modulus material (G” < 15 MPa)

combined with low temperature flexibility.
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Segmented block copolymers based on mixed

polyether segments

Abstract

The synthesis and characterisation of segmented block copolymers based on mixed hydrophilic
poly(ethylene oxide) (PEO) and hydrophobic poly(tetramethylene oxide) (PTMO) polyether segments
and monodisperse crystallisable bisester tetra-amide segments (T6T6T) are discussed in this chapter.
Several series of PEO/PTMO-T6T6T copolymers are reported, which have different PEO/PTMO
ratios and/or polyether segment lengths. The influence of the composition of the polyether phase on
the thermal mechanical and the elastic properties of the resulting copolymers is studied.

The thermal transitions and T6T6T crystallinity of the copolymers are evaluated with DSC. Additional
information about the T6T6T crystallinity of the copolymers is obtained by FTIR measurements. The
thermal mechanical properties are studied by DMA and the elastic properties are evaluated by
compression set experiments.

The use of monodisperse T6T6T segments results in a fast and almost complete crystallisation. Above
the glass transition temperature, the storage modulus of the copolymers is almost temperature
independent up to the melting temperature of the copolymer. The PEO/PTMO-T6T6T copolymers have
only one glass transition temperature, which suggests that the amorphous polyether segments are
homogenously mixed. Using a mixture of polyether segments reduces both the melting temperature
and the crystallinity of the polyether phase. Copolymers with short polyether segments (2000 g/mol or
shorter) contain one mixed polyether crystalline phase, while two separate crystalline polyether

phases are observed when the polyether lengths are longer.
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Introduction

Segmented block copolymers consist of alternating flexible and crystallisable rigid segments
M The rigid segments crystallise into ribbons dispersed in the amorphous matrix and act as
physical crosslinks and as a reinforcing filler for the amorphous matrix. The presence of
physical crosslinks, instead of chemical crosslinks, allows solvent casting and thermal
processing of the material. The rigid segments provide the copolymer dimensional and
thermal stability while the flexible segments give the material elasticity. Polyethers are often

used as flexible segments due to their low glass transition temperature.

Hydrophilic segmented block copolymers based on poly(ethylene oxide) (PEO) find
applications in many different fields like textile industry, packaging materials, construction
industry and gas separation processes. Moreover, these materials have gained increasing
attention for biomedical applications like drug delivery systems, contact lenses, catheters and

-4 amide P

wound dressings. Several PEO-based segmented block copolymers with ester
or urethane ""*! types of rigid segments were previously reported.

PEO can easily crystallise and an increase in PEO molecular weight results in a higher PEO
melting temperature and crystallinity. The presence of a semi-crystalline PEO phase in the
block copolymer results in reduced low temperature flexibility 1!,

The use of PEO flexible segments results in a strong increase in water absorption of the
copolymer. Generally, the tensile properties of PEO-based copolymers reduce when the

1181 The swelling of the material can be controlled by using

material is swollen with water |
mixtures of hydrophilic and hydrophobic soft segments. Often a combination of hydrophilic
PEO blocks and hydrophobic poly(tetramethylene oxide) (PTMO) or poly(propylene oxide)
(PPO) blocks is used.

The physical properties of polyurethanes based on hydrophilic PEO and hydrophobic PTMO

(19201 "polyurethanes

blocks were investigated for possible applications in biomedical devices
based on PEO;000/PTMOxg00 had two glass transition temperatures (-38 and -80 °C) and two
melting temperatures (39 and 5 °C) of PEO and PTMO respectively. Two glass transition
temperatures were also observed for polyurethanes based on PEO;p00/PTMO;g00 and
PEO145¢/PTMO2000 (10, However, one glass transition temperature was found for polyurethane
copolymers containing shorter PEO and PTMO segments with 1000 g/mol.

Polyurethanes with mixed PTMO and PPO segments, which both have a molecular weight of

[12,21

1000 or 2000 g/mol, had only one glass transition temperature ], This suggests that these

PPO/PTMO polyurethane systems have a homogeneous amorphous polyether phase.

52



Segmented block copolymers based on mixed polyether segments

However, the glass transition temperatures of pure PTMO and PPO are close together and,

therefore, two separate glass transition temperatures are difficult to distinguish.

The crystallinity of the rigid segments in block copolymers is often low and part of the non-
crystallised rigid segments is dissolved in the amorphous phase. The crystallisation of the
rigid segments can be improved by using monodisperse crystalline segments ****). With
monodisperse crystallisable segments a fast and more complete crystallisation can be obtained
and, as a result, there is hardly any amorphous rigid segment dissolved in the amorphous
matrix.

Segmented block copolymers with monodisperse crystalline bisester tetra-amide segments

(T6T6T) and flexible polyether segments have been studied extensively !'*'**2*] The

bisester tetra-amide is based on dimethyl terephthalate (T) and hexamethylenediamine (6) [26]
Copolymers with monodisperse crystallisable T6T6T segments crystallise fast, have a
relatively high modulus and an almost temperature independent rubbery plateau. The flexible
polyether segments consist of PTMO 2*+*27 ppQ ¥ or PEO '], So far, no segmented
block copolymers with mixed polyether segments and monodisperse crystallisable segments

have been investigated.

In this chapter, the synthesis and characterisation of segmented block copolymers based on
mixed hydrophilic PEO and hydrophobic PTMO flexible segments and monodisperse T6T6T
segments will be reported. These copolymers are denoted as PEO,/PTMO.-T6T6T, where x
and z represent the PEO and PTMO molecular weights respectively. Several series of
copolymers have been made where the PEO, length, the PTMO, length and/or the T6T6T
content are varied. The influence of the polyether phase composition on the thermal
mechanical and elastic properties will be studied.

The polymer molecular weight is determined by measuring the inherent viscosity. The
thermal transitions and crystallinity of the polyether and T6T6T are evaluated by DSC.
Additional results concerning the T6T6T crystallinity are obtained from FTIR measurements.
The thermal mechanical properties are studied by DMA and the elastic properties are

evaluated by compression set experiments.
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Experimental

Materials. N-methyl-2-pyrrolidone (NMP) was purchased from Merck. Tetra-isopropyl orthotitanate (Ti(i-
OC;H5),) was obtained from Aldrich and diluted in m-xylene (0.05 M) received from Fluka. Irganox 1330 was
obtained from CIBA. Difunctional poly(ethylene glycol)s (M,, of 600, 1000, 2000, 3400, 4600 and 8000 g/mol)
were obtained from Aldrich and difunctional poly(tetramethylene oxide)s (PTMO) (M, of 650, 1000, 2000 and
2900 g/mol) were a gift from Dupont. T6T6T-dimethyl was synthesised as described before %),
PEO,/PTMO,-T6T6T block copolymers. The preparation of PEO,goo/PTMO,400-T6T6T block copolymers, with
a PEO/PTMO weight percentage ratio of 60/40, is given as an example.

The reaction was carried out in a 250 mL stainless steel vessel equipped with a magnetic stirrer and nitrogen
inlet. The vessel contained T6T6T-dimethyl (10 mmol, 6.86 g), PEOyyo (6 mmol, 12.00 g), PTMO,yo (4 mmol,
8.00 g), Irganox 1330 (0.20 g), 50 mL NMP and catalyst solution (1 mL of 0.05 M Ti-(i-(OC;H5),) in m-xylene).
The reaction mixture was heated to 180 °C under a nitrogen flow in an oil bath and after 30 min the temperature
was increased to 250 °C in 1 h. After 2 h at 250 °C the pressure was slowly reduced (P <21 mbar) to remove all
NMP. Subsequently, the pressure was further reduced (P < 1 mbar) to allow melt polycondensation for 1 h. The
polymer melt was cooled down to room temperature while maintaining the vacuum. Then the reaction vessel was
filled with liquid nitrogen and the polymer was removed. The copolymer was crushed and dried in a vacuum
oven at 50 °C for 24 h.

Viscometry. The inherent viscosity (n;.,) of the polymers was determined at 25 °C using a capillary Ubbelohde
type 1B. The polymer solution had a concentration of 0.1 dL/g in a 1/1 (molar ratio) mixture of phenol/1,1,2,2-
tetrachloroethane.

Injection-moulding. Samples for dynamic mechanical analysis, differential scanning calorimetry and
compression set were prepared on an Arburg-H manual injection-moulding machine. The barrel temperature was
set approximately 80 °C above the melting temperature of the block copolymer and the mould temperature was
set at 70 °C.

Differential scanning calorimetry (DSC). DSC spectra were recorded on a Perkin Elmer DSC7 apparatus,
equipped with a PE7700 computer and TAS-7 software. Dry polymer samples (5 — 10 mg) were heated from -50
to 250 °C at a rate of 20 °C/min. Subsequently, a cooling scan from 250 to -50 °C at a rate of 20 °C/min
followed by a second heating scan under the same conditions as the first heating scan were performed. The
melting temperature (T,,) was determined from the maximum of the endothermic peak in the second heating scan
and the crystallisation temperature (T.) from the peak maximum of the exothermic peak in the cooling scan. The
under-cooling of the copolymer was defined as the difference between the melting and crystallisation
temperature.

Fourier Transform InfraRed (FTIR). FTIR spectra were recorded on a Nicolet 20SXB FTR spectrometer with
a resolution of 4 cm™. The polymer was dissolved in TFA (0.1 wt%) and by spin coating a thin polymer film
(~15 pm) was formed on a silicon wafer. The polymer film was placed between two pressed KBr tablets. The
FTIR data were collected between 700 and 4000 cm™. For temperature-dependent FTIR a heating rate of
10 °C/min was used under a constant helium flow. The crystallinity (X,) of T6T6T in the copolymer was

calculated using the following equations;
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h

-1
X, = (1630em™) x100% [%] (Equation 4.1)

(Cx h(1670cm*‘)) + h(1630cm’1)

(1630em™ at50°C) h(1630cm*‘ melt) .
and C= (Equation 4.2)

(1670cm™ melt) h (1670em™ at50°C)
where h(l 630en) and h(l 6700n1) AT the intensities of the absorbance peaks at 1630 cm™ and 1660 - 1670 cm™
respectively.

Dynamic mechanical analysis (DMA). The torsion behaviour (storage modulus G’ and loss modulus G as a
function of temperature) was measured using a Myrenne ATM3 torsion pendulum at a frequency of 1 Hz and
0.1% strain. Before use, samples (70x9x2 mm) were dried in a vacuum oven at 50 °C overnight. Samples were
cooled to —100 °C and then heated at a rate of 1 °C/min. The glass transition temperature (T,) was defined as the
maximum of the loss modulus and the flow temperature (Tgoy) as the temperature where the storage modulus
reached 1 MPa. The temperature where the rubbery plateau starts is denoted as the flex temperature (Tge,) and
the storage modulus at 20 °C is given as G’y oc.

Compression set (CS). Samples for compression set experiments were cut from injection-moulded bars with a
thickness of ~2.2 mm. The compression set was measured according to the ASTM 395B at 20 °C. Samples were
compressed (25%) for 24 h and after 30 min of relaxation the thickness of the samples was measured. The

compression set (CS) was calculated using Equation 4.3.

dy—d
O—dz x100% [%] (Equation 4.3)

0“1

CS =

where dy = thickness before compression [mm]
d, = thickness during compression [mm]

d, = thickness 30 min after release of the compression [mm]

Results and discussion

The copolymers discussed in this chapter are based on a mixture of hydrophilic PEO and
hydrophobic PTMO segments and monodisperse crystallisable T6T6T segments. The
copolymers are denoted as PEO,/PTMO,-T6T6T where x and z represent the PEO and PTMO
molecular weights respectively. The T6T6T segments were synthesised prior to the
polycondensation reaction to obtain monodisperse segments in the copolymers.

First, the synthesis and characterisation of PEO,0o0/PTMO1000-T6T6T will be discussed and,
second, two copolymer series will be discussed where the PEO, and PTMO, segment lengths

and T6T6T concentrations are varied.
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PEO2000/PTMO2000-T6T6T block copolymers

Segmented block copolymers based on mixed PEO,09 and PTMOz09 polyether segments and
monodisperse T6T6T segments have been prepared. The PEO/PTMO ratio is varied while the
T6T6T remains constant (23.8 wt%). The copolymers with a ratio of 0/100 and 100/0 can also
be denoted as PTMO;pp0-TO6T6T and PEO,o0-T6T6T respectively, and have been discussed
before "**>*" The composition of these copolymers is given in Table 4.1.

During the polymerisation the polymer melt was homogeneous and transparent, indicating
that no melt phasing between the segments occurred. The copolymers have a high inherent

viscosity and, therefore, a relatively high molecular weight (Table 4.1).

Table 4.1: Composition and inherent viscosity of PEO5ygy/PTMO29p0-T6T6T copolymers.

PEO/PTMO Conc. T6T6T Conc. PEO Conc. PTMO 1y,

ratio [Wt%] [Wt%%] [wt%] [dL/g]
0/100 23.8 0.0 76.2 2.2
20/80 23.8 15.2 61.0 2.0
40/60 23.8 30.5 45.7 2.1
50/50 23.8 38.1 38.1 1.7
60/40 23.8 45.7 30.5 1.8
80/20 23.8 61.0 15.2 1.9
100/0 23.8 76.2 0.0 2.1
DSC

The melting and crystallisation behaviour of PEQO300/PTMO2000-T6T6T copolymers was
investigated with DSC and the obtained data are given in Table 4.2. Data obtained from the

second heating scan were used to exclude the influence of the thermal history of the polymer.

Table 4.2: DSC results of PEO3pp¢/PTMO109-T6T6T copolymers.

Polyether T6T6T
PEO/PTMO | T, AH, X. | T, AHy T, Tu-T. X.(DSC) X (IR)
ratio [°Cl1 [V/gl [%]  [°C] [Vgl  [°C] [°C] (7] [70]
0/100 2 17 11 227 32 222; 145 5 88 85
20/80 0 15 10 220 25 208; 129 12 69 86
40/60 7 16 11 207 20 197; 122 10 56 87
50/50 10 21 14 203 27 200; 116 3 74 86
60/40 12 25 17 196 23 193; - 3 62 87
80/20 15 30 20 184 20 178; 120 6 56 84
100/0 21 40 27 167 16 161; 114 6 45 84
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Heat flow endo up
Heat flow endo up

T T T T T T T T T T T T T T T T T T T T T T T
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Temperature [°C] Temperature [°C]

Figure 4.1: DSC thermogram during (a) heating and (b) cooling of PEO;ypy/PTMO0p)-T6T6T copolymers with
different PEO/PTMO ratios: m, 0/100; 4, 40/60; ¢, 60/40; o, 100/0.

During heating, two melting peaks for PEO;0p0/PTMO2000-T6T6T copolymers are observed,
corresponding to the polyether and T6T6T phase (Figure 4.1a). PEO;09o-T6T6T has a higher
polyether melting temperature than PTMO,00-T6T6T, 21 and 2 °C respectively. Copolymers
with mixed PEO and PTMO segments show one polyether melting peak. This value is lower
than in the case of ideal co-crystallisation. When ideal co-crystallisation had taken place, a
linear increase in polyether melting temperature with increasing PEO/PTMO ratio would have
been observed.

In Figure 4.2 the polyether melting temperature is given as a function of the PEO/PTMO
ratio. The polyether melting temperature remains almost constant at low PEO/PTMO ratios,

while above a ratio of approximately 30/70 the polyether melting temperature increases.

30

Temperature [°C]

-10 \ \ \ \ ‘ ‘ ‘ ‘ ‘
0/100 50/50 100/0

Ratio PEO/PTMO

Figure 4.2: (m) Flex temperature and (A) polyether melting temperature of PEQ3yyy/PTMO;pp-T6T6T
copolymers as a function of the PEO/PTMO ratio.
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The crystallinity of the polyether phase can be calculated assuming that pure crystalline PEO
and PTMO have a melting enthalpy of 197 and 200 J/g respectively **\. The calculated
polyether crystallinity of PEO2gpo-T6T6T is 27% and of PTMO,00-T6T6T 11%. These results
indicate that PEO is more crystalline than PTMO despite the same molecular weight. The
polyether crystallinity of copolymers with mixed PEO and PTMO segments can be calculated
using the polyether concentrations. In Figure 4.3 the polyether -crystallinity of
PEO2000/PTMO2000-T6T6T copolymers is given as a function of the PEO/PTMO ratio. The
polyether crystallinity is lower than in the case of ideal co-crystallisation, with a minimum at

a PEO/PTMO ratio of approximately 30/70.

30

25 A

20

Xe polyether [%]
O

0 T T T T } T T T T
0/100 50/50 100/0

Ratio PEO/PTMO

Figure 4.3: Polyether crystallinity in PEQO3ypy/PTMO0pp-T6T6T copolymers, as determined with DSC, as a
function of the PEO/PTMO ratio.

By using a mixture of polyethers both the melting temperature and the crystallinity of the
polyether phase is reduced by the presence of the other polyether segment. As only one
melting temperature of the polyether phase is observed it is expected that one crystalline

polyether phase is present in these copolymers.

The T6T6T melting temperature and melting enthalpy is lower for PEO;po0-T6T6T than for
PTMO,000-T6T6T (Table 4.2) and this effect was already discussed in Chapter 2. The flow
temperatures of copolymers with mixed polyether segments show a linear decrease with
increasing PEO content. This decrease in melting temperature of the copolymer can be
explained by a solvent effect described by Flory P**'! which states that the soft phase acts as
a solvent for the crystallisable phase. According to this theory, the melting point depression
depends on the volume fraction of polyether and the interaction parameter () between the

polyether and T6T6T "*. The stronger melting temperature depression for the PEO-T6T6T

58



Segmented block copolymers based on mixed polyether segments

copolymer suggests that the PEO-T6T6T interaction is stronger than the PTMO-T6T6T
interaction. Therefore, it is expected that the PEO-T6T6T copolymer has a lower interaction
parameter than the PTMO-T6T6T copolymer. Surprisingly, the heat of fusion of T6T6T also
decreases with increasing PEO content.

An estimation of the T6TOT crystallinity in the copolymer can be made by assuming that the
melting enthalpy of pure T6T6T is 152 J/g '*°1. The T6T6T crystallinity in PTMO2o-T6T6T
copolymer is around 88% but for PEO;g-T6T6T the calculated TO6TOT crystallinity is only
45% (Table 4.2). The copolymers with mixtures of PEO200o/PTMO;0 have a constant T6T6T
concentration of 23.8 wt% but the heat of fusions decrease with increasing PEO content. The
lower T6T6T heat of fusion in PEO-based copolymer suggests that either the TOT6T is less
crystalline or that the heat of fusion is lower due to exothermic mixing between PEO and
T6T6T. Therefore, studying the T6T6T crystallinity with a different method (e.g. FTIR)
might give more insight in what is happening.

On cooling, most of the PEO,p00/PTMO2000-T6T6T copolymers show two crystallisation
peaks of T6T6T (Figure 4.1b). Two crystallisation peaks were also observed for the T6T6T-

dimethyl starting material and is most likely due to a change in crystalline structure !'**%],

FTIR

Another method to determine the crystallinity of T6T6T in the copolymer is by Fourier
Transform InfraRed spectroscopy (FTIR) '"**") The wave number of the amide carbonyl
absorbance band in T6T6T is sensitive to the transition from the crystalline state to the
amorphous state. In Figure 4.4 the FTIR spectra of PEO,p00/PTMO2000-T6T6T (50/50) are

given at different temperatures.

Absorbance [a.u.]

1740 1700 1660 1620 1580

Wave number [cm ']

Figure 4.4: FTIR spectra of PEQO,ypy/PTMO2pp0-T6T6T (50/50) recorded at different temperatures: o, 50 °C;
A, 150 °C; m, 190 °C; o, 210 °C; A 250 °C.
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With increasing temperature, the absorbance peak of the crystalline amide C=0 (1630 cm™)
decreases and the absorbance peak of the amorphous amide C=0 (1660 — 1670 cm™)
increases. This change is particularly strong when the temperature approaches the melting
temperature of the copolymer (Ty, is 203 °C). In the melt, the peak at 1630 cm™ has almost
completely disappeared, while the peak at 1670 cm™ is maximal. With increasing temperature
the wave number of the amorphous amide C=O increases slightly from 1660 to 1670 cm™.
Besides, the absorbance peak of the ester carbonyl shifts from 1720 to 1730 cm™ but the
intensity of the ester carbonyl is hardly affected by the temperature.

The T6T6T crystallinity in the copolymers is calculated by using Equations 4.1 and 4.2. The
intensity of the crystalline amide carbonyl is compared to the intensity of the amorphous
amide carbonyl. The T6T6T crystallinity is determined at 50 °C to exclude the presence of a
crystalline PEO phase in the copolymer. The constant C for PEOxgp-T6T6T,
PEO2000/PTMO2000-T6T6T (50/50) and PTMO;000-T6T6T is about the same (~2.3) and
corresponds to values reported in previous research on PEO-T6T6T 'Y and PTMO-T6T6T

copolymers 27/,
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Figure 4.5: T6T6T crystallinity as a function of temperature at 10 °C/min for PEOygy/PTMO19p9-T6T6T (50/50):
A, heating; A, cooling

In Figure 4.5 the T6T6T crystallinity in PEO2900/PTMO5000-T6T6T (50/50) as a function of
temperature is given during a heating and cooling cycle. On heating, the T6T6T crystallinity
remains high up to temperatures close to the melting point (Ty, is 203 °C). Upon cooling from
the melt, the crystallinity returns relatively fast and is almost complete. The T6T6T
crystallinity at 50 °C of all PEO,pp0/PTMO2000-T6T6T copolymers is around 85% (Table 4.2).
The FTIR results reveal that the PEO-based copolymers have a high T6T6T crystallinity.
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Dynamic mechanical analysis

Thermal mechanical properties of the PEO2p0o/PTMO2000-T6T6T copolymers are studied by
dynamic mechanical analysis (DMA) in torsion. The storage and loss moduli as a function of
temperature are represented in Figure 4.6 and the results are summarised in Table 4.3.

All copolymers have a broad and an almost temperature independent rubbery plateau and a
sharp flow temperature. This is common for polymers with crystallisable segments of
monodisperse length. The modulus of the rubbery plateau is independent of the PEO/PTMO
ratio and is mainly determined by the T6T6T content.
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Figure 4.6: Storage (a) and loss (b) modulus as a function of temperature of PEQ3yy/PTMO:p-T6T6T
copolymers with different PEO/PTMO ratios: m, 0/100; A, 50/50; o, 100/0.

Table 4.3: Dynamic mechanical properties of PEO3ypy/PTMO000-T6T6T copolymers.

PEO/PTMO Conc. T6T6T Conc. PEO Conc. PTMO T, Tpex G'200c Thow CSosy

ratio [wt%] [Wt%] [Wt%] [°C] [°C] [MPa] [°C] [%]
0/100 238 0.0 76.2 70 4 34 226 13
20/80 238 15.2 61.0 67 2 38 217 12
40/60 23.8 30.5 45.7 63 6 31 212 13
50/50 23.8 38.1 38.1 61 9 33 204 13
60/40 238 45.7 30.5 57 8 33 199 15
80/20 23.8 61.0 15.2 52 15 33 187 16
100/0 23.8 76.2 0.0 48 20 38 174 17

The Ty of PTMO2000-T6T6T and PEO190o-T6T6T is -70 and -48 °C respectively. This
difference is due to a higher T, of pure PEO (-72 to -65 °C) 1321 compared to pure PTMO
(-86 °C) 33 In the loss modulus of the PEO2000/PTMO12000-T6T6T copolymers only one

maximum is observed, indicating that the copolymers have one T, (Figure 4.6b).
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In Figure 4.7 the Ty of PEO200o/PTMO2000-T6T6T copolymers is given as a function of the
PEO/PTMO ratio. The T,’s increase linearly with PEO/PTMO ratio and thus PEO content. As
only one T, is observed that increases linearly with the PEO content, a homogenous

amorphous mixed ether phase is expected.
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Figure 4.7: Glass transition temperature of PEQp¢/PTMO2-T6T6T copolymers as a function of the
PEO/PTMO ratio.

The flex temperature (Thex) of copolymers with an amorphous polyether phase is mainly
determined by the glass transition temperature. However, the flex temperature of copolymers
with a semi-crystalline ether phase depends on the melting temperature of the crystalline
polyether phase 14151 The Thex 0of the PEO29p0/PTMO2000-T6T6T copolymers seems to be a
singular transition that follows the trend of the polyether melting temperature (Figure 4.2).
However, the increase in Tpex with PEO content is not linear. The crystalline polyether
melting temperature (and crystallinity) is disturbed by the presence of the other polyether

segment.
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Figure 4.8: Flow temperature of PEO,y0//PTMO29p0-T6T6T copolymers as a function of the PEO/PTMO ratio.
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In Figure 4.8 the flow temperature of the PEO,¢p0/PTMO2000-T6T6T copolymers is given as a
function of the PEO/PTMO ratio. The Tgey decreases linearly with increasing PEO content,
despite the fact that the T6T6T content is constant in all copolymers. The flow temperatures
have comparable values as the melting temperatures obtained with DSC experiments. As
discussed before, the decrease in Tyqow with PEO content can be explained by a stronger

interaction between PEO and T6T6T compared to the interaction between PTMO and T6T6T.

Compression set

The elastic properties are investigated with compression set tests. The compression set (CS) is
a measure for the recovery of a material after compression. At room temperature, the CS
values are mainly determined by plastic deformation *”). The CS values of copolymers
usually increase with increasing modulus as the network density increases. The CS values
increase also strongly with increasing polyether crystallinity !*'*,

In Figure 4.9 the CS values of PEO2p00/PTMO2000-T6T6T copolymers are given as a function

of the PEO/PTMO ratio.

S

~ ]

) 8

Q |
4,
0 ——
0/100 50/50 100/0

Ratio PEO/PTMO

Figure 4.9: Compression set measured at 20 °C for PEO3pgo/PTMO000-T6T6T copolymers as a function of the
ratio PEO/PTMO.

Despite the fact that the T6T6T concentration in all copolymers is constant, the CS values
increase with PEO content and, thereby, going through a minimum at a ratio of approximately
30/70. This minimum corresponds to the minimum observed for the polyether crystallinity
determined with DSC experiments (Figure 4.3). The higher CS of PEO,pp0-T6T6T compared
to PTMOy00o-T6T6T is most likely due to the presence of some polyether crystals.
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Influence of the molecular weight of polyether segments

The polyether crystallinity in PEO29p0/PTMO2000-T6T6T copolymers is relatively high. When
using shorter polyether segments the polyether crystallinity is reduced but the T6T6T contents
are higher. A PEO;0/PTMO¢00-T6T6T copolymer series is made, where the T6T6T
concentration is 38.4 wt%, and the thermal mechanical and elastic properties of these
copolymers are compared with the PEO1000/PTMO2000-T6T6T series where the T6T6T
concentration is 23.8 wt%.

Two other copolymer series are made to study the effect of the polyether molecular weight on
thermal mechanical and elastic properties. One series is made where the PEO,/PTMO g ratio
is kept 30/70 but the PEO, length changes from 600 to 8000 g/mol. Another series is based on
PEO00o/PTMO. where the PEO;oo content is kept constant at 37 wt% and the PMTO, length
changes from 650 to 2900 g/mol.

The copolymer compositions of the PEO;¢0o/PTMO00o-T6TO6T, PEO,/PTMO99o-T6T6T and
PEO00o/PTMO,-T6T6T series are given in Table 4.4.

Table 4.4: Dynamic mechanical properties and inherent viscosity of PEO,/PTMO,-T6T6T copolymers

PEO, / M, M, Conc. Conc. Conc. Ninh T, Thex G’oc Thow CSasy
PTMO, PEO PTMO T6T6T PEO PTMO
[ratio] [g/mol] [g/mol] [wt%] [wt%] [wt%] [dL/g] [°C] [°C] [MPa] [°C] [%]

PEO 9o/ PTMO 19po-T6T6T
0/100 1000 1000 38.4 0.0 61.5 2.1 -63 -22 &9 239 18
30/70 1000 1000 38.4 18.5 43.1 1.7 -60 -25 80 225 -
40/60 1000 1000 38.4 24.6 36.9 1.4 -57 -25 111 220 23
60/40 1000 1000 38.4 36.9 24.6 1.1 -56 -20 103 219 23
100/0 1000 1000 38.4 61.5 0.0 1.4 -45 -13 85 199 22
PEO,/PTMO 9p0-T6T6T
30/70 600 1000 429 17.1 40.0 23 -56 -10 113 229 20
30/70 1000 1000 38.4 18.5 43.1 1.7 -60 -25 80 225 .
30/70 3400 1000 33.0 20.1 46.9 2.0 -62  -27;-5 73 230 22
30/70 4600 1000 323 20.3 473 1.8 -61  -25;9 85 229 19
30/70 8000 1000 31.5 20.6 47.9 1.8 -60 -20;51 109 234 14
PEQO,9ppo/PTMO,-T6T6T
64/36 1000 650 42.7 36.9 20.4 2.5 -45 -10 74 232 21
60/40 1000 1000 38.4 36.9 24.6 1.1 -56 -20 103 219 23
55/45 1000 2000 32.6 37.1 30.3 1.6 -53 -27 49 213 17
53/47 1000 2900 30.2 37.0 32.8 1.7 -50  -28;15 41 208 14

' CS experiments were not performed
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During the polymerisation, the polymer melt of all the copolymers was transparent, indicating
that no melt phasing between the segments occurred. All copolymers have a high inherent

viscosity and, therefore, a high molecular weight (Table 4.4).

Low temperature properties

DMA results of the PEO,/PTMO.-T6T6T copolymers reveal only one glass transition
temperature of the mixed polyether phase. This suggests that the amorphous PEO and PTMO
segments are mixed homogeneously. In Figure 4.10a the T,’s of PEO;9oo/PTMO;000-T6T6T
and PEOp0/PTMO500-T6T6T copolymers are given as a function of the PEO/PTMO ratio.

-40 40
a b
-50 20 .
© .60 2 0
= & \
-70 -20
-80 ; ; ; ; f T T T T 40 : : . : . : : .
0/100 50/50 100/0 0/100 50/50 100/0
Ratio PEO/PTMO Ratio PEO/PTMO

Figure 4.10: The (a) glass transition temperature and (b) flex temperature as a function of the PEO/PTMO
ratio: m, PEOZOOQ/PTMOZOOO-T6T6T,' A, PEO[OOO/PTMOIOOO-T6T6T.

All copolymers have a low T,, which increases linearly with increasing PEO/PTMO ratio.
The T,’s of PEO;g00/PTMOi00-T6T6T copolymers are higher than those of the
PEO2000/PTMO2000-T6T6T copolymers due to a higher physical crosslink density.

The flex temperature of copolymers, containing a semi-crystalline polyether phase, is related
to the melting temperature of the polyether segments. The PEQO;gp/PTMO;g90-T6T6T
copolymers have lower flex temperatures than those of the PEQ;000/PTMO2000-T6T6T
copolymers (Figure 4.10b). Shorter polyether segments are less crystalline and have a lower
melting temperature. Both copolymer series show no linear increase in flex temperature with
increasing PEO/PTMO ratio, indicating that the polyether segments hinder each other in their
crystallisation. Both the PEO;000/PTMO000-T6T6T and PEO;900/PTMO000-T6T6T
copolymers contain the lowest polyether crystallinity at a PEO/PTMO ratio of approximately
30/70.
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In another series, based on PEO,/PTMO00-T6T6T copolymers, the PEO,/PTMO o ratio is
kept constant at 30/70 and the PEO length was varied from 600 to 8000 g/mol. In Figure
4.11a the glass transition temperatures and flex temperatures of these copolymers are given as

a function of the PEO segment length.
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Figure 4.11: The glass transition temperature and flex temperature as a function of the polyether length of (a)
PEO,/PTMO 19p-T6T6T and (b) PEO 40y’ PTMO.-T6T6T: A, T,; O, Ty of PTMO phase; m, Ty, of PEO phase.

The PEO,/PTMO00o-T6T6T copolymers have one glass transition temperature that remains
almost constant despite the increasing PEO length. An exception is PEOgy/PTMO09o-T6T6T,
which has a slightly higher T, due to a higher crosslink density.

The PEO,/PTMO¢00-T6T6T copolymers with PEO, of 600 or 1000 g/mol show one polyether
melting transition while copolymers with PEO, of 3400 g/mol or higher show two transitions
at low temperatures. These two melting transitions correspond to a PEO and PTMO
crystalline phase. The copolymer with a PEO length of 8000 g/mol has a flex temperature far
above room temperature.

The DSC heating scan of PEO,/PTMO00o-T6T6T copolymers show one glass transition and a
broad polyether melting peak (Figure 4.12). The melting transition can be divided in a PTMO
and PEO melting peak. The glass transition temperature of the polyether phase and PTMO
melting temperature remain unaffected when the PEO length increases. However, the PEO
melting temperature shows a strong increase. These extra transitions suggest that with long
polyether segments the PEO/PTMO-T6T6T copolymers contain two polyether crystalline

phases.
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Figure 4.12: DSC heating scan of PEO/PTMO9pp-T6T6T copolymers: 0, x = 3400 g/mol; A, x = 4600 g/mol;
¢, x = 8000 g/mol.

In the other series, based on PEO;9oo/PTMO.-T6T6T copolymers, the PTMO length is varied
from 650 to 2900 g/mol. The glass transition temperatures and flex temperatures of these
copolymers are given as a function of the PTMO segment length in Figure 4.11b. The
PEOp0o/PTMO.-T6T6T copolymers have one glass transition temperature that slightly
increases with increasing the PTMO length. The T, of PEO;000/PTMOgs0-T6T6T is higher due
to a higher crosslink density in the copolymer. A single flex temperature is observed for the
copolymers when the PTMO, segment length is 2000 g/mol or lower, and two flex
temperatures are observed when the PTMO, segment length is 2900 g/mol.

Storage modulus

The storage modulus at room temperature of polyether-T6T6T copolymers depends mainly on
the TOT6T content. The type of polyether segments only has a small effect as discussed in
Chapter 2. However, when the melting temperature (Tgex) of the polyether phase is above
room temperature the modulus (G’y oc) is higher. The storage moduli of the studied
PEO,/PTMO,-T6T6T copolymers are given as a function of the T6T6T concentration in
Figure 4.13.

As expected, the storage modulus increases with T6T6T content. The PEO,/PTMO9g0-T6T6T
copolymers with long PEO, segments have a somewhat higher modulus than the observed
trend in modulus versus T6T6T concentration of the other PEO,/PTMO,-T6T6T copolymers.
This can be explained by the presence of a high melting PEO phase. At 20 °C, the storage
modulus of PEOgyoo/PTMO900-T6T6T is 109 MPa while at 55 °C, where the polyether phase

is completely amorphous, the storage modulus is 76 MPa.
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Figure 4.13: Storage modulus at 20 °C as a function of the T6T6T concentration: m, PEOp0y/PTMO5p9-T6T6T;
A, PEO[{)O()/PTMO100()—T6T6T; 0O, PEO]()O(}/PTMOZ—T6T6T, A, PEOX/PTMOI()()()-T6T6T

Flow temperature
In Figure 4.14 the flow temperatures of PEO;0o/PTMO09o-T6T6T and PEO200o/PTMOx¢00-
T6T6T copolymers are given as a function of the PEO/PTMO ratio.
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Figure 4.14: Flow temperature as a function of the PEO/PTMO ratio; m, PEQyy/PTMO2ypp-T6T6T;
A, PEO;poo/PTMO ;p9o-T6T6T.

As already discussed, the flow temperatures of PEO2000/PTMO2000-T6T6T copolymers
decrease linearly with increasing PEO/PTMO ratio, while the T6T6T concentration is
constant (Figure 4.8). The flow temperatures of PEO;9o0/PTMO000-T6T6T copolymers show
a similar decrease, however, at a higher temperature than the PEQO;000/PTMO2000-T6T6T

copolymers. This is due to a lower polyether content.
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With increasing PEO segment length, the total polyether content of PEO,/PTMO09-T6T6T
copolymers increases from 57 to 68 wt%. However, the flow temperature of these copolymers
does not change. It is expected that the melting temperature of the copolymer decreases due to
the increased polyether content.

The PTMO content in the PEO;¢oo/PTMO.-T6T6T copolymers increases from 20 to 33 wt%

and, as a result, the flow temperature decreases.

Elasticity

The elasticity of the PEO,/PTMO.-T6T6T copolymers is investigated by compression set
experiments performed at room temperature. The compression set (CS) of polyether-T6T6T
copolymers mainly depends on the T6T6T concentration and thus on the storage modulus.
However, the presence of a semi-crystalline polyether phase at room temperature reduces the
elasticity of the copolymer !'*'*. The CS values of all the PEO,/PTMO.-T6T6T copolymers

are given as a function of the storage modulus in Figure 4.15.
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Figure 4.15: Compression set determined at 20 °C as a function of the PEO content; m, PEOypy/PTMO 959
T6T6T, A, PEO]()()()/PTM01000-T6T6Z' O, PEO[{)(){)/PTMOZ-T6T6T, A, PEOX/PTM01000-T6T6T

All the PEO,/PTMO,-T6T6T copolymers show an increase in elasticity (and thus lower CS
values) with decreasing modulus. It is remarkable that the PEOgyo0/PTMO;00o-T6T6T
copolymer has a low CS value, while the polyether melting temperature of this copolymer is
above room temperature (51 °C). The low CS value at a relative high modulus suggests that

the crystallites of PEOgoo are more difficult to deform.
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Conclusions

PEO,/PTMO,-T6T6T segmented block copolymers based on mixed hydrophilic poly(ethylene
oxide) (PEO) and hydrophobic poly(tetramethylene oxide) (PTMO) polyether segments and
monodisperse crystallisable T6T6T segments were made. The copolymers have a high
molecular weight, are melt-processable and transparent. The PEO,/PTMO,-T6T6T
copolymers show a broad and an almost temperature independent rubbery plateau and a sharp
melting temperature due to the use of monodisperse T6T6T segments.

All investigated PEO,/PTMO.-T6T6T copolymers only have one glass transition temperature.
This indicates that the amorphous polyether segments remain mixed when the rigid phase is
highly crystalline, while in the case of copolymers with a low rigid segment crystallinity the
amorphous polyether segments phase separate more easily. The T,’s of PEO,/PTMO.-T6T6T
copolymers increase linearly with increasing PEO content since the T, of the PEO prepolymer
is higher than that of PTMO prepolymer.

Polyether segments can crystallise and with increasing crystallinity the polyether melting
temperature increases. The PEO,/PTMO,-T6T6T copolymers have a single polyether melting
transition when both PEO and PTMO have molecular weights of 2000 g/mol or less. When
either PEO or PTMO is longer than 2000 g/mol, two polyether melting temperatures are
observed. The polyether melting temperatures and crystallinities of PEO,/PTMO,-T6T6T
copolymers are lower than in the case of ideal co-crystallisation, indicating that the polyether
segments hinder each other in their crystallisation. A minimum in polyether melting
temperature, crystallinity and compression set values is observed at a PEO,/PTMO; ratio of
approximately 30/70. An wunusually low compression set value is observed for
PEOg300o/PTMO000-T6T6T copolymers.

The T6T6T heat of fusion in the PEO,/PTMO.-T6T6T copolymers decreases with increasing
PEO content, while FTIR results reveal a high T6T6T crystallinity in all copolymers (~85%).
The lower values of heat of fusion might be due to exothermic mixing of T6T6T and PEO on

melting.
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Chapter 5

Water in polyether-based segmented block copolymers

Abstract

The segmented block copolymers described in this chapter are based on flexible polyether segments
and monodisperse crystallisable tetra-amide segments (T6T6T). The polyether phase consists of
hydrophilic poly(ethylene oxide) (PEO) and/or hydrophobic poly(tetramethylene oxide) (PTMO)
segments. The influence of the soft phase composition of the copolymer on the water absorption was
studied. The water absorption of the PEO-based copolymers depends on the PEO concentration. The
number of water molecules per ethylene oxide unit (H,O/EQ) is determined by the crosslink density in
the copolymer (i.e. the T6T6T concentration) and the presence of hydrophobic units (like PTMO or
terephthalic units) in the PEO phase.

The effect of water on the physical properties of the copolymers was studied with DSC. A strong
decrease in glass transition temperature of the soft phase is observed when the PEO-based
copolymers are fully hydrated with water. This is due to the plasticizing effect of water on the PEO
segments. The PEO melting temperature and crystallinity are strongly reduced when the copolymer
absorbs water, while the PTMO phase remains unaffected by water. Freezing water is present in the
PEO-based copolymer when the PEO phase contains approximately 30 vol% water. The amount of
freezing water is almost independent of the PEO concentration, the PEO molecular weight and the
presence of hydrophobic PTMO segments in the PEO phase.

The tensile properties of dry and hydrated PEO-based copolymers were evaluated. The hydrated
copolymers have a lower E-modulus but a higher yield strain compared to dry copolymers. In an
aqueous environment, the PEO melting temperature is strongly reduced and the strain-induced

crystallisation of the polyether segments is lowered, resulting in a reduced fracture stress.
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Introduction
The hydrophilicity and water vapour permeability of segmented block copolymers can be
improved by using polar poly(ethylene oxide) (PEO) segments instead of hydrophobic

4 amide B

flexible segments. Several PEO-based segmented block copolymers with ester !
or urethane(urea) U''¥ types of rigid segments have been reported. These hydrophilic PEO-
based block copolymers can be used in many different application markets like textile,
packaging, construction and gas separation.

PEO is completely soluble in water at room temperature, in contrast to other closely related
polyethers, like poly(tetramethylene oxide) (PTMO) or poly(propylene oxide) (PPO). This
can be explained by the strong interaction between water and PEO ). The high mobility of
hydrated PEO segments present at a polymer surface and the large excluded volume will
decrease the protein adsorption when contacting such a surface with a protein solution.

Therefore, PEO-based block copolymers might also be interesting for biomedical

applications.

The use of flexible PEO segments results in a strong increase in water absorption of the
copolymer. An exponential increase of the water vapour sorption isotherm (volume fraction of
water versus the water vapour activity) is usually observed for hydrophilic polymers, which
can be explained by the formation of water clusters in the copolymer !*'%.

Water in hydrophilic polymers can be present in three states; bound water, freezing bound

20211 'Water molecules can form hydrogen bonds with polar groups

water and freezing water |
of the polymer. The mobility of these water molecules is restricted and, therefore, this water
cannot crystallise and is known as bound water or non-freezing water. Freezing bound water,
or interfacial water, is not directly bound to the polar groups of the polymer but forms
hydration layers around the bound water molecules ****. This freezing bound water can
crystallise, but at a temperature below the crystallisation temperature of bulk water. Above a

certain amount of (freezing) bound water, freezing water is observed and this water

crystallises at the same temperature as bulk water.

It is known that absorbed water lowers the glass transition temperature of the polymer since
water acts as plasticizer. Furthermore, water reduces the mechanical properties of the

[1124-28] e swelling of the polymer in water

polymer, like the modulus and fracture stress
can be controlled by using mixtures of hydrophilic and hydrophobic polyether segments.

Several segmented block copolymers with a mixture of flexible PEO/PTMO or PEO/PPO
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segments and polyurethane(urea) rigid blocks have been reported !''"'**3%  These
copolymers can be used to create an optimal hydrophilic-hydrophobic balance of the surface,
which might be interesting for biomedical applications *'2*!

Polyurethane-based segmented block copolymers phase separate through liquid-liquid
demixing, often followed by partial crystallisation of the rigid segments. Fast crystallising
rigid segments, like polyesters and polyamides, usually phase separate by crystallisation.
However, the crystallinity of these rigid segments in the copolymers is generally low. A large
amount of non-crystallised rigid segments is present in the polyether matrix. The
crystallisation of the rigid segments can be improved by using monodisperse segments %7,
Copolymers containing monodisperse rigid segments have a fast crystallisation and an almost

complete phase separated polymer morphology. The polyether concentration in the copolymer

can be high, up to 88 wt%, while the mechanical properties of the copolymer are still good
[38,39]

Segmented block copolymers based on hydrophilic PEO and/or hydrophobic PTMO segments
and monodisperse crystallisable tetra-amide segments (T6T6T) have been studied in this
thesis. The influence of water on the physical and tensile properties of these copolymers will
be discussed in this chapter. The physical properties like the glass transition temperature of
the soft phase, the polyether melting temperature and the polyether crystallinity will be
determined by DSC. Moreover, the state of water in the copolymers, i.e. bound or freezing
water, will be determined.

Three different copolymer series will be studied, which vary in the PEO concentration, the
hydrophobic concentration (PTMO or terephthalic units) and the T6T6T concentration. The
first polymer series, denoted as PEO,-T6T6T, is based on PEO flexible segments with varying
PEO molecular weights (x) (600 to 4600 g/mol) *. The second series contains PEO
segments that are extended with terephthalic units (T) to create long flexible polyether
segments that will not phase separate by liquid-liquid demixing. These copolymers are
denoted as (PEO,/T),-T6T6T, where both the PEO molecular weight (x) as well as the total
molecular weight of the flexible segments () are varied **). The third polymer series is based
on a mixture of PEO and PTMO segments, denoted as PEO709o/PTMO100-T6T6T, where the
PEO/PTMO ratio is varied *. The dry and hydrated surface morphology of these
PEO/PTMO-T6T6T copolymers will be investigated by AFM, to determine whether phase

separation between the polyether segments occurs in an aqueous environment.
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Experimental
PEO,-T6T6T block copolymers. The PEO,-T6T6T copolymers were synthesised by a polycondensation reaction
using PEO segments with a molecular weight (x) of 600 — 4600 g/mol and T6T6T. See Chapter 2 of this thesis.
(PEO,/T),~-T6T6T block copolymers. These copolymers were synthesised by a polycondensation reaction using
PEO segments that were extended with terephthalic units, and T6T6T. The PEO molecular weight (x) and the
total molecular weight of the flexible segment (y) were varied. See Chapter 3 of this thesis.
PEO,00/PTMO,q00-T6T6T block copolymers. These copolymers were synthesised by a polycondensation
reaction using a mixture of PEO and PTMO flexible segments and T6T6T. Both polyether segments have a
molecular weight of 2000 g/mol and the weight percentage ratio between PEO and PTMO was varied. See
Chapter 4 of this thesis.
Water absorption (WA). The equilibrium water absorption was measured using pieces of injection-moulded
polymer bars (70x9x2 mm). The samples were placed in a desiccator filled with demineralised water for four
wks at room temperature. The water absorption was defined as the weight gain of the polymer according to;
m—m

Water absorption = x100% [wt%] (Equation 5.1)
mg

where m, is the weight of dry sample and m the weight of the sample after conditioning to equilibrium. The
measurements were performed in duplicate. After 4 wks the samples were dried and m, was measured again to
exclude weight loss during the experiment. The volume fraction of water in the copolymer, denoted as @y, Was
determined by using a PEO, PTMO, DMT and T6T6T density of 1.13, 0.98, 1.20 and 1.32 g/cm® respectively
[411

Water vapour sorption isotherm. Water vapour sorption measurements were performed by determining the
equilibrium water absorption of pieces of injection-moulded polymer bars at different relative humidities (RH),
using desiccators filled with saturated salt solutions. Several different saturated salt solutions were used; KCl
(85% RH), NaCl (75% RH), Mg(NOs),'6H,0 (54% RH), KF (31% RH), LiCl (11% RH). The water absorption
was determined after 4 wks at room temperature using Equation 5.1.

Differential scanning calorimetry (DSC). The thermal transitions of dry and hydrated copolymers were
determined by DSC using a Pyris 1 (Perkin Elmer, USA). Small pieces of injection-moulded polymer bars
(5 - 10 mg) were used. The samples were kept for 1 min at -100 °C and subsequently heated from -100 to 80 °C
at a heating rate of 10 °C/min. The heating scan was followed by a cooling scan from 80 to -100 °C at a rate of
10 °C/min and a subsequent second heating scan under the same conditions. The glass transition temperature
was taken as the midpoint of the heat capacity change of the first heating scan. In the case of completely
hydrated polymers, the samples were placed in demineralised water for 1 d to reach an equilibrium state of water
absorption. The excess of water was gently removed using an absorbing tissue.

Tensile test. Samples for the tensile test were prepared by melt spinning the dried polymer into threads on a (4cc
DSM res RD11H-1009025-4) co-rotating twin screw mini extruder. The extruder was set approximately 40 °C
above the flow temperature and the screw speed was 30 rpm. The titer of the threads (expressed in tex =
10" kg/m) was calculated assuming a polymer density of 1.0 g/cm’. Tensile tests on threads were carried out on
a Zwick Z020 universal tensile machine equipped with a 10 N load cell. The strain was measured by clamp

displacement. Standard stress-strain curves were obtained at a strain rate of 250 mm/min with a starting clamp
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distance of 25 mm. The test was preformed in 5-fold. Tensile tests were also performed on hydrated polymers
threads. The threads were placed in demineralised water for 1 d to reach an equilibrium state of water absorption.
Atomic Force Microscopy (AFM). AFM measurements were performed on a Bioscope AFM and Nanoscope 1V
controller. The AFM height images were recorded in tapping mode. The operating set point value (A/Ag) was 0.6
— 0.7 and the scan size was 1 pm. Solvent-cast samples of ~15 pm were prepared from a 4 wt% solution in TFA.
The AFM measurements were first performed on dry samples using a TESP cantilever (k ~ 40 N/m).
Subsequently, a drop of demineralised water was placed on the film and the measurements were performed using

a DNP cantilever (k ~ 0.58 N/m).

Results and discussion

PEO-based segmented block copolymers

The water absorption of two different PEO-based copolymer series, the PEO,-T6T6T and
(PEO,/T),-T6T6T series, is discussed in this section. In Table 5.1 the compositions and water
absorptions of both types of copolymers are given. Since the T6TOT crystallinity in all the
copolymers is high (~85%) and crystalline nylon does not absorb water *%, it is assumed that

water is only absorbed in the PEO phase of the copolymers.

Table 5.1: Water absorption (WA) of PEO-T6T6T and (PEO,/T),-T6T6T copolymers.

xory Conc. Conc. Conc. WA H,O/EO  OQwaer
T6T6T PEO T
[g/mol] [wt%] [wt%] [wt%] [wt%] [-] [vol%]

PEO,-T6T6T
600  51.0  49.0 - 18 0.9 18
1000 384  61.6 - 35 1.4 30
1500 294 706 - 69 2.4 45
2000 238 762 - 91 2.9 51
3400 155 845 - 127 3.7 59
4600 119  88.1 - 170 4.7 66
(PEOsy/T),-T6T6T
2500 199 584 217 14 0.6 14
(PEOQqgy/T),-T6T6T
600  51.0  49.0 - 18 0.9 18
1250 333 604 63 30 1.2 26
2500 200 69.0 11.0 49 1.7 36
5000 11.1 748 141 66 2.2 43
10000 59 781 160 75 23 46
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In Figure 5.1 the water absorption and volume fraction of water (Qwater) of PEO,-T6T6T and
(PEO./T),-T6T6T copolymers are given as a function of the PEO concentration.
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Figure 5.1: (a) Equilibrium water absorption (WA) and (b) volume fraction of water (9,u.;) as a function of
PEO concentration: ¢, PEO,-T6T6T; O, (PEOgsy/T),-T6T6T; o, (PEO30¢/T)2500-T6T6T.

A strong increase in water absorption as a function of PEO content is found for PEO,-T6T6T
and (PEO,/T),-T6T6T copolymers. This strong increase in water absorption with PEO content
can be explained by an increase in the physical crosslink density (T6T6T concentration),
which limits the swelling of the amorphous regions. Slightly lower water absorptions are
observed for copolymers with terephthalic extended PEO segments, indicating that the
presence of terephthalic units in the amorphous phase reduces the water absorption. This
reduction in water absorption is stronger when copolymers contain a higher concentration of
terephthalic units. The water absorption can also be given as volume fraction of water (Qwater)
in the copolymer. A linear increase in Qyaer 1S observed for both PEO,-T6T6T and (PEO,/T),-

T6T6T copolymers when the PEO concentration is above approximately 50 wt%.

In Figure 5.2 the number of water molecules per ethylene oxide unit (H,O/EO) is given as a
function of the T6T6T concentration. The HyO/EO ratio was calculated using the PEO and
water concentration (Table 5.1). The H,O/EO ratios of both copolymer series decrease with
increasing T6T6T concentration. When hydrophobic terephthalic units are present in the PEO
phase the H,O/EO ratio is even more reduced. This indicates that the H,O/EO ratio is
influenced by the T6T6T concentration and the presence of hydrophobic terephthalic units in
the PEO phase.
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Figure 5.2: Number of water molecules per ethylene oxide unit (HO/EQ) as a function of T6T6T concentration:
¢, PEO.-T6T6T; 0, (PEOgoo/T)y-T6T6T, o, (PE0300/7)25()0-T6T6T.

Sorption isotherm
The water vapour sorption isotherms (volume fraction of water versus the water vapour

activity) of PEO,-T6T6T copolymers at room temperature are given in Figure 5.3.

80

(Qwater [VOl%]

Figure 5.3: Equilibrium water sorption isotherms of PEO.-T6T6T copolymers with different PEO segment
lengths (x): o, x = 1000, e, x = 1500, m, x = 2000.

An exponential increase in volume fraction of water with increasing water vapour activity is
observed for the PEO,-T6T6T copolymers. Comparable convex sorption isotherms were

(241 or polyurethane 2%4+4"]

observed for PEO-based block copolymers containing polyester
rigid segments. This exponential increase in volume fraction of water is often explained by

the formation of water clusters in the copolymer.
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Effect of water on PEO phase transitions
Water in polymers acts as a plasticizer and depresses the glass transition temperature of the

[48-50

system I The glass transition temperatures of dry and completely hydrated PEO,-T6T6T

copolymers were measured with DSC (10 °C/min) and the results are given in Table 5.2.

Table 5.2: Thermal properties of dry and hydrated PEO,-T6T6T copolymers.

dry hydrated

PEO (x) Conc.PEO WA | T, T,PEO AH,PEO | T, T.PEO AH,PEO

[g/mol] [wt%e]  [wt%] | [*C]  [C] [V/el [°Cl  [C] [J/g]
600 49.0 18 -42 - - -58 - -
1000 61.6 35 -54 - - -69 - -
1500 70.6 69 -57 -8 31 -70 -52 18
2000 76.2 91 -53 14 40 -70 -39 31
3400 84.5 127 | -55 32 62 -73 -28 n.d.
4600 88.1 170 | -51 44 84 72 -18 n.d.

In Figure 5.4 the glass transition temperatures of dry and hydrated PEO,-T6T6T copolymers
are given as a function of the PEO segment length. The relatively high T, of PEOgoo-T6T6T
can be explained by the high physical crosslink density in the copolymer. The T, values of the
copolymers with a PEO segment length of 1000 g/mol or higher are more or less constant.
The T, values shift to lower temperatures when the copolymers absorb water. This
phenomenon is due to the plasticizing effect of water on the PEO segments. The difference in
T, between dry and wet copolymer is almost independent of the PEO length, despite that

longer PEO segments absorb more water.

M \\,\
-50 A . R PS

? 60 ¢
™ U d
-70 1 > Vv
-80 hydrated
—90 T T T T T T T T
0 1000 2000 3000 4000 5000

PEO, length [g/mol]

Figure 5.4: Glass transition temperature as a function of the PEO length (x) of PEO,-T6T6T copolymers (4, dry;
0, hydrated).
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Generally, the depression in glass transition temperature by the presence of a small molecule,
in this case water, can be predicted by the Fox-Flory relationship . However, the Fox-Flory
equation can only be used for systems that are homogenously mixed. In the case of PEO,-
T6T6T copolymers it is assumed that the water molecules are present in the form of clusters,
indicating that there is no homogenous mixture of PEO and water.

According to the results described in Chapter 2 of this thesis, an increase in PEO segment
length results in an increased PEO melting temperature. The effect of the water in the
copolymer on the PEO melting temperature and crystallinity is studied with DSC. In Table
5.2 the thermal properties of the PEO phase of dry and fully hydrated PEO,-T6T6T
copolymers are given. An increase in the PEO segment length from 1500 to 4600 g/mol
results in an increase in the PEO melting temperature and enthalpy of the dry copolymer,
indicating an increase in PEO crystallinity. When the copolymers are fully hydrated with
water, the PEO melting temperature and enthalpy are strongly reduced. The melting point
depression by the presence of a small molecule, in this case water, can be described by the

Flory solvent theory '®*!),

Water present in a polymer, showing a melting and crystallisation temperature corresponding
to pure water, is known as freezing water. For comparison, DSC results of pure demineralised
water, recorded with a rate of 10 °C/min, show a melting and crystallisation peak at
approximately 3 and -20 °C respectively (Figure 5.5).

The second heating scans of PEO4s00-TO6T6T, containing different volume fractions of water,
are given in Figure 5.5. Dry PEOug00-T6T6T shows a PEO melting peak at approximately 44
°C. With increasing water content the PEO melting temperature decreases. When the
copolymer contains a water content of ~32 vol%, a small melting peak of freezing water is
observed at approximately 3 °C (see enlargement Figure 5.5). With a further increase of the
water content in the copolymer, the amount of freezing water increases strongly. The fully
hydrated PEOu400-T6T6T copolymer contains 66 vol% water and shows two melting peaks of
freezing water close to each other. This might be explained by an extra crystalline transition

[15,23,50,52-54

of water present in the copolymer I Freezing bound water, which should give a

melting peak below freezing water, was not observed in these copolymers.
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Figure 5.5: DSC second heating scans of PEQ,;50-T6T6T containing different volume fractions of water:
m, 0vol%; A, 1.7 vol%, A, 32 vol%, O, 66 vol%, (dotted line represents pure water). Enlargement of 32 vol% in

right upper corner.

The phase transitions of PEQOu4600-T6T6T and PEO,¢p0-T6T6T copolymers containing different
volume fractions of water are reported in Table 5.3. In Figure 5.6 the glass transition
temperatures and PEO melting temperatures of both copolymers as a function of the volume

fraction of water are given.

Table 5.3: DSC results of PEO3y-T6T6T and PEQ ;500-T6T6T copolymers at different water vapour activities
(a).

PEQyp-T6T6T PEQ 500-T6T6T
a Pwater T, TnPEO AH,PEO T, water | Quaer T, TwPEO AH,PEO T, water
[vol%] [°C] [°C] [J/g PEO] [°C] [vol%] [°C] [°C] [J/g PEO] [°C]

0.00 0.0 -53 14 40 - 0.0 -51 44 84 -
0.31 4.5 -56 7 31 - 1.7 -54 43 58 -
0.54 52 -57 8 31 - 2.8 -56 39 69 -
0.85 26 -67 -20 9 - 32 -66 5 nd.' ~3
1.00 51 -70 -39 12 ~3 66 =72 -18 nd.' ~3

! could not be determined

82



Water in polyether-based segmented block copolymers

Dry PEOu4600-T6T6T and PEOy0p-T6T6T copolymers have a PEO melting temperature of 44
and 14 °C respectively. The dry PEOu4600-T6T6T copolymer has a higher PEO melting
temperature and enthalpy than PEQO;p00-T6T6T since PEQO4s09 is more crystalline than
PEO;000. The PEO melting temperatures of both copolymers decrease with increasing volume
fraction of water. Also the PEO melting enthalpies are reduced when the copolymers absorb
water, suggesting that the PEO crystallinity is decreased. The water absorption of PEO4e00-
T6TO6T at low activities (a < 0.54) is restricted by the presence of a semi-crystalline PEO
phase at room temperature. This explains why PEQOu4600-T6T6T has a lower water absorption

than PEO;0go-T6T6T at an activity of 0.54.

Temperature [°C]

0 20 40 60 80
Qwater [VOI%]

Figure 5.6: Phase transitions of (m) PEQO,yp»-T6T6T and (A) PEQO ;500-T6T6T copolymers as a function of the

volume fraction of water.

The glass transition temperatures of PEQO1pp0-T6T6T and PEOu4600-T6T6T copolymers are
reduced with increasing volume fraction of water absorbed. Similar T, values are observed for
both copolymers, indicating than the amount of water present in the copolymer has an
influence on the decrease in T,. With increasing water content the reduction in T, is less
strong compared to the reduction in PEO melting temperature. This indicates that with
increasing amount of water absorbed in the copolymer the Ty/Ty, ratio increases from 0.77 to
0.81 for PEO20oo-T6T6T and from 0.70 to 0.79 for PEOu4s00-T6T6T. Usually, a higher Ty/Tr,
ratio results in a reduced crystallisation rate and crystallinity [*") and this might explain a
lowering of the PEO crystallinity with increasing water content. Another reason might be that

PEO and water mix exothermically and thereby lowering the melting enthalpy !>,
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Since the PEO and freezing water melting peaks overlap partly, the cooling scan was used to
determine the crystallisation enthalpy of freezing water. Pure demineralised water shows a
crystallisation peak at approximately -20 °C as determined by DSC at a cooling rate of 10
°C/min. All PEO,-T6T6T copolymers show a crystallisation peak at approximately -20 °C,
corresponding to freezing water. An extra crystallisation peak is observed for PEO,-T6T6T
copolymers with a PEO segment length above 1000 g/mol, located at a temperature close to
the crystallisation temperature of freezing water. This can be explained by an extra crystalline
transition of water present in the copolymer !'>#3%-32-341,

The fully hydrated PEOgo-T6T6T copolymer contains approximately 18 vol% water
(H,O/EO ratio of 1.0) and shows a crystallisation peak of freezing water. PEO,p00-T6T6T
contains approximately 26 vol% at a water vapour activity of 0.85 shows no crystallisation
peak of freezing water. This copolymer has a H,O/EO ratio of 0.9. This indicates that

copolymers contain freezing water when the H;O/EO ratio is above 0.9, i.e. when the PEO

phase contains more than 30 vol% water.

The percentage of freezing water (wy) in PEO-based copolymers can be calculated using

Equation 5.2.

AH

w, = x100% [%] (Equation 5.2)

w

where AH is the measured crystallisation enthalpy of water in a fully hydrated copolymer and
AH,, the heat of fusion of pure water (334 J/g). It is assumed that no freezing bound water is
present. The amount of bound water (w;) can be calculated by subtracting wy from the total
water absorption. The number of bound water molecules per ethylene oxide repeating unit

(H,O/EO bound) can be calculated by using Equation 5.3 *.

w, X
H,O/EO bound:( b (pwm)x 44 [-] (Equation 5.3)

13 @ pro

where ¢, and @pgo are the weight fraction of water and PEO in the copolymer respectively.
The amounts of freezing and bound water as well as the number of (bound) water molecules

per EO unit are given in Table 5.4.
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Table 5.4: DSC results of fully hydrated PEO,-T6T6T copolymers (water vapour activity of 1).

PEO length WA Qwater QOwaer AH.  wr w, HO/EO H,O/EO

x) bound
[g/mol]  [wt%] [wt%] [vol%] [J/g] [%] [%] [-] [-]
600 18 15 18 13 26 74 0.7 0.9
1000 35 26 30 21 24 76 1.1 1.4
1500 69 41 45 25 18 82 2.0 2.4
2000 91 48 51 27 17 83 2.4 2.9
3400 127 56 59 - - - - 3.7
4600 170 63 66 - - - - 4.7

! could not be determined

The crystallisation enthalpies of water in fully hydrated PEO,-T6T6T copolymers increase
with increasing PEO segment length and thus with increasing volume fraction of water. By
using Equation 5.2 the amount of freezing water was calculated. The PEO,-T6T6T
copolymers show a small decrease in freezing water percentage with increasing PEO length.
This is not expected as the WA increases with PEO segment length and thus PEO
concentration. The amount of freezing water in the PEO,-T6T6T copolymers is between 17 to
26% of the total concentration of water absorbed by the copolymer.

The crystallisation enthalpy of freezing water for the PEO3400-T6T6T and PEQOu400-T6T6T
copolymers could not be determined as the crystallisation peak of freezing water overlaps

with the crystallisation peak of PEO.

Stress-strain behaviour

The tensile properties of the PEO-T6T6T segmented copolymers are determined by stress-
strain measurements. At small deformation the stress increases linearly with the strain. Above
the yield point the stress gradually increases. At higher strains, above 300%, strain-induced
crystallisation of the polyether segments can take place, which results in a higher fracture
stress 1)
The PEO-T6T6T copolymers have a semi-crystalline PEO phase when the PEO length is
1000 g/mol or longer **. Water reduces the melting temperature of PEO and strain-induced
crystallisation of the PEO segments will become more difficult. To study the influence of
water on the tensile properties of PEO-T6T6T copolymers, strain-induced crystallisation of

the PEO segments must be restricted to exclude other effect besides water. Therefore, the

tensile tests were performed on (PEOgoo/T),~-T6T6T copolymers, where the PEOgo segments
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are extended with terephthalic units to a desired flexible segment length (v) B*). The PEO
melting temperature and crystallinity of these copolymers are partly suppressed. The
(PEOg0o/T),~-T6T6T copolymers contain an amorphous PEO phase at room temperature and,
therefore, the change in tensile properties is likely mainly due to a change in T6T6T
concentration and amount of water absorbed by the copolymer.

For applications in an aqueous environment, it is necessary to maintain good mechanical
properties of the polymer. Therefore, the stress-strain behaviour is determined for both dry
and fully hydrated (PEOgo¢/T),~-T6T6T copolymers. The tensile properties of the copolymers

are given in Table 5.5.

Table 5.5: Tensile properties of dry and hydrated (PEOgy/T),-T6T6T copolymers.

y WA  Conc. T6T6T M, E o,/ &' o & O’
[g/mol]  [wt%)] [Wt%] [dL/g] [MPa] [MPa] [%] [MPa] [%] [MPa]
600 0 51.0 14 263 155 17 32 490 189

18 43.2 216 168 16 36 520 223
1250 0 333 1.6 233 108 13 27 710 219
30 25.6 130 87 21 26 780 229
2500 0 20.0 1.7 81 59 24 19 1080 224
49 13.4 22 42 40 96 650 72
5000 0 11.0 1.4 66 32 35 77 900 77
66 6.6 9 24 63 26 9 26
10,000 0 5.9 1.5 21 15 38 21 100 4
75 3.4 - - - - - -

" Yield stress and strain were determined using the Considére method °”
? True fracture stress (0,..) was calculated by or X(1 + (g,/100)

The tensile behaviour of segmented block copolymers at small strains is characterised by the
initial E-modulus. The E-modulus is related to the storage modulus (G’) according to

Equation 5.4.
E .
G'= 5 (1+v) (Equation 5.4)

where v is the Poisson constant. In the case of an ideal elastomer, the Poisson constant equals

0.5 and thus G’ = 3E. The E- and G’-modulus as a function of T6T6T content of dry
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(PEOg00/T),~-T6T6T copolymers are given in Figure 5.7. Most copolymers show a ratio of
approximately G’ = 3E.

1000

100 -

Modulus [MPa]

103

Conc. T6T6T [wt%]

Figure 5.7: The (¢) E-modulus and (m) storage modulus (G’) of dry (PEOgy/T),~-T6T6T copolymers as a function
of T6T6T content.

The E-modulus depends on the modulus of the soft phase, the physical network density and
the reinforcement of the amorphous matrix by the crystallites °”). The reinforcement of the
crystallites depends on the crystalline content, the aspect ratio of the crystals and the stiffness
of the crystals. In Figure 5.8 the E-moduli of dry and hydrated (PEOgo/T),-T6T6T

copolymers are given as a function of the T6T6T concentration.

1000

1 T T T T T T T T T T
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Figure 5.8: E-modulus of (PEOgsy/'T),-T6T6T copolymers as a function of the actual T6T6T content: ¢, dry
copolymers; O, hydrated copolymers.

By increasing the T6T6T content of dry and hydrated (PEOgoo/T),~-T6T6T copolymers the

modulus increases. The actual T6T6T content in hydrated copolymers is calculated by
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correcting for the dilution of the polymer in water. Above a T6T6T content of approximately
20 wt% there is hardly any difference in E-modulus between dry and hydrated copolymers.
Below this concentration, the hydrated copolymers have a lower E-modulus compared to that
of dry copolymers. It is assumed that the crystalline T6T6T phase is not affected by water.

Most likely, the modulus of the polyether phase is lowered when water is present.

The yield point of segmented block copolymer is usually the beginning of breaking up the
crystalline structure. Before the yield point the deformation is mainly elastic. In semi-
crystalline polymers the yield stress is determined by the crystallinity in the copolymer and,
therefore, depends mainly on the T6T6T content. The yield stress of segmented block

3831 In Figure 5.9a the fracture

copolymers is linearly related to rigid segment concentration |
stress and yield stress of the copolymers are given as a function of the T6T6T concentration

and in Figure 5.9b the yield strain of the copolymers is given as a function of the T6T6T

content.
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Figure 5.9: (a) Fracture and yield stress and (b) yield strain as a function of the actual T6T6T content for

(PEOgpy/T),-T6T6T copolymers: 4, dry copolymers; 9, hydrated copolymers.

A linear increase in yield stress with actual T6T6T concentration is observed for dry and
hydrated (PEOgo/T),-T6T6T copolymers and there is no difference between both copolymers.
The fracture stress is higher than the yield stress, indicating that some strain-induced
crystallisation of the polyether segments has taken place. The fracture properties of segmented
block copolymers depend strongly on whether strain-induced crystallisation of the flexible
segments can take place. When strain-induced crystallisation is taken place the polyether
crystallinity and the melting temperature increase.

The yield strain increases with decreasing T6T6T content. The hydrated copolymers show a

higher yield strain than the corresponding dry copolymers. This can be explained by the
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plasticizing effect of water on the PEO segments. Due to the presence of water, the crystalline
content decreases and the amorphous PEO chains become more mobile. As a result, the
modulus is lower but the yield strain higher.

A linear increase in true fracture stress with inherent viscosity is observed for PTMO-T6T6T
copolymers P°!. These copolymers have a high molecular weight and showed strain-induced
crystallisation of the PTMO segments. Strain-induced crystallisation is taking place above
300% strain and is influenced by the type of polyether segment and the molecular weight of
the copolymer. When the flexible segment cannot crystallise and strain-induced crystallisation
is absent, the fracture stress is directly related to the rigid segment content.

The inherent viscosity of the (PEOgoo/T),-T6T6T copolymers varies within a small range from
1.4 to 1.7 dL/g, indicating that the difference in fracture stress between the copolymers cannot
be explained by the molecular weight. The increase in fracture stress with increasing T6T6T
content is similar for both dry and hydrated (PEOgo0/T),-T6T6T copolymers (Figure 5.9a).
This indicates that the fracture stress depends on both the T6T6T content and strain-induced
crystallisation of polyether segments. The fracture strains of all (PEOg/T),-T6T6T
copolymers are high except the copolymer with a low T6T6T content (<6.6 wt%). A reason

for this is as yet not clear.

Segmented block copolymer with mixed polyether segments
Segmented block copolymers based on mixed hydrophilic PEO,y and hydrophobic
PTMO;¢0 segments and monodisperse T6T6T segments were synthesised. The compositions

of the copolymers in this series are given in Table 5.6.

Table 5.6: Polymer composition and water absorption of PEQpyy/PTMOp0;-T6T6T copolymers.

Ratio Conc. Conc. Conc. WA Owaer H,O/EO
PEO/PTMO PEO PTMO T6T6T
[Wt%] [wt%] [wt%] [wt%] [vol%] [-]

0/100 0.0 76.2 23.8 1.2 1.2 -

20/80 15.2 61.0 23.8 9.8 10 1.6
40/60 30.5 45.7 23.8 24 22 1.9
50/50 38.1 38.1 23.8 33 28 2.1
60/40 45.7 30.5 23.8 42 33 23
80/20 61.0 15.2 23.8 60 41 24
100/0 76.2 0.0 23.8 91 51 2.9
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The synthesis and thermal mechanical properties of these copolymers are described in
Chapter 4. The PEO/PTMO ratio was altered while the T6T6T concentration remained
constant (23.8 wt%). Copolymers with PEO/PTMO ratios of 0/100 and 100/0 are also denoted
as PTMO»p0-T6T6T and PEOyg0o-TO6T6T respectively.

Previous results revealed that the H,O/EO ratio is determined by the crosslink density in the
copolymer and the presence of hydrophobic units in the PEO phase. In Figure 5.10 the water
absorption (WA) and volume fraction of water (Qwater) Of the PEO2000/PTMO2000-T6T6T
copolymers are given as a function of the PEO/PTMO ratio.

120
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WA [Wt%]

Qwater [v01%]
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50/50 100/0 0/100 50/50 100/0
Ratio PEO/PTMO Ratio PEO/PTMO

0/100

Figure 5.10: (a) Water absorption and (b) volume fraction of water of PEOpyo/PTMO5p-T6T6T copolymers as
a function of the PEO/PTMO ratio.

An increase in WA of the copolymers is observed with increasing PEO/PTMO ratio. When
Qwater 1S given as a function of the PEO/PTMO ratio, a linear relation is observed. The T6T6T
concentration has no influence on this relation as it is similar for all copolymers in this series.
The H,O/EO ratio increases from 1.6 to 2.9 with increasing PEO/PTMO ratio (Table 5.6),
indicating that the presence of hydrophobic PTMO units decreases the amount of water per
EO unit. When there is no interaction between the PEO and PTMO the number of water

molecules per EO unit would have given a constant value.

To examine whether the PEO and PTMO segments in the copolymers are phase separated or
form one homogeneous mixed polyether phase in an aqueous environment, the AFM
technique is used. The surface morphology of dry and fully hydrated PEO/PTMO-T6T6T
copolymers 1is studied with AFM tapping mode. The AFM height images of
PEO2000/PTMO2000-T6T6T (20/80) are recorded on a 1x1 pum scale and are given in three-

dimensional (Figure 5.11).
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The surface of the dry copolymer is not completely smooth but no separate phases can be
distinguished. The surface of the hydrated copolymer shows some irregularities. It is clearly
visible that the hydrated polymer sample swells inhomogeneously and there are clusters
formed with a height of 10 — 50 nm and width of ~100 nm. Probably, these clusters consist of
a swollen PEO segments. However, the dimensions of the clusters are relatively large

compared to the PEO»go9 segments used.

50.0 nm

0.0 nm

0.8 pm

0.2

Figure 5.11: AFM height image (3D) of PEO1py//PTMO3p0o-T6T6T (20/80) at 1xI um: left, dry copolymer; right,
hydrated copolymer.

Effect of water on polyether transitions

Previous results show that water in PEO-T6T6T segmented block copolymers acts as a
plasticizer and depresses the Ty of the polymer. Furthermore, the PEO melting temperature
and crystallinity were reduced when the copolymer absorbs water. The influence of water on
the phase transitions of copolymers with mixed PEO and PTMO segments was studied with

DSC and the results are given in Table 5.7.

Table 5.7: DSC results of dry and hydrated PEQOpyo/PTMO:000-T6T6T copolymers on heating (10 °C/min).

dry hydrated
Ratio Owater | Tg  Tm AH, | T, T, AH' T, AH/
PEO/PTMO ether ether ether ether water water
[vol%] | [°C] [*C] [J/g] [°C] [°C] [Jg]l [°C] [Jg]
0/100 12 | -73 2 20 | -76 -2 20 - -
20/80 10 | -68 -4 16 | -72 -4 14 1 4
40/60 2 | -64 -3 17 | 69 2 <1 2 12
50/50 28 | 65 0 21 | 71 -2 -2 6 14
60/40 33 60 1 21 | -73 0 -2 -2 3 19
80/20 41 5608 25 | 271 -2 - 6 21
100/0 51 53 14 40 | 270 -7 -2 6 27

! Determined using the DSC cooling scan

2 could not be determined
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In Figure 5.12 the glass transition temperatures of dry and hydrated PEO;00o/PTMOx¢00-
T6T6T copolymers are given as a function of the PEO/PTMO ratio.

-40

Te [°C]

0/100 50/50 100/0
Ratio PEO/PTMO

Figure 5.12: Glass transition temperature of PEQO;ypy/PTMO;0p)-T6T6T copolymers as a function of the ratio
PEO/PTMO: w, dry copolymers; 0, hydrated copolymers.

In dry conditions, one T, is observed for the copolymers, which increases linearly with
PEO/PTMO ratio. This linear relation suggests that PEO and PTMO form a homogenous
mixed polyether phase. The difference between dry PTMO;00-T6T6T and dry PEO;p0-
T6TO6T is due to a higher T, of the PEO prepolymers (-72 to -65 °C) [ compared to the
PTMO prepolymers (-86 °C) 1*!],

The T, of hydrated PTMO-T6T6T is only slightly lower compared to dry PTMO-T6T6T,
while that of hydrated PEO-T6T6T is strongly lowered (~17 °C). Hydrated PEO/PTMO-
T6T6T copolymers show also a linear increase in T, with increasing PEO/PTMO ratio.
However, this increase in T, is less strong than that of dry copolymers. The T, is stronger
reduced when the polymer absorbs more water, which is the case for copolymers with a
higher PEO/PTMO ratio. Since the T, of hydrated PTMO-T6T6T and PEO-T6T6T
copolymers are close together no conclusions concerning the structure of the polyether phase
can be drawn. The AFM images of hydrated PEO/PTMO-T6T6T copolymers indicate that
inhomogeneous swelling has taken place in water, which suggests that two different polyether

phases are present.

The influence of water on the melting temperature and crystallinity of the polyether phase of
PEO/PTMO-T6T6T copolymers is determined by using DSC. Furthermore, the state of water

present in the copolymer is determined and the amount of freezing and bound water was
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calculated. In Figure 5.13 the DSC heating and cooling scans of fully hydrated PEO/PTMO-
T6T6T copolymers are given. Pure demineralised water gives a melting peak and

crystallisation peak at approximately 3 and -20 °C respectively (Figure 5.5).
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Figure 5.13: DSC (a) heating and (b) cooling scans (10 °C/min) of PEO1ppo/PTMO:p90-T6T6T copolymers with
different PEO/PTMO ratios: o, 100/0; ¢, 60/40; A, 50/50; 0, 20/80; m, 0/100.

In the DSC heating scan, all PEO20o/PTMO2000-T6T6T copolymers, with the exception of
PTMO1000-T6T6T, show a sharp melting peak at approximately 3 °C. This peak corresponds
to freezing water. Freezing bound water, which should give a melting peak below freezing
water, was not observed in these copolymers. The melting enthalpy of freezing water in the
copolymers increases with increasing PEO/PTMO ratio. The hydrated PTMO-T6T6T
copolymer shows no freezing water but a broad polyether melting peak at approximately
-2 °C. When low amount of PEO are introduced in the copolymer, the polyether melting
temperature remains unaffected but the melting enthalpy decreases (Table 5.7). At higher
PEO/PTMO ratios, it becomes impossible to distinguish a polyether melting temperature
since this peaks overlaps with the melting peak of freezing water.

The DSC cooling scans of copolymers with a high PEO/PTMO ratio give a more clear
distinction between the polyether peak and freezing water since the PEO crystallisation peak
is strongly reduced by water. Therefore, the crystallisation enthalpy of the polyether and

freezing water can be determined by using the DSC cooling scan (Table 5.7).
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The percentage of freezing water (wy) in PEO0o/PTMO200-T6T6T copolymers was
calculated using Equation 5.2. The percentage of bound water (wp) is calculated by
subtracting wy from the total water absorption. It is assumed that no freezing bound water is
present. The number of bound water molecules per ethylene oxide repeating unit was
calculated according to Equation 5.3. In Table 5.8 the amounts of freezing and bound water of

PEO/PTMO-T6T6T copolymers as well as the H;O/EO ratio are given.

Table 5.8: Amount of freezing and bound water of PEQyo/PTMO5p-T6T6T copolymers

Ratio WA Owater  OPwaer AHe  wy  w, H,O/EO H,O/EO
PEO/PTMO bound

[wt%] [wt%] [vol%] [J/g] [%] [%] [-] [-]
0/100 1.2 1.2 1.2 - - - - -
20/80 9.8 8.9 10 4 13 87 1.4 1.6
40/60 24 19 22 12 19 81 1.6 1.9
50/50 33 25 28 14 17 83 1.8 2.1
60/40 42 30 33 19 19 81 1.9 23
80/20 60 38 41 21 17 83 2.0 2.4
100/0 91 48 52 27 17 83 2.4 29

The PEO200o/PTMO1000-T6T6T copolymers have more or less comparable amount of freezing
water (13 - 19%), despite different PEO contents. This suggests that the PEO concentration
and the presence of PTMO have no significant influence on the amount of freezing water.
Previous results revealed that the PEO,-T6T6T copolymers contain freezing water when the
water concentration in the PEO phase is above ~30 vol%, which corresponds to a H,O/EO
ratio of at least 1.0. All PEO/PTMO-T6T6T copolymers contain freezing water since they all
have a H,O/EO ratio above 1.0.

Tensile properties

The tensile properties of PEO2p0o/PTMO2000-T6T6T copolymers in dry and wet conditions
have been determined and the results are given in Table 5.9. At small deformation the stress
increases linearly with the strain. Above the yield point the stress gradually increases. At
higher strains (>300%) strain-induced crystallisation of the polyether segments can take place,
which results in an increased fracture stress 1. Since water lowers the melting temperature of
PEO, strain-induced crystallisation of the hydrated PEO segments becomes more difficult.
The crystalline PTMO phase is hardly affected by the presence of water.
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Table 5.9: Tensile properties of dry and hydrated PEQ;ypy/PTMO0po-T6T6T copolymers.

Ratio Nmn  Conc. TOT6T WA G' E Gy 2 gy 2 (oS € Ot
PEO/PTMO  [dL/g] [wWt%] [wt%] [MPa] [MPa] [MPa] [%] [MPa] [%] [MPa]
0/100 2.0 23.8 0 34 115 9.0 43 45 1000 495
23.5 1.2 - 117 9.0 43 42 900 420
20/80 2.0 23.8 0 38 142 8.5 38 29 880 284
21.7 9.8 - 142 8.2 36 28 870 272
40/60 2.1 23.8 0 31 123 7.4 41 26 680 203
19.2 24 - 82 7.7 42 27 670 208
50/50 1.7 23.8 0 33 133 8.0 30 22 780 194
17.9 33 - 60 6.5 40 17 620 122
60/40 1.8 23.8 0 33 120 7.5 34 21 620 151
16.7 42 - 53 7.9 51 19 470 108
80/20 1.9 23.8 0 33 126 8.1 36 23 620 166
14.9 60 - 28 7.6 60 19 490 112
100/0 1.9 23.8 0 38 117 6.3 27 27 920 275
12.5 91 - 20 5.4 67 17 490 100

! Storage modulus (G’) determined by DMA at 20 °C *"
? Yield stress and strain were determined using the Considére method %

3 True fracture stress (04¢) was calculated by oy % (1 + (g7, 100))

The initial E-moduli of segmented block copolymers with monodisperse T6T6T segments
increase with increasing rigid segment concentration **. In Figure 5.14 the E-moduli of dry

and hydrated PEO/PTMO-T6T6T copolymers is given as a function of the PEO/PTMO ratio.

1000
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0/00 50/50 100/0

Ratio PEO/PTMO

Figure 5.14: Initial E-modulus of PEOyy/PTMO,y-T6T6T as a function of the ratio PEO/PTMO: w, dry

copolymers; O, hydrated copolymers.
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As the T6T6T concentration in dry PEO2000/PTMO200-T6T6T copolymers is constant, the
modulus is comparable for all copolymers. Moreover, it is assumed that the crystalline T6T6T
phase is not affected by water. The initial E-modulus is related to the storage modulus (G”)
according to Equation 5.4. In the case of ideal elastomers the Poisson constant equals 0.5 and
G’ = 3E. This relation is observed for the PEO/PTMO-T6T6T copolymers (Table 5.9).

When taking the swelling of the copolymer into account, the actual T6T6T content can be
calculated by correcting for the water absorption. On swelling, the T6T6T content in PEO-
T6T6T decreases from 23.8 to 12.5 wt%. This decrease in T6T6T concentration in PEO-
T6T6T would have resulted in a reduction of the modulus by a factor three **. However, the
observed lowering of the modulus of hydrated PEO/PTMO-T6T6T copolymers is more than a
factor three. Therefore, the lowering of the modulus is partly due to a lowering of the T6T6T
concentration on swelling but, probably, also due to an increased flexibility of the hydrated

PEO segments.

In semi-crystalline copolymers, the yield point is often the beginning of breaking up the
crystalline structure. Before the yield point the deformation is mainly elastic. The yield stress
increases linearly with increasing T6T6T concentration. In Figure 5.15a the yield stress and
fracture stress of PEO/PTMO-T6T6T copolymers are given as a function of the PEO/PTMO
ratio. Figure 5.15b shows the yield strain as a function of the PEO/PTMO ratio.
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Figure 5.15: (a) Yield stress and (b) yield strain of PEQ;py/PTMO;p-T6T6T as a function of the ratio
PEO/PTMO: w, dry copolymers; O, hydrated copolymers.

The yield stress of dry PEO200-T6T6T is lower than for PTMOy00o-T6T6T, 6.3 and 9.0 MPa
respectively. This effect is as yet unknown since the T6T6T content and crystallinity is the
same. With increasing PEO content in the PEO/PTMO-T6T6T copolymers the yield stress of
both dry and hydrated copolymers decrease linearly. The swelling of the copolymers has no
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effect, which is unexpected as the T6T6T concentration is reduced when the copolymer
absorbs water. This would have resulted in a lower yield stress.

The yield strain of dry PEOj;0-T6T6T is lower than PTMO;p00-T6T6T, 27 and 43%
respectively. An increase in the PEO content of PEO/PTMO-T6T6T copolymers results in a
gradual decrease of the yield strain. In aqueous conditions, the yield strain of PTMOxgg0-
T6T6T is not changed while for PEO,00-T6T6T an increase is observed. This increase can be
explained by the plasticizing effect of water on the PEO segments. The yield strain of
hydrated PEO/PTMO-T6T6T copolymers increases gradually with PEO content. Due to the
presence of water, not only the crystalline content decreases but also the amorphous chains

become more mobile. As a result the modulus is lower but the yield strain is higher.

Generally, the fracture properties of segmented block copolymers depend on the strain-
induced crystallisation of the soft phase °"). Strain-induced crystallisation is influenced by the
type of soft segment and the molecular weight of the copolymer. Strain-induced
crystallisation has taken place in both PEO,p00-T6T6T and PTMOy00o-T6T6T copolymers as
the fracture stress is much higher than the yield stress. In Figure 5.16 the fracture stress of dry

and hydrated PEO/PTMO-T6T6T copolymer is given as a function of the PEO/PTMO ratio.

of [MPa]

0/00 50/50 100/0
Ratio PEO/PTMO

Figure 5.16: Fracture stress of PEO/PTMO of PEO5ypy/PTMO9pp-T6T6T as a function of the PEO/PTMO ratio:
m, dry copolymers; O, hydrated copolymers.

The fracture stress of dry PEO0o-T6T6T is considerably lower than dry PTMOy09o-T6T6T,
27 and 45 MPa respectively, despite the fact that the molecular weights are comparable. This
indicates that the reinforcing effect obtained by strain-induced crystallisation of PEO is lower

than PTMO. Copolymers that contain a mixture of PEO and PTMO segments have a lower
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fracture stress compared to PEO-T6T6T or PTMO-T6T6T copolymers. Most likely, this is
due to less strain-induced crystallisation as a result of the reduced polyether melting
temperatures. There is hardly any difference between the fracture stress of dry and hydrated
PEO/PTMO-T6T6T copolymers observed, except for PEO,0-T6T6T. The fracture stress of
hydrated PEO;00o-T6T6T i1s much lower compared to the dry copolymer, 17 and 27 MPa
respectively. The PEO melting temperature is strongly reduced by water and, therefore, the
strain-induced crystallisation of the PEO phase is suppressed, which results in a lower fracture
stress.

By combining the fracture stress and strain, the true fracture stress can be calculated (Table
5.9). This true fracture stress decreases with increasing PEO and water concentration, from
495 MPa for dry PTMO»00-T6T6T to 100 MPa for hydrated PEO;¢00-T6T6T. This can be

explained by a difference in the ability of strain-induced crystallisation of the polyether phase.

Conclusions

The influence of water on the physical and tensile properties of segmented block copolymers,
containing a mixture of hydrophilic poly(ethylene oxide) (PEO) and/or hydrophobic
poly(tetramethylene oxide) (PTMO) flexible segments and monodisperse T6T6T segments, is
studied in this chapter.

The PEO,-T6T6T, (PEO,/T),-T6T6T and PEO100o/PTMO2000-T6T6T copolymers show an
exponential increase in water absorption with increasing PEO content. An exponential
increase in water absorption with increasing water vapour activity is observed for PEO-based
copolymers, indicating that water clusters are formed. The water absorption of PEO-based
copolymers depends on the PEO concentration. The number of water molecular per ethylene
oxide unit (H,O/EO) is determined by the crosslink density in the copolymer (i.e. the T6T6T
concentration) and the presence of hydrophobic units (like PTMO or terephthalic units) in the
PEO phase.

The glass transition temperature of PEO-based copolymers is strongly lowered when the
copolymer is fully hydrated with water, compared to dry copolymers. This is due to the
plasticizing effect of water on the PEO segments. The T,’s of hydrated PTMO-T6T6T and
PEO-T6T6T are close together, which makes it difficult to draw conclusions concerning the
structure of the polyether phase. However, the surface morphology of hydrated copolymers,
recorded with AFM, reveals that copolymer surface swells inhomogeneous and clusters are
formed. The PEO melting temperature and crystallinity are strongly reduced when the

copolymer absorbs water, while the PTMO phase remains unaffected by water. Freezing
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water is present in the PEO-based copolymer when the PEO phase contains approximately
30 vol% of water. The amount of freezing water is almost independent of the PEO
concentration, the PEO molecular weight and the presence of hydrophobic PTMO segments
in the PEO phase.

The tensile properties of the polyether-T6T6T copolymers are evaluated in dry and wet
conditions. In an aqueous environment, the PEO melting temperature is strongly reduced and
the ability of strain-induced crystallisation of the PEO segments is lowered. Hydrated
copolymers have lower initial E-moduli but higher yield strains compared to dry copolymers.
This can be explained by the lower T6T6T concentration in hydrated copolymers and an
increase flexibility of the plasticized polyether phase. Taking into account the swelling of the
copolymer, the yield stress and the fracture stress were similarly for the dry and wet samples

and both decrease with T6T6T content.
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Chapter 6

Surface properties of polyether-based segmented block

copolymers

Abstract

The surface properties of segmented block copolymers based on flexible polyether segments and
monodisperse crystallisable tetra-amide segments are discussed in this chapter. The polyether phase
consists of hydrophilic poly(ethylene oxide) (PEO) and/or hydrophobic poly(tetramethylene oxide)
(PTMO) segments. The monodisperse crystallisable segments (T6T6T) are based on dimethyl
terephthalate (T) and hexamethylenediamine (6). As the T6T6T crystallinity is high (~85%) there has
maximally 15% of the total T6T6T concentration in the copolymer not crystallised and is partly
dissolved in the polyether phase. This indicates that the polyether phase is rather pure.

The influence of the polyether phase composition on the surface hydrophilicity of the copolymers is
investigated. In order to study the surface hydrophilicity of these highly hydrated polymers the static
captive (air) bubble method was used.

Since the molecular weight of the T6T6T segments is low, the polyether content in the copolymers can
reach a value of approximately 88 wt%. The contact angle (CA) decreases with increasing PEO
content. A CA of ~29° can be obtained when the copolymer contains approximately 85 wt% PEQ. An
interesting combination of properties, i.e. a low CA combined with relatively low water absorption,
was observed for the copolymer based on PEO segments with a molecular weight of 1000 g/mol.
However, further characterisation of the copolymers as well as the PEO starting materials is required
to explain the relation between the CA and the PEO molecular weight.

The surface morphology of hydrated PEO/PTMO-T6T6T copolymers, based on a mixture of
hydrophilic PEO and hydrophobic PTMO segments, was studied with AFM. Inhomogeneous swelling
of the hydrated surface was observed and this suggests that an amphiphilic surface was created. The
CA of these PEO/PTMO-T6T6T copolymers decreased linearly with increasing PEO concentration,

indicating that PEO was not preferentially present at the surface.
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Introduction

Segmented block copolymers, consisting of alternating flexible and rigid segments, can find
applications in many different fields like the coating, packaging or textile industry. The
materials can be processed into complex shapes, have tunable properties and their surface
composition can be modified. Therefore, they are also interesting materials for biomedical
applications where the surface properties are important. One can think of applications like
membranes for separation processes, contact lenses, catheters, wound dressings and coatings

for blood and protein storage devices . Several segmented block copolymers like poly-

[7-12] [13-17]

urethanes and polyesters are applied as biomaterials. However, problems like

surface-induced thrombosis, infections and calcification can still occur after short- or long-

term contact with blood %],

Poly(ethylene oxide) (PEO) based segmented block copolymers can be used to diminish
protein adsorption at the polymer surface. PEO is a synthetic, water-soluble and non-toxic
polymer. Polymers based on PEO have a high degree of hydration and a low interfacial free

[2,5,19-21]

energy with water . The blood compatible nature of PEO can be explained by several

(51922 ‘The low interfacial energy between a biological fluid and PEO results in a

mechanisms
low driving force for protein adsorption. Also the large excluded volume and mobility of
hydrated PEO repel proteins approaching the polymer surface.

Polyurethane(urea) copolymers based on PEO have been evaluated as biomaterials due to
their good biocompatibility and excellent mechanical properties !''**2% The blood-
compatibility of these copolymers is better than that of homopolymers consisting of only
polyether or urethane(urea) components, which indicates that a phase separated structure
affects the blood compatibility of the material ****). Improvement of the phase separation
between flexible and rigid segments leads to a better blood compatible material **>>*"). In
biological fluids the polymer surface will be enriched with the lowest interfacial free energy
component, which will be PEO.

A combination of hydrophilic and hydrophobic segments can be used to create an optimal
hydrophilic-hydrophobic balance of the polymer surface ***>!. The surface properties of
these amphiphilic polymer systems can change with the environmental conditions like water
content and pH or temperature of the medium. These environmentally responsive materials
adjust spontaneously their surface composition in order to achieve a low interfacial free

energy with the environment. This can be interesting for (selective) adsorption-desorption of

proteins and the design of non-fouling membranes.
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There are several possibilities to improve the blood compatibility of a polymer. One can apply
surface treatments like physical adsorption or covalent grafting of PEO on a hydrophobic
substrate. Physical adsorption is not sufficient for long-term applications as PEO can be
replaced by other molecules which have a higher affinity for the surface. Covalent grafting of
PEO on a hydrophobic bulk polymer is more adequate for long-term applications. PEO has
been covalently grafted to (modified) polymeric substrates like poly(ethylene terephthalate)

[20,32-34] 35,36] (4,22

, polystyrene "% polyethylene ***! or polyurethanes "7, Grafting of PEO chains

on a hydrophobic surface can be achieved by a method called plasma immobilization,

1. B3 However, most of the grafting methods are

described in detail by Hoffman et a
practically limited as functional groups have to be generated on the surface and the procedure
is often complex ©°!. Moreover, when the surface is damaged, for instance by scratching, the
hydrophobic bulk is exposed and the blood compatibility of the material reduced.

Another possibility to improve the blood compatibility of a surface is to use segmented block
copolymers based on PEO. In this case PEO is present at the surface as well as in the bulk.
The PEO-based copolymers are interesting for applications where swelling of the material is
not essential. Compared to the PEO-grafts, the materials are easy to produce and process, and
retain their low tendency for protein adsorption when subjected to surface damage or
abrasion. However, the PEO segments in segmented block copolymers have a restricted
mobility, which can restrict the blood compatibility of the surface. The hard segments, which
are partly dissolved in the PEO phase, can also be present at the polymer surface. This must
be avoided as the hard segments can induce protein adsorption at the polymer surface and can

denature proteins .

By increasing the crystallinity of rigid segments in the copolymers the amount of non-
crystallised rigid segments dissolved in the soft phase is reduced. The degree of crystallisation
of the rigid segments can be improved by using monodisperse segments “**'. With
monodisperse crystallisable segments a fast and more complete crystallisation is obtained than
with random crystallisable segments. According to literature, an improved phase separation
between hard and soft segments leads to better blood-contacting properties of the material
[22-25.27]

This thesis deals with the synthesis and characterisation of segmented block copolymers with
polyether segments and monodisperse crystallisable tetra-amide segments (T6T6T). The
T6T6T segments are based on terephthalic acid (T) and hexamethylenediamine (6) [**). As the
T6T6T crystallinity in the copolymers is high (~85%), a maximum of 15% of the total T6T6T
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concentration has not crystallised and is partly dissolved in the polyether phase. Copolymers
with high PEO concentrations can be prepared which still have good mechanical properties.
This is due to the low molecular weight of T6T6T (624 g/mol). However, the PEO-T6T6T
copolymers absorb considerable amounts of water, which influences the mechanical
properties of the material as was discussed in more detail in Chapter 5.

The surface properties of polyether-T6T6T segmented block copolymers will be studied by
determining the contact angle using the static captive (air) bubble method. The influence of
the polyether phase composition on the contact angle of three different polyether-T6T6T
series will be discussed in this chapter. The first polymer series is based on PEO, denoted as
PEO,-T6T6T, where the PEO molecular weight (x) is varied from 1000 to 3400 g/mol. In
Chapter 2 the synthesis and characterisation of these copolymers are described. The second
polymer series contains PEO segments that are extended with terephthalic units (T) to create
long flexible polyether segments that will not phase separate by liquid-liquid demixing. These
copolymers are denoted as (PEO,/T),-T6T6T, where both the PEO molecular weight (x) as
well as the total molecular weight of the flexible segments (y) are varied. The synthesis and
characterisation of these copolymers are reported in Chapter 3. The third polymer series is
based on a mixture of hydrophilic PEO and hydrophobic poly(tetramethylene oxide) (PTMO)
segments and is denoted as PEO,/PTMO,-T6T6T. The molecular weights of PEO (x) and/or
PTMO (z) as well as the PEO/PTMO ratio are varied and, consequently, the swelling of the
copolymer is tuned. In Chapter 4 the synthesis of these copolymers is presented. The
morphology of dry and hydrated PEO,/PTMO.-T6T6T copolymers will be investigated by
AFM.

Experimental

PEO,-T6T6T block copolymers. The PEO,-T6T6T copolymers were synthesised by a polycondensation reaction
using PEO segments with a molecular weight (x) of 600 — 4600 g/mol and T6T6T *3).

(PEOL/T),~-T6T6T block copolymers. The (PEO,/T),-T6T6T copolymers were synthesised by a poly-
condensation reaction using PEO segments, which are extended with terephthalic units, and T6T6T ). The PEO
molecular weight (x) and the total molecular weight of the flexible segment (y) were varied.
PEO,/PTMO,-T6T6T block copolymers. The PEO,/PTMO.-T6T6T block copolymers were synthesised by a
polycondensation reaction using a mixture of PEO and PTMO segments and T6T6T **). The PEO molecular
weight (x) was varied from 600 to 8000 g/mol and the PTMO molecular weight (z) from 650 to 2900 g/mol.
Water absorption (WA). The equilibrium WA was measured using pieces of injection-moulded polymer bars.
The samples were placed in a desiccator filled with demineralised water for 4 wks at room temperature. The WA

was defined as the weight gain of the polymer according to;
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Water absorption = M= Mo 100% [wt%] (Equation 6.1)
mg

where my is the weight of dry sample and m the weight of the sample after conditioning to equilibrium. The
measurements were performed in duplicate. After 4 wks the samples were dried and m, was measured again to
exclude weight loss during the experiment. The volume fraction of water (Qya;) Was determined by using the
PEO, PTMO, DMT and T6T6T density of 1.13, 0.98, 1.20 and 1.32 g/cm” respectively ¢!,
Contact angle (CA). Static captive (air) bubble (CB) contact angle measurements were performed by introducing
a 10 pL air bubble from a micro-syringe below the surface of a polymer film, which is placed in an optical cuvet
filled with demineralised water. The measurements were performed using a video-based Optical Contact Angle
Meter OCA15 plus (DataPhysics Instruments). Static sessile drop (SD) contact angle measurements were
performed by placing a water drop of approximately 10 pL on a dry polymer surface. The contact angles were
calculated immediately after the droplet was placed on the surface (£10 s) by using SCA20 software, applying
ellipse fitting. Results are the average of at least 20 measurements.
The polymer films were made by compression moulding and had a thickness of approximately 300 pm. Before
the CA measurements the films were ultrasonically cleaned in n-hexane for 5 min. Subsequently, the films were
wiped with cotton and rinsed with n-hexane. The films were then dried in a vacuum oven for 24 h to remove all
n-hexane. Approximately 5 h before the measurements the films were placed in demineralised water to allow the
materials to absorb water till equilibrium was reached.
Atomic Force Microscopy (AFM). AFM measurements were performed on a Bioscope AFM and Nanoscope IV
controller. The AFM height images were recorded in tapping mode. The operating set point value (A/Ag) was 0.6
— 0.7 and the scan size was 1 pm. Solvent-cast samples of ~15 um-thick films were prepared from a 4 wt%
solution in TFA. The AFM measurements were first performed on dry samples using a TESP cantilever (k ~ 40
N/m). Subsequently, a drop of demineralised water was placed on the film and the measurements were
performed using a DNP cantilever (k~ 0.58 N/m). From the height images the RMS (root-mean-square)
roughness (Ry) was calculated according to equation 6.2.
2
R Z (Z i )

7= = (Equation 6.2)

where z; is the height of a single value and N the number of points.

Results and discussion

In this chapter the surface hydrophilicity of several series of polyether-T6T6T segmented
block copolymers will be determined to get more insight in the effect of the type of polyether,
the polyether concentration and the polyether molecular weight on the contact angle (CA).
The three series that will be discussed are PEO,-T6T6T, (PEO,/T),-T6T6T and PEO,/PTMO.-
T6T6T. In dry conditions, the copolymers can contain a semi-crystalline polyether phase at
room temperature when the PEO molecular weight is >2000 g/mol. The presence of polyether
crystals in the copolymer can have an effect on the CA. However, when the copolymer is in

contact with liquid water the PEO melting temperature is strongly reduced as was discussed in
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Chapter 5. Therefore, during the CA measurements performed at room temperature the

polyether phase was completely amorphous.

PEO4-T6T6T copolymers

A polymer series based on PEO,-T6T6T was made, in which the PEO molecular weight (x)
was varied from 600 to 4600 g/mol. The composition, the water absorption and contact angle
of these copolymers are given in Table 6.1.

The water absorption (WA) was influenced by both the PEO and the T6T6T concentration.
With increasing PEO length, and thus decreasing T6T6T content, the water absorption
increases. A higher T6T6T concentration limits the swelling of the copolymer as the physical
crosslink density in the copolymer increases. Results reported in Chapter 5 reveal a linear

increase in volume fraction of water (Qwater) With increasing PEO concentration.

Table 6.1: Composition, water absorption and contact angles of PEO,-T6T6T copolymers.

PEO, Conc. T6T6T Conc. PEO WA Qwaer CA £sd

[g/mol] [Wt%] Wt%]  [wt%] [vol%]  []
600 51.0 49.0 18 18 46+2
1000 38.4 61.6 35 30 3343
1500 29.4 70.6 69 45 3342
2000 23.8 76.2 91 51 3642
3400 15.5 84.5 127 59 3542
4600 11.9 88.1 170 66  31+2

In Figure 6.1a the contact angle of PEO,-T6T6T copolymers is given as a function of the PEO
length. The CA decreases with increasing PEO molecular weight and this decrease is
especially strong in the region from PEOgy to PEO;g00. When the PEO molecular weight is
too low (<1000 g/mol) it seems that some hard segments are present at the polymer surface,
which might explain the high CA of PEOg-T6T6T. When the PEO molecular weight is
>1000 g/mol the decrease in CA is rather small.

The TO6T6T crystals are randomly distributed in the polyether matrix and expected not to be
present at the polymer surface. However, the non-crystallised T6T6T, which are present in the
amorphous phase for approximately 15 wt%, can be located at the polymer surface. With
increasing PEO length the amount of T6T6T decreases and, consequently, the amount of non-

crystallised T6T6T in the polyether phase decreases.
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Figure 6.1: Contact angle as a function of (a) the PEO length and (b) the water absorption: ¢, PEO,-T6T6T;
A, PEO-PBT'".

Deschamps et al. studied segmented block copolymers based on PEO and poly(butylene
terephthalate) (PBT) rigid segments, using PEO lengths varying from 300 to 4000 g/mol and
PBT contents varying from 30 to 70 wt% ). To compare the CA of PEO-PBT with that of
the PEO,-T6T6T copolymers, the CA is given as a function of the WA (Figure 6.1b). These
PEO-PBT copolymers showed a decrease in CA with increasing water absorption, and thus
increasing PEO concentration. The PBT crystallinity in these copolymers is rather low
(~35%), indicting that approximately 65% non-crystallised PBT is present in the amorphous
PEO phase. These non-crystallised PBT can be present at the polymer surface, resulting in a
higher CA. At similar water absorption the CA of PEO,-T6T6T is lower than that of the PEO-
PBT, indicating a more hydrophilic polymer surface. This suggests that the use of

monodisperse crystallisable segments results in a more hydrophilic surface.

Terephthalic extended PEO segments

The PEO molecular weight in segmented block copolymers is limited to 4600 g/mol. The use
of higher PEO molecular weights results in phase separation by liquid-liquid demixing. A
way to create longer flexible segments, without the occurrence of liquid-liquid demixing, is
by extending the PEO segments with terephthalic units (T). These copolymers are denoted as
(PEO/T),-T6T6T, where both the PEO molecular weight (x) as well as the molecular weight
of the total flexible segment (y) can be varied. The terephthalic segments are amorphous and
have a hydrophobic nature. Consequently, they might affect the hydrophilicity of the polymer
surface.

Previous results discussed in Chapter 5, revealed that the WA of the (PEO,/T),-T6T6T
copolymers increases strongly with increasing PEO concentration. Furthermore, at similar

PEO concentrations the (PEO,/T),-T6T6T copolymers have a slightly lower water absorption

107



Chapter 6

as compared to PEO,-T6T6T copolymers. The presence of terephthalic units in the PEO phase
slightly restricts the water absorption of the copolymer. The influence of terephthalic units
present in the PEO phase on the hydrophilicity of the polymer surface is studied. The CA
values of (PEO,/T),-T6T6T copolymers with different soft phase compositions are given in

Table 6.2.

Table 6.2: Water absorption and contact angles of (PEO/T),-T6T6T copolymers.

y Conc. TOT6T Conc. PEO Conc. T i WA Qwaer CA £sd

[g/mol] [wt%] [Wt%] [wt%] [dl/g] [wt%] [vol%] [°]
(PEO39y/T),-T6T6T
2500 19.9 58.4 21.7 1.7 14 14 41+3
(PEOgy/'T),-T6T6T
600 51.0 49.0 - 1.4 18 18 46 +£2
1250 333 60.4 6.3 1.9 30 26 43 +£2
2500 20.0 69.0 11.0 1.7 49 37 33+2
5000 11.1 74.8 14.1 1.4 66 43 31+1
(PEO,190y/T),-T6T6T
1000 38.4 61.6 - 1.4 35 30 33+3
3000 17.2 76.3 6.5 1.3 78 48 30+ 1
5000 11.1 80.6 8.3 1.2 92 52 29+ 1
(PEO:pp¢/T),-T6T6T
2000 23.8 76.2 - 2.1 91 51 36+2
4000 13.5 83.8 2.7 2.1 130 60 32+2
6000 9.5 86.8 3.7 23 145 63 29+2

In Figure 6.2 the contact angle of the different (PEO,/T),-T6T6T series are given as a function
of the PEO concentration. An increase in the total molecular weight of the flexible segment
(y) results in a higher PEO concentration. With increasing PEO concentration the CA
decreases linearly and this behaviour is observed for all terephthalic extended PEO series.
However, there is no simple relation observed between the CA and the soft phase composition
of the copolymers. All copolymer series show a linear decrease in CA with increasing PEO
concentration but the slopes of these trend lines are different. The CA of (PEOs300/T)2s00-
T6T6T falls on the same trend line observed for (PEOggo/T),-T6T6T. Despite the fact that the
(PEO2000/T),-T6T6T copolymers have a high PEO concentration, the CA values are not as

low as expected.
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At comparable PEO concentrations, the (PEO000/T),-T6T6T copolymers have the lowest CA
of all the PEO extended copolymer series. This suggests that the CA is not only related to the
PEO concentration but that also the type of PEO used has an influence. Therefore, further
characterisation of the copolymers as well as the PEO starting materials is required to explain

the relation between the CA and the soft phase composition.
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Figure 6.2: Contact angle as a function of the PEO content: o, (PEO3p/T),-T6T6T; ¢, (PEOgsy/T),-T6T6T;
A, (PEO pp¢/T)-T6T6T; O, (PEO2999/T),-T6T6T.

At high PEO concentrations the CA of all copolymers seems to converge to one point. When
extrapolated to 100 wt% PEO a CA of ~23° can be obtained. This corresponds well to a
poly(ethylene terephthalate) film that has been covalently grafted with PEO and revealed a

contact angle of approximately 23° B4,

PEO/PTMO mixed polyether phase

Segmented block copolymers based on a combination of hydrophilic PEO and hydrophobic
PTMO segments can be used to tune the surface properties. The surface hydrophilicity of the
PEO,/PTMO,-T6T6T copolymers is determined by contact angle measurements. These
copolymers have a homogenously mixed amorphous polyether phase since only one glass

transition temperature is observed [*7).

Surface morphology

The surface morphology of dry and hydrated PEO2000/PTMO2000-T6T6T, with a PEO/PTMO
ratio of 20/80, was studied with AFM tapping mode. The AFM height images of the
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copolymer were recorded on a 1x1 um scale and are given as three-dimensional images

(Figure 6.3).

50.0nm 50.0 nm

0.0 nm 0.0 nm

0.8 pm ‘ : 0.8 pm

Figure 6.3: AFM height images (3D) of dry PEO1pgo/PTMO;09p-T6T6T (20/80) at IxI um: (a), dry sample; (b),
hydrated sample.

The surface of the dry copolymer is not completely smooth but no separate phases can be
distinguished. The surface of the hydrated copolymer contains some irregularities. The root-
mean-square (RMS) roughness is calculated using Equation 6.2 and gives an average value
for the difference between peak heights and depths. No clear distinction in RMS roughness
between the dry (7.2 nm) and hydrated (7.5 nm) polymer sample is found. This indicates that
the average heights and depths of both dry and hydrated samples are comparable. However,
the AFM image of the hydrated polymer sample reveals that the surface swells
inhomogeneously and there are clusters formed with a height of 10 - 50 nm and width of
~100 nm. Most likely, these clusters consist of a swollen PEO phase. However, the

dimensions of the clusters are relatively large compared to the PEO,ggo segments used.

Surface hydrophilicity

The surface hydrophilicity of the PEO,/PTMO.-T6T6T copolymers was determined by
contact angle measurements. Generally, the contact angle of highly hydrated copolymers is
determined by using the captive (air) method (CB). When the water absorption of the
copolymer is relatively low the sessile drop (SD) method is preferred.

Both the CB and SD method are used to determine the CA of PEO»¢oo/PTMO,000-TO6TO6T
copolymers in order to study the effect of the applied method (Table 6.3). The CA values of
PEO900/PTMO00o-T6T6T copolymers are also given in this table. The CA values obtained
by the sessile drop method are specifically denoted as CA (SD) and when the captive bubble
method is applied only the term CA is used.
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Table 6.3: Water absorption and (CB and SD) contact angles of PEO,/PTMO.-T6T6T copolymers.

Ratio Conc. Conc. Conc. WA Quaer CAE£sd CA=sd
PEO,/ T6T6T PEO PTMO (CB) (SD)
PTMO, [wt%] [wt%] [wt%] [wt%] [vol%] [°] [°]

PEO209¢/PTMO:p9p-T6T6T
0/100 23.8 0.0 76.2 1.2 1.2 5542 87+2
20/80 23.8 15.2 61.0 9.8 10 50+1 -
40/60 23.8 30.5 45.7 24 22 48 +2 61+3

50/50 23.8 38.1 38.1 33 28 48 +2 -
60/40 23.8 45.7 30.5 42 33 45+2 57+2
80/20 23.8 61.0 15.2 60 41 39+2 -
100/0 23.8 76.2 0.0 91 51 36 £2 41+4

PEO,900¢/PTMO 199-T6T6T
0/100 38.4 0.0 61.6 1.1 1.2 53+£2 -
30/70 38.4 18.5 43.1 8.1 8.8 5141 -

40/60 38.4 24.6 37.0 11 12 47+2 -
60/40 38.4 37.0 24.6 20 19 44 + 1 -
100/0 38.4 61.6 0.0 35 30 33+£3 -

Previous results discussed in Chapter 5, show an increase in WA of these copolymers with
increasing PEO/PTMO ratio. The water absorption of PEO;¢0/PTMO;00o-T6T6T 1is lower
than PEO200o/PTMO2000-T6T6T. This is due to a higher T6T6T concentration of the
PEO1000/PTMO900-T6T6T copolymers, and thus a higher physical crosslink density in the
copolymer.

When the PEO/PTMO ratio increases the CA of both series shows a linear decrease
(Figure 6.4a). This linear decrease indicates that PEO is not preferentially present at the
polymer surface or else a sharp decrease in CA would have been observed at low PEO
contents. It was also not likely that PEO segments migrate towards the surface when the
polymer is exposed to water since the T6TOT crystallinity is high and, as a result, the PEO

mobility restricted.
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Figure 6.4: Contact angle as a function of the (a) ratio PEO/PTMO and (b) volume fraction of water:
(W), PEO»4py/PTMO05-T6T6T: (A), PEO 199/PTMO 4)-T6T6T.

Both the PEO;99o/PTMO900-T6TO6T and PEO,900/PTMO1000-T6T6T copolymers show a linear
decrease in CA with increasing volume fraction of water (Figure 6.4b). At similar volume
fractions of water the CA of PEOjgo/PTMO;ggo-TO6T6T 1s lower than that of
PEO»p0o/PTMOy000-T6T6T. Also at similar PEO concentrations, the PEO;¢0o/PTMO¢g0-
T6T6T copolymers have a lower CA compared to that of the PEO;000/PTMO2000-T6T6T
copolymers. Therefore, the PEO;¢00/PTMO000-T6T6T copolymers are significantly different
in terms of surface properties than PEO20o/PTMO2000-T6T6T since the water absorption is
lower while the hydrophilicity of the polymer surface is comparable.

Contact angle measurements of PEQO;p0o/PTMO2000-T6T6T were performed by using the
captive bubble (CB) and sessile drop (SD) method. Both methods give different CA values
(Table 6.3). The CA measured by using the CB method on hydrated surfaces is systematically
lower than the CA measured by the SD method on dry surfaces. The difference in CA
between SD and CB decreases with increasing PEO content. This indicates that the CA of a
hydrated surface depends mainly on the nature of the polymer and the amount of water
absorbed by the polymer. However, one has to keep in mind that the effect of time between
the placement of a water droplet on a dry surface and the analysis of the angle has a large

effect on the observed contact angle.

The influence of both the PEO, and PTMO, molecular weight of PEO,/PTMO,-T6T6T
copolymers on the surface hydrophilicity was also investigated. Two series, PEO,/PTMO -
T6T6T and PEO;¢0o/PTMO,-T6T6T, were made where x is varied from 600 to 8000 g/mol
and z from 650 to 2900 g/mol (Table 6.4).
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Despite the fact that the PEO concentration in PEO,/PTMO09o-T6T6T increases only slightly
from 17 to 21 wt%, the water absorption increases strongly from 4.4 to 22 wt%. This is due to
two effects: a decreased T6T6T content and a higher PEO molecular weight. In the
PEO;00o/PTMO.-T6TO6T series, where the PTMO molecular weight was varied while the PEO
concentration remained constant, the water absorption increases only slightly (18 — 23 wt%).

This effect can be ascribed to a decreased T6T6T content.

Table 6.4: Water absorption and contact angles of PEO,/PTMO.,-T6T6T copolymers.

Ratio M, M, Conc. Conc. Conc. WA QOwaer CA=*sd
PEO,/PTMO, PEO PTMO T6T6T PEO PTMO
[g/mol] [g/mol] [wt%] [wt%] [wt%] [wt%] [vol%] [°]

PEO./PTMO 4p-T6T6T

30/70 600 1000 429 17.1 40.0 44 4.6 5042
30/70 1000 1000 38.4 18.5 43.1 8.1 8.8 51+1
30/70 3400 1000 33.0 20.1 46.9 18 18 46 + 1
30/70 4600 1000 323 20.3 47.4 19 18 46 + 1
30/70 8000 1000 31.5 20.6 479 22 20 40+2
PEQO,9ppo/PTMO,-T6T6T
65/36 1000 650 42.7 36.9 20.4 18 17 47+2
60/40 1000 1000 38.4 37.0 24.6 20 19 44 + 1
55/45 1000 2000 32.6 37.1 30.3 22 21 46 + 1
53/47 1000 2900 30.2 37.0 32.8 23 21 47 +2

The CA of PEO,/PTMO00-T6T6T decreases from 50 to 40° when the PEO molecular weight
increases from 600 to 8000 g/mol, despite that the PEO concentration remains more or less
the same. This suggests that the CA also depends on the PEO molecular weight. However, it
is also possible to explain the decrease in the CA by the combination of a small increase in
PEO content (from 17 to 21 wt%) and a decrease in T6T6T content (from 43 — 32 wt%). The
PEO00o/PTMO,-T6T6T copolymers have almost a comparable CA, despite the change in
PTMO segment length.

In Figure 6.5 the CA of the PEO,/PTMO0o-T6T6T and PEO;9o/PTMO.-T6T6T is given as a
function of the volume fraction of water. The PEO,/PTMO¢p0-T6T6T copolymers show a
similar linear decrease in CA as observed previously for the PEO;¢0/PTMOp00-T6T6T
copolymers (indicated by the dotted line in Figure 6.5). The CA of PEOp0o/PTMO,-T6T6T is
slightly higher than that of PEO;0/PTMO000-T6T6T. Especially the PEO;q0o/PTMO2900-

T6T6T copolymer, which has the highest water absorption of the series, has an unexpected

113



Chapter 6

high CA. A possible explanation might be that there are PTMO crystals present at the

polymer surface as PTMOs9q is partly crystalline and these PTMO crystals are not soluble in

water [47].
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Figure 6.5: Contact angle as a function of the volume fraction of water (dotted line represents the

PEO[OOQ/PTMOIOOO-T6T6T copolymers): (A), PEOX/PTMOM()()—T6T6T, (D), PEO]()O()/PTMOZ-T6T6T

Conclusions

The surface properties of polyether-T6T6T segmented block copolymers have been discussed
in this chapter. The polyether phase consists of hydrophilic poly(ethylene oxide) (PEO)
and/or hydrophobic poly(tetramethylene oxide) (PTMO) segments. The use of monodisperse
T6T6T segments results in a well phase separated polymer morphology, where maximally
15% non-crystallised T6T6T is dissolved in the polyether phase. As the T6T6T segments
have a low molecular weight the polyether concentration in the copolymer can reach a
concentration of 88 wt% without phase separation by liquid-liquid demixing to occur.

The surface hydrophilicity is studied by using the captive (air) bubble method to determine
the contact angle (CA). The CA measured according to this method is systematically lower
than the CA measured by the sessile drop method. So, the CA of a hydrated surface depends
mainly on the nature of the polymer and the amount of water absorbed by the polymer.
Generally, the CA of the copolymers decreases with higher PEO contents. An interesting
combination of properties, i.e. a low CA combined with relatively low water absorption, is
observed for copolymers based on PEO segments with a molecular weight of 1000 g/mol.

However, further characterisation of the copolymers as well as the PEO starting materials is
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required to explain the relation between the CA and the PEO molecular weight used in the
copolymer.

At similar water absorptions, the PEO-T6T6T has a more hydrophilic surface compared to
PEO-PBT segmented block copolymer. This is due to a high crystallinity of T6T6T in the
copolymer, which results in a low amount of non-crystallised T6T6T segments in the PEO
phase.

Segmented block copolymer based on a mixture of PEO and PTMO show a linear decrease in
CA with increasing PEO content. This linear decrease indicates that there is no preferential
diffusion of PEO towards the hydrated polymer surface. AFM results reveal that hydrated

PEO/PTMO-T6T6T copolymers contain an inhomogeneous cluster-like structure.
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Chapter 7

Gas permeation properties of PEO-based

segmented block copolymers

Abstract

In this chapter the gas permeation properties of PEO-based segmented block copolymers containing
monodisperse crystallisable segments (T6T6T) are discussed. The PEO-T6T6T copolymers have a well
phase separated polymer structure, consisting of a crystalline T6T6T phase and an amorphous or
semi-crystalline PEO phase. Copolymers containing PEO segments with a molecular weight above
2000 g/mol have a semi-crystalline PEO phase at room temperature. A way to partly suppress the
PEO crystallinity and reduce the PEO melting temperature of the copolymer is by extending low
molecular weight PEO segments (300 or 600 g/mol) with terephthalic units (T). In this way,
copolymers can be prepared with a high PEO concentration while the PEO crystallinity is partly
suppressed.

The influence of the soft phase composition and the temperature on gas permeation properties (CO,,
N,, He, CH,, O, and H,) and pure gas selectivities of PEO-T6T6T and PEO/T-T6T6T copolymers are
studied. When the PEQO phase is completely amorphous, the gas permeation properties of both types of
copolymers decrease with decreasing temperature. When a crystalline PEO phase is present the
decrease in gas permeability is even stronger. At low temperatures the PEO/T-T6T6T copolymers
have higher gas permeabilities than PEO-T6T6T, despite the presence of hydrophobic terephthalic
units in the PEO phase. This is due to a partly suppressed PEO crystallinity in the copolymer.

The COy/N,, COyH, and CO,/0O, selectivities at 35 °C of both the PEO-T6T6T and PEO/T-T6T6T
copolymers are almost independent of the polymer composition. When the copolymers contain a PEO
semi-crystalline phase the COy/H, and CO»/He selectivities are reduced, which is due to a more size-
sieving ability of the copolymer. The presence of a semi-crystalline PEO phase has no adverse effect
on the CO; selectivity over larger gases like N,, O, and CH,.
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Introduction

The removal of CO; from gas mixtures with light gases such as CH4, N, and H, is important
in a variety of industrial applications, like the CO, recovery from flue, synthetic or natural
gases. Polyethylene oxide (PEO) based segmented block copolymers are interesting
membrane materials for these gas separation applications since they combine a high
polar/nonpolar gas selectivity with a high permeability [,

So far, segmented block copolymers containing polar poly(ethylene oxide) (PEO) segments
provide the best combination of high CO, permeability and CO,/N, or CO,/H; selectivities

since these units interact favourably with CO, [1.2]

[1,3-5]

. These copolymers, containing PEO
flexible segments and polyamides , polyimide '), polyurethane ™ or polyester ™ rigid
segments, have a phase separated morphology. Phase separation can occur through liquid-
liquid demixing or crystallisation. Usually, only a part of the rigid segments is phase
separated while the other part is dissolved in the PEO phase. When phase separation occurs
through crystallisation, the rigid segments provide the copolymer mechanical and heat

stability and inhibit the PEO crystallisation partly.

In Table 7.1 the CO; permeability (P) and CO,/N, selectivity (a) of some PEO-based

segmented block copolymers are given.

Table 7.1: CO, permeability and CO,/N, selectivity of PEO-based segmented block copolymers at 35 °C.

Rigid segments1 Conc. PEO Pressure P CO, a(CO,/N,)

[wt%] [bar] [Barrer] [-]
Polyamide
PA6 M 55.0 10 120 52
PA12 57.0 10 66 55
Polyester
PBT 64.0 4 108 45
Polyurethane
MDI-BPA /! 66.0 2 59 49
TDI-BPA U7 64.5 2 47 51
Polyimide
PMDA-PDDS "] 68.6 2 238 49
BPDA-ODA [/ 62.3 2 117 51

""MDI, 4,4-diphenyl-methane diisocyanate; TDI, 2 4-toluene-diisocyanate; BPA, bisphenol A; PMDA,
pyromellitic dianhydride; PDDS, 4,4-diamino diphenyl sulfone; BPPA, 3,3,4,4-biphenyl tetracarboxylic
dianhydride; ODA, 4,4-oxydianiline
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Gas permeation properties of PEO-based segmented block copolymers

The CO,/N; selectivity of all these materials is almost similar, while the CO, permeability
varies significantly. This suggests that the PEO phase is the continuous phase for gas
permeation. Furthermore, the PEO segment length, the PEO content, the type of rigid
segment, the amount of dissolved non-crystallised rigid segment and the morphology of the
rigid segments in the copolymer can have an influence on the gas permeation properties of the
segmented block copolymers 7%,

Metz et al. studied segmented block copolymers based on PEO and poly(butylene
terephthalate) (PBT) rigid segments ). The copolymer composition was varied by changing
the PEO and/or PBT block lengths. An increase in the PEO segment length, while the PEO-
PBT ratio remains constant, enhances the chain flexibility of the PEO phase, thereby causing

a higher gas permeability. The chain flexibility decreases with increasing PBT concentration

due to a less pronounced phase separation between the PEO and PBT phase.

The crystallinity of the rigid segments in the existing segmented block copolymers is rather
low (~30%) and a large amount of non-crystallised rigid is dissolved in the soft phase. It was
reported that polymers with poor phase separation between the soft and hard phase show a
decreased gas permeability and diffusivity ®*. This is most likely due to a reduced chain
flexibility of the soft phase when non-crystallised rigid segments are incorporated in the soft
phase.

The crystallinity of the rigid segments is improved when monodisperse crystallisable

161 By using short monodisperse rigid segments (~4 nm) the phase

segments are used |
separation is almost complete, the crystallisation of the copolymer fast and the amount of non-
crystallised rigid segment in the soft phase low.

In Chapter 2 of this thesis the synthesis and characterisation of PEO-based segmented block
copolymers and monodisperse crystallisable tetra-amide segments (T6T6T) are described.
These copolymers are denoted as PEO,-T6T6T, where x represents the PEO segment length.
The PEO,-T6T6T copolymers have a high T6T6T crystallinity (~85%) and, therefore, high
PEO concentrations can be reached (up to 88 wt%) while still obtaining good thermal
mechanical properties of the copolymers.

By increasing the PEO segment length, the PEO concentration in the copolymer increases, but
at the same time the PEO crystallinity increases. With increasing PEO crystallinity the CO,
permeability is lowered. Pure PEO has a high crystallinity (71 vol%) and, as a result, a very

low CO, permeability (12 Barrer at 35 °C) "/,
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A way to increase the PEO content without increasing the PEO crystallinity is by extending
short PEO segments (300 or 600 g/mol) with terephthalic units. These copolymers are
denoted as (PEO,/T),-T6T6T, where the PEO segments are extended with terephthalic units
(T) to a desired flexible segment length (y) (Figure 7.1) ['*].

i i
H O—CHZ—CHAEO—COC O—CHZ—CHﬂEOH
n

Figure 7.1: Structure of PEO extended with terephthalic units, where m represents the number of repeating

ethylene oxide units and n the number of repeating PEO/T units.

The gas permeation properties (CO,, Ny, He, CH4, O, and H;) and selectivities of PEO,-
T6T6T and (PEO,/T),-T6T6T segmented block copolymers are investigated in a temperature
range of -5 to 75 °C. These copolymers might be interesting for gas separation processes at
low temperatures since they have an almost complete phase separated morphology and a

suppressed PEO crystallinity.

Background
The flux of a gas through a nonporous polymer membrane, resulting from a pressure

difference over the membrane, can be described by Equation 7.1 !%);

J = § Ap (Equation 7.1)

where J is the gas flux through the membrane (cm’(STP)/(cm’ s)), P the permeability
coefficient (Barrer, 1 Barrer = 1 x 10™'° ¢cm*(STP)/(cm” s cmHg)), / the membrane thickness
(cm) and 4p the pressure difference over the membrane (cmHg).

Permeation through a nonporous polymer film is generally described by the solution-diffusion
model °!. Here, penetrant gas molecules sorb at the membrane side with the highest
concentration of gas molecules, diffuse through the membrane and then desorb from the side
with the lowest concentration of gas molecules. The rate-limiting step in this process is
diffusion across the polymer film. The gas permeability through a nonporous polymeric

material is given as the product of the solubility and the diffusivity;
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Gas permeation properties of PEO-based segmented block copolymers

P=8xD (Equation 7.2)

where S is the solubility (cm’*(STP)/(cm® polymer cmHg)) and D the diffusivity (cm?/s).

The solubility increases with increasing condensability of the gas (i.e. higher critical
temperature) and also depends on the possible interactions with the polymer ['”. For example,
the solubility of CO; in hydrophilic polymers is generally higher than in more hydrophobic
polymers. The diffusivity is enhanced by decreasing molecular size of the gas molecule,
increasing chain flexibility and decreasing interactions between the polymer and gas !'*).

A measure of the ability of a polymer to separate pure gases is given by the ideal selectivity

for gas A over gas B;
P, S, D .
Ay =—t=—"tx—=4 (Equation 7.3)
PB SB DB

where P4 and Pjp are the permeability coefficients of pure gas A and B respectively, S4/Sp the
solubility selectivity and D,/Djp the diffusivity selectivity.

Effect of temperature on gas permeation
The temperature has a large effect on the rate of gas permeability through polymer films. The
gas permeability decreases with increasing temperature and its relation with temperature is

often described by an Arrhenius type of equation !'*’;

P=Fe * (Equation 7.4)

where Py is a pre-exponential factor, £, the activation energy for permeation, R the gas
constant and 7 the temperature. Since the permeability depends on the solubility (S) and
diffusivity (D), both parameters must be used for understanding the temperature effect. The

activation energy for permeation can be written as (191,

E =E,+AH, (Equation 7.5)

where E, represents the activation energy for diffusion and 4H; the heat of solution. The

activation energy for diffusion is the energy required to create a diffusion gap of sufficient
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size to accommodate a penetrant gas molecule. The diffusion of a gas molecule is inversely
related to the molecular size and increases with increasing temperature. The kinetic diameter

of some gases is given in Table 7.2.

Table 7.2: Kinetic diameter and critical temperature (T,) of some gas molecules.

Gas molecule Diameter T,

[A] [°C]
He 260 268
H, 289 -240
CO, 3.30 31
0, 346 -119
N, 3.64  -147
CH, 380  -83

The heat of solution is determined by the heat of condensation of the penetrant gas molecule
and the heat of mixing of the penetrant gas and polymer segments. The heat of solution can be
positive or negative. Gases with a higher critical temperature are more condensable and,
therefore, more soluble. The critical temperature of some gases is given in Table 7.2. For non-
interactive gases, like N, He, CHs or H,, the heat of solution has a small positive value,
indicating that the solubility increases slightly with temperature. Polymers containing polar
ether groups interact with gases like CO,, which results in a higher solubility. In this case, the
heat of sorption is negative and the solubility decreases with temperature.

For small non-interactive gases the temperature effect on the permeability coefficient is more
determined by the diffusivity since the solubility does not change that much with temperature.
For large interactive gases like CO, the temperature effect on the permeability coefficient is

more complex since the two parameters, diffusion and solubility, are opposing.

Experimental

PEO,-T6T6T block copolymers. The PEO,-T6T6T copolymers were synthesised by a polycondensation reaction
using PEO segments with a molecular weight (x) of 1000 and 2000 g/mol and T6T6T [*!,

(PEO/T),~-T6T6T block copolymers. The (PEO,/T),-T6T6T copolymers were synthesised by a
polycondensation reaction using PEO segments, which are extended with terephthalic units (T), and T6T6T ['®,
The PEO molecular weight (x) (M, of 300 or 600 g/mol) and the total molecular weight of the flexible segment

(y) were varied.
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Film preparation: Films of approximately 100 um thickness have been prepared from dried copolymers using a
Lauffer 40 press. The temperature was set approximately 40 °C above the melting temperature of the copolymer.
First, air was removed from the polymer in the mould by quickly pressurising the samples followed by
depressurising. This procedure was repeated three times before actually pressing the samples at ~8.5 MPa for 5
min. Subsequently, the samples were cooled to room temperature while maintaining the pressure. To prevent
sticking of the polymer onto the metal mould, glass-fibre reinforced PTFE sheets were used (Benetech type
B105).

Differential scanning calorimetry (DSC). DSC spectra were recorded on a Perkin Elmer DSC7 apparatus,
equipped with a PE7700 computer and TAS-7 software. Dry polymer samples (5 — 10 mg) were heated from -50
to 250 °C at a rate of 20 °C/min. Subsequently, a cooling scan from 250 to -50 °C at a rate of 20 °C/min
followed by a second heating scan under the same conditions as the first heating were performed. The melting
temperature (T,,) and enthalpy (AH,,) were determined from the endothermic peak in the second heating scan.
Gas permeation. The single gas permeation properties of the copolymer were determined with N,, CHy, O,, He,
H, and CO, in a temperature range of -5 to 75 °C. Single gas permeability values were calculated from the
steady-state pressure increase in time in a calibrated volume at the permeate side, following the constant volume
variable pressure method as described in detail elsewhere *'!. Pure gas selectivity values were calculated from
the ratios of single gas permeability values. The experiments yielded an experimental error of <15% which falls

within the systematic error for the characterisation equipment used.

Results and discussion

The gas permeation properties of two different copolymer series, the PEO,-T6T6T and
(PEO/T),-T6T6T series, will be discussed [318] " The soft phase composition of the
copolymers is varied by changing the PEO molecular weight (x) and/or the molecular weight
of the total flexible segment (y) (Table 7.3).

Previous DSC results of PEO,-T6T6T copolymers revealed that the PEOgp-T6T6T
copolymer has a fully amorphous PEO phase. By extending short PEO;¢y or PEOg) segments
with terephthalic units, crystallisation of extended polyether segments (PEO/T) is taken place
despite the fact that these short PEO prepolymers are amorphous. The hydrophobic
terephthalic units are amorphous and dissolved in the PEO phase and, therefore, they might
affect the gas permeability of the copolymers.

Thermal properties of PEO,-T6T6T and (PEO,/T),-T6T6T

In Table 7.3 the PEO melting temperature and crystallinity of the PEO,-T6T6T and
(PEO/T),-T6T6T copolymers, determined by DSC measurements, are given. Melting data
from the second heating scan were used to exclude the influence of the thermal history of the

samples.
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Table 7.3: Thermal properties of PEO,-T6T6T and (PEO,/T),-T6T6T copolymers.

Polymer Conc. Conc. Conc. T, ! T AH,, X.? T
T6T6T PEO T PEO PEO PEO T6T6T

[Wt%] [wt%] [wt%] [°C] [°C] [J/gPEO] [%] [°C]

PEO,g0-T6TOT 38.4 61.6 - -45 -2 20 10 195

PEO,000-T6TOT 23.8 76.2 - -48 21 53 25 167

(PEOgoo/ T)2s00-TOTO6T  20.0 69.0 11.0 -44 -6 5 3 187

(PEOg0o/T)s000-TOTOT  11.1 74.8 14.1 -43 -3 6 3 171

(PEO300/T)2s00-TOTOT  19.9 584 217 -28 - - - 205

" Glass transition temperature is determined by dynamic mechanical analysis '*'¥

? PEO crystallinity (X,) is calculated by using a PEO melting enthalpy of 197 J/g for 100% crystalline PEO *?

The glass transition temperature (T,) depends on the crosslink density in the copolymer and
the soft phase composition. It is assumed that the flexible segment length corresponds to the
length between network points. A decrease in the flexible segment length leads to an increase
in the network density and an increase in the T,.

The PEO,-T6T6T copolymers have a low T, of the soft phase (Table 7.3), which is slightly
higher than the T, of the PEO prepolymer (-72 to -65 °C) (3] The soft phase of (PEO,/T)y-
T6T6T copolymers consists of PEO, terephthalic units and non-crystallised TOT6T segments.
Terephthalic units do not crystallise and belong to the amorphous phase ?*. The Tg’s of
(PEO,/T),-T6T6T copolymers are slightly higher (~5 °C) than those of PEO,-T6T6T
copolymers since the presence of terephthalic units in the soft phase restricts the mobility of
the flexible segments. This was also observed for terephthalic extended PTMO-based
copolymers with monodisperse T6T6T segments '+,

The Ty of (PEO300/T)2500-T6T6T is higher than the T,’s of corresponding copolymers with
PEOgoo extended segments (Table 7.3). This might be explained by a combination of a high
terephthalic content (21.7 wt%) and a low PEO molecular weight used for the extension (300
g/mol).

By using monodisperse rigid segments the T6T6T crystallinity in the copolymer is high
(~85%), indicating that approximately 15% of the T6T6T concentration has not crystallised
and is present in the polyether phase. So, PEO;¢-T6T6T and PEQO;p0-T6T6T contain
approximately 3.6 and 5.8 wt% non-crystallised T6T6T in the PEO phase. As these
concentrations are rather low it is expected that it has no significant influence on the T, of the

soft phase.
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In Figure 7.2 the PEO melting temperature and crystallinity of the PEO,-T6T6T and
(PEOg0o/T),~-T6TOT copolymers are given.

60 60

a b

40
3) T 40
2 201 2
~ ~
& | X 20

O i
....... <
—20 T T T T T 0 0‘\
40 50 60 70 80 90 100 40 50 60 70 80 90 100
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Figure 7.2: (a) PEO melting temperature and (b) PEO crystallinity (X.) as a function of the PEO concentration:
¢, PEO,-T6T6T "} 0, (PEOsyy/T),-T6T6T " .

An increase in PEO segment length of the PEO,-T6T6T copolymers from 1000 to 4600 g/mol
results in an increase in the PEO melting temperature from -2 to 53 °C (131 Ag the PEQOg00-
T6T6T copolymers shows no PEO melting peak it is assumed that the PEO phase in PEOgo-
T6T6T is amorphous. The PEO crystallinity increases also strongly with increasing the PEO
segment length, from 10% for PEOjp to 52% for PEQO4s09. Copolymers that exhibit PEO
segments with a molecular weight >2000 g/mol have a polyether melting peak above room
temperature.

Long flexible segments can be prepared, up to a molecular weight of 10,000 g/mol, by
extending the PEO segments with terephthalic units. With increasing flexible segment length
the polyether crystallinity increases despite using amorphous PEO prepolymers. However, by
extending short PEO segments (M, of 300 or 600 g/mol) the polyether melting temperature
and crystallinity are lower than for the PEO,-T6T6T copolymers at similar PEO
concentrations (Figure 7.2). The PEO0o-T6T6T and (PEOgpo/T)s000-T6T6T have more or less
the same PEO concentration, 76.2 and 74.8 wt% respectively, but the PEO melting
temperature of (PEOgoo/T)s000-T6TO6T 1is approximately 24 °C lower. Also the PEO
crystallinity is much lower (25 and 3% respectively).

The DSC results of (PEO300/T)2500-T6T6T show no PEO melting peak and, therefore, it is
assumed that the PEO phase is completely amorphous.
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The T6T6T melting temperature of the copolymers depends strongly on the polyether
concentration !, A decrease in melting temperature with increasing PEO concentration can
be explained by the solvent effect theory proposed by Flory, which states that the soft phase
acts as a solvent for the crystalline phase ***"). The presence and concentration of terephthalic
units in the soft phase result in a less reduced T6T6T melting temperature of the copolymer
and is discussed in more detail in Chapter 3. Most likely, terephthalic units present in the soft

phase slightly restrict the function of the PEO phase as solvent for the crystalline phase.

Effect of the temperature on gas permeation properties

Figure 7.3 shows the influence of the temperature on the gas permeation properties of

PEO2000-T6T6T copolymers.
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Figure 7.3: Gas permeability as a function of the temperature for PEQO5y-T6T6T: o, P(CO,); m, P (H,);
e, P (He); A, P (CHy, 0, P (O,); A, P(N,).

All gasses show a linear increase in permeability with increasing temperature in the region
from 30 to 75 °C. When the temperature is below the PEOo0p melting temperature (~20 °C)
the gas permeability is strongly reduced and the data no longer show a linear relation. The
presence of crystalline PEO domains reduces the chain mobility of the amorphous segments

and increases the size-sieving ability of the copolymer.
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In Figure 7.4a the CO, permeabilities of PEO;¢p0-T6T6T and PEO;¢p0-T6T6T copolymers are

compared at different temperatures and in Figure 7.4b the CO, permeabilities of PEOypgo-

T6T6T is compared to (PEOgoo/T)s000-TOTOT.

1000 5

100 4 R

e
e

P(CO,) [Barret]
-

—_
(=]
Ll T

P(CO,) [Barrer]

1000 7

100 5

—_
(=]
Ll Lo

220 0 20 40 60 80 -20 0 20 40 60 80

Temperature [°C] Temperature [°C]

Figure 7.4: CO, permeability as a function of the temperature: (a) m, PEQyy-T6T6T and A, PEO,py)-T6T6T;
(b) 0O, (PE0600/D5000—T6T6Tand u, PE02000—T6T6T.

The PEO;¢p0-T6T6T copolymer has a lower CO, permeability compared to PEOgpo-T6T6T,
which is due to a lower PEO concentration. A linear increase in CO, permeability of PEO;ggo-
T6T6T with increasing temperature is observed when the temperature is above -2 °C since the
PEO phase is completely amorphous above this temperature. The PEO290o-T6T6T copolymers
show a linear increase in CO, permeability with temperature above ~20 °C. Below these
temperatures the permeability is strongly reduced due to the presence of a semi-crystalline
PEO phase. Therefore, PEO,0p-T6T6T is more suitable for applications requiring a relatively
high CO,; permeability at low temperatures than PEO,¢o0-T6T6T.

Above approximately 20 °C, the CO, permeability of PEO,y0-T6T6T is comparable to
(PEOg00/T)s000-T6T6T since both copolymers have almost comparable PEO concentrations
(Figure 7.4b). As the PEO melting temperature of (PEOgpo/T)s000-TOT6T is lower, compared
to PEOy000-T6T6T, the CO, permeability is higher at low temperatures.

At temperatures where the PEO phase is completely amorphous, the CO, permeabilities of
(PEOg00/T)2500-TOT6T and (PEO300/T)2500-TOT6T are lower than those of PEO;09-T6T6T and
(PEOg00/T)s000-T6T6T since the PEO concentration is lower (data not given). However, at low
temperatures the (PEOgoo/T)2500-T6T6T has the highest CO, permeability (29 Barrer at -5 °C)

as this copolymer has the lowest PEO melting temperature.
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So, it is possible to create PEO-based segmented block copolymers that have a relatively high
CO, permeability at low temperatures by partly suppressing the PEO crystallinity by using
terephthalic extended PEO segments.

For each gas, the activation energy for permeation of PEO-T6T6T copolymers is determined
using the obtained gas permeation properties at a temperature region were the PEO phase is
completely amorphous (30 to 75 °C). The activation energy for permeation (£,) depends on
the activation energy for diffusion and the heat of solution. In Table 7.4 the obtained
activation energies for permeation of different gases through PEO,-T6T6T and (PEOgo/T),-
T6TO6T copolymers are given.

Table 7.4: Activation energies for permeation (E, in kJ/mol) of different gases through PEO.-T6T6T and
(PEOg/T),-T6T6T copolymers (the kinetic diameter of the gases is given between brackets).

CcO, He H, O, N, CH,4
Polymer
(330A) (2.60A) (2.89A) (3.46A) (3.64A) (3.804A)
PEOo-T6T6T 21.2 28.6 28.2 29.7 32.1 30.7
PEOyo-T6T6T 16.6 26.9 27.9 30.0 322 31.0
(PEOg0o/T)2500-TOTOT 22.9 31.8 33.8 41.1 453 41.2
(PEOg00/T)s5000-TOTOT 24.2 32.9 34.9 39.6 43.9 43.0

The E, values for H, and He are lower than those for O,, N, and CHy4 since the activation
energies for diffusion are lower for smaller gases. The E, value for CO, is lower than the
value for O,, N, and CH4, which is due to difference in the sorption enthalpies between the
gases.

The E, values for the different gases through PEO-T6T6T and PEO000-T6T6T are
comparable. The E, values for small gas molecules, like H, and He, are between 26.9 and
28.6 kJ/mol, while larger gases have E, values between 29.7 and 32.2 kJ/mol. The E, for CO,
through PEO¢o0-T6T6T is slightly higher than through PEO00-T6T6T.

The activation energies for permeation through (PEOgoo/T)2500-T6T6T and (PEOgo0/T)s000-
T6TOT copolymers are also comparable. The E, values of copolymers containing terephthalic

extended PEO segments are slightly higher than for PEO,-T6T6T copolymers (Table 7.4).
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Effect of the polymer composition on the gas permeation properties

A standard temperature for evaluating the gas permeabilities of polymers is 35 °C. At this
temperature, the PEO phase of the PEO-T6T6T copolymers is completely amorphous. When
plotting the CO, permeability as a function of the PEO concentration of all copolymers
studied, one relation is found (Figure 7.5a). This might suggest that the PEO molecular
weight and the presence of terephthalic units in the PEO phase of these segmented block

copolymers have hardly any influence on the CO, permeability.
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Figure 7.5: CO, permeability (35 °C) as a function of (a) the PEO concentration and (b) the soft segment length:
¢, PEO-T6TGT; O, (PEOsyy/T),-T6T6T; 0, (PEO;30y/T)2500-T6T6T.

Previous studies on PEO-PBT segmented block copolymers revealed that the CO,
permeability depends on the PEO molecular weight and the amount of dissolved rigid
segments in the soft phase . An increase of the PEO molecular weight results in a decreased
network density of the copolymer and an increased chain flexibility of the PEO segments.
Furthermore, it is expected that an increased amount of dissolved rigid segments in the PEO
phase decreases the chain flexibility.

By plotting the CO, permeability of PEO,-T6T6T and (PEO,/T),-T6T6T copolymers as a
function of the molecular weight of the total flexible segment (PEO or PEO/T), the effect of
the network density and the effect of dissolved terephthalic units in the PEO phase can be
shown (Figure 7.5b). Here, it is assumed that the crystalline T6T6T is impermeable for COs.
An increase in the total molecular weight of the flexible segments results in an increased CO,
permeability. However, at the same flexible segment length (i.e. the same network density)
the CO, permeabilities decrease in the order of PEO,-T6T6T > (PEOg/T),-T6T6T >
(PEO300/T),~-T6T6T. This might be explained by the present of terephthalic units in the PEO
phase, which lowers the PEO chain flexibility. Furthermore, these results suggest that the
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maximally attainable CO, permeability for copolymers is higher when PEO segments are
used that are completely amorphous and are not extended with terephthalic units.
However, one has to keep in mind that there are only four polymers investigated and to verify

these statements more extensive research has to be performed.

Effect of the polymer composition on gas selectivity
In Table 7.5 the gas permeabilities and gas selectivities at 35 °C for the PEO,-T6T6T and
(PEOg0o/T),~-T6T6T copolymers are given. At this temperature the PEO phase of the

copolymers is completely amorphous.

Table 7.5: Gas permeabilities and selectivities at 35 °C of PEO,-T6T6T and (PEQg/T),-T6T6T copolymers.

Polymer Conc. PEO Permeability [Barrer] Selectivity [-]
[wt%] CO, He H, O, N, CHy| COyH, CO,/O, COy/N,
PEO4o-T6T6T 61.6 75 63 104 47 1.8 55 7.2 16 41
PEO»pp-T6T6T 76.2 180 109 179 88 3.6 113 10 21 49
(PEO400/T)2500-T6T6T 69.0 121 94 146 62 25 7.1 8.3 20 49
(PEO400/T)s5000-T6T6T 74.8 176 122 19.6 8.7 33 10.2 9.0 20 53

The CO,/H; selectivity is mainly influenced by the solubility selectivity (CO, is easier
condensable than H,). Polymers containing polar PEO segments have interactions with CO,
that enhance the solubility selectivity. Besides, these copolymers have a very weak size-
sieving ability since the amorphous PEO segments are highly flexible. The CO,/H; selectivity
for PEO-T6T6T copolymers is around 7.2 to 10 and almost independent of the soft phase
composition.

The CO,/0O; selectivity is important for packaging materials of fruit and vegetables. The PEO-
T6T6T copolymers have a CO,/O, selectivity of approximately 20 at 35 °C and this
selectivity is independent of the soft phase composition.

The PEO-based copolymers are more permeable for CO, than CH4 or N», since the diffusivity
and solubility of CO; are higher (smaller molecule and more easy to condensate). The CO,/N,
selectivity of all the PEO-T6T6T copolymers studied is almost similar (~48), while the CO,
permeabilities vary significantly. The CO,/CH4 selectivity at 35 °C of PEO-T6T6T
copolymers is also more or less a constant value, approximately 16. The soft phase
composition, i.e. the presence of terephthalic units or the PEO length, seems to have only

little effect on the CO,/N; selectivity. Commercially available PEO-based segmented block
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copolymers exhibit more or less the same CO,/N; selectivity, approximately 50 (Table 7.1).

The CO; permeability of PEO;¢p0-T6T6T is lower than expected.

Effect of the temperature on gas selectivity

The temperature effect on the pure gas selectivities is studied for the PEO;op-T6T6T and
PEO2000-T6T6T copolymers at a temperature range of -5 to 75 °C. A decrease in temperature
from 75 to -5 °C results in an increase in CO,/H; selectivity from 5.2 to 19.7 for PEOgo-

T6TOT (Figure 7.6). At the same time the CO, permeability decreases from 193 to 18 Barrer.

25

20 ‘A,

- . !

10 A -

o COy/H, [-]
]

Temperature [°C]

Figure 7.6: COy/H, selectivity as a function of the temperature: A, PEO 1ppo-T6T6T; m, PEQ59pp-T6T6T.

The PEO;000-T6T6T copolymer also shows an increase in CO,/H; selectivity when decreasing
the temperature to approximately 20 °C. At lower temperatures a PEO semi-crystalline phase
is present and the gas permeability and CO,/H, selectivity are reduced (Figure 7.6). This
lowering of the CO,/H; selectivity might be due to a more pronounced size-sieving ability of
the copolymer when crystalline PEO domains are present in the soft phase. A similar behavior
is observed for the CO,/He selectivity for both copolymers.

The CO,/H; selectivity of PEO-T6T6T copolymers is mainly determined by the temperature.
The polymer composition has no influence on the selectivity, indicating that the copolymer
has a well phase separated polymer morphology and a rather pure PEO phase. This behaviour
is not observed for PEO-PBT ) or PEBAX " segmented block copolymers. The CO»/H,
selectivity of these copolymers depends on both the temperature as well as the polymer

composition (i.e. the PEO molecular weight and concentration).
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The influence of the temperature on the CO, selectivity over larger gases, like N,, and CHy, is
also examined for PEOjpp-T6T6T and PEOj000-T6T6T copolymers. The PEO-based
copolymers are more permeable for CO, than CH4 or N, since the diffusivity and solubility
for CO; are higher. In Figure 7.7a the CO,/N, selectivity for both copolymers is given as a

function of the temperature.
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Figure 7.7: (@) COy/N; and (b) CO,/O; selectivity as a function of the temperature: A, PEQO,;y,-T6T6T;
u, PEOz()o()—T6T6T.

As expected for PEO-based copolymers, the CO,/N; selectivity increases with decreasing
temperature. Despite the fact that PEO0-TO6T6T contains a semi-crystalline PEO phase at
temperatures below ~20 °C the CO,/N; selectivity remains high. The size-sieving ability of
copolymers is more dominant when crystalline PEO domains are present. As N, and CH4
molecules are larger than CO,, the gas permeability of these gases is more restricted by the
presence of crystalline PEO domains. Consequently, the CO,/N, and CO,/CHy selectivities
increase when a semi-crystalline PEO phase is present.

At temperatures above ~20 °C the CO,/O; selectivity of PEO;¢go-T6T6T is comparable to that
of PEOxgpo-T6T6T since the PEO phase of both copolymers is amorphous (Figure 7.7b).
When the temperature decreases, the PEQOj-T6T6T shows a slightly higher CO,/O,
selectivity than PEQO;0-T6T6T. The kinetic diameter of O, is almost comparable to that of
CO,. Therefore, the size-sieving ability of the PEO crystalline domains affects the CO, as
well as the O,. Commercially available PEBAX materials have a CO,/O; selectivity at 23 °C
0f 9.6 and 11.1 for MV3000 and MV 6100 respectively **. The PEO-T6T6T copolymers have

a much higher CO,/O; selectivity, approximately 30, at the same temperature.
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In this paper an attempt is made to evaluate whether well phase-separated PEO-T6T6T
segmented block copolymers are interesting materials for gas separation applications.
However, more extensive research is necessary for this evaluation. It might be advisable to
replace the hydrophobic terephthalic units by a more polar extender to improve the CO,

permeability of the segmented block copolymers.

Conclusion

PEO-based segmented block copolymers are interesting membrane materials for gas
separation applications since they have a high CO, permeability and CO,/N, or CO,/H;
selectivity values. However, PEO has a strong tendency for crystallisation and with increasing
PEO crystallinity the gas permeability is reduced. The gas permeation properties at low
temperatures of PEO-based copolymers can be improved by suppressing the PEO
crystallinity.

In general, the phase separation in segmented block copolymers is incomplete and a high
concentration of non-crystallised rigid segment is incorporated in the soft phase. The
crystallinity of the rigid segments in the copolymer is improved when monodisperse
crystallisable segments (T6T6T) are used. These PEO-T6T6T copolymers exhibit an almost
complete phase separated structure and only a small amount of non-crystallised T6T6T is
present in the PEO phase. An increased PEO segment length results in an increased PEO
crystallinity of the copolymer. A way to create long flexible segments while the PEO
crystallisation is partly suppressed is by extending low molecular weight PEO segments (300
or 600 g/mol) with terephthalic units (T).

When the PEO phase is completely amorphous, the gas permeation properties are similar for
PEO-T6T6T and PEO/T-T6T6T copolymers containing similar PEO concentrations. At low
temperatures, the PEO/T-T6T6T copolymers have higher gas permeabilities than the PEO-
T6T6T copolymers since the PEO crystallinity is partly suppressed.

An increase in CO, permeability from 75 to 180 Barrer (35 °C), with increasing PEO
concentration from 61.6 to 76.2 wt%, is observed for both PEO-T6T6T and PEO/T-T6T6T
copolymers.

An increase in the total molecular weight of the flexible segments results in an increased CO,
permeability through the copolymer. However, at the same flexible segment length (i.e. the

same network density) the CO, permeability of (PEO,/T),-T6T6T is lower than that of PEO,-
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T6T6T, which might be explained by the presence of terephthalic units in the PEO phase that
lower the chain flexibility of the PEO segments.

For both the PEO-T6T6T and PEO/T-T6T6T copolymers the CO,/N,, CO,/H, and CO,/O,
selectivities at 35 °C are almost similar, 48, 8.6 and 20 respectively. The CO,/X selectivity of
PEO-T6T6T and PEO/T-T6T6T copolymers, where X represents N,, He, CH4, O, or Hy,
increases with decreasing temperature. When the copolymers contain a PEO semi-crystalline
phase the CO,/H, and CO,/He selectivities are reduced. This reduction is probably due to the
increased size-sieving ability of the copolymer when crystalline PEO domains are present in
the soft phase. The presence of a semi-crystalline PEO phase has no adverse effect on the CO,

selectivity over larger gases, like N, O, and CHa.
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Chapter 8

Water vapour transmission through polyether-based segmented
block copolymers

Abstract

In this chapter the rate of water vapour transmission (WVT) through monolithic films of segmented
block copolymers with flexible polyether segments and monodisperse crystallisable amide segments
will be discussed. The polyether phase of the copolymers consists of hydrophilic poly(ethylene oxide)
(PEO) and/or hydrophobic poly(tetramethylene oxide) (PTMO) segments. The monodisperse
crystallisable segments (T6T6T) are based on dimethyl terephthalate (T) and hexamethylenediamine
(6).

The WVT was determined according to the ASTM E96BW standard, also known as the inverted cup
method. By using this method there is direct contact between the polymer film and the water in the
cup. The WVT experiments were performed in a climate-controlled chamber at a temperature of 30 °C
and a relative humidity of 50%.

A linear relation was found between the WVT and the reciprocal film thickness of polyether-T6T6T
segmented block copolymers. The WVT of a 25 um-thick film of PTMO,p9-T6T6T or PEO;pp-T6T6T
copolymers is 3.1 and 153 kg/m’d respectively. The WVT values of polyether-T6T6T copolymers
increase exponentially with the PEO content or volume fraction of water. The volume fraction of water
in the copolymers depends on the PEO concentration. The number of water molecules per ethylene
oxide unit (H,O/EQO) was related to the crosslink density in the copolymer and the presence of
hydrophobic units in the soft phase (like PTMO or terephthalic units).
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Introduction

Segmented block copolymers are often used in breathable film applications in markets like
construction, medical, hygiene, textile and food packaging. A breathable film is characterised
by a high permeability toward water vapour and is impermeable for water.

One type of breathable film is a monolithic (homogeneous) film made from a hydrophilic
polymer. These films have good mechanical properties in dry conditions, are non-fouling, and
have a selective permeability. However, hydrophilic polymers often swell in the presence of
water and with an increased amount of absorbed water the mechanical properties like modulus

and fracture stress are reduced !,

The transport of water vapour molecules through a monolithic film is usually described by the
solution-diffusion model ). Water sorbed at the film side with the highest concentration of
water molecules. Subsequently, water diffuses through the film and desorbs from the side
with the lowest concentration of water molecules. The driving force for diffusion is the
concentration difference across the film. The transport of water vapour molecules through a

monolithic film can be described by Fick’s first law (Equation 8.1) *;

J=-D da (Equation 8.1)
dx

where J is the water vapour flux through the film, D is the diffusion coefficient or diffusivity
and da/dx the activity gradient over the film with a certain thickness (x).

According to the solution-diffusion model, the permeability of water vapour through a
polymer film is the product of diffusivity and solubility. In hydrophilic polymers these
parameters are strongly influenced by the interaction between water and the polar groups in
the polymer through hydrogen bonding.

Solubility is a thermodynamic parameter that represents a measure for the amount of water
sorbed by the polymer film ). With increasing number of polar groups in the polymer the
solubility for water increases. However, this relation is influenced by other factors like the
accessibility of the polar groups for water molecules and the degree of crystallinity of the
polymer matrix ©.

Diffusivity is a kinetic parameter that indicates how fast water vapour molecules are

transported through the polymer film ™. Generally, the water vapour diffusivity of polar

polymers increases with increasing water sorbed in the polymer due to the plasticizing effect.
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However, when clustering of water molecules in the polymer takes place, the diffusivity

(811 Since water molecules experience strong hydrogen bonding with each other,

decreases
the molecules can form clusters during diffusion, which results in reduced mobility.
Adriaensens et al. reported that in polyamide copolymers the diffusion coefficient of water

[12]

increases linearly with the water absorption of the copolymer ', indicating that water

absorption has a direct effect on both the water solubility and diffusivity.

The breathability of a polymer film can be defined as the ability to pass water vapour.
Generally, the rate of water vapour transmission (WVT) is used as a measure for the
breathability. The WVT can be expressed in the measuring unit kg/m’°d, meaning the amount
of water vapour transported through one square meter of film in one day.

A large variety of methods is available for determining the WVT ). There are many
differences in test conditions between the methods, like humidity on both sides of the film,
temperature, indirect or direct contact of the film with water, etc. The test methods and
conditions are often adjusted to the demands of the application market of the film. It was

found that the WVT results obtained with different test methods were not comparable ['*'4,

however, it is possible to make a correlation between these WVT results ['*'4.

The ASTM E96 standard gives a description of different methods that can be used for the
measurements of WVT through polymer films. Two of these methods, the E96BW (inverted
cup) and the E96B (upright cup) method, are frequently applied. By using the inverted cup
method the water in the cup is in direct contact with the film, while with the upright cup
method an air layer between the film and water in the cup exists. This air layer acts as an extra
resistant boundary layer that affects the WVT. Consequently, the WVT values obtained with
the E96BW method are significantly higher than when the E96B method is applied. To obtain
WVT values that are characteristic for the polymer, the diffusion of water vapour through the
film must be the main rate determining step. Therefore, the E96BW method is more suitable
than the E96B method as the WVT values obtained by the E96B method are limited by a
resistant air layer. The ASTM E96BW is not suitable for measuring the WVT of highly
permeable thin films since the resistance of the boundary layers becomes more dominant than

the diffusion of water vapour through the film !>,

There are several polyether-based segmented block copolymers available, containing urethane

[10,17-19] 20,21] [22]

, ester | or amide groups ", which can be used for (monolithic) breathable film

applications. A hydrophilic polyether segment is suitable for monolithic breathable film
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applications. The polyether hydrophilicity increases in the order of poly(tetramethylene oxide)
(PTMO), poly(propylene oxide) (PPO) and poly(ethylene oxide) (PEO).
Metz et al. observed an increase in the water vapour flux through poly(ether ester) segmented

[11]

block copolymers (PEO-PBT) with increasing PEO concentration ' . Furthermore, the

diffusion coefficient for PEO-PBT decreases with increasing water vapour concentration in

the film due to the presence of water clusters !'!].

In Table 8.1 the WVT of some commercially available segmented block copolymers are given
(15221 The WVT of these materials were measured using the ASTM E96BW method at a
temperature of 38 °C, a relative humidity of 50% and a film thickness of 25 um. The use of a
more hydrophilic polyether segment resulted in increased water absorption (WA) and WVT.

Table 8.1: WVT of some commercially available segmented block copolymers (ASTM E96BW, T = 38 °C,
RH = 50%) 11722,

Polymer Trade name (company) Typeof WA  WVT (25 um)
polyether [wt%] [kg/m*d]
poly(ether ester) Arnitel PM380 ' (DSM) PPO 57! 4.0
poly(ether ester) Arnitel EM400 ' (DSM) PTMO 05 1.9
poly(ether amide) ~ PEBAX 3533 * (Arkema) PTMO 127 2.5
poly(ether amide) PEBAX MV1041 * (Arkema) PEO 12 >10
poly(ether amide) PEBAX MV3000 * (Arkema) PEO - 20
poly(ether amide) PEBAX MV1074 * (Arkema) PEO 48 >20

! determined according to ISO62
? determined according to ASTM D570

In general, the crystallinity of the rigid segments of these PEO-based segmented block
copolymers is rather low (~30%). This means that a relatively high amount of rigid segments
is required to obtain good mechanical properties of the copolymer. Consequently, the PEO
concentration decreases and thus the water vapour transmission is reduced. Moreover, a large
amount of non-crystallised hydrophobic rigid segment is present in the polyether phase,
which can affect the rate of water vapour transmission.

With the use of short monodisperse crystallisable segments one can avoid liquid-liquid
demixing and improve the crystallinity of the rigid segments in the copolymer ***%. As a
result, segmented block copolymers are obtained that have a good phase separation between
the rigid and flexible segments and, therefore, contain a low concentration of non-crystallised

rigid segment in the soft phase.
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This thesis reports the synthesis and characterisation of segmented block copolymers with
polyether flexible segments and monodisperse crystallisable tetra-amide segments (T6T6T)
will be discussed. The polyether phase consists of hydrophilic PEO and/or hydrophobic
PTMO segments. The T6T6T segments are based on dimethyl terephthalic (T) and hexa-
methylenediamine (6) *”). The polyether-T6T6T copolymers have a high T6T6T crystallinity
(~85%). A high polyether concentration can be reached, while still obtaining good mechanical
properties of the copolymer. The influence of the soft phase composition of the polyether-
T6T6T copolymers on the rate of water vapour transmission (WVT) is studied. The WVT is
determined according to the ASTM E96BW standard, using a temperature of 30 °C and a
relative humidity of 50%.

Three different copolymer series have been studied, which vary in the PEO concentration, the
hydrophobic segment concentration (PTMO or terephthalate units) and the T6T6T
concentration. The first polymer series was based on a mixture of hydrophilic PEO and
hydrophobic PTMO segments and is denoted as PEO,/PTMO.-T6T6T **. The molecular
weights of PEO (x) and PTMO (z) are varied as well as the PEO/PTMO ratio. The second
polymer series, denoted as PEO,-T6T6T, is based on PEO flexible segments with varying
PEO molecular weight (x) (1000 to 3400 g/mol) *’. The third polymer series contains PEO
segments that are extended with terephthalic units (T) to create long flexible polyether
segments that will not phase separate by liquid-liquid demixing. These copolymers are
denoted as (PEO,/T),-T6T6T, where the PEO molecular weight (x) and the total molecular

weight of the flexible segments () are varied ",

Experimental

PEO,/PTMO,-T6T6T block copolymers. The PEO,/PTMO.-T6T6T block copolymers were synthesised by a
polycondensation reaction using a mixture of PEO and PTMO segments and T6T6T . The PEO molecular
weight (x) was varied from 600 to 8000 g/mol and the PTMO molecular weight (z) from 650 to 2900 g/mol.
PEO,-T6T6T block copolymers. The PEO,-T6T6T copolymers were synthesised by a polycondensation reaction
using PEO segments with a molecular weight (x) of 1000 — 3400 g/mol and T6T6T *%),

(PEO/T),~-T6T6T block copolymers. The (PEO,/T),-T6T6T copolymers were synthesised by a
polycondensation reaction using PEO segments that are extended with terephthalic units (T) and T6T6T %), The
PEO molecular weight (x) and the total molecular weight of the flexible segment (y) were varied.

Film preparation: Films of approximately 100 um thicknesses were prepared from dried copolymers using a
Lauffer 40 press. The temperature was set approximately 40 °C above the melting temperature of the copolymer.
First, air was removed from the polymer in the mould by quickly pressurising the samples followed by

depressurising. This procedure was repeated three times before actually pressing the samples at ~8.5 MPa for
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5 min. Subsequently, the samples were cooled to room temperature while maintaining the pressure. It was
possible to vary the film thickness from 50 — 300 um by using metal moulds of appropriate thickness. To prevent
sticking of the polymer onto the metal mould, glass-fibre reinforced PTFE sheets were used (Benetech type
B105). The dry film thickness was the average measured on ten different places.

Water absorption (WA). The equilibrium water absorption was measured using pieces of injection-moulded
polymer bars. The samples were placed in a desiccator filled with demineralised water for 4 wks at room
temperature. The water absorption was defined as the weight gain of the polymer according to;

WA :m—mo

x100% [wt%)] (Equation 8.2)
myg

where my is the weight of dry sample and m the weight of the sample after conditioning to equilibrium. The
measurements were performed in duplicate. After 4 wks the samples were dried and my, was measured again to
exclude weight loss during the experiment. The volume fraction of water in the polymer (Qyae:) Was determined
by using a PEO, PTMO, DMT and T6T6T density of 1.13, 0.98, 1.20 and 1.32 g/cm’ respectively ).

Rate of water vapour transmission (WVT). The WVT through films was determined according to the ASTM
E96BW standard (inverted cup method). A cup filled with demineralised water (250 ml) was sealed with a
completely hydrated polymer film and placed upside-down in a climate-controlled chamber. In this chamber the
temperature was 30 £ 1 °C, the relative humidity was 50 + 2% and there was a constant air circulation. A sealant
(butyl rubber) was used to prevent leakage of water when the cup was placed in the inverted position. After
steady-state conditions were reached (~2 hours), the weight of the cup was periodically measured (periods of
~2 h) for at least 5 times. The WVT was calculated using the following Equation;

(G1)

WVT = (kg /m*d] (Equation 8.3)

where G is the weight loss (kg), ¢ the time in days (d), 4 the test area of the cup (0.00503 m?) and WV'T the rate

of water vapour transmission (kg/m’d). The WVT experiments were performed in duplicate.

Results and discussion

In this chapter several series of polyether-T6T6T segmented block copolymers were
investigated to obtain more insight in the effect of the type of polyether, the polyether
molecular weight and the polyether concentration on the WVT. The three polymer series that
will be discussed are PEO,-T6T6T, (PEO,/T),-T6T6T and PEO,/PTMO.-T6T6T.

The WVT measurements were performed using the inverted cup method described by the
ASTM E96BW standard, where there is direct contact between water in the cup and the
polymer film. For the calculation of the WVT the thickness of the dry film was used.

The setup was allowed to reach steady-state conditions, i.e. the film was allowed to adjust to
the temperature and humidity in the climate controlled chamber, before the WVT data points
were collected. After approximately 2 hours, steady-state conditions were obtained and the

weight loss as a function of time could be measured (Figure 8.1). From the slope of the
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weight loss versus time plot, the vapour flux through the film was determined. By dividing
the water vapour flux by the test area, the rate of water vapour transmission was calculated

using Equation 8.3.

12

10 ~

[o¢]
|

Weight loss [g]

Time [h]

Figure 8.1: Weight loss (g) as a function of the time (h) at steady-state conditions of PEQ3yyy/PTMO p-T6T6T
(40/60) (dry film thickness ~119 um).

Influence of the film thickness on WVT
According to Fick’s first law (Equation 8.1) the water vapour flux is inversely related to the

Y, assuming that the diffusion coefficient is constant. The

thickness of a monolithic film
influence of the film thickness on the WVT was examined using the PEO209o/PTMOx¢g0-
T6T6T (40/60) copolymer, which consists of mixed PEOzp0p and PTMOzg09 segments with a
weight percentage ratio of 40/60 and monodisperse crystallisable T6T6T segments. The WVT

of the films with varying thicknesses between 69 - 216 um are given in Table 8.2.

Table 8.2: Influence of the film thickness (dry) and the water content in the cup on the WVT of
PEO;00¢/PTMO 000-T6T6T (40/60).

Film thickness 1/thickness' Water in cup WVT WVT s umy

[um] [um'] [ml] [kg/m’d]  [kg/m’d]
69 0.0145 250 93 258
92 0.0109 250 73 26.9
119 0.0084 250 5.0 23.7
132 0.0076 250 45 23.9
216 0.0046 250 2.8 23.8
105 0.0095 75 6.4 26.9

" thickness of the dry film
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As expected, a linear relation is observed between the reciprocal film thickness and the WVT
(Figure 8.2a). To compare the WVT of films with different thicknesses (/), a normalised WVT

can be calculated by using a reference thickness (/,.y) according to Equation 8.4.

WVT

(25 pm)

=WVT x [LJ [kg/m°d]  (Equation 8.4)
ref

The WVT(s .my indicates the normalised rate of water vapour transmission for a 25 um-thick
film (kg/mzd). In Table 8.2 the WVT values of PEO;00o/PTMO,00-T6T6T (40/60) with
different film thicknesses are normalised to a 25 pum-thick film. An average WVTs5 ym) of

25 kg/m*d is calculated with a standard deviation of 1.6 kg/m*d.

25

2 ././-/'—'
15 A S

WVT [kg/nid]
»'
WVT [kg/mid]

0 0.004 0.008 0.012 0.016 0 0.004 0.008 0.012 0.016
1/thickness [umﬁl] 1/thickness [pmﬁl]

Figure 8.2: Influence of film thickness (dry) and water content in the cup on the WVT: (a) PEO;pp/PTMO 5999
T6T6T (40/60); A, 250 ml water; A, 75 ml water, (b) PEOp-T6T6T.

The influence of the film thickness on the WVT was also studied for a highly water vapour
permeable PEO,p0-TO6T6T segmented block copolymer. The film thickness of this copolymer
was varied from 100 - 277 pm. In contrast with the PEO;000/PTMO2000-T6T6T (40/60)
copolymer, no linear relation is observed between the reciprocal film thickness and the WVT
(Figure 8.2b). This is probably due to a shortcoming of the used inverted cup method. When
the amount of water in the cup decreases strongly due to a high water vapour flux, the
pressure in the cup reduces. Due to this reduced pressure, the film deforms into a hollow
shape and this deformation becomes stronger when the water vapour flux is higher, which is
the case for thin films. It is expected that the reduced pressure in the cup decreases the water
vapour flux and consequently reduces the WVT values. It is possible to lower the water

vapour flux by increasing the film thickness and shorten the time of measuring. It is also
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possible that the ventilation inside the climate-controlled chamber is insufficient for
controlling the humidity below the film.

The WVT experiments of highly breathable films were performed by using thick films and a
relatively short time period of measuring to prevent the occurrence of creating a low pressure
in the cup. With the used experimental set-up it was not possible to measure the WVT of
films that were thicker than 300 pum as the sealing of the cup failed and leakage of water took

place.

To examine whether the weight of water on top of the film has an influence on the WVT, the
water content in the cup was varied (250 and 75 ml). This effect was studied using the
PEO2000/PTMO2000-T6T6T (40/60) copolymer (Table 8.2). At a similar film thickness, the
WVT of the experiment using 75 ml water is comparable to the WVT of the experiment using
250 ml water (Figure 8.2a). This indicates that the amount of water present in the cup

(between 75 and 250 ml) has no measurable influence on the WVT.

WVT of PEO/PTMO-T6T6T copolymers

The hydrophilic nature of the polyether segments has a large influence on the WVT of
segmented block copolymers. The WVT of PTMO-based copolymers was significant lower
compared to PEO-based copolymers. The hydrophilicity of the copolymers can be varied by
using a mixture of hydrophilic PEO and hydrophobic PTMO segments °). These copolymers
are denoted as PEO,/PTMO,-T6T6T, where x and z represents the PEO and PTMO molecular
weights (Table 8.3). The soft phase composition was varied by changing both the PEO/PTMO
ratio and the polyether molecular weights. Copolymers with PEO,/PTMO; ratios of 0/100 and
100/0 were also defined as PTMO,-T6T6T and PEO.-T6T6T respectively. The WVT results
of the PEO,p0o/PTMO2000-T6T6T and PEO;900/PTMO000-T6T6T series are given in Table
8.3.

As shown before, the water absorption (WA) of PEO,/PTMO.-T6T6T copolymers depends on
the PEO concentration ). The number of water molecules per ethylene oxide unit (H,O/EO)
was calculated using the PEO and water concentration. The H,O/EO ratio was related to the
crosslink density in the copolymer, i.e. the modulus of the copolymer, and the presence of
hydrophobic segments like PTMO or terephthalic units ). The incorporation of PTMO
segments in the PEO phase results in a decreased H,O/EO ratio (Table 8.3).
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Table 8.3: WVT 55 um) of PEOY/PTMO.-T6T6T copolymers.

PEO,/ Conc. Conc. Conc. G’ye! WA  H,O/EO Qwater WV T 25 um)
PTMO, T6T6T PEO PTMO +sd
[ratio] [wt%] [wt%] [wt%] [MPa] [wt%] [-] [vol%] [kg/mzd]

PEO209¢/PTMO:09p-T6T6T

0/100 23.8 0.0 76.2 34 1.2 - 1.2 3.1£05
20/80 23.8 15.2 61.0 38 9.8 1.6 10 75+14
40/60 23.8 30.5 45.7 31 24 1.9 22 25+2
50/50 23.8 38.1 38.1 33 33 2.1 28 42 +7
60/40 23.8 45.7 30.5 33 42 23 33 62+ 10
80/20 23.8 61.0 15.2 33 60 24 41 101+ 17
100/0 23.8 76.2 0.0 38 91 2.9 51 153+ 12
PEO 9o/ PTMO 190p-T6T6T
0/100 38.4 0.0 61.6 89 1.1 - 1.2 1.7£0.2
30/70 38.4 18.5 43.1 80 8.1 1.1 8.8 35+£02
40/60 38.4 24.6 37.0 111 11 1.1 12 62+0.9
60/40 38.4 37.0 24.6 103 20 1.3 19 14+2
100/0 38.4 61.6 0.0 &5 35 1.4 30 57+9

! storage modulus determined at 20 °C using dynamic mechanical analysis |”

With increasing PEO concentration in the PEO2p0o/PTMO2000-T6T6T copolymers an
exponential increase in WVT s .m) is observed (Figure 8.3a). The WV T (25 ym) of PTMO»000-
T6T6T (3.1 kg/m*d) is much lower compared to PEO2o0-T6T6T (153 kg/m?d), since PEO is
more hydrophilic compared to PTMO. The continuous increase in WVTs ym) with PEO
concentration indicates that no phase inversion between the PEO and PTMO is noticeable or
else an S-shape curve would have been observed ', Phase inversion might occur when the
PEO and PTMO phases are separated.

The PEO1900/PTMO1900-T6T6T copolymers also show an exponential increase in WVT 25 m)
with increasing PEO concentrations (Figure 8.3a). At similar PEO concentrations, the WV T 25
um) Of PEO1000/PTMO11000-TO6TOT is lower compared to that of PEO200/PTMO2000-T6T6T,
which is most likely due to a higher T6T6T concentration. A higher T6T6T concentration
results in a higher modulus of the copolymer and a lower WA and WVT 25 ym).
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Figure 8.3: WVT s umy as a function of (a) the PEO concentration and (b) the volume fraction of water:
W, PEO;pp¢/PTMO290-T6T6T; A, PEO 1300/ PTMO 10p-T6T6T.

When the WVT 25 .m) of both series are plotted as a function of the volume fraction of water in
the copolymer (@water) the data coincide in one exponential curve (Figure 8.3b). This suggests
that the WVT is directly correlated to the amount of absorbed water, i.e. the hydrophilicity, of
the copolymer. Although the PEO;00o/PTMO2000-T6T6T copolymers have higher H,O/EO
values than PEO;0oo/PTMO¢0o-TO6T6T, the WVT values are comparable at similar volume
fractions of water.

Previous results showed an exponential increase in the water vapour sorption isotherm of
PEO;09o-T6T6T and PEO0-T6T6T copolymers 161 " This exponentially increase was
explained by the presence of water clusters in the copolymer. As the increase of PEO;ggo-
T6T6T was stronger than for PEO;op-T6T6T it was assumed that the number of water
clusters in the former copolymer was higher. It is reported that the diffusion coefficient of
water vapour was decreased when water clusters were present in the copolymer ',
However, it seems that at the conditions where the WVT experiments were performed, the
presence of water clusters has no significant influence on the WVT of the polyether-T6T6T

copolymers.

The WVTqs umy was also determined for other PEO,/PTMO.-T6T6T copolymers containing
different soft phase compositions (Table 8.4). Two series, denoted as PEO,/PTMO¢po-T6T6T
and PEO;po/PTMO.-T6T6T, were studied where the PEO (x) or PTMO (z) molecular weight
was varied. In the PEO,/PTMO¢o0-T6T6T series the PEO, length was varied from 600 to
8000 g/mol, while the PEO concentration was more or less constant (17.1 — 20.6 wt%). In the

PEOp00/PTMO,-T6T6T series the PTMO length was varied from 650 to 2900 g/mol.
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Table 8.4: WVT 55 um) of PEO,/PTMO.-T6T6T copolymers.

PEO,/ M, M,  Conc. Conc. Conc. G'yc' WA HOEO @y WVT05.um)
PTMO., PEO PTMO T6T6T PEO PTMO +sd
[ratio] [g/mol] [g/mol] [wt%] [wt%] [wt%] [MPa] [wt%] [-] [vol%]  [kg/m’d]

PEO,/PTMO 1900-T6T6T

30/70 600 1000 429 17.1 40.0 113 44 0.6 4.6 1.8+£0.2
30/70 1000 1000 38.4 18.5 43.1 80 8.1 1.1 8.8 3.5+£0.2
30/70 3400 1000 33.0 20.1 46.9 73 18 2.2 18 85+0.9
30/70 4600 1000 323 20.3 47.4 85 (80°%) 19 23 19 12+1
30/70 8000 1000 31.5 20.6 47.9 109 (70%) 22 2.6 20 89+0.8
PEQO,9ppo/PTMO,-T6T6T
64/36 1000 650 42.7 36.9 20.4 74 18 1.2 17 16+2
60/40 1000 1000 38.4 37.0 24.6 103 20 1.3 19 14+2
55/45 1000 2000 32.6 37.1 30.3 49 22 1.4 21 1943
53/47 1000 2900 30.2 37.0 32.8 41 23 1.5 21 22+3

! storage modulus determined at 20 °C using dynamic mechanical analysis *Y

? storage modulus of the rubbery plateau determined at 55 °C **

In the PEO,/PTMO g series the H>O/EO ratio increases from 0.6 to 2.6. The increase in WA
is mainly due to a decreased T6T6T concentration and, to a small extent, to the increased PEO
concentration and molecular weight. In the PEO;¢oo/PTMO.-T6T6T series, where the PEO
length and concentration were constant, the water absorption increases only slightly with
increasing PTMO length. The PTMO molecular weight seems to have only a small effect on
the WA.

At room temperature and at dry conditions, the copolymers contain a semi-crystalline PEO
phase when the PEO molecular weight is above 2000 g/mol. The storage modulus (G’ «c)
increases when the copolymer contains a crystalline PEO phase at room temperature (Table
8.4). To obtain the storage modulus of the rubbery plateau, the G’ is determined at 50 °C since
at this temperature all PEO crystals are molten. The presence of polyether crystals in the
copolymer can have an effect on the WVT. However, when the copolymer absorbs water the
PEO melting temperature was strongly reduced, as was discussed in Chapter 5. Therefore,
during the WVT measurement, where the films were saturated with water, the polyether phase

was completely amorphous.

In Figure 8.4 the WVT (25 um) of both copolymers series are given as a function of the volume

fraction of water. A comparison is made with the PEO;oo/PTMO09o-T6T6T copolymers.

146



Water vapour transmission of PEO-based segmented block copolymers

30
25
= ;
g 20 ~ %
g 15 g{
o <K &
| I» .......
s -
P OTTy E’
0 \
0 5 10 15 20 25 30
Qwater [VOl%]

Figure 8.4: WVTys .y as a function the volume fraction of water: A, PEQ;pp/PTMO pp-T6T6T,
A, PEO/PTMO ppo-T6T6T; O, PEO 99/ PTMO.-T6T6T.

A similar exponential increase in WVT with increasing volume fraction of water is observed
for all PEO/PTMO-based copolymers. However, the PEOgy0o/PTMO;00o-T6T6T shows a
significantly lower WVT value than indicated by the trend line (Figure 8.4). A reason for the

lower WVT value of this copolymer is as yet not known.

PEO-T6T6T copolymers

In the previous series, a combination of PEO and PTMO polyether segments was used to
control the hydrophilicity of the copolymer. It is also possible to create polyether-T6T6T
copolymers that are based on only PEO flexible segments and monodisperse crystallisable
T6TO6T (Table 8.5). In this series, denoted as PEO,-T6T6T, the PEO molecular weight (x) was
varied from 1000 to 3400 g/mol ***°!. It was not possible to make a polymer film by
compression moulding with a PEO molecular weight below 1000 g/mol as the film was too
brittle. When the PEO molecular weight was higher than 3400 g/mol, the WA of the
copolymer was too high (>127 wt%) and the wet film teared during clamping in the cup.

A way to obtain copolymers with a high PEO concentration is by extending the PEO
segments with terephthalic units (T) P These copolymers are denoted as (PEO,/T),-T6T6T,
where y is the total molecular weight of the flexible segment (Table 8.5).
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Table 8.5: WVT 55 um) of PEO,-T6T6T and (PEO,/T),-T6T6T copolymers.

xory Conc. Conc. Conc. Glypc! WA  H,O/EO  Quater WVT25um)

T6T6T PEO T +sd

[g/mol] [wt%] [wi%] [wt%] [MPa] [wt%]  [-]  [vol%] [kg/m’d]
PEO-T6T6T

1000 384 616 - 86 35 1.4 30 57+9

1500 294 706 - 57 69 24 45 117 £10

2000 238 762 - 38 91 2.9 51 153+ 12

3400 155 845 - 72(18) 127 3.7 59 188+ 14
(PEO;3yy/T),-T6T6T

2500 199 584 217 46 14 0.6 14 13£3
(PEOy/T),-T6T6T

1250 333 604 63 68 30 1.2 26 2545

2500 200 69.0 11.0 32 49 1.7 37 58+8

5000 11.1 748  14.1 12 66 22 43 124 £ 11

! storage modulus determined at 20 °C using dynamic mechanical analysis '

? storage modulus of the rubbery plateau determined at 55 °C 1%

The WA of the PEO,-T6T6T copolymers is influenced by both the PEO and T6T6T
concentration. With increasing soft segment length, and thus with decreasing T6T6T content,
the water absorption was increased. For all these copolymers, a linear relation was found
between the volume fraction of water (Qwaer) and the PEO concentration when the PEO
concentration was above 49 wt% **1. Slightly lower water absorptions were observed for
copolymers with terephthalic extended PEO segments. The reduction of water absorption was
stronger when copolymers contained higher concentrations of terephthalic unit. The presence
of hydrophobic terephthalic groups in the soft phase lowers the H;O/EO ratio in a similar way
as was observed when PTMO was present.

In Figure 8.5 the WV T(25 um) of the PEO,-T6T6T and (PEO,/T),-T6T6T copolymers are given
as a function of the volume fraction of water. At similar @y values, there is no difference in
the WVT(2s um) values between PEO,-T6T6T, (PEO,/T),-T6T6T and PEO,/PTMO.-T6T6T
copolymers. This indicates again that there is a strong correlation between the water

absorption, and thus the hydrophilicity of the copolymer, and the WVT.
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Figure 8.5: WVT 35 umy as a function the volume fraction of water (line represents the PEO;poy/PTMO2p-T6T6T
copolymers): A, PEO,-T6T6T; O, (PEOgsyy/T),-T6T6T; o,(PEO3p¢/T)2500-T6T6T).

Conclusions

The rate of water vapour transmission (WVT) through polyether-T6T6T films was determined
by using the inverted cup method described by the ASTM E96BW standard. The experiments
were performed in a climate-controlled chamber at a temperature of 30 °C and a relative
humidity of 50%.

A linear relation was found between the WVT and the reciprocal film thickness of the
polyether-T6T6T copolymers. Therefore, it is possible to calculate a normalised WVT value
for a 25 pm-thick film. With increasing PEO concentration in the copolymer, a strong
exponential increase in WVT s ym) was observed. The WVT 25 ymy for PTMO000-T6T6T and
PEOa1000-T6T6T is 3.1 and 153 kg/m’d respectively. The WVT of polyether-T6T6T

segmented block copolymers is mainly determined by the volume fraction of absorbed water.
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Chapter 9

Use of monofunctional PEO in segmented block copolymers

containing monodisperse crystallisable segments

Abstract

In this chapter the synthesis and characterisation of segmented block copolymers that are end-capped
with monofunctional PEO (mPEQ) have been discussed. The mid-blocks of these copolymers consist
of flexible polyether segments (PEO or PTMO) and monodisperse crystallisable segments (T6T6T).
The ratio between the mPEQ end-blocks and the difunctional polyether (mid-)blocks was varied. The
influence of the mPEQ concentration on the polymer molecular weight, the thermal mechanical
properties, the water absorption, the surface properties and the tensile properties was studied.
Moreover, the effect of the molecular weight of the mPEQ end-blocks, which was varied from 350 to
5000 g/mol, on the surface hydrophilicity was investigated.

Copolymers that exhibit mPEO end-blocks have a higher PEO melting temperature and crystallinity
than copolymers containing difunctional PEO (mid-)blocks. Besides, the copolymers with mPEQ end-
blocks have a slightly lower glass transition temperature and a slightly increased modulus and T6T6T
melting temperature as compared to corresponding copolymers that were not end-capped with mPEO.
The water absorption of PTMO-T6T6T copolymers end-capped with mPEQ is slightly higher than for
PEO/PTMO-T6T6T copolymers that are based on difunctional PEO segments. For the mPEO end-
capped polymers, the mPEO and PTMO segments are probably partly phase separated and, therefore,
PTMO will not decrease the water absorption as effectively as when PEO and PTMO are not phase
separated.

A more hydrophilic polymer surface, indicated by a lower contact angle, is obtained by using mPEQO
segments instead of difunctional PEO segments. The molecular weight of the mPEQO segments has a
strong influence on both the bulk as well as the surface properties of the copolymer.

An increased mPEQ concentration results in a reduced polymer molecular weight and, consequently,
a reduction of the fracture properties of the copolymer. By introducing a trifunctional carboxylate
ester, the polymer molecular weight is increased, resulting in good fracture properties, while the

mPEQ concentration is relatively high.
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Introduction

Polymer surfaces that exhibit a low degree of protein adsorption are interesting biomaterials,
which can be used for applications like contact lenses, wound dressings and catheters ',
These biomaterials have many requirements like biocompatibility, manufacturability, and
sterilizability. Besides, they need suitable physical, mechanical and surface properties.
Biomaterials are often based on poly(ethylene oxide) (PEO) that is known for its ability to
reduce protein adsorption. PEO is a synthetic, water-soluble and non-toxic polymer . The
biocompatible nature of PEO can be explained by several mechanisms °7). The low
interfacial free energy between a biological fluid and PEO results in a low driving force for
protein adsorption. Also, the large excluded volume and mobility of hydrated PEO repel
proteins approaching the polymer surface.

Polymers based on PEO have a high degree of hydration and a low interfacial free energy

#6091 The surface concentration of an adsorbed protein depends on the type of

with water !
protein, its concentration in solution, the adsorption time and the characteristics of the
polymer surface. For PEO-containing polymers, the density of the PEO segments on the
surface, the PEO molecular weight and the polymer morphology will influence the protein

adsorption behaviour.

An approach to create a PEO-based polymer with improved biocompatibility (i.e. low protein
adsorption) for long-term applications is by covalently grafting PEO onto a hydrophobic
substrate. The grafted PEO segments are effective due to a high mobility as they are bound at

only one side. PEO has been covalently grafted to (modified) polymeric substrates like

9-11] [12-14] [2,5]

poly(ethylene terephthalate) ', polystyrene , polyethylene and poly(methyl
methacrylate) !'>'%). Grafting of PEO chains on a hydrophobic surface can be achieved by a
method called plasma immobilization, described in detail by Hoffman et al. U718] However,
most of the grafting methods are practically limited as functional groups have to be generated
on the surface and the grafting procedure is often complex.

Another approach to improve the biocompatibility of a polymer surface is to use PEO-based
segmented block copolymers. Accordingly, PEO is built into the polymer main chain and is
present at the surface as well as in the bulk. Benefits of using PEO-based segmented block
copolymers as biomaterials are the ease of processing into complex shapes, the ability to tune
properties and the ability to modify the surface composition.

[19-27]

Several PEO-containing segmented block copolymers, like polyurethanes and polyesters

(28331 ‘have been studied for application as biomaterials. These copolymers are interesting due
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to their good mechanical properties and biocompatibility. However, problems like surface-
induced thrombosis, infections and calcification can still occur after contact with biological
fluids 2**] The presence of hard segments at the polymer surface can limit the
biocompatibility of segmented block copolymers since it can induce protein adsorption and
denature proteins .

PEO-based segmented block copolymers absorb considerable amounts of water and, as a
result, they swell. This leads to a decrease in the tensile properties like, E-modulus, yield
stress and fracture stress !'*2*% Therefore, the water absorption of PEO-based copolymers

should be minimized. An ideal biomaterial should have a very hydrophilic surface and low

bulk water absorption.

According to literature, an improved phase separation between the rigid and flexible segments

| 3242627411 By increasing the

of the copolymer leads to an improved biocompatible materia
crystallinity of the rigid segments the amount of non-crystallised rigid segments in the soft
phase is reduced and phase separation will be enhanced. The crystallisation of the rigid
segments can be improved considerably by using monodisperse rigid segments “**1. In
earlier chapters of this thesis, the synthesis and properties of segmented block copolymers
with hydrophilic PEO and/or hydrophobic poly(tetramethylene oxide) (PTMO) flexible
polyether segments and monodisperse crystallisable tetra-amide segments (T6T6T) were
described. The T6T6T segments are based on dimethyl terephthalate (T) and hexamethylene-
diamine (6).

A water contact angle of approximately 29° was observed for PEO-T6T6T copolymers with a
high PEO concentration (~88 wt%), indicating a high surface hydrophilicity **. However, the
water absorption of this copolymer is high, approximately 92 wt%. It is known that grafted
PEO segments or PEO end-blocks can be used to create polymers with a low contact angle.
PEO end-blocks have a high mobility as these segments are bound at only one side. In
literature, PEO-endcapped segmented block copolymers have only been reported for linear
poly(ethylene terephthalate) !, In this case monofunctional PEO was used (mPEO). The
presence of the mPEO end-blocks results in an increased polymer surface hydrophilicity and
decreased protein adsorption. However, by using mPEO end-blocks the molecular weight of
the copolymer was strongly reduced, which leads to a lowering of the fracture properties.

It is interesting to study the effect of PEO end-blocks in polyether-T6T6T segmented block

copolymers that have a well phase separated polymer morphology, on the water absorption,

the contact angle and the mechanical properties.
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Aim

In this chapter the synthesis and characterisation of segmented block copolymers that are
endcapped with monofunctional PEO (mPEQO) segments are described. The polymer mid-
blocks consist of hydrophobic difunctional PTMO,p segments and monodisperse
crystallisable T6T6T. The copolymers are denoted as mPEO;p00/PTMO7000-T6T6T and the
ratio between mPEO end-blocks and PTMO (mid-)blocks is varied.

The influence of the mPEO,0 concentration on the polymer molecular weight, the thermal
mechanical properties, the water absorption, the surface properties and the tensile properties
will be studied. Furthermore, the influence of the mPEO molecular weight, which was varied
from 350 to 5000 g/mol, on the surface properties will be examined.

To increase the polymer molecular weight, while the mPEO concentration remains relatively
high (11 wt%), a trifunctional carboxylate ester is incorporated to create a branched polymer
structure. These copolymers are based on mPEQOss, end-blocks and -(PEO;g-T6T6T)- mid-
blocks. The influence of the trifunctional carboxylate ester on the polymer molecular weight,
the thermal mechanical properties, the water absorption, the surface properties and the tensile

properties will be studied.

Experimental

Materials. N-methyl-2-pyrrolidone (NMP) was purchased from Merck. Tetra-isopropyl orthotitanate (Ti(i-
OC;H5),) was obtained from Aldrich and diluted in m-xylene (0.05 M) received from Fluka. Trimethyl trimesate
(TMTM) was obtained from Aldrich and Irganox 1330 from CIBA. Difunctional poly(ethylene glycol) (M, of
1000 g/mol) was obtained from Aldrich and difunctional poly(tetramethylene oxide) (M, of 2000 g/mol) was a
gift from Dupont. Monofunctional poly(ethylene glycol) (M, of 350, 550, 1100, 2000 and 5000 g/mol) was
obtained from Fluka. T6T6T-dimethyl was synthesised as described before ¢,

PEO2000/PTMO00-T6T6T block copolymers. These copolymers were synthesised by a polycondensation
reaction using a mixture of flexible difunctional PEO and PTMO segments and T6T6T. Both polyether segments
had a molecular weight of 2000 g/mol and the weight percentage ratio between PEO and PTMO was varied (see
Chapter 4 of this thesis).

MPEOL/PTMO,q00-T6TET block copolymers. The mPEO,/PTMO,4-T6T6T copolymers were synthesised by a
polycondensation reaction using mPEO segments of a certain molecular weights (b), PTMOyqy segments (M, of
2000 g/mol) and T6T6T. The weight percentage ratio between mPEO and PTMO was varied. The synthesis of
MPEO,/PTMO,00p-T6T6T with b = 2000 g/mol and an mPEO/PTMO ratio of 33/67 is given as an example.

The reaction was carried out in a 50 mL glass vessel equipped with a magnetic stirrer and nitrogen inlet. The
vessel contained T6T6T-dimethyl (5 mmol, 3.43 g), mPEO;y (2 mmol, 4.00 g), PTMO, (4 mmol, 8.00 g),
Irganox 1330 (0.12 g), 25 mL NMP and catalyst solution (0.6 mL of 0.05 M Ti-(i-(OC;H5),) in m-xylene). The

reaction mixture was heated to 180 °C under a nitrogen flow in an oil bath and after 30 min the temperature was
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increased to 250 °C in 1 h. After 2 h at 250 °C the pressure was slowly reduced (P < 21 mbar) to remove all
NMP. Subsequently, the pressure was further reduced (P < 1 mbar) to allow melt polycondensation for 1 h. The
polymer melt was cooled down to room temperature while maintaining the vacuum. Then the reaction vessel was
broken and the polymer was removed. The polymer was crushed and dried in a vacuum oven at 50 °C for 24 h.
MPEOQOs50/PEO 190/ TMTM-TET6T block copolymers. The mPEOss¢/PEO 4o/ TMTM-T6T6T copolymers were
synthesised by a polycondensation reaction using a trifunctional trimethyl trimesate (TMTM) monomer. The
reactants for the polymerisation were mPEQss, (4 mmol, 2.2 g), PEO;gy (11.1 mmol, 11.1 g), T6T6T-dimethyl
(10.1 mmol, 6.93 g) and TMTM (2 mmol, 0.50 g), 25 mL NMP and catalyst solution (2.6 mL of 0.05 M Ti-(i-
(OC3H5)4) in m-xylene). The polymerisation was comparable to the method described for the mPEO,/PTMO,4p0-
T6T6T copolymers.

Viscometry. The inherent viscosity (n;,,) of the polymers was determined at 25 °C using a capillary Ubbelohde
type 1B. The polymer solution had a concentration of 0.1 dL/g in a 1/1 (molar ratio) mixture of phenol/1,1,2,2-
tetrachloroethane.

Injection-moulding. Samples for dynamic mechanical analysis, differential scanning calorimetry and
compression set were prepared on an Arburg-H manual injection-moulding machine. The barrel temperature was
set approximately 80 °C above the melting temperature of the block copolymer and the mould temperature was
set at 70 °C.

Differential scanning calorimetry. DSC spectra were recorded on a Perkin Elmer DSC7 apparatus, equipped
with a PE7700 computer and TAS-7 software. Dry polymer samples obtained from injection-moulding (5 —
10 mg) were heated from -50 to 250 °C at a rate of 20 °C/min. Subsequently, a cooling scan from 250 to -50 °C
at a rate of 20 °C/min followed by a second heating scan under the same conditions as the first heating scan were
performed. The melting temperature (T,,) and melting enthalpy (AH,,) were determined from the second heating
scan.

Dynamic mechanical analysis. The torsion behaviour (storage modulus G’ and loss modulus G” as a function of
temperature) was measured using a Myrenne ATM3 torsion pendulum at a frequency of 1 Hz and 0.1% strain.
Before use, samples (70x9x2 mm) were dried in a vacuum oven at 50 °C overnight. Samples were cooled to
-100 °C and then heated at a rate of 1 °C/min. The glass transition temperature (T,) was defined as the maximum
of the loss modulus and the flow temperature (Tgoy) as the temperature where the storage modulus reached
1 MPa. The temperature where the rubber plateau starts is denoted as the flex temperature (Tg.,) and the storage
modulus at 20 °C is given as G’ c.

Water absorption (WA). The equilibrium water absorption was measured using pieces of injection-moulded
polymer bars. The samples were placed in a desiccator filled with demineralised water for 4 wks at room
temperature. The water absorption was defined as the weight gain of the polymer according to;

WA :m_mo

x100% [wt%] (Equation 9.1)
myg

where m, is the weight of dry sample and m the weight of the sample after conditioning to equilibrium. The
measurements were performed in duplicate. The volume fraction of water in the copolymer (@) can be
determined by using a (m)PEO, PTMO, TMTM and T6T6T density of 1.13, 0.98, 1.26 and 1.32 g/cm’

respectively 7.
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Contact angle. Static captive (air) bubble (CB) contact angle measurements were performed by introducing a
10 pL air bubble from a micro-syringe below the surface of a polymer film, which is placed in an optical cuvet
filled with demineralised water. The measurements were performed using a video-based Optical Contact Angle
Meter OCAL1S5 plus (DataPhysics Instruments). Static sessile drop (SD) contact angle measurements were
performed by placing a water drop of approximately 10 uL on a dry polymer surface. The contact angles (CA)
were calculated immediately after the droplet was placed on the surface (= 10 s) by using SCA20 software,
applying ellipse fitting. Results are the average of at least 20 measurements.

The polymer films were made by compression moulding and had a thickness of approximately 300 pm. Before
the CA measurements the films were ultrasonically cleaned in n-hexane for 5 min. Subsequently, the films were
wiped with cotton and rinsed with n-hexane. The films were then dried in a vacuum oven for 24 h to remove all
n-hexane. Approximately 5 h before the measurements the films were placed in demineralised water to allow the
materials to absorb water till equilibrium was reached.

Tensile test. Tensile tests were performed on a Zwick Z020 universal tensile machine equipped with a 500 N
load cell, using compression-moulded polymer bars with a thickness of ~1 mm cut to dumbbells (ISO 37 type 2).
The strain was measured with extensometers. Standard stress-strain curves were obtained at a test speed of
60 mm/min. The tensile test, preformed in 5-fold, is according to the ISO 37 standard. Tensile tests were also
performed on hydrated polymers samples. In this case the samples were placed in demineralised water for 1 d to

reach an equilibrium state of water absorption.

Results and discussion

Three different polymer series will be discussed in this chapter; mPEO00o/PTMO200o-TO6T6T,
MPEO,/PTMO100-T6T6T and mPEOss¢/PEO190o/ TMTM-T6T6T.

In the first polymer series a comparison is made between the use of monofunctional PEOxg
and difunctional PEQO;o9. The (wt%) ratio between mPEO and PTMO is varied and the
influence of the mPEO;yy concentration on the polymer molecular weight, the thermal
mechanical properties, the water absorption, the surface properties and the tensile properties
are studied.

In the second polymer series, the influence of the mPEO molecular weight (b) on the surface
properties is examined. The mPEO molecular weight was varied from 350 to 5000 g/mol
while the polymer molecular weight remains constant (~11,000 g/mol).

In the third polymer series, the polymer molecular weight is increased by using a trifunctional
carboxylate ester (TMTM), while the mPEO concentration remains high (~11 wt%). The
copolymers are based on mPEOssy end-blocks and -(PEQOjgg-T6T6T)- mid-blocks. The
influence of the presence of TMTM in the copolymer on the polymer molecular weight, the
thermal mechanical properties, the water absorption, the surface properties and the tensile

properties are studied.
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MPEQO2000/PTMO2000-T6T6T segmented block copolymers

A polymer series is made based on monofunctional PEOyp0 (MmPEOxny), difunctional
PTMO,00 and monodisperse crystallisable T6T6T segments. The hydrophilic mPEO
segments will be present at the polymer chain ends, while the more hydrophobic PTMO
segments are expected to be mainly present as mid-blocks. The series is denoted as
MPEO2000/PTMO2000-T6T6T. The (Wt%) ratio between mPEO and PTMO is varied and the

compositions of these copolymers are given in Table 9.1.

Table 9.1: Composition and inherent viscosity of (m)PEQO1py/PTMO100-T6T6T copolymers.

Ratio Conc. T6T6T Conc. (m)PEO  Conc. PTMO  mjy,
(m)PEO/PTMO [wt%] [wt%] [wt%] [dL/g]
MPEQO 900/ PTMO00)-T6T6T

0/100 23.8 - 76.2 22

6/94 232 4.8 72.0 1.6

17/83 222 13.0 64.8 1.3

22/78 21.7 17.4 60.9 1.2

33/67 20.6 26.5 52.9 1.0

50/50 19.0 40.5 40.5 0.6

100/0 13.5 86.5 - 0.3
PEO00/PTMO 90~ T6T6T

0/100 23.8 - 76.2 22

20/80 23.8 15.2 61.0 2.0

40/60 23.8 30.5 45.7 2.1

50/50 23.8 38.1 38.1 1.7

60/40 23.8 45.7 30.5 1.8

80/20 23.8 61.0 15.2 1.9

100/0 23.8 76.2 - 2.1

High molecular weight segmented block copolymers made by a polycondensation reaction are
only obtained when a high degree of conversion is reached “*. The inherent viscosity of a
polymer solution gives an indication of the polymer molecular weight. Generally, an inherent
viscosity of 2.0 — 3.0 dL/g is obtained for polyether-T6T6T copolymers 7).

Unpublished results on PTMO,g00 segments extended with terephthalic units to a flexible
segment length of 6,000 g/mol revealed that these extended segments have an inherent

viscosity of 0.6 dL/g. With '"H NMR the obtained molecular weight was verified. When

adequate solvents are used for inherent viscosity measurements, the inherent viscosity of these
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copolymers often increases linearly with the molecular weight "2, An inherent viscosity of

1.0 dL/g corresponds to a molecular weight (M,) of approximately 10,000 g/mol.

The mPEO segments are chain-stoppers for the polycondensation reaction and limit the
formation of high molecular weight copolymers. An increased mPEO concentration results in
an increased number of polymer end-blocks and thus a reduced molecular weight. This
explains the decrease in inherent viscosity from 2.2 to 0.3 dL/g with increasing mPEO
concentration.

The mPEO,0p0/PTMO2000-T6T6T copolymers were compared with PEO;090/PTMO200-T6T6T
copolymers, which contain difunctional PEO and PTMO segments. The synthesis and thermal
mechanical properties of the PEO;000/PTMO2000-T6T6T copolymers are described in
Chapter 4. In this series the PEO/PTMO ratio is varied, while the T6T6T concentration
remains constant (Table 9.1). The polycondensation reaction of PEO0o/PTMO7000-T6T6T
copolymers is not limited by the presence of monofunctional segments as only difunctional
polyether segments are used. Therefore, these copolymers have a high inherent viscosity (~2.0

dL/g) and thus a high molecular weight.

Differential scanning calorimetry

DSC measurements on polyether prepolymers were performed to determine their melting
temperature and crystallinity. The DSC results of difunctional PTMO,09 and PEO,gg0 and
monofunctional PEOjyg prepolymers are given in Table 9.2. The crystallinity of the
prepolymers was calculated by assuming a melting enthalpy of 100% crystalline (m)PEO and
PTMO of 197 and 200 J/g respectively>.

Table 9.2: DSC results of polyether prepolymers (20 °C/min).

Type Type T. AH, X
Polyether  endgroups [°C] [J/g] [%]
PTMO,400 -OH 29 99 50
PEO3000 -OH 55 168 85

mPEOzooo -OH, -OCH3 58 131 66

The melting temperature and degree of crystallinity of the (m)PEO,ggo prepolymers are higher

than those of PTMOy0. No significant difference was observed in melting temperature
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between monofunctional PEO;yy and difunctional PEO,yo. However, the melting enthalpy of
the PEOxg00 prepolymer was somewhat higher than that of mPEQOxo.

The crystallisation of the polyether segments in the copolymers is expected to depend on the
location of the segment in the polymer chain, i.e. mid-block or end-block, and on the polymer
molecular weight. Monofunctional segments are bound at only one side and, therefore, are
more able to diffuse and crystallise than difunctional segments. It is also expected that a

reduced polymer molecular weight increases the mobility of the polyether segments.

The melting and crystallisation behaviour of the mPEQO309o/PTMO7000-T6T6T copolymers was
studied with DSC (Figure 9.1, Table 9.3). The melting data of the second heating scan was
used to exclude the influence of the thermal history of the copolymers. Three melting peaks
are observed in the DSC heating scans of mMPEQO;p0o/PTMO200o-T6T6T copolymers,
corresponding to PTMO, mPEO and T6T6T.
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Figure 9.1: DSC second heating scan (20 °C/min) of mPEQO;py/PTMO,p-T6T6T copolymers with different
mPEO/PTMO ratios: ¢, 100/0; o, 50/50, m, 33/67; A, 17/83; A, 6/94.

The copolymer with an mPEO/PTMO ratio of 0/100, also known as PTMO,00-T6T6T, has a
PTMO melting temperature of 2 °C (Table 9.3). On increasing the mPEO/PTMO ratio, the
PTMO concentration decreases while the PTMO melting temperature is slightly increased
(Figure 9.2). This increase might be due to co-crystallisation of PTMO and mPEO segments
and/or to an improved PTMO crystallisation as the polymer molecular weight decreases.
However, from previous results on PEO/PTMO-T6T6T copolymers, based on difunctional

PEO segments, it is not likely that co-crystallisation of PEO and PTMO takes place °*.
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Table 9.3: DSC results of mPEQO9p¢/PTMO5pp-T6T6T copolymers (20 °C/min).

mPEO PTMO T6T6T
Ratio T AH,, Xe | Tnm AH,, Xe | Ta AH,, X Xegm)'
mPEO/PTMO | [°C] [J/gmPEO] [%] | [°C] [J/gPTMO] [%] | [°C] [J/g T6T6T] [%]  [%]
0/100 - - -2 22 11 | 227 134 88 85
6/94 42 21 11| 8 32 16 | 228 161 >99 85
17/83 45 31 16 | 6 31 16 | 224 133 88 89
33/67 46 87 44 | 9 60 30 | 215 133 88 85
50/50 50 104 53110 57 29 | 208 146 96 -
100/0 59 136 69 | - - -] -2 -2 - -

! crystallinity determined by FTIR technique described in Chapter 4

2 not observed

The mPEO phase has a separate melting temperature that appears approximately 40 °C higher
than the PTMO phase. The mPEQO2g0-T6T6T-mPEO,00 (100/0) copolymer has a melting
peak at 59 °C, which is more or less at the same temperature as the melting temperature of
mPEOQO»yo prepolymer (Table 10.1). The mPEO;y segments in this copolymer seem to be as
mobile as the prepolymer. The mPEO melting temperature decreases with decreasing
mPEO/PTMO ratio, which is probably due to the reduced PEO concentration and/or the
increased polymer molecular weight (Figure 9.2).

The melting temperature of the T6T6T phase in the copolymer decreases with increasing

mPEO concentration. The DSC results of the mPEO;¢go-T6T6T-mPEO,¢g0 (100/0) copolymer

show no clear T6T6T melting temperature as probably the T6T6T concentration is too low.

Table 9.4: DSC results of PEO3pp¢/PTMO 1000-T6T6T copolymers (20 °C/min) 153,

Polyether T6T6T
Ratio T AH,  X.'| Tn AH,, X, XeEmm)
PEO/PTMO | [°C] [J/gether] [%] | [°C] [J/g T6T6T] [%]  [%]
0/100 2 22 11| 227 134 88 85
20/80 0 20 10 | 220 105 69 86
40/60 7 21 11 | 207 84 55 87
50/50 10 28 14 | 203 113 75 86
60/40 12 33 17 | 196 97 64 87
80/20 15 39 20 | 184 84 55 84
100/0 21 52 27 | 167 67 44 84

" erystallinity determined by using the PEO and PTMO concentrations and corresponding melting enthalpies of

100% crystalline polyether (PEO = 197 J/g and PTMO = 200 J/g) *¥
? crystallinity determined by FTIR technique described in Chapter 4
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The polyether melting temperature and crystallinity of mMPEO200o/PTMO200o-T6T6T
copolymers (Table 9.3) are compared to PEO2000/PTMO2000-T6T6T copolymers based on
difunctional PEO (Table 9.4). In Chapter 4 of this thesis it was reported that
PEO2000/PTMO100-T6T6T copolymers show only one polyether melting temperature. This
melting temperature increases with increasing PEO/PTMO ratio but is lower than in the case
of ideal co-crystallisation as a non-linear relation was found (Figure 9.2). This indicates that
the crystallinity of the polyether segments was disturbed by the presence of the other
polyether segment.

There is a significant difference in (m)PEO melting temperature between both series. The
mPEO melting temperature of the mPEO-based series is approximately 40 °C higher than the
difunctional PEO-based series. This is most likely due to location of the PEO segments in the
copolymer. Monofunctional PEO segments that are only bound at one side are more able to

diffuse and crystallise than difunctional segments.

80

60 A

mPEO

Tmpolyether [°C]

0/100 50/50 100/0
Ratio (m)PEO/PTMO

Figure 9.2: Polyether melting temperature as a function of the (m)PEO/PTMO ratio: 0, PEOy¢/PTMO ;-
T6T6T, A, Tm mPEO OmeEOQ()()()/PTMOQ()()()-T6T6T,' ¢, Tm PTMO 0meE02()0()/PTM02()()()'T6T6T

By splitting the overlapping mPEO and PTMO melting peaks it was possible to determine the
separate polyether melting enthalpies and to calculate the separate polyether crystallinities
(X.) (Table 9.3). The polyether crystallinities were calculated assuming a melting enthalpy of
197 and 200 J/g for 100% crystalline mPEO and PTMO respectively **/.

The PTMO and mPEO crystallinities increase with increasing mPEO concentration. The
mPEO heat of fusion of the mPEQOx0-T6T6T-mPEO,400 (100/0) copolymer is comparable to
that of the mPEQO;yyy prepolymer. So, mPEQO;yy end-blocks in a copolymer have a similar
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melting temperature and crystallinity as the mPEQO;go prepolymers. This is not observed for

the PEO mid-blocks and the difunctional PEO,ggo prepolymer.

The melting temperature of the crystalline T6T6T phase in the copolymers depends on the
polyether concentration and the type of polyether used, as was discussed in Chapter 2. An
increased polyether concentration results in a decreased melting temperature of the
copolymer, which was explained by the solvent effect theory proposed by Flory ¢,
Furthermore, the T6T6T melting temperature of PEOyg0o-TO6T6T is approximately 50 °C
lower compared to PTMO;000-T6T6T, despite the same polyether concentration. This is

probably due to a different interaction between the polyether and T6T6T segments .
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Figure 9.3: T6T6T melting temperature as a function of the (m)PEO/PTMO ratio: 0O, PEO;ypy/PTMO090-T6T6T;
A, mPEQO;p0/PTMO p90-T6T6T.

When the (m)PEO/PTMO ratio increases, the T6T6T melting temperature decreases (Figure
9.3). The mPEQO;000/PTMO000-T6T6T copolymers have a slightly higher T6T6T melting
temperature and enthalpy than the PEO00o/PTMO2000-T6T6T copolymers, which is probably
due to the lower molecular weight. A lower molecular weight can result in a higher T6T6T
crystallinity in the copolymer, as was observed for PTMO-T6T6T copolymers °%).

The TOT6T crystallinity was calculated assuming a melting enthalpy of 152 J/g for 100%
crystalline T6T6T . The T6T6T crystallinity of all mMPEO500/PTMO2000-T6T6T
copolymers is high and comparable, approximately 92% (Table 9.3). A decrease in T6T6T

crystallinity from 88 to 44% with increasing PEO concentration is observed for PEO;g0/

PTMO,000-T6T6T copolymers (Table 9.4).
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The T6T6T crystallinity of the copolymers can also be determined by FTIR measurements,
using the method described in Chapter 4 of this thesis. According to this method, the TOT6T
crystallinity of all PEO2p0o/PTMO200o-T6T6T copolymers is high (~86%) and independent of
the PEO concentration. The T6T6T crystallinity of the mMPEQO200o/PTMO2000-T6T6T
copolymers determined by DSC and FTIR is almost constant (Table 9.3).

Unexplained as yet is the low T6T6T melting enthalpy for the PEO20o/PTMO2000-T6T6T
copolymers with increasing PEO concentration, suggesting a low T6T6T crystallinity
although that with FTIR experiments a high T6T6T crystallinity was found (~85%) *°\. The
higher Tyow of the mMPEO,000/PTMO2000-T6T6T copolymers than that of PEO,¢00/PTMOx000-
T6T6T might be explained by the slightly higher T6T6T crystallinity.

Dynamic mechanical analysis
The storage and loss moduli of the mPEQ,¢o0/PTMO500-T6T6T copolymers are given as a
function of the temperature in Figure 9.4. The corresponding thermal mechanical properties of

these copolymers are given in Table 9.5.
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Figure 9.4: Storage (G’) and loss modulus (G”) versus temperature of mPEQ;yy/PTMOyyp-T6T6T with
different mPEO/PTMO ratios: o, 50/50; m, 33/67; A 6/94.

The molecular weight of the copolymer with an mPEO/PTMO ratio of 100/0 was too low to
be processed by injection or compression moulding. All copolymers have a low glass
transition temperature, a broad and an almost temperature independent rubbery plateau and a

sharp flow temperature. This is common for copolymers with crystallisable segments of
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monodisperse length (4951381 For the MPEO2000/PTMO2000-T6T6T copolymers, three clear
phase transitions are observed: a glass transition temperature of the soft phase, a broad

melting transition of the polyether phase and a melting transition of the T6T6T phase.

Table 9.5: Dynamic mechanical properties of (m)PEQ;pp//PTMO099-T6T6T copolymers.

Conc. Conc. Conc. Ty Thax G’aec Gsoecc Thow
T6T6T (m)PEO PTMO
[Wt%]  [wt%]  [wt%] [°C] [°C] [MPa] [MPa] [°C]

MPEQ 000/ PTMO2p00-T6T6T

0/100  23.8 - 76.2 -70 4 34 35 226
6/94 23.2 4.8 720  -70 6 43 44 224
17/83 222 13.0 64.8 -68 10 41 42 218
33/67  20.6 26.5 52.9 -66 40 49 37 220
50/50  19.0 40.5 40.5 -64 50 69 20 ~200

PEO209¢/PTMO109p-T6T6T

0/100  23.8 - 762  -70
20/80  23.8 15.2 61.0 -67
40/60  23.8 30.5 457  -63
50/50  23.8 38.1 38.1 -61 33 35 204
60/40  23.8 45.7 30.5 -57 33 35 199
80/20  23.8 61.0 152 -52 15 33 35 187
100/0  23.8 76.2 - -48 20 38 38 174

34 35 226
38 39 217
31 31 212

o O AN N A

Low temperature properties

One T, is observed in the loss modulus of mMPEO20os/PTMO2000-T6T6T copolymers, which
increases and seems to broaden with higher mPEO concentrations (Figure 9.4). As the T, of
pure PTMO (-86 °C) *" is lower compared to that of the PEO prepolymer (-72 to -65 °C) %,
the observed decrease in T, with decreasing mPEO/PTMO ratio can be explained.

Both copolymer series show a linear increase in T, with (m)PEO concentration (Figure 9.5).
This increase is lower for mMPEO200o/PTMO2000-T6T6T copolymers than for
PEO2000/PTMO2000-T6T6T. It is expected that the T, of mPEO is slightly lower compared to
difunctional PEO as the mobility of the former is higher. Therefore, the increase in T, of
mPEO-based copolymers is smaller than that of difunctional PEO-based copolymers.

Most likely, the difference in Ty between PTMO and mPEO is rather small, which makes it

difficult to determine whether one or two glass transitions are present in the copolymer. There
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is a broadening in the glass transition observed for copolymers with a high mPEO
concentration and this might indicate that mPEO and PTMO are partly phase separated.

There is another explanation possible for the low T, of the mPEO»000)/PTMO2000-T6T6T
copolymers. The T6T6T crystallinity of mPEQ;000/PTMO2000-T6T6T copolymers is slightly
higher than for PEO0o/PTMO2000-T6T6T copolymers as the molecular weight is lower. A
higher T6TOT crystallinity results in a lower amount of non-crystallised T6T6T dissolved in
the polyether phase and thus a slightly lower T, of the soft phase.
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Figure 9.5: Glass transition temperature as a function of the (m)PEO/PTMO ratio: 0, PEOy¢/PTMO ;-
T6T6T; A, mPEQO;0/PTMO p90-T6T6T.

The melting of the crystalline polyether phase can be seen as a shoulder in the loss modulus
curve (Figure 9.4). In the loss moduli versus temperature plot of the copolymer with an
mPEO/PTMO ratio of 50/50, two shoulders can be observed, suggesting the existence of two
crystalline polyether phases.

The flex temperature (Trex), defined as the temperature where the rubbery plateau starts, is
strongly related to the polyether melting temperature *). With increasing the mPEO/PTMO
ratio a strong increase in Tpex of the MPEO,00o/PTMO2009-TOTO6T copolymers is observed.
This is in agreement with the DSC results, which reveal that an increased mPEO/PTMO ratio

results in an increased mPEO melting temperature and crystallinity.

Storage modulus and flow temperature
The modulus of the rubbery plateau of polyether-T6T6T copolymers depends mainly on the
T6T6T concentration [*). The modulus increases with crystalline content due to a higher

physical crosslink density in the copolymer and the reinforcing filler effect of the crystalline
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domains. The type of polyether segment used has no influence on the modulus of the

copolymer !

. However, the presence of a semi-crystalline polyether phase at room
temperature resulted in an increased storage modulus and thus a reduced flexibility of the
copolymer. The storage modulus of the rubbery plateau is determined at 50 °C (G5 «c) as at
this temperature all polyether crystals are molten (Table 9.5).

The storage modulus at room temperature (G’ypec) of all the PEO;000/PTMO2000-T6T6T
copolymers is more or less constant (~34 MPa) as the T6T6T concentration is constant and a
crystalline polyether phase is absent. The T6T6T concentration of the mPEO2090/PTMO2000-
T6T6T copolymers increases with increasing mPEO/PTMO ratio. As a result, the modulus of
the rubbery plateau (G’soc) increases slightly. The G’pc 1s higher for the 50/50 and 33/67
ratios as these copolymers contain a semi-crystalline mPEO phase at room temperature.
Despite the same T6T6T concentration, the mPEQO,090/PTMO200-T6T6T copolymers have a
slightly higher storage modulus than the PEO;p0o/PTMO7000-T6T6T copolymers, which is
probably due to a higher T6T6T crystallinity. The higher crystallinity might be explained by
the lower molecular weight of the mPEO containing copolymers.

The flow temperature determined with DMA corresponds well with melting temperature of
the copolymers measured with DSC. In previous DSC results of PEO20o/PTMO7000-T6T6T
copolymers it was found that the flow temperature (Tyow) of the copolymers depends strongly
on the polyether concentration and the type of polyether segments used. The Tgoy of
MPEO,000/PTMO2000-T6T6T and PEO1000/PTMO2000-T6T6T decreases with increasing
(m)PEO content, and is for both series comparable. Here, no effect of the polymer molecular

weight on the Ty, 1S observed.

Water absorption

The water absorption of PEO-based segmented block copolymers is high due to the
hydrophilic nature of the PEO segments ). The PTMO-T6T6T copolymer hardly absorbs
water (~1.2 wt%). The water absorption (WA) of PEO-based copolymers depends on the PEO
content. The number of water molecules per ethylene oxide unit (H,O/EO ratio) decreases
with increasing crosslink density in the copolymer and concentration of hydrophobic PTMO
units in the soft phase .

An exponential increase in WA of (m)PEO2p0o/PTMO2000-T6T6T copolymers is observed

with increasing (m)PEO concentration (Table 9.6, Figure 9.6a). A linear relation is observed

for the copolymers when the volume fraction of water versus PEO concentration is plotted
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(Figure 9.6b). The mPEO00o/PTMO2000-T6T6T copolymers have a higher WA compared to
the PEO200o/PTMO2000-T6T6T copolymers.

Table 9.6: Water absorption (WA) and contact angle (CA) of (m)PEQO199s/PTMO09p-T6T6T copolymers.

Ratio Conc. Conc. Conc. WA H,O/EO  @Quuer CA=£sd
(m)PEO/PTMO T6T6T (m)PEO PTMO
[wt%]  [wt%]  [wt%] [wt%] [-] [vol%] [°]
MPEQ 00/ PTMO09o-T6T6T
0/100 23.8 - 76.2 1.2 - 1.2 55+£2
6/94 232 4.8 72.0 3.9 2.0 3.9 50£2
17/83 222 13.0 64.8 12 2.3 11 47+1
22/78 21.7 17.4 60.9 18 2.5 16 44+ 1
33/67 20.6 26.5 52.9 26 2.4 22 40+2
50/50 19.0 40.5 40.5 43 2.6 32 35+2
PEQO;ppo/PTMO,9p)-T6T6T
0/100 23.8 - 76.2 1.2 - 1.2 55+£2
20/80 23.8 15.2 61.0 9.8 1.6 10 50+ 1
40/60 23.8 30.5 45.7 24 1.9 22 48 +2
50/50 23.8 38.1 38.1 33 2.1 28 48 +£2
60/40 23.8 45.7 30.5 42 2.3 33 45+2
80/20 23.8 61.0 15.2 60 2.4 41 39+2
100/0 23.8 76.2 - 91 29 52 36+2
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Figure 9.6: (a) Water absorption (WA) and (b) volume fraction of water (¢,uey) as a function of the (m)PEO

concentration: O, PEO;yps/PTMO;p00-T6T6T; A, mPEQ;y0s/PTMO009-T6T6T.

The H,O/EO ratio of mPEO;p00/PTMO000-T6T6T decreases linearly with decreasing

mPEO/PTMO ratio, suggesting that the presence of PTMO reduces the water absorption
(Figure 9.7). At similar (m)PEO/PTMO ratios the H,O/EO ratio is higher for
MPEO»000/PTMO2000-TOT6T than for PEO;00o/PTMO5p00-T6T6T (Figure 9.7). This indicates
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that PTMO decreases the water absorption to a lower extent when it is present in
MPEO2000/PTMO2000-T6T6T than when it is incorporated in PEO2000/PTMO2000-T6TO6T. A
possible explanation is that the mPEO and PTMO segments are partly phase separated. The
interaction between water and EO units is reduced when PTMO is present. When the (m)PEO
and PTMO phases are well phase separated the interaction between water and EO units is less

disturbed than when both phases are mixed and the phase separation is less complete.
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Figure 9.7: Number of water molecules per ethylene oxide unit (H,O/EO) as a function of the (m)PEO/PTMO
ratio: O, PE02000/PTM02000-T6T6T,' A, mPEOZOOO/PTMOZOOO-T6T6T,

Surface properties

The surface properties of highly hydrated segmented block copolymers are studied by using
the static captive (air) bubble technique. The obtained contact angle (CA) is a measure for the
surface hydrophilicity; a lower CA indicates a more hydrophilic polymer surface. During the
CA measurement, the polyether phase is completely amorphous as the PEO melting
temperature is strongly reduced when the copolymer is fully hydrated with water [**).

Previous results obtained with segmented block copolymers based on a mixture of PEO and
PTMO show a linear decrease of the CA with increasing PEO content “*. This linear
decrease indicates that there was no preferential diffusion of PEO towards the hydrated
polymer surface. The CA of the mPEO,p00/PTMO5000-T6T6T series has been determined to

study the effect of the location of the PEO segments in the copolymers on the surface

hydrophilicity (Table 9.6).
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Figure 9.8: Contact angle (CA) as a function of (a) the (m)PEO/PTMO ratio and (b) the volume fraction of
water: 0O, PEOZ()()()/PTMOz(){)()'TéT6Z. A, mPEOZ()()()/PTMOZ()()()-T6T6T.

When the (m)PEO/PTMO ratio or volume fraction of water increases, the CA of both
copolymer series show a linear decrease (Figure 9.8). This linear decrease indicates that PEO
is not preferentially present at the polymer surface or else a sharp decrease in CA would have
been observed at low PEO contents. The T6T6T crystalline phase restricts diffusion of the
PEO segments and, therefore, the migration of PEO towards the surface.

At a similar (m)PEO/PTMO ratio or volume fraction of water, the mPEQO;000/PTMO2000-
T6T6T copolymers have a significantly lower CA than the PEQO;000/PTMO2000-T6T6T
copolymers. This is most likely due to the higher mobility of mPEO segments compared to

difunctional PEO segments.

Tensile properties

The tensile properties of dry and fully hydrated mPEQO;09o/PTMO2000-T6T6T segmented block
copolymers were studied by using injection moulded bars cut to dumbbells (Table 9.7). In
general, it is known that water lowers the mechanical properties of the copolymer, like the

[19:36-4901 'The presence of polyether crystals at

initial E-modulus, yield stress and fracture stress
room temperature results in an increased modulus, yield stress and fracture stress. However,
in an aqueous environment the PEO melting temperature is strongly reduced and the PEO
phase is completely amorphous at room temperature 7.

At small deformations the stress increases linearly with the strain. Above the yield point the
stress gradually increases. At higher strains (>300%) strain-induced crystallisation of the
polyether segments can take place, which results in an increased fracture stress [°. As water
lowers the melting temperature of PEO, strain-induced crystallisation of the hydrated PEO

segments becomes more difficult >, The PTMO segments are hardly affected by the
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presence of water. Taking into account the swelling of the copolymer in water, the actual

T6T6T concentration was calculated by correcting for the water absorption.

Table 9.7: Tensile properties of dry and hydrated mPEQ p00/PTMO59p9-T6T6T copolymers.

Ratio Minh WA  Conc. T6T6T o4y o, g ¢ &  GOuue’
mPEO/PTMO [dL/g] [wi%]  [wi%]  [MPa] [MPa] [%] [MPa] [%] [MPa]
6/94 1.6 0 23.2 7.0 11.1 45 26 710 207
3.9 22.3 5.8 9.7 39 20 560 133
17/83 1.3 0 22.2 5.9 10.0 38 13 300 52
12 19.8 4.9 8.4 38 12 310 48
22/78 1.2 0 21.7 5.7 9.7 40 12 230 41
18 18.4 4.2 7.6 38 9 110 18
33/67 1.0 0 20.6 5.7 - - 10 60 15
26 16.6 - - - 3 10 3

""Yield stress and strain were determined using the Considére method [*”
2 True fracture stress (Oyy.) was calculated by or % (1 + (er/100))

The stress at 10% strain (o;92;), which is a measure for the tensile behaviour at low strains,
depends mainly on the T6T6T concentration YA small increase in ;9 is observed for the
MPEO2000/PTMO2000-T6T6T copolymers with decreasing mPEO/PTMO ratio since the
T6T6T concentration increases. The a9, of hydrated copolymers is slightly lower compared
to dry copolymers. This difference is due to a lower T6T6T concentration of hydrated
copolymers and an increased flexibility of hydrated PEO segments.

In segmented block copolymers, the yield point is often the beginning of breaking up the
crystalline structure (. Before the yield point the deformation is mainly elastic. The yield
stress of polyether-T6T6T copolymers depends on the T6T6T content. Generally, a linear
increase in yield stress is observed with increasing rigid segment concentration ',

There is a small increase in the yield stress of dry mPEO00o/PTMO2000-T6T6T copolymers
with decreasing mPEO/PTMO ratio since the T6T6T concentration increases. When the
copolymers absorb water, the T6T6T concentration is slightly reduced and the strain-induced
crystallisation of the PEO segments is reduced.

Previous results on hydrated polyether-T6T6T copolymers revealed that the yield strain
increases with decreasing concentration T6T6T and increasing water absorption. This was

[5

explained by the plasticizing effect of water on the PEO segments °). There was no

remarkable difference observed in the yield strain between the dry mPEO;000/PTMOx000-
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T6T6T copolymers despite the small changes in the T6T6T concentration. Moreover, no

difference is observed in yield strain between dry and hydrated copolymers.

The fracture stress of polyether-based segmented block copolymers depends on the polymer

60,62,63] Strain-

molecular weight and the strain-induced crystallisation of the polyether phase |
induced crystallisation is taking place above 300% strain and is influenced by the type of
polyether segment and the molecular weight. At comparable molecular weights, the
reinforcing effect obtained by strain-induced crystallisation of PEO-based copolymers was
lower than of PTMO-based copolymers, resulting in a lower fracture stress (27 and 45 MPa
respectively) P>,

An increased mPEO/PTMO ratio of mPEO;p00/PTMO2000-T6T6T copolymers leads to an
increased number of polymer end-blocks and, consequently, a decreased molecular weight.
With increasing the mPEO/PTMO ratio the fracture stress and strain are strongly reduced.
The 6/94 copolymer has still a high fracture strain (710%) and strain-induced crystallisation
was taken place, giving a high fracture stress (26 MPa). Upon further increasing the
mPEO/PTMO ratio, the molecular weights decrease and thus the fracture stress and strain

decrease. The copolymer with a ratio of 33/67 has a relatively low molecular weight

(~11,000 g/mol), a fracture stress of 10 MPa and a fracture strain of 60%.
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Figure 9.9: True fracture stress (0,,.) as a function of the inherent viscosity (W) of MPEQ 00/ PTMO2099-T6T6T
copolymers: (A) dry and (A) hydrated copolymers.

The fracture stress and fracture strain can be combined into a single parameter; the true
fracture stress (044.). The oy, of the copolymers decreases with decreasing molecular weight

and ability of strain-induced crystallisation of the polyether phase. In Figure 9.9 the 6. 1s
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given as a function of the inherent viscosity of mPEQO0o/PTMO2000-T6T6T copolymers.
When the inherent viscosity is approximately 1.6 dL/g a strong increase in oy 1s observed.
The fracture properties, and thus the true fracture stress, are lowered when the copolymer

absorbs water.

MPEOW/PTMO2000-T6T6T segmented block copolymers

The previous results show that end-capping PTMOy000-T6T6T copolymers with
monofunctional PEO;y segments results in an increased polymer surface hydrophilicity. An
MPEO,/PTMO500o-T6T6T copolymer series is made, where b represents the molecular weight
of the mPEO segments, which is varied from 350 to 5000 g/mol (Table 9.8). All the
copolymers have more or less the same inherent viscosity and thus comparable molecular

weights (~11,000 g/mol).

Table 9.8: Polymer composition, inherent viscosity, water absorption and contact angle of mPEO/PTMO -

T6T6T copolymers.

M, Ratio Conc. Conc. Conc. Minh WA  H,O/EO  Quaer CA=£sd
mPEO mPEO/PTMO T6T6T mPEO PTMO
[g/mol] [Wwt%] [wt%] [wt%] [dL/g] [wt%] [-] [vol%] [°]

- 0/100 23.8 - 76.2 22 1.2 - 1.2 55+2
350 8/92 26.4 5.9 67.7 1.1 1.2 0.5 1.3 56+2
550 12/88 25.6 9.0 65.4 1.0 1.4 0.4 1.5 54+2
1100 22/78 234 16.5 60.1 1.1 12 1.8 11 42+2
2000 33/67 20.6 26.5 52.9 1.0 26 24 22 40+2
5000 56/44 14.8 47.3 37.9 1.2 64 33 41 36+4

An increase in the mPEO molecular weight from 350 to 5000 g/mol results in an increased
mPEO concentration in the copolymer, from 5.9 to 47.3 wt%. Hence, the water absorption
also increases from 1.2 to 64 wt% (Table 9.8). A linear relation is observed between the
volume fraction of water and the mPEO concentration when the mPEO molecular weight is
>1100 g/mol (Figure 9.10a). When b is below 1100 g/mol, the volume fraction of water
deviates from the observed linear relation. The number of water molecules per ethylene oxide
unit depends strongly on the molecular weight of mPEO. A linear increase in H,O/EO ratio is

observed with increasing mPEO/PTMO ratio and thus mPEO length (Figure 9.10b).
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Copolymers with short mPEO segments have a low water absorption and a low H,O/EO ratio.
The strong increase in the H;O/EO ratio with increasing mPEO/PTMO ratio is most likely

due to the mPEO molecular weight and not to the mPEO concentration.
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Figure 9.10: (a) Volume fraction of water (¢,ur) and (b) number of water molecules per EO unit as a function

Ofthe mPEQO/PTMO ratio: A, mPEOZOOO/PTMOZOOO-T6T6T,' L 2 mPEOb/PTMOZOOO-TéT6T

The influence of the molecular weight of mPEO in the mPEQO,/PTMO,000-T6T6T copolymers
on the surface hydrophilicity is studied (Table 9.8). The CA values of these copolymers are
compared to the mPEO;00o/PTMO2090-T6T6T copolymers, where the mPEO molecular weight
was constant (2000 g/mol) and the mPEO/PTMO ratio was varied (Table 9.6).

A linear decrease in CA was observed for the mPEO»p0o/PTMO200-T6T6T series with
increasing mPEO/PTMO ratio (Figure 9.11a). The mPEO,/PTMO;00-T6T6T series shows a
different behaviour. The use of mPEQO;5y and mPEOssy has no significant effect on lowering
the CA and the CA is comparable to PTMOyg0-T6T6T. It seems that the surface
concentration of short mPEQOssy and mPEOssy end-blocks is relatively low and, therefore,
these end-blocks are not effective to increase the surface hydrophilicity. The use of mPEQO; ¢
is effective in reducing the CA. A further increase of the mPEO molecular weight has only
little effect on reducing the CA, despite the increased mPEO concentration.

The CA of mPEO;p00/PTMO2000-T6T6T copolymers decreases linearly with the volume
fraction of water (Figure 9.11b). The mPEQO;sy and mPEQOss, copolymers have a comparable
CA and water absorption compared to PTMO;00o-T6T6T. The use of mPEO oo results in an
effective lowering of the CA combined with a low water absorption. The further decrease in
CA by using mPEQO;g0p and mPEQsg is minimal while the increase in water absorption is
strong. This means that the copolymer with mPEO;;oo has the most optimal properties; a

relatively low CA combined with relatively low water absorption. It can be concluded that the
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molecular weight of the mPEO segments has a strong effect on both the bulk and surface

properties of the copolymer.
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Figure 9.11: Contact angle (CA) as a function of (a) the mPEO/PTMO ratio and (b) the volume fraction of
water: A, mPEOZ()ga/PTMOQ()o()—T(ST(sZ' L 2 mPEOh/PTM02000—T6T6T

Trifunctional monomer incorporated in MPEQOsso/PEO1000-T6T6T copolymers

So far, it was found that end-capping of PTMO-based copolymers with monofunctional PEO
segments results in an increased surface hydrophilicity. When mPEO segments were
introduced in the copolymer, the polymer molecular weight was reduced, which result in a
lowering of the fracture properties.

By introducing a trifunctional carboxylate ester in the copolymer, a branched structure is
formed and the molecular weight increases without decreasing the mPEO concentration. An
example of a trifunctional carboxylate ester is trimethyl trimesate (TMTM, Figure 9.12). This
monomer has been introduced in mPEO-PET copolymers with a TMTM concentration of
3 mol%, resulting in an increased polymer surface hydrophilicity and decreased protein

adsorption [*),
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Figure 9.12: Structure of trimethyl trimesate (TMTM).

A relatively low contact angle (33°) and water absorption (35 wt%) have been observed for
PEQOjgpo-T6T6T 44 A copolymer based on PEOo0-T6T6T has been end-capped with
mPEQOss) segments to examine whether the surface hydrophilicity could be improved.
Furthermore, an mPEOQOsso/PEO0o-T6T6T copolymer has been synthesised containing
1.6 wt% TMTM and this copolymer is denoted as mPEOsso/PEO;goo/ TMTM-T6T6T
(Table 9.9).

The TMTM concentration should not be too high or else crosslinking takes place, resulting in
a copolymer that is not soluble and melt-processable anymore. By end-capping PEO;ggo-
T6T6T with 11 wt% mPEOss), a decrease in the inherent viscosity of 1.4 to 0.6 dL/g is
observed (Table 9.9). As expected, the mPEQOss50/PEO;90o/ TMTM-T6T6T copolymer has a

much higher inherent viscosity (2.5 dL/g) since this copolymer contains branches.

Table 9.9: Polymer composition and thermal mechanical properties of PEQ;p-T6T6T, mPEO;5¢/PEO ;900
T6T6T and mPEQOss5¢/PEO 9o/ TMTM-T6T6T.

Polymer type Conc. Conc. Conc. Conc. Ninh Ty Thaex G’ Thow
TMTM T6T6T mPEO PEO

[Wwt%]  [wt%] [wth%] [wt%] [dL/g] [°C] [°C] [MPa] [°C]

PEO - 38.4 - 61.6 1.4 -45  -13 85 199

mPEO/PEO - 38.1 11.0 50.9 0.6 -45 0 110 204

mPEO/PEO/TMTM 1.6 31.7 11.0 55.7 2.5 -45 3 73 196

Generally, the glass transition temperature of the soft phase is influenced by the crosslink
density in the copolymer Y. By introducing TMTM in the copolymer branching points are
formed and, at the same time, the physical crosslink density of the T6T6T segments is
lowered due to a reduced T6T6T concentration. There is no difference in the T, observed
between PEO;gp-T6T6T, mPEOss¢/PEO;gpo-T6T6T and mPEOss50/PEO;190o/ TMTM-T6TO6T
copolymers (Table 9.9).

Previous results discussed in this chapter revealed that the PEO crystallinity and melting

temperature increases when the PEO segments are present as end-blocks instead of mid-
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blocks. Therefore, the flex temperatures of both the mMPEOsso/PEO;¢o-T6T6T and
MPEOs50/PEO 0o/ TMTM-T6T6T copolymers are higher than that of PEO;go-T6T6T. The
high polymer molecular weight of mPEOss50/PEO;00)/ TMTM-T6T6T does not lower the flex

temperature.

The storage modulus (G’) of the polyether-T6T6T copolymers depends mainly on the T6T6T
concentration. With increasing T6T6T concentrations the physical crosslink density increases,
which results in a higher modulus. Moreover, the storage modulus (G, oc) increases when
mPEO crystals are present. The storage modulus of mPEQOsso/PEOg0o/ TMTM-T6T6T, which
contains physical crosslinks as well as branching points, is lower than that of PEO;¢oo-T6T6T
since the T6T6T concentration is lower. Introducing branching points at the cost of the T6T6T

concentration lowers the storage modulus.
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Figure 9.13: The flow temperature as a function of the T6T6T concentration: O, PEO.T6T6T *I;
¢, mPEOjssy/PEO;pp-T6T6T; m, mPEOs5¢/PEO 9o/ TMTM-T6T6T.

At similar T6T6T concentrations, the mPEQOsso/PEO0o-T6T6T copolymers have a slightly
higher modulus at room temperature than the PEO,-T6T6T copolymers. At room temperature
the polyether phase of the mPEOss50/PEO;990-T6T6T copolymers is completely amorphous
and, thus, there is no contribution of an additional crystalline phase to explain this difference
in modulus. Previous results discussed in this chapter, revealed that a lower molecular weight
results a higher storage modulus of the copolymer, which is probably due to a higher T6T6T
crystallinity. This might explain why the mPEOs5s50/PEO;00o-T6T6T copolymer has a higher
modulus than PEO,-T6T6T copolymers.
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At a comparable T6T6T concentration the flow temperatures of mPEQOsso/PEO;9go-T6T6T and
MPEOs50/PEO 0o/ TMTM-T6T6T copolymers are slightly higher compared to the PEO,-
T6T6T copolymers (Figure 9.13). For the mPEOss¢/PEO;09o-T6T6T copolymer this might be
due to the lower molecular weight. However, the mPEQOsso/PEO;goo/ TMTM-T6T6T
copolymer has a high molecular weight and, therefore, the slightly higher Ty, cannot be

explained by this effect. An explanation for this is still not available.

Table 9.10: Water absorption (WA) and contact angle (CA) of PEO,pyp-T6T6T, mPEQO;s5¢/PEQ;9p0-T6T6T and
mPEQss5¢/PEO 9o/ TMTM-T6T6T.

Polymer type Conc. Conc. Conc. Conc. WA H,O/EO  OQyaer CA
TMTM T6T6T mPEO PEO +sd

[wt%]  [wt%] [wt%] [wt%] [wt%] [-] [vol%] [°]
PEO - 38.4 - 61.6 35 1.4 30 33+3
mPEO/PEO - 38.1 11.0 50.9 33 1.3 28 28 +1
mPEO/PEO/TMBCT 1.6 317 11.0 55.7 45 1.6 35 29+1

In Table 9.10 the water absorption and H,O/EO ratio of PEO;49o-T6T6T, mPEQOss¢/PEO000-
T6T6T and mPEOss¢/PEO9oo/ TMTM-T6TO6T are given. In Figure 9.14 the linear relation

between the volume fraction of water and PEO concentration of PEO,-T6T6T copolymers is

given.
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Figure 9.14: Volume fraction of water (9,ue;) as a function of the (m)PEO concentration: 0, PEOT6T6T *;
¢, mPE0550/PE0]000—T6T6T; H, mPEO550/PE01000/TMTM—T6T6T

The water absorption of the mPEOsso/PEO;00o-T6T6T copolymers is more or less similar as

that for PEO,-T6T6T. This indicates that end-capping the copolymers with mPEOss
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segments does not result in a higher water absorption. Also, the presence of TMTM (1.6 wt%)

in the copolymer has no significant influence on the water absorption.

The surface hydrophilicity of the copolymers is studied by determining the contact angle. The
contact angles of mMPEOss¢/PEO;goo-T6T6T and mPEOss¢/PEO oo/ TMTM-T6T6T
copolymers are lower compared to PEO;o-T6T6T (Table 9.10). This suggests that even
mPEOQOss) segments can be used to improve the hydrophilicity of PEO;¢-based polymer
surfaces.

Previous results discussed in this chapter suggested that the surface concentration of mPEOss
end-blocks is relatively low and insufficient for reducing of the CA of mPEQOss5¢/PTMOx¢00-
T6T6T. The presence of 1.6 wt% TMTM in the mPEQOss50/PEO;9p0-T6T6T copolymer has no
adverse effect on the surface hydrophilicity. The combination of a low contact angle (29°) and
a relatively low water absorption (45 wt%) for mPEQOsso/PEO; 0o/ TMTM-T6T6T copolymers
is an improvement compared to the (PEOj0o/T)s000-T6T6T copolymers, which have a

comparable contact angle but a much higher water absorption (92 wt%) [**.

Incorporation of mPEO segments in polyether-T6T6T copolymers improves the surface
hydrophilicity but decreases the polymer molecular weight. A reduced molecular weight
results in a reduction of the fracture properties. The molecular weight can be increased while
the mPEO concentration remains high by incorporation of a trifunctional carboxylate ester
(TMTM). The introduction of 1.6 wt% TMTM leads to an increase of the inherent viscosity
from 0.6 to 2.5 dL/g (Table 9.9). The tensile properties of dry and fully hydrated
MPEOs50/PEO 9o/ TMTM-T6T6T copolymers have been determined to study the effect of
incorporated TMTM (Table 9.11).

The fracture stress and strain of the dry mPEQOsso/PEO;¢00-T6T6T copolymer are low, 11 MPa
and 4% respectively (Table 9.11). When this copolymer was fully hydrated with water the
samples could not be measured anymore. By introducing 1.6 wt% TMTM in the copolymer
the tensile properties are significantly improved since the molecular weight is higher. The
tensile properties of MPEQOss5o/PEO oo/ TMTM-T6T6T are also compared to the high
molecular weight PEO,0o-T6T6T copolymer.

The actual T6T6T concentration in the hydrated copolymer was calculated by correcting the
T6T6T concentration for the water absorption. The stress at 10% strain (g;9¢;), which depends
mainly on the T6T6T concentration, is significantly reduced for hydrated PEO;oo-T6T6T
copolymers compared to the dry copolymers, 14 to 7.8 MPa respectively. This difference is
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due to a lower T6T6T concentration in hydrated copolymers and an increased flexibility of
the hydrated PEO segments. The TMTM-based copolymer has a lower T6T6T concentration
than PEO;ogo-T6T6T and, therefore, the 9, of dry as well as hydrated copolymers is lower.

Table 9.11: Tensile properties of dry and hydrated PEQ;yy-T6T6T, mPEQO;s5¢/PEO,;9p-T6T6T and
mPEQss5¢/PEO 9o/ TMTM-T6T6T.

Polymer type Conc. Ninh WA Conc. G0y Oy ! gy ! or € Gtrue 2
TMTM T6T6T
[wt%] [dL/g] [wt%] [wt%] [MPa] [MPa] [%] [MPa] [%] [MPa]
PEO - 1.4 0 38.4 14 17 18 27 410 138
35 28.4 7.8 10 23 14 150 35
mPEO/PEO - 0.6 0 38.1 - - - 11 4 11
33 28.6 - - - - - -
mPEO/PEO/TMTM 1.6 2.5 0 31.7 11 15 27 19 290 74
45 21.9 4.5 8 31 8.2 50 12

""Yield stress and strain were determined using the Considére method !*"
2 True fracture stress (Oyy.) was calculated by or % (1 + (er/100))

Generally, a linear increase in yield stress is observed for dry polyether-T6T6T copolymers
with increasing rigid segment concentration. However, this increase is smaller for hydrated

5155 The polyether-T6T6T copolymers show a linear increase in yield strain

copolymers
with decreasing T6T6T concentration °'**!. Furthermore, the yield strain of the copolymers
increases with increasing amount of absorbed water in the equilibrium state.

The decrease in yield stress and increase in yield strain of the hydrated copolymer is due to a
lower T6T6T concentration and the plasticizing effect of water on the PEO segments. The
same effects are observed for the mPEOsso/PEO 900/ TMTM-T6T6T copolymer; when the
copolymer absorbs water the yield stress decreases and the yield strain increases (Table 9.11).
A lower yield stress and a higher yield strain are observed for the TMTM-based copolymer
compared to the PEO;09-T6T6T, which can be explained by the lower T6T6T concentration.
As was discussed before in this chapter, the true fracture stress (o) decreases with
decreasing polymer molecular weight and decreasing ability of strain-induced crystallisation

of the polyether phase °**%]. When TMTM is incorporated in the copolymer the molecular

weight increases and, consequently, the fracture stress and strain increase (Figure 9.15).
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Figure 9.15: Stress-strain behaviour of dry (solid lines) and hydrated (dotted lines) copolymers:
u, mPEO550/PE01000/TMTM-T6T6T, O, PEO[ogo-T6T6T.

Strain-induced crystallisation of the polyether phase of the mPEQOss50/PEO;9o)/ TMTM-T6T6T
copolymer starts at ~200% (Figure 9.15), which results in an improved fracture stress. The
fracture properties decrease when the copolymer absorbs water. Consequently, the true
fracture stress of the hydrated copolymer is lower compared to the dry copolymer (Table
9.11). Despite the fact that the molecular weight of mPEQOsso/PEO;9oo/ TMTM-T6TOT is
higher than that of PEQ;g-T6T6T, the fracture stress and strain are lower. The
MPEOs50/PEO100o/ TMTM-T6T6T copolymer shows less strain-induced crystallisation of the
polyether phase than the PEO;¢0-T6T6T copolymer and, therefore, the fracture properties are
lower (Figure 9.15). This might be due to the presence of branching points, which partly

restrict the strain-induced crystallisation of the polyether phase.

Conclusions

Segmented block copolymers end-capped with monofunctional PEO (mPEQO) can be
synthesised. The mid-blocks of these copolymers consist of polyether flexible segments and
monodisperse crystallisable segments (T6T6T). Copolymers that contain PEO end-blocks
have a higher PEO melting temperature and crystallinity than copolymers containing PEO
mid-blocks. Moreover, copolymers with mPEO end-blocks have a slightly lower glass
transition temperature and a slightly increased modulus and T6T6T melting temperature as

compared to corresponding copolymers which were not end-capped with mPEO.
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Most likely, the mPEO and PTMO phases in mPEO/PTMO-T6T6T copolymers are partly
phase separated. In this case, PTMO will not decrease the water absorption of the copolymer
as effectively as when PEO and PTMO are not phase separated.

The polymer surface hydrophilicity is improved when mPEO end-blocks are used instead of
difunctional PEO (mid-)blocks. Segmented block copolymers end-capped with mPEO have a
low contact angle (29°) combined with a relatively low water absorption (35 vol%).
Preferential diffusion of the PEO segments towards the polymer surface was not observed.
The molecular weight of the mPEO end-blocks has a strong effect on both the bulk and
surface properties of the copolymer. The surface concentration of short mPEO;s, and
mPEOssy end-blocks is probably low and, therefore, these end-blocks are not effective to
increase the surface hydrophilicity. The use of mPEOQ; ¢ is effective in increasing the surface
hydrophilicity. A further increase of the mPEO molecular weight has only little effect on
reducing the contact angle, while the water absorption increases strongly.

A disadvantage of using the mPEO segments is a decreased polymer molecular weight, which
leads to a strong reduction of the fracture properties of the copolymer. By incorporating a
trifunctional carboxylate ester, the molecular weight can be increased, resulting in good

fracture properties, while the mPEO concentration can be relatively high (11 wt%).
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Summary

Segmented block copolymers consist of alternating flexible segments and crystallisable rigid
segments. The flexible segments have a low glass transition temperature and are used to
obtain flexible materials. The rigid segments can crystallise and act as thermal-reversible
physical crosslinks, giving the material dimensional stability and solvent resistance.

The aim of the research described in this thesis, is to study the synthesis and structure-
property relations of polyether-based segmented block copolymers containing monodisperse
bisester tetra-amide segments (T6T6T). The polyether phase consists of hydrophilic
poly(ethylene oxide) (PEO) and/or hydrophobic poly(tetramethylene oxide) (PTMO)
segments. The T6T6T segments are prepared from dimethyl terephthalate (T) and hexa-
methylenediamine (6). Well phase-separated polymer structures are obtained by using

monodisperse crystallisable segments, resulting in a rather pure polyether phase.

The synthesis and thermal mechanical properties of PEO-T6T6T segmented block
copolymers are described in Chapter 2. The PEO segment length is varied from 600 to 4600
g/mol, thereby increasing the PEO concentration in the copolymer from 49 to 88 wt%. All
copolymers have a high molecular weight, are melt-processable, solvent resistant and
transparent. By using monodisperse rigid segments the crystallisation of the copolymers is
fast and a high crystallinity is obtained (~85%). The copolymers have a low glass transition
temperature, an almost temperature independent rubbery plateau and a sharp melting
temperature. The copolymers have an almost complete phase separated morphology,
indicating that only a small amount of non-crystallised T6T6T is present in the PEO phase. As
the T6T6T concentration increases (12 — 51 wt%), the storage modulus of the rubbery plateau
increases from 12 to 159 MPa and the flow temperature from 154 — 216 °C. The PEO
crystallinity and melting temperature increase with increasing PEO segment length. When the
PEO segment length is >2000 g/mol, PEO crystals are present at room temperature, which

results in a reduced elasticity of the copolymer.
In Chapter 3 the synthesis and thermal mechanical properties of PEO/T-T6T6T segmented

block copolymers, where the PEO segments are extended with terephthalic units (T), are

reported. Introduction of terephthalic units in the soft phase has no disturbing effect on the
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storage modulus of the copolymer and leads to a slightly higher flow temperature. The use of
terephthalic extended PEO segments influences the low temperature properties of the
copolymer. The glass transition temperature of the soft phase is approximately 5 °C higher
when terephthalic units are present due to a reduced mobility of the PEO chains. Furthermore,
by using PEO/T flexible segments the PEO melting temperature is reduced and the PEO
crystallinity partly suppressed.

The synthesis and thermal mechanical properties of segmented block copolymers based on
mixed hydrophilic PEO and hydrophobic PTMO flexible segments and monodisperse T6T6T
segments are discussed in Chapter 4. The PEO/PTMO-T6T6T copolymers have one glass
transition temperature of the soft phase, indicating that both polyether segments form one
homogenously mixed amorphous phase. The glass transition temperature of the copolymers
increases linearly with increasing PEO content. The PEO/PTMO-T6T6T copolymers have a
single polyether crystalline phase when both polyether segments have molecular weights of
2000 g/mol or less. However, when either PEO or PTMO is longer than 2000 g/mol two
polyether crystalline phases are present. The polyether melting temperatures and
crystallinities of the copolymers are lower than in the case of ideal co-crystallisation,

indicating that the polyether segments hinder each other in their crystallisation.

In Chapter 5 the influence of water on the physical and tensile properties of PEO-T6T6T,
PEO/T-T6T6T and PEO/PTMO-T6T6T segmented block copolymers is studied. All the
copolymers show an exponential increase in water absorption with increasing PEO
concentration. The number of water molecules per ethylene oxide unit (H,O/EO) decreases
with increasing crosslink density of the copolymer and concentration of hydrophobic units in
the PEO phase, like PTMO or terephthalic units. The glass transition temperature of hydrated
PEO/PTMO-T6T6T copolymers decreases strongly with increasing PEO concentration and
approaches the glass transition temperature of the hydrated PTMO-T6T6T copolymer. It is
expected that the PEO and PTMO segments are phase separated in an aqueous environment,
although it is not possible to verify this with DSC measurement. The PEO melting
temperature and crystallinity decrease strongly when the copolymer absorbs water, while the
PTMO crystalline phase remains unaffected.

Freezing water is present in the PEO-based copolymers when the PEO phase contains at least

30 vol% of water. Approximately 80% of the total amount of water absorbed by the PEO-
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based copolymer is bound water. The PEO concentration and/or the presence of hydrophobic
PTMO segments in the PEO phase have only little effect on the amount of bound water.

Hydrated copolymers have lower initial E-moduli but higher yield strains compared to dry
copolymers. This can be explained by the lower T6T6T concentration in hydrated
copolymers, an increased flexibility of the plasticized polyether phase and less strain-induced
crystallisation of the hydrated PEO segments. After correction the T6T6T concentration for
the swelling, the yield stress and the fracture stress were similar for the dry and hydrated

copolymers and both decrease with decreasing T6T6T content.

The surface properties of polyether-T6T6T segmented block copolymers have been
determined by contact angle measurements (captive air bubble method) and are reported in
Chapter 6. The contact angle of PEO-based copolymers decreases with increasing PEO
concentration, indicating that the surface becomes more hydrophilic. Due to an excellent
phase separation the amount of non-crystallised T6T6T in the copolymer is low and, as a
result, the surface hydrophilicity is high. An interesting combination of properties, i.e. a low
contact angle combined with relatively low water absorption, is observed for copolymers
based on PEO segments with a molecular weight of 1000 g/mol. The PEO/PTMO-T6T6T
copolymers show a linear decrease in contact angle with increasing PEO content, which

indicates that there is no preferential diffusion of PEO towards the hydrated polymer surface.

The gas permeation properties and pure gas selectivities of PEO-T6T6T and PEO/T-T6T6T
segmented block copolymers are examined in Chapter 7. The chain flexibility of the soft
phase is high since the amount of non-crystallised T6T6T in the PEO phase is low.
Furthermore, the PEO crystallinity is partly suppressed by using short PEO segments (M, of
300 or 600 g/mol) that are extended with terephthalic units. At low temperatures, the PEO/T-
T6T6T copolymers have higher gas permeabilities than the PEO-T6T6T copolymers since the
PEO crystallinity is partly suppressed. However, at similar amorphous flexible segment
length, the CO, permeability of the PEO/T-based copolymers is lower than for PEO-based
copolymers due to reduced chain flexibility when hydrophobic terephthalic units are present
in the PEO phase.

The CO,/N,, CO,/H, and CO,/O, selectivities at 35 °C of both the PEO-T6T6T and PEO/T-
T6T6T copolymers are similar, approximately 48, 8.6 and 20 respectively. The CO./X
selectivity of PEO-T6T6T and PEO/T-T6T6T copolymers, where X represents N,, He, CHa,

O; or Hy, increases with decreasing temperature. When the copolymers contain a PEO semi-
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crystalline phase the CO,/H, and CO,/He selectivities are reduced due to a more enhanced
size-sieving ability of the copolymer. The presence of a semi-crystalline PEO phase has no

adverse effect on the CO; selectivity over larger gases, like N, CHgand Os.

The rate of water vapour transmission (WVT) through polyether-T6T6T films is described in
Chapter 8. The WVT is determined by using the inverted cup method (ASTM E96BW) at
30 °C and 50% relative humidity. A linear relation is observed between the WVT and the
reciprocal film thickness of the copolymer. Therefore, the WVT value can be normalised to a
certain film thickness (e.g. 25 um). The WVT of a 25 pum-thick PTMO;090-T6T6T and
PEQO»ppo-T6T6T film is 3.1 and 153 kg/mzd respectively. With increasing PEO concentration
in the copolymer the WVT increases exponentially. All PEO-T6T6T, PEO/T-T6T6T and
PEO/PTMO-T6T6T copolymers show the same exponential increase in WVT with increasing

volume fraction of absorbed water.

In Chapter 9 the synthesis and properties of PTMO-T6T6T segmented block copolymers end-
capped with monofunctional PEO (mPEO) are reported. Copolymers that exhibit PEO end-
blocks have a higher PEO melting temperature and crystallinity than copolymers containing
difunctional PEO blocks. Most likely, the mPEO and PTMO segments are partly phase
separated and, therefore, PTMO will not decrease the water absorption of the copolymer as
effectively as when PEO and PTMO are not phase separated.

The polymer surface hydrophilicity is improved when mPEO end-blocks are used instead of
difunctional PEO mid-blocks. Preferential diffusion of the PEO segments towards the
polymer surface was not observed. The molecular weight of mPEO has a strong effect on both
the bulk and surface properties of the copolymer. A disadvantage of using mPEO segments is
a decreased polymer molecular weight, which leads to a strong reduction of the fracture
properties of the copolymer. By incorporating a trifunctional carboxylate ester, the molecular
weight increases, resulting in good fracture properties, while the mPEO concentration is

relatively high (11 wt%).
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Gesegmenteerde blokcopolymeren bestaan uit alternerende flexibele en kristalliseerbare stijve
segmenten. De flexibele segmenten hebben een lage glasovergangstemperatuur (Tg) en
worden gebruikt om de materialen elastisch te maken. De stijve segmenten kunnen
kristalliseren en gedragen zich als thermische-reversibele fysische knooppunten die het
materiaal vormvastheid en oplosmiddelbestendigheid geven.

Het doel van het onderzoek, beschreven in dit proefschrift, is om de synthese en de structuur-
eigenschap relaties van gesegmenteerde blokcopolymeren, gebaseerd op flexibele polyether
segmenten en monodisperse bisester tetra-amide segmenten (T6T6T), te bestuderen. De
polyether fase bestaat uit hydrofiele poly(ethylene oxide) (PEO) en/of hydrofobe
poly(tetramethylene oxide) (PTMO) segmenten. De T6T6T segmenten zijn gesynthetiseerd
uit dimethyl terephthalate (T) en hexamethylenediamine (6). Een goed fasegescheiden
structuur van het polymeer is verkregen door het gebruik van monodisperse kristalliseerbare

segmenten, wat resulteert in een zeer zuivere polyether fase.

De synthese en (thermisch) mechanische eigenschappen van de PEO-T6T6T gesegmenteerde
blokcopolymeren zijn beschreven in Hoofdstuk 2. De lengte van het PEO segment is
gevarieerd van 600 tot 4600 g/mol. Hierdoor neemt de PEO concentratie in het copolymeer
toe van 49 tot 88 wt%. Alle copolymeren hebben een hoog molgewicht, zijn verwerkbaar in
de smelt, oplosmiddelbestendig en transparant. Het gebruik van monodisperse stijve
segmenten resulteert in een snelle kristallisatie van het copolymeer en er wordt een hoge
kristalliniteit verkregen (~85%). De copolymeren hebben een lage T, een bijna
temperatuuronathankelijk rubber plateau en een scherp smeltpunt. De fasescheiding van de
copolymeren is bijna compleet, waardoor er slechts een kleine hoeveelheid niet-
gekristalliseerd T6T6T aanwezig is in de PEO fase. Een toename van de T6T6T concentratie
(12 — 51 wt%) resulteert in een toename van de opslagmodulus van het rubber plateau van 12
tot 159 MPa en de vloeitemperatuur van 154 — 216 °C. De PEO kristalliniteit en
smelttemperatuur nemen toe met toenemende PEO lengte. Het copolymeer bevat PEO
kristallen bij kamertemperatuur als de PEO lengte groter dan 2000 g/mol, wat leidt tot een

verminderde elasticiteit van het materiaal.
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Hoofdstuk 3 beschrijft de synthese en (thermisch) mechanische eigenschappen van PEO/T-
T6T6T gesegmenteerde blokcopolymeren, waarvan de PEO segmenten zijn verlengd met
tereftalaat units (T). De aanwezigheid van tereftalaat units in the zachte fase heeft geen
storend effect op de opslagmodulus van het copolymeer en leidt tot een lichte toename van de
vloeitemperatuur. Het gebruik van tereftalaat verlengde PEO segmenten beinvloed de lage
temperatuur eigenschappen van het copolymeer. De T, van de zachte fase is ~5 °C hoger
wanneer tereftalaat units aanwezig zijn doordat de mobiliteit van de PEO ketens is
verminderd. Door het gebruik van PEO/T flexibele segmenten is bovendien de PEO

smelttemperatuur verlaagd en de PEO kristalliniteit gedeeltelijk onderdrukt.

De synthese en (thermisch) mechanische eigenschappen van gesegmenteerde blok-
copolymeren, gebaseerd op gemengde hydrofiele PEO en hydrofobe PTMO flexibele
segmenten en monodisperse T6T6T segmenten, worden toegelicht in Hoofdstuk 4. De
polyether segmenten vormen een homogeen gemengde amorfe fase aangezien deze
copolymeren één T, van de zachte fase vertonen. De T, neemt lineair toe met toenemende
PEO concentratie. De PEO/PTMO-T6T6T copolymeren hebben een enkele polyether
kristallijne fase als de lengte van de polyether segmenten kleiner of gelijk is aan 2000 g/mol.
Wanneer het PEO of het PTMO segment groter is dan 2000 g/mol, dan zijn er twee polyether
kristallijne fasen aanwezig. De polyether smelttemperatuur en kristalliniteit van de
copolymeren zijn lager dan in het geval van ideale co-kristallisatie. Dit betekent dat de

polyether segmenten elkaar hinderen in hun kristallisatie.

In Hoofdstuk 5 wordt de invloed water op de fysische en trek-rek eigenschappen van PEO-
T6T6T, PEO/T-T6T6T en PEO/PTMO-T6T6T gesegmenteerde blokcopolymeren bestudeerd.
Alle copolymeren vertonen een exponentiele toename in waterabsorptie met toenemende PEO
concentratie. Het aantal watermoleculen per ethylene oxide unit (H,O/EO) neemt af bij een
toenemende netwerkdichtheid van het copolymeer en een toenemende concentratie van
hydrofobe units zoals PTMO of tereftalaat units. De T, van gezwollen PEO/PTMO-T6T6T
copolymeren neemt sterk af bij een toenemende PEO concentratie en nadert de T, van een
gezwollen PTMO-T6T6T copolymeer. Verwacht wordt dat in een waterige omgeving de PEO
en PTMO segmenten fasegescheiden zijn. Het is echter niet mogelijk dit te bevestigen met
DSC experimenten. De PEO smelttemperatuur en kristalliniteit nemen sterk af wanneer het

copolymeer water absorbeert, terwijl de kristallijne PTMO fase onveranderd blijft.
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‘Vrij water’ is aanwezig in een PEO gebaseerd copolymeer wanneer de PEO fase tenminste
30 vol% water bevat. Ongeveer 80% van de totale hoeveelheid geabsorbeerd water door het
copolymeer is ‘gebonden water’. De PEO concentratie en/of de aanwezigheid van hydrofobe
PTMO segmenten in de PEO fase hebben weinig effect op de hoeveelheid ‘gebonden water’.

Gezwollen copolymeren hebben een lagere E-modulus maar een hogere vloeirek vergeleken
met droge copolymeren. Dit kan worden verklaard door een lagere T6T6T concentratie in een
gezwollen copolymeer en een toegenomen flexibiliteit van de gezwollen polyether fase. Na
correctie van de T6T6T concentratie in het copolymeer voor het zwellen blijkt dat de vloei- en
breukspanning van droge en gezwollen copolymeren gelijk zijn. Beide nemen af bij een

afhemende T6T6T concentratie.

De oppervlakte eigenschappen van polyether-T6T6T gesegmenteerde blokcopolymeren
vermeldt in Hoofdstuk 6 zijn bepaald door contacthoekmetingen (‘captive bubble’ methode).
De contacthoek van PEO gebaseerde copolymeren neemt af bij een toenemende PEO
concentratie, wat aangeeft dat het oppervlak meer hydrofiel wordt. Vanwege een zeer goede
fasescheiding is de concentratie niet-gekristalliseerd T6T6T in het copolymeer laag en
daardoor de oppervlakte hydrofiliciteit hoog. Copolymeren bestaande uit PEO segmenten met
een molgewicht van 1000 g/mol hebben een interessante combinatie van eigenschappen, dat
wil zeggen een lage contacthoek en relatief lage water absorptie. De PEO/PTMO-T6T6T
copolymeren vertonen een lineaire afname in contacthoek bij een toenemende PEO
concentratie. Dit geeft aan dat er nauwelijks diffusie van PEO naar het gezwollen polymeer

oppervlak plaatsvindt.

De permeatie van pure gassen en de bijbehorende selectiviteiten van PEO-T6T6T en PEO/T-
T6T6T gesegmenteerde blokcopolymeren zijn bestudeerd in Hoofdstuk 7. De
ketenflexibiliteit van de zachte fase is groot aangezien de hoeveelheid niet-gekristalliseerd
T6T6T in the PEO fase klein is. Bovendien, de PEO kristalliniteit is gedeeltelijk onderdrukt
wanneer er gebruik wordt gemaakt van korte PEO segmenten (M, van 300 of 600 g/mol)
verlengd met tereftalaat units. Bij lage temperaturen hebben de PEO/T-T6T6T copolymeren
een hogere gas permeabiliteit dan PEO-T6T6T copolymeren aangezien de PEO kristalliniteit
gedeeltelijk is onderdrukt. Echter, bij een gelijke lengte van het totale amorfe flexibele
segment is de CO, permeabiliteit van de PEO/T-T6T6T copolymeren lager dan de PEO-
T6T6T copolymeren. Dit komt doordat de ketenflexibiliteit is verminderd wanneer er

hydrofobe tereftalaat units aanwezig zijn in de PEO fase. Bij 35 °C zijn de CO,/N,, CO,/H; en
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CO,/0; selectiviteiten van zowel de PEO-T6T6T als de PEO/T-T6T6T copolymeren gelijk,
respectievelijk 48, 8.6 en 20. De CO,/X selectiviteit van PEO-T6T6T and PEO/T-T6T6T
copolymeren, waarbij X het gas N,, He, CH4, O, of H, voorstelt, neemt toe bij een afnemende
temperatuur. De CO,/H; and CO,/He selectiviteiten verminderen wanneer het copolymeer een
PEO semi-kristallijne fase bevat omdat dit copolymeer in staat is om de gassen te scheiden op
basis van grootte. De aanwezigheid van een semi-kristallijne PEO fase heeft geen nadelig

effect op de CO; selectiviteit betreffende grotere gassen, zoals N, CHyen O,.

Het transport van waterdamp (WVT) door polyether-T6T6T films wordt beschreven in
Hoofdstuk 8. De WVT is bepaald door middel van de ‘omgekeerde cup’ methode (ASTM
E96BW) bij 30 °C en 50% relatieve vochtigheid. Een lineair verband is gevonden tussen de
WVT en de reciproke film dikte van het copolymeer. De WVT waarde kan dus worden
genormaliseerd tot een bepaalde filmdikte (bijvoorbeeld 25 um). De WVT waarden van een
film (25 pm) van PTMOyp00-T6T6T en PEQO;p0-T6T6T zijn 3.1 en 153 kg/mzd
respectievelijk. Bij een toenemende PEO concentratie in het copolymeer nemen de WVT
waarden exponentieel toe. Alle PEO-T6T6T, PEO/T-T6T6T en PEO/PTMO-T6T6T
copolymeren vertonen dezelfde exponentiele toename in WVT bij een toenemend volume

fractie geabsorbeerd water.

De synthese en eigenschappen van PTMO-T6T6T gesegmenteerde blokcopolymeren die zijn
geblokt met monofunctioneel PEO (mPEO) staan vermeld in Hoofdstuk 9. Copolymeren die
bestaan uit PEO eindblokken hebben een hogere PEO smelttemperatuur en kristalliniteit dan
copolymeren die difunctionele PEO blokken bevatten. Waarschijnlijk zijn de mPEO en
PTMO segmenten gedeeltelijk fasegescheiden waardoor de aanwezigheid van PTMO de
waterabsorptie van het copolymeer minder effectief verlaagt dan wanneer PEO en PTMO niet
fasegescheiden zijn.

De hydrofiliciteit van het copolymeer oppervlak is verbeterd wanneer mPEO eindblokken zijn
gebruikt i.p.v. difunctionele PEO mid-blokken. Diffusie van PEO naar het polymeer
oppervlak is niet waargenomen. Het molgewicht van de mPEO segmenten heeft een groot
effect op zowel de bulkeigenschappen als de oppervlakte eigenschappen van het copolymeer.
Een nadeel van het gebruik van mPEO is de verlaging van het molgewicht, met als gevolg een
sterke afname van de breukeigenschappen van het polymeer. Door het toevoegen van een
trifunctioneel carboxylate ester neemt het polymeer molgewicht toe dat leidt tot goede

breukeigenschappen terwijl de mPEO concentratie relatief hoog is (11 wt%).
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	Chapter 7.doc
	Chapter 7  
	Gas permeation properties of PEO-based  segmented block copolymers 
	 
	In this chapter the gas permeation properties of PEO-based segmented block copolymers containing monodisperse crystallisable segments (T6T6T) are discussed. The PEO-T6T6T copolymers have a well phase separated polymer structure, consisting of a crystalline T6T6T phase and an amorphous or semi-crystalline PEO phase. Copolymers containing PEO segments with a molecular weight above 2000 g/mol have a semi-crystalline PEO phase at room temperature. A way to partly suppress the PEO crystallinity and reduce the PEO melting temperature of the copolymer is by extending low molecular weight PEO segments (300 or 600 g/mol) with terephthalic units (T). In this way, copolymers can be prepared with a high PEO concentration while the PEO crystallinity is partly suppressed. 
	The influence of the soft phase composition and the temperature on gas permeation properties (CO2, N2, He, CH4, O2 and H2) and pure gas selectivities of PEO-T6T6T and PEO/T-T6T6T copolymers are studied. When the PEO phase is completely amorphous, the gas permeation properties of both types of copolymers decrease with decreasing temperature. When a crystalline PEO phase is present the decrease in gas permeability is even stronger. At low temperatures the PEO/T-T6T6T copolymers have higher gas permeabilities than PEO-T6T6T, despite the presence of hydrophobic terephthalic units in the PEO phase. This is due to a partly suppressed PEO crystallinity in the copolymer.  
	The CO2/N2, CO2/H2 and CO2/O2 selectivities at 35 ºC of both the PEO-T6T6T and PEO/T-T6T6T copolymers are almost independent of the polymer composition. When the copolymers contain a PEO semi-crystalline phase the CO2/H2 and CO2/He selectivities are reduced, which is due to a more size-sieving ability of the copolymer. The presence of a semi-crystalline PEO phase has no adverse effect on the CO2 selectivity over larger gases like N2, O2 and CH4. 



	Chapter 8.doc
	Chapter 8  
	Water vapour transmission through polyether-based segmented block copolymers 
	In this chapter the rate of water vapour transmission (WVT) through monolithic films of segmented block copolymers with flexible polyether segments and monodisperse crystallisable amide segments will be discussed. The polyether phase of the copolymers consists of hydrophilic poly(ethylene oxide) (PEO) and/or hydrophobic poly(tetramethylene oxide) (PTMO) segments. The monodisperse crystallisable segments (T6T6T) are based on dimethyl terephthalate (T) and hexamethylenediamine (6).  
	The WVT was determined according to the ASTM E96BW standard, also known as the inverted cup method. By using this method there is direct contact between the polymer film and the water in the cup. The WVT experiments were performed in a climate-controlled chamber at a temperature of 30 ºC and a relative humidity of 50%.  
	A linear relation was found between the WVT and the reciprocal film thickness of polyether-T6T6T segmented block copolymers. The WVT of a 25 μm-thick film of PTMO2000-T6T6T or PEO2000-T6T6T copolymers is 3.1 and 153 kg/m2d respectively. The WVT values of polyether-T6T6T copolymers increase exponentially with the PEO content or volume fraction of water. The volume fraction of water in the copolymers depends on the PEO concentration. The number of water molecules per ethylene oxide unit (H2O/EO) was related to the crosslink density in the copolymer and the presence of hydrophobic units in the soft phase (like PTMO or terephthalic units).  
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	Use of monofunctional PEO in segmented block copolymers containing monodisperse crystallisable segments 
	 
	In this chapter the synthesis and characterisation of segmented block copolymers that are end-capped with monofunctional PEO (mPEO) have been discussed. The mid-blocks of these copolymers consist of flexible polyether segments (PEO or PTMO) and monodisperse crystallisable segments (T6T6T). The ratio between the mPEO end-blocks and the difunctional polyether (mid-)blocks was varied. The influence of the mPEO concentration on the polymer molecular weight, the thermal mechanical properties, the water absorption, the surface properties and the tensile properties was studied. Moreover, the effect of the molecular weight of the mPEO end-blocks, which was varied from 350 to 5000 g/mol, on the surface hydrophilicity was investigated.  
	Copolymers that exhibit mPEO end-blocks have a higher PEO melting temperature and crystallinity than copolymers containing difunctional PEO (mid-)blocks. Besides, the copolymers with mPEO end-blocks have a slightly lower glass transition temperature and a slightly increased modulus and T6T6T melting temperature as compared to corresponding copolymers that were not end-capped with mPEO. 
	The water absorption of PTMO-T6T6T copolymers end-capped with mPEO is slightly higher than for PEO/PTMO-T6T6T copolymers that are based on difunctional PEO segments. For the mPEO end-capped polymers, the mPEO and PTMO segments are probably partly phase separated and, therefore, PTMO will not decrease the water absorption as effectively as when PEO and PTMO are not phase separated.  
	A more hydrophilic polymer surface, indicated by a lower contact angle, is obtained by using mPEO segments instead of difunctional PEO segments. The molecular weight of the mPEO segments has a strong influence on both the bulk as well as the surface properties of the copolymer. 
	An increased mPEO concentration results in a reduced polymer molecular weight and, consequently, a reduction of the fracture properties of the copolymer. By introducing a trifunctional carboxylate ester, the polymer molecular weight is increased, resulting in good fracture properties, while the mPEO concentration is relatively high.  
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