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1 Introduction

1.1 Thermoplastic Elastomers1

Thermoplastic elastomers (TPEs) constitute a commercially relevant and

fundamentally interesting class of polymeric materials. They combine the properties of

irreversibly crosslinked elastomers, such as impact resistance and low-temperature flexibility,

with the characteristics of thermoplastic materials, e. g. the ease of processing. In general,

TPEs are phase-separated systems consisting of a hard phase, providing physical crosslinks,

and a soft phase, contributing to the elastomeric properties. The hard phase is characterized by

a high glass transition temperature (Tg) or a high melting point for semicrystalline systems,

whereas the soft phase usually exhibits a low Tg. In many cases the phases are chemically

linked by block or graft copolymerization. In other cases, a fine dispersion of the hard

polymer within a matrix of the elastomer by blending also results in TPE-like behavior.

Because of the covalent linkage(s) between the chemically dissimilar segments, the rigid

domains can form physical crosslink sites, resulting in a three-dimensional network.

Consequently, TPEs exhibit mechanical properties that are, in many ways, comparable to

those of a vulcanized (covalently crosslinked) rubber, with the exception that the network and

hence the properties of the TPEs are thermally reversible. This feature makes TPEs ideally

suited for high-throughput thermoplastic processes, such as melt extrusion and injection

molding. Mainly three classes of commercial TPEs can be distinguished: polystyrene-

elastomer block copolymers, multiblock copolymers, and hard polymer-elastomer

composites.

The first class includes mainly polystyrene-block-polybutadiene-block-polystyrene

(PS-b-PB-b-PS), polystyrene-block-polyisoprene-block-polystyrene (PS-b-PI-b-PS), and their

hydrogenated analogues polystyrene-block-poly(ethylene-stat-butylene)-block-polystyrene

(PS-b-PEB-b-PS) and polystyrene-block-poly(ethylene-alt-propylene)-block-polystyrene (PS-

b-PEP-b-PS) triblock copolymers. Because of the incompatibility between the hard and soft

component microphase separation occurs, whereby the polystyrene minority phase forms

dispersed spheres or cylinders in a rubbery matrix of the middle block. For commercial

applications they are usually compounded with other polymers, oils, resins, fillers, etc..

TPEs based on multiblock copolymers comprise an alternating structure of hard and

soft segments within the polymer chain. The hard segments usually consist of a
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semicrystalline polymer like polyurethane, polyester, polyamide, or polyethylene, providing a

good solvent resistance. Systems with a glassy hard phase are, for example, multiblock

copolymers based on poly(ether imide) hard segments and polysiloxane soft segments. In

multiblock copolymers with polyurethane, polyester, and polyamide hard segments frequently

short chain polyethers are used as a soft component. In some cases polyesters (poly(ε-

caprolactone)) are incorporated. The polymers having polyester soft segments are tougher and

show a higher resistance to oils, solvents, and thermal degradation. Analogues with polyether

soft segments exhibit better hydrolytic stability and an increased flexibility at low

temperatures. The soft phase in multiblock copolymers with polyethylene hard segments

consists of ethylene-α-olefin copolymers. They are thermally stable but less resistant against

swelling by oils and organic solvents. In addition, these systems are very flexible at low

temperatures but their upper service temperature is rather low due to the comparatively low

melting point of polyethylene.

The last class, the hard polymer-elastomer composites, also consists of a

semicrystalline polymer as the hard phase, e. g. polypropylene or a propylene copolymer. For

the soft phase often ethylene-propylene random copolymers (EPR) or a similar material with

a small amount of out-of-chain unsaturation (EPDM) is used. In addition, there are also

systems based on butyl-, nitril-, and natural rubber elastomers.

The motivation of this work is the improvement of elastic properties of two

commercially important TPEs, namely PBT-based copoly(ether ester)s and TPEs based on

triblock copolymers. The elasticity of copoly(ether ester)s with PBT hard segments and low

molecular weight polyether soft segments is limited due to the continuous PBT hard segment

structure present in these systems, which is irreversibly disrupted upon elongation. The used

strategy for improving the elastic properties implies a transformation of the continuous PBT

hard phase into a disperse PBT hard phase by taking advantage of microphase separation

within the soft component. This is realized by incorporation of ABA triblock copolymer soft

segments with nonpolar middle blocks (Chapter 1.4). In the field of TPEs based on triblock

copolymers, suppression of loop formation is the key for improved resilience. Using

crystallization as a strong driving force for microphase separation, different ABC triblock

copolymers with one or two semicrystalline end blocks have been investigated with respect to

their morphology, thermal properties, and elasticity (Chapter 1.5).

In the following two Chapters, a brief description of the essentials of microphase

separation and crystallization in block copolymers will be given.
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1.2 Microphase Separation in Block Copolymers

Blending of two polymers A and B is often used to create systems with unique

properties, reflecting a combination of properties of the corresponding blend components.2

However, due to thermodynamic reasons most blends of polymers turn out to be macrophase

separated. Prerequisite for the miscibility of two polymers is a decrease in the free enthalpy of

mixing (∆Gm < 0), which is defined as follows:3

mmm STHG ∆−∆=∆ Equation 1.1

The energetic interactions between the blend components is described by the enthalpy

of mixing ∆Hm, which can be expressed according to Flory4 and Huggins5,6, as:

BAABm  T RH φφχ=∆

R = universal gas constant
T = temperature
φi = volume fraction of component i

Equation 1.2

whereby the Flory-Huggins parameter χAB can be written as:

( )



 ε+ε−ε=χ BBAAAB

B
AB 2

1
Tk

Z

Z = number of nearest segments in other chains
kb = Boltzman constant
εAB = interaction energy between segments A and B

Equation 1.3

The entropy of mixing ∆Sm is given by Equation 1.4.









φ

φ
+φ

φ
−=∆ B

B

B
A

A

A
m ln

N
ln

N
RS

Ni = degree of polymerization for component i

Equation 1.4

The mixing entropy ∆Sm gives a negative contribution to the free enthalpy of mixing

∆Gm, since φi ≤  1 and therefore lnφi < 0. However, especially for long-chain molecules (high

degree of polymerization Ni) the entropic contribution decreases and even slight repulsive
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interactions between the segments (∆Hm > 0) can result in a positive value for ∆Gm, i. e.

macrophase separation occurs.

The macrophase separation in polymer blends does not only depend on

thermodynamics, but also to a large extent on the processing conditions, e. g. kinetic

parameters like melt viscosity or mixing time. Furthermore, an initially homogeneous blend

can show macrophase separation after a change in temperature via spinodal decomposition or

a nucleation and growth mechanism.7

Macrophase separation can be avoided by using compatibilizers, which self-assemble

at the interface between the incompatible blend components, resulting in fine disperse phase-

separated blends. For this purpose block copolymers composed of at least two different

blocks, whereby one block is compatible with one of the blend components, and the other

block is compatible with the other blend component, are ideal systems.1,8,9 Due to the

chemical link between the different blocks, macrophase separation is no longer possible and

the block copolymers undergo microphase separation within length scales of 10 – 100 nm.

There are basically two competing factors involved in the microphase-separation of block

copolymers. On one hand the system tends to minimize the enthalpic unfavorable interface

between the incompatible blocks, on the other hand the conformational entropy tends to a

random coil conformation of the blocks resulting in a weakening of the segregation between

the blocks. As a result, a morphology with a larger interface between blocks than the minimal

interface is formed. Thus, the formed morphology within block copolymers is determined by

the interplay of these enthalpic and entropic contributions.

Chemically well-defined diblock copolymers self-assemble into regular crystal-like

lattices when microphase separation occurs. The different thermodynamically stable

microphases for AB diblock copolymers are presented in Figure 1.1.10 The equilibrium

morphologies are depicted from left to right with increasing volume fraction φA (φB = 1 – φA)

of the minority component. If A is getting the majority component (φA > φB) a inverse

sequence of the morphologies is observed starting from the lamellar microphase.

Whereas the spherical, cylindrical, and lamellar microphases have been known for a

long time, the double gyroid phase was discovered independently by two groups in the

1990s.11,12 Other identified morphologies, such as OBDD (ordered biscontinuous double

diamond) or hexagonally perforated lamellae (HPL), are considered as metastable phases.13,14
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Figure 1.1: Microphase-separated morphologies of diblock copolymers. From left  to right:
spheres on a body-centered cubic (bcc) lattice, hexagonally packed cylinders,
double gyroid, lamellae.

As mentioned above, the interplay of enthalpic and entropic contributions to the free

enthalpy of mixing determines the microphase separation. As every chain segment contributes

to the enthalpy of mixing, the incompatibility of the two blocks is not only proportional to χ

but also to the number of segments N (N = NA + NB). Therefore, the product χN is used to

express the incompatibility between two different blocks. For χN << 10 the entropic

contributions overwhelm the enthalpic term, resulting in the observation of a disordered

isotropic phase. Microphase separation in symmetric diblock copolymers starts at a

theoretically determined critical value of χN ≅ 10.5.15 Two different limiting situations are

discussed for microphase separated block copolymers, the weak-segregation limit (WSL) and

the strong-segregation limit (SSL).

The WSL approach (“mean field” theory) for the description of the order-disorder

transition, i. e. the transition from a microphase separated block copolymer melt to the

disordered state, was developed by Leibler15, de Gennes16, and Erukhimovich17. In the WSL

(10 < χN < 15) a broad smeared interface separates neighboring microdomains, i. e. there is a

smooth transition of the composition across the domain boundary. For symmetric diblock

copolymers a second-order transition between lamellar and disordered phase was predicted.

At other compositions a first-order transition between the disordered state and a body-

centered cubic phase of spherical domains formed by the minority component was predicted,

which changes into hexagonally packed cylinders and finally into lamellae upon further

increasing χN. Within WSL the long period scales with L ∝ N1/2, the chain conformations

correspond to a Gaußian statistics. However, in Leibler’s approach fluctuation effects, which

become important for finite degrees of polymerization, are not included. Fredrickson and

Helfand18 expanded the theory of Leibler15 by incorporation of compositional fluctuations

into the “mean field” theory, also taking into account the degree of polymerization of the

diblock copolymer. Figure 1.2 shows a comparison of phase diagrams calculated for diblock
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copolymers using the approach of Leibler and Fredrickson and Helfand. In contrast to the

approach of Leibler, a direct transition from the disordered state to lamellae or hexagonally

packed cylinders in asymmetric diblock copolymers was found for a finite degree of

polymerization.  Moreover, a first-order transition between lamellar and disordered state was

predicted for symmetric diblock copolymers.

Figure 1.2: Phase diagram of a diblock copolymer according to Leibler’s theory (left) and
including fluctuation corrections according to Fredrickson and Helfand (right).
LAM = lamellar microphase; Hex = hexagonal microphase; BCC = body-
centered cubic microphase.19

The strong-segregation limit (SSL) accounts for values of χN >> 10, and has been first

investigated theoretically by Meier20, Helfand and coworkers21-23, and Semenov24. Diblock

copolymers belonging to the SSL regime show a high incompatibility of the two blocks,

which is reflected by a large value for χ. As a consequence, even for low degrees of

polymerization microphase-separation occurs, and a sharp interface separating the domains

and therefore an abrupt change of the composition across the domain boundary is observed.

Within SSL the long period scales with L ∝ N2/3. However, this theory does not extend to the

WSL. Therefore, calculations on phase diagrams are limited to χN > 100, which is a rough

limit for SSL.

Matsen and Bates cover the bridge between the WSL and SSL by using the self-

consistent field theory (SCFT).25 This allows the calculation of the phase diagram of diblock
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copolymers starting from the disordered state, going through the WSL and ending in the SSL

(Figure 1.3). This phase diagram includes also the double gyroid morphology besides

lamellar, cylindrical, and spherical morphologies. Their calculations revealed that the double

gyroid morphology is only stable for χN < 60.

Figure 1.3: Phase diagram of a diblock copolymer following from SCFT assuming similar
segment lengths of both blocks. ll = lamellae; hex = hexagonally packed
cylinders; BCC = spheres arranged on a body-centered cubic lattice; CPS =
spheres arranged on a face centered cubic lattice; φA = volume fraction of
component A in the diblock copolymer.26

In addition, binary block copolymers with different topologies have been studied. For

symmetric ABA triblock copolymers in the WSL a critical value of χN = 1827 was determined

for microphase-separation, and this value was confirmed in works on ABA triblock

copolymers exhibiting arbitrary ratios between the two end blocks.28,29 Studies on multiblock

copolymers by SCFT also revealed higher critical values for χN.30 For AnBn heteroarm star

copolymers a symmetrical phase diagram with a critical value of χN = 10.5 was obtained.28

Investigations on (AB)n starblock copolymers by SCFT, including systems with asymmetric

segment lengths, revealed a lower critical value for χN compared to that of AB diblock

copolymers.31 Heteroarm star copolymers with different numbers of arms AnBm (m ≠  n) have

also been described theoretically.31-34
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While the phase behavior of amorphous binary block copolymers, especially diblock

copolymers, has been investigated intensively for a long time and most of the fundamental

problems seem to be explored, ternary triblock copolymers, especially linear and star

terpolymers have been addressed to a much lower extent.35 In contrast to the morphology of

AB diblock copolymers which is mainly determined by one interaction parameter, χAB, and

one independent composition variable, φA, the morphology of ternary triblock copolymers is

determined by three interaction parameters χAB, χBC, χAC, and two independent composition

variables φA, φB. Moreover, there are theoretically three different block sequences possible,

ABC, BAC, and ACB. As a result of the large number of independent variables, it is not

surprising that ternary triblock copolymers show a huge variety of morphologies. As an

example, the different morphologies in polystyrene-block-polybutadiene-block-poly(methyl

methacrylate) (SBM) triblock copolymers discovered by Stadler and co-workers are

summarized in Figure 1.4.36-41

B

MS

ll

u-cic

sos

cic

cac

hel

soc

dl

ml

lc
ls

cic

sos

Figure 1.4: Microphase-separated morphologies for polystyrene-block-polybutadiene-
block-poly(methyl methacrylate) (SBM) triblock copolymers (the displayed
color shades correspond to the OsO4 staining in the TEM micrograph).10
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A theoretical description of the phase behavior of ABC triblock copolymers is difficult

due to the large number of relevant parameters involved in the structure formation. Usually

theoretical models for diblock copolymers are used and extended to ABC triblock

copolymers.

The first theoretical description was given by Spontak et al., however this model is

restricted to lamellar  morphologies.42 In a later work the theory of Semenov for diblock

copolymers (SSL) was used, considering the end blocks and their interfaces to the middle

block as diblock chains.43 They derived that the long period within the ABC triblock

copolymers scales with L ∝ N2/3. The same scaling law was found by Mogi et al., also

applying the Semenov theory, and has been proven by small angle X-ray scattering on

lamellar polyisoprene-block-polystyrene-block-poly(2-vinyl pyridine) (ISP) triblock

copolymers.44

Ohta and Nakazawa describe a approach, also based on diblock copolymer models

within the SSL, for the description of morphologies in symmetrical (φA = φC) ABC triblock

copolymers with a matrix forming center block.45 The calculated phase diagram for ISP

triblock copolymers is qualitatively equivalent to the experimentally found structures by

Matsushita and coworkers.46-48 However, the interaction parameter between the chemically

different segments, χ, is not included in the model and it fails in the description of more

complex structures.

While first only the interaction parameters of directly linked blocks are taken into

account,49 later theories also focused on the interaction between the non-linked blocks. Based

on the values for the three different interaction parameters in triblock copolymers, χAB, χBC,

and χAC Wang et al. calculated phase diagrams which are successful in explaining some of the

more complex morphologies.50 In spite of this, they predicted for some morphologies a

composition, which was significantly different from the experimental data.51

Stadler´s group extended the theory of Semenov to describe the phase behavior of

symmetric52 and asymmetric39 ABC triblock copolymers. The calculations include the volume

fraction of the middle block φB, as well as the interfacial tensions γAB, γBC and γAC between the

different blocks (γ ∝ χ1/2) as relevant parameters for structure formation. Using this approach,

the experimentally discovered morphologies of linear SBM triblock copolymers were

explained in terms of a minimization of interfacial energy. In these systems, the

incompatibility between the two end blocks and the middle block is higher than the

incompatibility of the two end blocks (χAB, χBC > χAC). As a consequence, a morphology is
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preferred, where the unfavorable interactions between the end blocks and the middle block are

as small as possible in order to minimize the total interfacial energy. This in turn implies, that

especially for small values of φB, a large interphase between A- and C- blocks is favored. As

an example, for symmetric SBM triblock copolymers the following morphologies were found

with decreasing volume fraction of the middle block: ll- (lamellar), lc- (PB cylinders on a

lamellar PS/PMMA interphase), and ls-morphology (PB spheres on a lamellar PS/PMMA

interphase).

Besides the described models for ABC triblock copolymers in the strong-segregation

limit, there are also theoretical calculations by Erukhimovich et al.53 as well as Werner and

Fredrickson54 based on the “mean-field” approach of Leibler (WSL). Using this method

order-disorder transition temperatures can be calculated for different compositions and

incompatibilities.
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1.3 Crystallization in Block Copolymers

The structure formation in amorphous-semicrystalline block copolymers is determined

by the interplay of microphase separation in the melt and crystallization of the crystallizable

block. The formed morphology strongly depends on the sequence of the two relevant physical

events, i. e. if crystallization occurs from an already microphase-separated melt or from a

homogeneous melt.

The kinetic nucleation theory of Hoffman and co-workers was initially developed for

homopolymers. The extension of this theory to the crystallization of block copolymers was

introduced by Richardson et al..55

In its original form, the Lauritzen-Hoffman theory provides expressions for the linear

growth rate (Γ), i. e. the rate at which spherulites or axialites grow, as a function of the degree

of supercooling (Tm
0 – Tc), with the equilibrium melting temperature Tm

0 and the

crystallization temperature Tc.56 In this model it is assumed that the crystal lamellae at the

growth front grow at the same rate as the macroscopic linear growth rate (Figure 1.5).

Secondary or tertiary nucleation controls the growth together with the short-range diffusion of

the crystallizing units. There are also modification of this original theory in the literature, but

these do not change the essential features.57-61

g

Γ

Figure 1.5: Growth of a lamellar crystal according to the Lauritzen-Hoffmann theory. The
lateral growth rate is denoted g and the linear growth rate Γ.62

Three regimes of growth are predicted. In regime I, for small supercoolings, lateral

growth of crystallites occurs with stems in a monolayer on the substrate, whereby the

monolayers are added one by one according to the linear growth rate. The lateral growth rate

(g) is significantly higher than the rate of formation of secondary nuclei. As a consequence,

the surface of the formed crystals is smooth. For higher supercoolings regime II is reached
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and the crystal growth is determined by multiple nucleation. As the multiple nucleation is no

longer restricted within a monolayer, the secondary nucleation rate is faster compared to

regime I. In addition, because of the multiple nucleation on the already existing monolayers

the crystallite surface exhibits an increasing roughness. Finally, in regime III, growth occurs

by prolific multiple nucleation.

The growth rate in the three regimes, at a given crystallization temperature Tc, can be

written as:56,63
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Here U* is an activation energy, and T∞ reflects the temperature at which diffusion is

stopped. The parameter j depends on the growing regime, and equals to 2 in regime I and III,

whereas j = 1 in regime II. The monolayer thickness contributes as b, the specific free energy

of the surface is denoted σ, and σL is the lateral surface free energy. ∆G corresponds to the

specific change in free energy upon crystallization, and R and k are the universal gas constant

and the Boltzmann constant, respectively. Γ0,i is a temperature dependent pre-factor, which is

specific for the three regimes.

The approach of Hoffman and Lauritzen encountered in spite of its success also

criticism, especially by Point64 and Sadler65. Sadler constructed an alternative model which

works for rough growth faces, introducing a reversible detachment and attachment of short-

chain sequences as elementary steps. Calculations revealed that the growth face exhibits many

configurations, of which only a minority allows the face to progress. As a consequence, the

rate of growth is controlled by high entropic activation barriers. However, the different

models have one common feature, as they assume that the lamellar crystallites grow directly

into the entangled melt.

More recently Strobl et al. introduced a new approach based on earlier works and on

own investigations, proposing that crystallization proceeds via a transition of mesomorphic

and granular crystalline layers to lamellar crystallites.66-68 A sketch of the proposed

mechanism is given in Figure 1.6.
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Figure 1.6: Sketch of the route proposed for the formation of polymer crystallites.68

The process starts with the attachment of straightened chain segments with a certain

minimum length from the isotropic melt onto the lateral growth face of a layer with a

mesomorphic inner structure. The stretching is not perfect, i. e. the chains, although basically

helical, include many conformational defects. There exists a minimum thickness for the

mesomorphic layer in order to be stable in the surrounding melt. Subsequently, each part of

the mesomorphic layer thickens with time, implying a continuous rearrangement of the chain

sequences in the zone composed of folds and loops near to the layer surface. When a critical

thickness of the mesomorphic layer is reached, the layer solidifies by a structural transition.

The resulting structure can be described as a “granular crystal layer”, consisting of crystal

blocks in a planar assembly. Finally, the crystal blocks merge together, which goes along with

an improvement of their inner perfection. The resulting homogeneous lamellar crystallite

exhibits the same thickness as the constituent blocks. The merging process provides a

stabilization, however, the degree of stabilization might not be uniform through the sample.

As a result, some regions in the sample may even remain in the granular crystal state.

The orientation of crystalline stems with respect to the lamellar interface in block

copolymers is a subject of ongoing interest and controversy. The two possible orientations of

crystalline stems within a semicrystalline block copolymer are depicted schematically in

Figure 1.7. The orientation of crystalline stems has been investigated intensively for

polyethylene and poly(ethylene oxide) containing diblock copolymers and was found to

depend in a very sensitive fashion on the sample preparation technique. In contrast to

homopolymers, where the crystalline stems are arranged perpendicular with respect to the

lamellar interphase, parallel chain orientation has been observed for block copolymers

crystallizing from a microphase-separated melt. However, it is not clear if the parallel folding

is the most stable one, or whether perpendicular orientation can also occur for crystallization

from homogeneous melts or solutions.
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Figure 1.7: Schematic depiction of perpendicular and parallel chain folding of the
crystalline chains with respect to the domain interphase in semicrystalline
block copolymers.62

Investigations by Douzinas and Cohen on oriented polyethylene-block-poly(ethyl

ethylene) (PE-b-PEE) diblock copolymers, exhibiting a microphase-separated melt, revealed

that the PE chains are oriented parallel to the lamellar interphase.69 This is in agreement with

results obtained by Séguéla and Prud’homme.70 There have been also investigations on

lamellar polyethylene-block-poly(ethylene-alt-propylene) (PE-b-PEP) diblock copolymers

which were oriented using a channel die.71 It turned out that the lamellae orient perpendicular

to the plane of shear when the diblock copolymers were oriented above the melting

temperature of PE, whereas a parallel orientation was found when compression occurred

below the melting temperature. However, in both cases the crystalline PE chains were

oriented parallel to the lamellar interphase. In contrast to these results, Rangarajan et al.

observed for PE-b-PEP diblock copolymers (12 – 56 wt-% PE) a perpendicular orientation of

the crystalline PE stems.72 In this case the samples were not oriented and crystallization

occurred from a homogeneous melt.

Investigations on oriented PE-b-PEE, PE-b-PEP, and polyethylene-block-poly(vinyl

cyclohexane) (PE-b-PVCH) diblock copolymers have been performed by Hamley et al.73,74 In

symmetric PE-b-PVCH diblock copolymers crystallization of PE is confined within a lamellar

morphology with glassy PVCH lamellae, as the glass transition of PVCH is higher than the

crystallization temperature of PE. A parallel orientation of the crystalline PE stems with

regard to the lamellar interphase was observed both for diblock copolymers with a rubbery or

a glassy amorphous block.

In contrast to the preferential parallel orientation of crystalline stems with respect to

the domain interphase in PE containing diblock copolymers, investigations on poly(ethylene

oxide) based diblock copolymers revealed a perpendicular folding of the crystalline PEO



Crystallization in Block Copolymers

15

chains. In this context, the reader is referred to representative works on poly(ethylene oxide)-

block-poly(butylene oxide) (PEO-b-PBO)75,76 and polyisoprene-block-poly(ethylene oxide)

(PI-b-PEO)77 diblock copolymers.

In semicrystalline-amorphous diblock copolymers basically two different situations

can occur depending on the segregation strength between the chemically different blocks.

Crystallization can be either confined in lamellar, cylindrical or spherical microdomains for

strongly segregated systems, or crystallization predominates the structure formation for

weakly segregated or homogeneous systems. The final microphase and crystalline

morphology is determined by three competing physical events: the microphase-separation in

the melt (order-disorder transition temperature TODT), the crystallization temperature Tc of the

crystallizable component, and the vitrification (glass transition temperature Tg) of the

amorphous block. In general three different situations can be distinguished (a more detailed

description including citations of various contributions can be found in chapter 3.2.1 and

ref.78). In systems exhibiting a homogeneous melt (TODT < Tc > Tg), microphase-separation is

driven by crystallization. This results in a lamellar morphology where crystalline lamellae are

sandwiched by the amorphous block layers, regardless of the composition. In weakly

segregated systems (TODT > Tc > Tg), often referred to as “soft confinement”, crystallization

frequently occurs with little morphological constraint enabling a “breakout” from the ordered

melt structure. Consequently, any preexisting morphology in the molten state is overwritten

by crystallization, resulting in a lamellar structure. However, confined crystallization within

spherical or cylindrical microdomains is possible in strongly segregated systems and/or for

highly entangled amorphous blocks. A strictly confined crystallization within microdomains

is observed for strongly segregated diblock copolymers with a glassy amorphous block

(TODT > Tg > Tc, hard confinement). As a result, the initially formed melt structure is

preserved upon crystallization.

Crystallization within block copolymer microdomains is not only affected by the

strength of confinement. Furthermore, the structure of the microdomain, i. e. continuous

(gyroid, lamellae) or dispersed (cylinders, spheres), and even the size of the microdomain

exhibit a significant influence. For example, Chen et al. observed for blends of a

polybutadiene-block-poly(ethylene oxide) (PB-b-PEO) diblock copolymer with PB a decrease

in crystallization temperature for the PEO block with decreasing PEO domain size (PEO

content).79 Similar results were obtained for other block copolymers, exhibiting confined

crystallization within isolated spherical or cylindrical microdomains.80-84 In addition, confined

crystallization is often connected with a substantial decrease in crystallinity compared to the
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corresponding semicrystalline homopolymers due to spatial restrictions.82,84-91 Crystallization

can even be suppressed if the crystallizable block is confined into spheres or cylinders.90-92

Studies on the crystallization kinetics revealed a strong dependence on the confinement active

during crystallization. Unusual first-order crystallization kinetics with an Avrami exponent of

n = 1 have been observed for strongly confined crystallization within spherical or cylindrical

microdomains.93-95 This observation has been related to a homogeneous nucleation

mechanism. However, in some special cases even lower Avrami exponents have been

detected.80,90

The crystallization in polymers is usually induced by heterogeneous nucleation,

homogeneous nucleation or self-nucleation. In crystallizable homopolymers crystallization in

the bulk state commonly occurs on heterogeneous nuclei (catalyst debris, impurities, and

other types of heterogeneities of unknown nature) at relatively low supercoolings

(10 - 15 °C).96 Homogeneous nucleation includes the formation of a crystal-like embryo

induced by density fluctuations in the melt, which occurs at comparatively high supercoolings

(50 - 70 °C). The nucleation on remaining crystal fragments in the melt, which reflect

crystallographically “ideal” nuclei, is referred to as self-nucleation. Within block copolymers

the type of nucleation strongly depends on the type of microdomain. Crystallization in large

or continuous domains is mostly induced by heterogeneous nucleation, since the probability

that a heterogeneity is located within the crystallizable domain is sufficiently high. However,

if the crystallizable block is confined into small isolated microdomains (spheres, cylinders)

crystallization proceeds in a fractionated manner, i. e. several crystallization exotherms are

observed, or crystallization can only be induced by homogeneous nucleation.79-84,90,97-101

Microdomains that contain the heterogeneities usually active at low supercoolings in the bulk

homopolymer will crystallize at an identical temperature compared to that of the bulk

polymer. However, if less efficient heterogeneities are present in the microdomain, a larger

supercooling is necessary in order to induce crystallization. Those microdomains that do not

contain any heterogeneity will only be able to nucleate homogeneously, in the case that the

interphase does not affect the nucleation process. Especially, in block copolymers where the

crystallizable component is confined into small isolated microdomains the number density of

isolated microdomains is significantly higher than the average number of available

heterogeneities.83 At least 1015 isolated microdomains/cm3 could be present, while for

instance a bulk PEO homopolymer contains less than 106 heterogeneities/cm3. As a result, the

probability of a heterogeneity to be situated in an isolated microdomain is vanishing small,

thus favoring homogeneous nucleation.



Crystallization in Block Copolymers

17

Besides the vast number of publications concerning the crystallization within

semicrystalline-amorphous diblock copolymers, there have been only few contributions on

ABC triblock copolymers with crystallizable components. Among them are reports by Stadler

et al. and other groups on polystyrene-block-polybutadiene-block-poly(ε-caprolactone) (PS-b-

PB-b-PCL) triblock copolymers and their hydrogenated analogues (PS-b-PE-b-PCL) in which

a complex interplay between microphase-separation and crystallization has been found.100-108

In addition, there are also reports on PS-b-PI-b-PEO109-112, PS-b-PEP-b-PE113, poly(α-methyl

styrene)-block-polyisobutylene-block-polypivalolactone (PmS-b-PIB-b-PVL)114 and PS-b-

PEO-b-PCL82 triblock copolymers.
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1.4 PBT-Based Copoly(ether ester)s

Copoly(ether ester)s are multiblock copolymers consisting of polyester hard segments

and low molecular weight polyether soft segments. The crystalline hard segments typically

consist of poly(butylene terephthalate) (PBT) or poly(ethylene terephthalate) (PET),

sometimes also poly(butylene isophthalate) (PBI) is used.115 The soft segment comprises

different hydroxy telechelic polyethers, like poly(ethylene oxide) (PEO), poly(propylene

oxide) (PPO), poly(tetramethylene oxide) (PTMO), and poly(ethylene oxide)-block-

poly(propylene oxide)-block-poly(ethylene oxide) (PEO-b-PPO-b-PEO) triblock

copolymers.116 Copoly(ether ester)s were discovered independently in the 1950s by Imperial

Chemical Industries and Du Pont by the incorporation of PEO into PET.117,118 The synthesis

of PBT based copoly(ether ester)s has been studied intensively by Hoeschele and co-workers

(Du Pont).116,119,120 In analogy to the preparation of PBT121,122, the synthesis is accomplished

by a 2 step melt polycondensation of a mixture of dimethyl terephthalate, 1,4-butandiol, and a

low molecular weight polyether in the presence of a suitable catalyst (Scheme 1.1).

In the first step transesterification between dimethyl terephthalate and the diol

components occurs at ca. 200 °C under formation of a prepolymer. Usually an excess of 1,4-

butandiol is used to accelerate the formation of the pre-polymer. The released methanol from

the transesterification reaction is removed by distillation. Polycondensation proceeds in the

second step under release of 1,4-butandiol. Here the temperature is increased to ca. 250 °C

and vacuum is applied in order to distill of surplus 1,4-butandiol. The degree of

polymerization strongly depends on the complete removal of the formed 1,4-butandiol during

the second step, since the polycondensation reflects an equilibrium reaction. Usually

tetrabutyl orthotitanate is used as catalyst. More recent investigations show that mixtures of

tetrabutyl orthotitanate with lanthanide- and hafnium-acetylacetonate catalysts exhibit a

higher activity compared to pure tetrabutyl orthotitanate.123,124 In addition, the polymerization

time can be significantly reduced using this novel catalyst system.
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Scheme 1.1: Preparation of copoly(ether ester)s by a 2 step melt polycondensation.

Copoly(ether ester)s are multiblock copolymers with alternating hard and soft

segments along the polymer chain (Figure 1.8). In these materials the soft polyether chains act

as network chains, while the polyester hard segments form crystalline domains acting as

physical (thermoreversible) crosslinks. The high melting point of the polyester hard segment

(PBT, Tm = 220 °C) in combination with the low glass transition temperature of the polyether

soft segment (Tg ca. –60 °C) results in a rubber like behavior over a wide temperature range.
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Figure 1.8: Schematic representation of the multiblock structure of copoly(ether ester)s.

Commercially important are copoly(ether ester)s based on PBT hard segments. The

two main commercial grades are Hytrel® (Du Pont) and Arnitel® (DSM). The mechanical

properties can be adjusted by variation of the amount and block length of hard and soft

segments, which in turn creates a wide range of properties. PBT based copoly(ether ester)s

show good tear, fatigue, high abrasion and solvent resistance as well as very good low- and

high-temperature properties. Thus, these materials are used in applications where severe

requirements are demanded towards stiffness and strength at high and low temperatures. For

Arnitel grades the main market segments are: automotive (constant velocity joints, air bag

covers), hose and tube (hydraulic tubing, cover jackets for fire hoses), wire and cable (fiber

optic applications, steel cable sheaths, retractable coil cords for telephones), and film

(breathable films for sportswear, shoes, rainwear, etc.).

The morphology of PBT-PTMO based copoly(ether ester)s has been studied

intensively.116,119,125-129 It is generally assumed that the structure can be described by a two-

phase model consisting of a crystalline PBT hard phase and a mixed PBT-PTMO soft phase,

both being co-continuous (Figure 1.9).119,125,128,129 Because of the miscibility of PBT and

PTMO segments in the melt structure formation upon cooling is induced by crystallization,

resulting in the formation of the characteristic two-phase structure consisting of

interconnected PBT crystallites embedded in an amorphous matrix of mixed PBT and PTMO

segments.126,130 However, more recent studies utilizing solid-state NMR131 and

thermomechanical analysis132 demonstrate that the amorphous phase is not homogeneous, but

consists of a PTMO-rich phase and a PBT/PTMO mixed phase.

The structure of the crystalline polyester hard segment phase strongly depends on the

crystallization conditions. Different structures have been reported: next to lamellar128,133-135,

spherulitic125,127,136,137, dendritic125,136, and even shish kebab structures125.
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PBTc

amorphous
PBT/PTMO

Figure 1.9: Schematic representation of the two-phase structure of PBT-PTMO-based
copoly(ether ester)s (PBTc corresponds to crystalline PBT domains).128

The presence of a co-continuous PBT hard phase in PBT-PTMO based copoly(ether

ester)s causes a significant plastic deformation and hence minor elastic properties of these

materials especially upon relatively large elongations.138 Orientation studies revealed that

upon elongation, the soft segments orient parallel to the direction of the applied stress139,

whereas the crystalline hard segments orient transverse to the stress direction for small strain

values. Upon higher elongations the crystalline PBT segments orient parallel to the direction

of stress, which is connected with an irreversible disruption of the continuous crystalline hard

segment phase.140 This in turn results in the observed high plastic deformations especially at

high strains. Finally, after complete reorientation of the crystalline PBT phase the stress is

submitted through the continuous soft segment phase, until it breaks.

The general idea is that the elasticity of copoly(ether ester)s can be improved by

changing the continuous PBT hard phase to a dispersed phase (Figure 1.10). This can be

achieved by increasing the incompatibility of the hard and soft segments, as was demonstrated

in thermoplastic polyurethanes141,142, and in strongly phase separated copoly(ether ester

aramides)143.

In this work (cooperation with DSM Research, Geleen) the incorporation of hydroxy

telechelic hydrogenated polybutadiene soft segments (HO-PEB-OH, KRATON® liquid

Polymer HPVM-2203 (Shell)) into PBT based copoly(ether ester)s in order to improve the

elasticity of common PBT-PTMO based systems has been investigated. The high

incompatibility of the nonpolar PEB segments should result in an extreme phase separation

between the PEB and the PBT segments in the melt, and thus in a dispersed PBT hard phase,

even for high PBT contents. However, the incorporation of polyolefinic soft segments into
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copoly(ether ester)s is limited due to macrophase-separation during the melt polycondensation

process. This was shown for poly(butylene terephthalate)-block-polyisobutylene segmented

block copolymers with polyisobutylene soft segments.144,145 Due to the high incompatibility

of polyisobutylene with the polar reactants dimethyl terephthalate and 1,4-butandiol phase-

separation occurs during the melt polycondensation, resulting in a very poor incorporation of

the soft segment. The macrophase-separation can be reduced to some extent by using high

boiling solvents like m-cresol and 1,2,4-trichlorobezene, which are good solvents for PBT and

polyisobutylene. The solvent is removed together with surplus 1,4-butandiol in the

polycondensation step by applying vacuum during polymerization. Nevertheless,

incorporation of polyisobutylene is incomplete, which in turn results in poor mechanical

properties.

A B

Figure 1.10: Schematic representation of a continuous (A) and a dispersed (B) crystalline
hard phase.

The approach used in this work to avoid macrophase-separation implies the chain

extension of HO-PEB-OH (Mn = 3600 g/mol) with ethylene oxide by means of anionic ring-

opening polymerization to yield the corresponding PEO-b-PEB-b-PEO triblock copolymers.

The polar PEO blocks are expected to act as compatibilizer between the nonpolar PEB block

and the polar PBT segments, thus resulting in a homogeneous reaction mixture during melt

polycondensation. Several PEO-b-PEB-b-PEO triblock copolymers with varying PEO block

length have been synthesized and successfully incorporated into PBT-based copoly(ether

ester)s.146 Copoly(ether ester)s with PBT contents below 45 wt-% and PEO-b-PEB-b-PEO

triblock copolymers exhibiting a PEO block length < 1400 g/mol show a clear melt during

melt polycondensation. This demonstrates, that the PEO blocks efficiently act as

compatibilizer between the nonpolar PEB blocks and the polar PBT segments. The
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comparatively high molecular weight of the PEO-b-PEB-b-PEO soft segments (Mn = 5300 –

8600 g/mol) results in an increased average PBT hard segment length, compared to the case

of conventional PBT-PTMO-based copoly(ether ester)s with an average Mn of the PTMO soft

segment between 1000 and 2000 g/mol, assuming similar PBT contents. This in turn results in

a comparatively higher melting point of the PBT hard segments (Tm = 190 – 220 °C) in PEO-

b-PEB-b-PEO based copoly(ether ester)s.

Dynamic shear experiments in combination with small-angle X-ray scattering (SAXS)

reveal that crystallization of the PBT hard segments occurs from a microphase-separated

melt.147 This in turn results in the formation of a dispersed PBT hard phase, as is

demonstrated by transmission electron microscopy (TEM) and scanning force microscopy

(SFM). As an example the TEM micrograph of PBT30-1380 is shown in Figure 1.11.

Because of the used staining technique (RuO4), the crystalline PBT domains remain unstained

and appear as bright regions, which are clearly dispersed within the matrix of the PEO-b-

PEB-b-PEO soft segment.

0.5 µm

Figure 1.11: TEM micrograph of PBT30-1380 (30 wt-% PBT. Mn(PEO) = 1380 g/mol)
stained with RuO4 vapor, showing dispersed crystalline PBT domains.

The microphase structure has been investigated in more detail applying differential

scanning calorimetry (DSC) and dynamic mechanical analysis (DMA).147 The results indicate

a pronounced microphase separation in the soft segment phase, exhibiting a pure microphase

separated PEB phase. This is reflected by the observation of a glass transition temperature at

ca. –60 °C, which is independent of composition. In addition, glass transition temperatures

attributable to a mixed amorphous PEO/PBT phase and a pure amorphous PBT phase are

visible. Besides the melting temperature of the PBT hard segments a low temperature melting
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endotherm is observed for the PEO blocks, indicating the presence of a PEO rich phase,

enabling crystallization of PEO. Thus, from the combination of results obtained by DSC and

DMA a structure model can be proposed as depicted in Figure 1.12. The copoly(ether ester)s

with PEO-b-PEB-b-PEO triblock copolymer soft segments consist of a crystalline PBT phase

and an amorphous phase, which can be divided into a pure PEB phase, a PEO-rich phase

besides a mixed PEO/PBT phase, and a pure amorphous PBT phase. However, the existence

of a pure amorphous PBT phase and a mixed amorphous PEO/PBT phase cannot be proven

from the performed DMA experiments. To provide more evidence for the proposed different

phases, the PEB containing copoly(ether ester)s have been studied in more detail at DSM

Research using solid-state NMR.

crystalline
PBT

amorphous
PBT

mixed
PBT/PEO

PEO
rich

pure 
PEB

Figure 1.12: Schematic representation of the proposed structure of copoly(ether ester)s with
PEO-b-PEB-b-PEO soft segments.

Solid-state NMR is a powerful tool to study the microphase structure of polymers.148

NMR relaxation experiments are of special interest, since relaxation times are highly sensitive

towards differences in chain mobility, and thus provide information about morphological

changes. A combination of 13C inversion recovery cross-polarization measurements (IRCP),

proton-T1ρ relaxation experiments, and investigations on PEB based copoly(ether ester)s with

selectively deuterated PBT segments using 2H-solid-state echo and inversion recovery-T1

techniques has been applied to confirm the structure model proposed from DSC and DMA

investigations.149

The IRCP experiment distinguishes between carbons with high and low mobility. This

enables the study of the molecular mobility of the hard and soft segments within PEB-based

copoly(ether ester)s. The experiment is composed of two contiguous parts. The first part is a

classical cross-polarization step, during which magnetization is transferred from protons to

carbons for a contact time τ1 in order to enhance the 13C signal. In the subsequent step (τ2) the

carbon magnetization is inverted. The rate of this inversion is determined by the cross-

polarization dynamics. The cross-polarization rate depends on the strength of the magnetic

dipole-dipole coupling between 13C and 1H spins, which in turn is affected by molecular

motions. For rigid segments showing slow motions, the cross-polarization is relatively fast.

On the contrary, in the case of fast motions the cross-polarization is a relatively slow process.
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Therefore, it can be expected that the magnetization of the crystalline PBT hard segments

inverts faster than that of the PEO and PEB segments in the soft phase (Figure 1.13).

τ1 τ2

Figure 1.13: Magnetization build-up and decay during an IRCP experiment.

As an example, the results from IRCP investigations will be described for the PEO

segments in the following.149 The IRCP measurements show that the PEO resonance is

actually composed of two parts, exhibiting different inversion times. This is contributed to

PEO segments showing different mobility. The resonance that inverts faster is attributed to an

amorphous PEO-rich phase exhibiting a higher mobility. The resonance with a higher

inversion time corresponds to a mixed amorphous PEO/PBT phase, reflecting a restricted

mobility due to partial mixing with the more rigid PBT segments (Tg ca. 50 °C).

In summary, the IRCP results indicate that the amorphous phase is composed of a

highly mobile PEO-rich phase, a PEO/PBT mixed phase, and a pure PEB phase. This

assignment is in agreement with the DSC and DMA results and has been further underlined

by 1H-τ1ρ relaxation experiments and 2H-solid-state echo measurements on copoly(ether

ester)s with selectively deuterated PBT segments.149 However, from these experiments it is

not possible to prove the existence of a pure amorphous PBT phase, as was concluded from

the observation of a glass transition temperature at ca. 50 °C.147 Therefore, additional

inversion-recovery solid state deuterium NMR investigations on deuterated PBT and

copoly(ether ester)s with selectively deuterated PBT segments have been performed, and

confirm the presence of a pure amorphous PBT phase in PEB-based copoly(ether ester)s with

relatively high PBT contents.
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Morphological investigations show that the nonpolar PEB segments in copoly(ether

ester)s with PEO-b-PEB-b-PEO triblock copolymer soft segments induce a pronounced

microphase-separation within the soft segment phase. This results in the formation of a

dispersed PBT hard segment. This in turn is expected to improve the elasticity of these

materials compared to the case of conventional PBT-PTMO-based copoly(ether ester)s

exhibiting a continuous PBT hard phase. Mechanical testing reveals a significantly improved

elastic recovery for the copoly(ether ester)s based on PEO-b-PEB-b-PEO soft segments.147 As

an example, the stress-strain traces obtained for a PEB-based copoly(ether ester) with

20 wt-% PBT (PBT20-1000) and a PTMO-based copoly(ether ester) (PBT1000/50) are

compared in Figure 1.14. It can be clearly deduced, that the elastic recovery is significantly

improved by changing the continuous PBT hard phase in PBT1000/50 to a dispersed hard

phase in PBT20-1000.
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Figure 1.14: Comparison of hysteresis measurements for PBT20-1000 (20 wt-% PBT,
Mn(PEO) = 1000 g/mol) and PBT1000/50 (50 wt-% PBT, Mn(PTMO) =
1000 g/mol), a PBT-PTMO-based copoly(ether ester) exhibiting a continuous
PBT hard phase.
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1.5 ABA and ABC Triblock Copolymers

The discovery of TPEs based on PS-b-PB-b-PS and PS-b-PI-b-PS triblock copolymers

was initiated by the development of alkyllithium initiators for the anionic living

polymerization of isoprene in nonpolar solvents, which yields polyisoprene with a high

cis-1,4 content.150 The synthesis of PS and PB containing block copolymers using

alkyllithium initiators was first described in 1957151, however, at this time these polymers

were not recognized as TPEs. At that time intensive studies on the melt rheology of

polybutadienes152 and polyisoprenes153 have been performed. Both show Newtonian behavior,

which in turn gives severe problems in their commercial manufacture and subsequent storage,

as they behave like very viscous liquids. To solve this problem, investigations on ABA block

copolymers with short polystyrene end blocks were made at Shell chemical research. It turned

out that these materials showed non-Newtonian behavior, i. e. their melt viscosities tended

toward infinity as the shear rate approached zero. In addition, tensile testing revealed

properties similar to those of conventional vulcanizates, i. e. high tensile strength, high

elongation at break, and rapid and almost complete recovery after elongation.154,155 These

unique mechanical properties have been attributed to a two-phase structure, arising from the

incompatibility of the polymer blocks (“domain theory”).156 The PS minority phase forms

dispersed domains (spheres or cylinders), acting as thermoreversible crosslinks, embedded in

the matrix of the PB or PI soft blocks.

The mechanical properties of PS-b-PI-b-PS and PS-b-PB-b-PS triblock copolymers

are mainly determined by the ratio of the PS hard phase to the PB or PI soft phase.1 An

increasing PS content results in an increased tensile modulus, whereby the tensile strength

remains nearly unchanged in the case of PS-b-PI-b-PS triblock copolymers. However, there is

a limiting value for the PS content arising from partial miscibility of the hard and soft

segments, if the PS content is getting too low. This leads to a substantial weakening of the

network strength, resulting in poor mechanical properties, i. e. low tensile strength and low

elongation at break. Systems with relative high PS contents (≥  40 wt-%) show a initial yield

point. This can be attributed to the fact that at these high PS contents the PS domains are no

longer isolated but show some interconnections. Successive break up of interconnected PS

domains upon elongation results in the observed yielding behavior, and in a poor elastic

recovery. In addition, the tensile modulus depends on the glass transition temperature of the

hard domains. Investigations on ABA triblock copolymers with poly(α-methyl styrene)



Chapter 1

28

(PmS) hard domains (Tg ca. 165 °C) show a significantly increased tensile modulus compared

to that of systems with PS hard domains (Tg ca. 105 °C) exhibiting a comparable

composition.157 There have been also investigations on poly(α-methyl styrene)-block-

poly(dimethyl siloxane)-block-poly(α-methyl styrene) (PmS-b-PDMS-b-PmS) triblock

copolymers, which are of special interest due to the thermal stability of the PDMS blocks.158

However, mechanical testing shows a significantly lower tensile strength compared to that of

PS-b-PI-b-PS triblock copolymers. This was attributed to the low interphase adhesion in the

PDMS-based triblock copolymers.

In ABA triblock copolymers the middle block chains can form loops or bridges

(Figure 1.15 A). In the loop both ends of the middle block chain are attached to the same A

microdomain, whereas in the bridge the two end blocks reside on different A microdomains.

The bridges contribute to the elastic properties of the material, whereas the loops in general

do not but decrease the elastic modulus.

A A
B

CA
B

CA
B

A B C

Figure 1.15: Schematic representation of the middle block chains in triblock copolymers.
(A) amorphous ABA triblock copolymers: loops and bridges; ABC triblock
copolymers with one (B) or two (C) semicrystalline end blocks: only bridges.

There have been several investigations on the loops to bridges population ratio in

ordered ABA triblock copolymers.159-164 Based on theoretical calculations, Matsen and co-

workers160,161 found a bridge fraction of φbridge ≅ 0.4, whereas Jones et al.162 assumed a value

of φbridge ≅ 0.63. Experimental investigations on the loops to bridges ratio in symmetrical PS-

b-PI-b-PS triblock copolymers were performed by Watanabe163 and Karatasos et al.164 using

dielectric relaxation spectroscopy. For compression-molded samples they found a bridge

fraction of φbridge ≅ 0.4. Based on Monte Carlo computer simulations using the Cooperative

Motion Algorithm (CMA) they determined an equilibrium bridge fraction of φbridge ≅ 0.5 –

0.37, depending on the molecular weight. In general, the population of bridges decreases with

increasing molecular weight of the ABA triblock copolymer.
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In terms of improving the elastic properties of common ABA-type thermoplastic

elastomers it would be favorable to increase the fraction of bridges, since loops do not

contribute to the elastic properties. ABC triblock copolymers offer a way to build

thermoplastic elastomers without any loops, if the A- and C-blocks are immiscible (Figure

1.15B, C). Since the immiscibility is a function of the product NACχAC, either strongly

incompatible components or a high degree of polymerization is necessary (NAC is the degree

of polymerization of the A- and C-block and χAC is the segmental interaction parameter

between the two species).165 However, a high incompatibility and/or a high molecular weight

are disadvantageous in view of processing, as they result in a comparatively high melt

viscosity. For polystyrene-block-polybutadiene-block-poly(methyl methacrylate) (PS-b-PB-b-

PMMA) triblock copolymers it was shown that a sufficient microphase separation between

the minority components PS and PMMA can only be achieved with a relatively high

molecular weight.41,166

One way to achieve high immiscibility at low molecular weights is the use of

semicrystalline block copolymers, since crystallization is a strong driving force for

microphase-separation. Investigations on polyethylene-block-poly(ethylene-alt-propylene)

(PE-b-PEP) diblock copolymers revealed that even for low molecular weights a microphase-

separated structure is obtained due to crystallization induced microphase-separation.71,72,167

Furthermore, the segmental interaction parameter between PE and PEP segments shows a

comparatively low value of χ = 0.007168 at 120 °C resulting in a homogeneous melt in a wide

composition range, which in turn is advantageous in view of processing.

Semicrystalline ABA type thermoplastic elastomers with polyethylene end blocks

have already been investigated with respect to their morphology and mechanical

properties.70,169-175 Morton and co-workers compared polyethylene-block-polyisoprene-block-

polyethylene (PE-b-PI-b-PE) and polyethylene-block-poly(ethylene-stat-butylene)-block-

polyethylene (PE-b-PEB-b-PE) triblock copolymers with polystyrene-based TPEs.171,173-175

The PE-based ABA triblock copolymers show better solvent resistance and exhibit a

homogeneous melt in the case of the PE-b-PEB-b-PE systems. Triblock copolymers with a PE

content ≤  30 wt-% show an elastomeric behavior with low plastic sets after elongation,

whereas systems with a higher PE content exhibit more plastic properties. Compared to ABA

triblock copolymers with glassy PS domains, the plastic deformations even for the systems

with 30 wt-% PE are higher especially at high strains. This was attributed to a weaker

resistance of the crystalline PE domains against distortion compared to the case of glassy PS



Chapter 1

30

domains. The Young’s modulus increases with increasing PE content, whereby the tensile

strength mainly depends on the molecular weight of the PE block. However, the identical end

blocks also result in loop formation as it is the case for polystyrene-based TPEs, thus limiting

the elastic properties.

In this thesis the morphology, thermal properties, and elasticity of ABC triblock

copolymers with one (Figure 1.15 B) or two (Figure 1.15 C) semicrystalline end blocks are

investigated. The influence of confinement on the morphology, crystallization behavior, and

self-nucleation properties is examined for PE-b-PEP-b-PEO triblock copolymers exhibiting

two different semicrystalline end blocks. The mechanical properties of PS-b-PEP-b-PE

triblock copolymers with one semicrystalline end block are compared to the corresponding

amorphous PS-b-PEP-b-PS triblock copolymers with comparable block contents. The

nomenclature of the triblock copolymers is AxByCz
M, with the subscripts x, y, and z denoting

the weight fraction of the corresponding block (in %), and M being the number averaged

overall molecular weight (in kg/mol).

1.5.1 PB-b-PI-b-PEO and PE-b-PEP-b-PEO Triblock Copolymers

The PE-b-PEP-b-PEO triblock copolymers have been synthesized by homogeneous

catalytic hydrogenation of the corresponding poly(1,4-butadiene)-block-poly(1,4-isoprene)-

block-poly(ethylene oxide) (PB-b-PI-b-PEO) triblock copolymers, the latter being synthesized

by sequential anionic polymerization.78,176,177 The anionic polymerization has been performed

in benzene using sec-BuLi as initiator in order to achieve a high degree of 1,4-addition for the

PB block, which in turn is a prerequisite to obtain the corresponding “pseudo polyethylene”

structure after hydrogenation. Usually polymerization of ethylene oxide in the presence of

lithium counterions is not possible due to the formation of strong lithium alkoxide

aggregates.178,179 However, polymerization of ethylene oxide can be achieved by using the

strong phosphazene base t-BuP4, as has been recently shown by Möller and co-workers.180-182

In this case the phosphazene base t-BuP4 forms a strong complex with Li+, resulting in a break

up of the strong lithium alkoxide aggregates, and thus enabling the polymerization of ethylene

oxide. Using this method, a one-pot synthesis of PB-b-PI-b-PEO triblock copolymers is

possible using sec-BuLi as initiator. In addition, the phosphazene base t-BuP4 was

successfully applied by other groups in the synthesis of PEO containing block copolymers
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using organolithium initiators.180,183-185 In contrast to the kinetic results given in the

literature181,182, we find an unexpected induction period involved in the synthesis of the PEO

blocks. Kinetic investigations, applying online FT-NIR spectroscopy, of ethylene oxide

homopolymerization with organolithium initiators reveals that the induction period depends

on reaction temperature, amount of added phosphazene base t-BuP4, type of organolithium

initiator, and the sequence of reactant addition (Chapter 3.4).186,187 An induction period is also

present in the synthesis of PS-b-PEO diblock copolymers, and has been additionally proven

by MALDI-ToF mass spectroscopy on samples taken during the polymerization of the PEO

block in a low molecular weight PS-b-PEO diblock copolymer (Chapter 3.4). The induction

period decreases with increasing reaction temperature and amount of added phosphazene

base. This points to an association-dissociation pre-equilibrium, which might be responsible

for the observed induction period, since the phosphazene base t-BuP4 has first to break up the

strong lithium alkoxide aggregates in order to enable ethylene oxide polymerization.

However, experiments using an altered sequence of reactant addition and sequential ethylene

oxide addition reveals that dissociation of the strong lithium alkoxide aggregates by

complexation of Li+ with t-BuP4 is not the only factor which contributes to the observed

induction period. Chain length effects arising from the complexation properties of PEO and/or

a contribution of ethylene oxide itself in the formation of the active center might also be

responsible for the induction period.

Thermal analysis utilizing differential scanning calorimetry (DSC) reveals a strong

influence of the confinement active during crystallization on the crystallization and self-

nucleation behavior of the PEO and PE blocks within PE-b-PEP-b-PEO triblock

copolymers.78,177 Applying the self-nucleation technique developed by Fillon et al.,188 more

detailed information on the crystallization behavior of the two crystalline end blocks and the

influence of confinements can be obtained. Self-nucleation consists of the partial melting of

an initial crystalline “standard” state of the polymer at a given self-nucleation temperature

(Ts). Upon subsequent cooling recrystallization takes place, using as nuclei the

crystallographically “ideal” nuclei which are produced during partial melting, i. e. self-nuclei

or crystal fragments of the same polymer under considerations. In a crystallizable

homopolymer usually three different domains of self-nucleation can be defined. In domain I,

or complete melting domain, crystallization always takes place at the same temperature.

Domain II (self-nucleation domain) represents a Ts range, where the concentration of

remaining crystal fragments varies dramatically with Ts. Small variations in Ts result in
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significant shifts of the crystallization peak to higher temperatures. In domain IIISA (SA stands

for self-nucleation and annealing) incomplete melting takes place, which is directly linked to

the occurrence of considerable annealing of the remaining crystalline material. However, for

block copolymers the situation might be different, especially for systems where the

crystallizable block is confined into small isolated microdomains. It has been observed, that

domain II vanishes completely in polystyrene-block-polybutadiene-block-poly(ε-

caprolactone) (PS-b-PB-b-PCL) and PS-b-PE-b-PCL triblock copolymers exhibiting low PE

and PCL contents.83,189,190 This results directly from the confinement of the crystallizable

blocks within small isolated microdomains.

Because of the strong incompatibility of the polar PEO segments with respect to the

other block components, the crystallization of PEO is confined into isolated microdomains in

PB-b-PI-b-PEO and PE-b-PEP-b-PEO triblock copolymers. The morphology of the

synthesized PE-b-PEP-b-PEO triblock copolymers has been investigated using transmission

electron microscopy (TEM) and scanning force microscopy (SFM).78,177 As an example the

TEM micrograph of E11EP71EO18
123, obtained by catalytic homogeneous hydrogenation of the

corresponding precursor B11I70EO19
120 using Wilkinson catalyst, is shown in Figure 1.16.

250 nmRuO4

Figure 1.16: TEM micrograph of E11EP71EO18
123 stained with RuO4.
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The use of RuO4 results in a preferential staining of the amorphous PEP and PEO

segments. Thus, the crystalline PEO domains (thin sections were cut at –130 °C) appear

bright and exhibit a distorted spherical structure, which clearly shows the confinement of the

PEO blocks within isolated PEO domains. The crystalline PE domains, which are expected to

be located in between the amorphous PEP phase, cannot be visualized using RuO4 staining.

As a result of confinement, large supercoolings are necessary to induce crystallization of PEO

in PB-b-PI-b-PEO and PE-b-PEP-b-PEO triblock copolymers with PEO contents < 30 wt-%

and < 20 wt-%, respectively. The observed crystallization temperatures of -20 to -25 °C are

significantly lower compared to the crystallization temperature observed in PEO

homopolymer (Tc ca.  40 °C).83 This is a direct result from the huge number density of PEO

microdomains (≈  1016 spheres/cm3 or ≈  1014 cylinders/cm3 assuming a spherical or

cylindrical PEO microdomain)78 compared to the number density of heterogeneous nuclei

usually present in PEO homopolymer (≈ 105 nuclei/cm3, for a spherulite radius of 100 µm)79.

Consequently, crystallization of PEO cannot proceed via heterogeneous nucleation. The

observed large supercoolings necessary for crystallization of PEO within isolated

microdomains might arise from weakly nucleating heterogeneities within the PEO phase,

surface nucleation of the interphase, or homogeneous nucleation. The absence of domain II

(self nucleation domain) in self-nucleation experiments191 combined with the fact that the

crystallization temperatures observed for homogeneous nucleation in PEO containing block

copolymers (Tc ≈  -40 °C)82 are significantly lower compared to the detected values (Tc ca. –

20 °C) point to a nucleation of the interphase. This absence of domain II is a direct result of

the confined PEO crystallization within isolated microdomains. To induce self-nucleation of

the confined PEO segments a high concentration of self-seeding nuclei is necessary.

Therefore, Ts has to be lowered well into domain IIISA, where already annealing takes place,

in order to provide a sufficiently high concentration of self-seeds. In addition, a strong

influence of Wilkinson catalyst ((Ph3P)3Rh(I)Cl) residues in the non-purified triblock

copolymers, arising from the hydrogenation reaction, has been observed. In PE-b-PEP-b-PEO

triblock copolymers (PEO content < 20 wt-%) the crystallization temperature of the strongly

confined PEO blocks exhibits a shift to higher temperatures (Tc ca. 20 °C), which can be

attributed to a nucleating property of the Wilkinson catalyst residues. This is also connected

to a change in the self-nucleation behavior, since in the non-purified triblock copolymers all

three self-nucleation domains are visible.191 Increasing the PEO content to approximately

40 wt-% in B19I39EO42
135 and E19EP40EO41

138 results in a fractionated crystallization, whereby

the main PEO fraction crystallizes at temperatures comparable to those observed in PEO



Chapter 1

34

homopolymers (Tc ≈  20/40 °C, double exotherm), thus resembling a heterogeneous

nucleation mechanism. Because of the increasing PEO content, most PEO blocks are no

longer confined into small isolated PEO microdomains, as is revealed by the lamellar and

cylindrical PEO microdomains observed in B19I39EO42
135 and E19EP40EO41

138, respectively.78

However, a minor PEO fraction still crystallizes at comparatively low temperatures (Tc ≈ 

-20 °C). This might be attributed to the fact, that still small isolated PEO microdomains are

present in the system, as the samples were not subjected to annealing prior to the DSC

investigations, i. e. the morphologies are not perfectly ordered. Self-nucleation experiments

reveal that for the PEO fraction crystallizing in the high temperature exotherm all three self-

nucleation domains can be detected. In contrast, the PEO fraction crystallizing in the low

temperature exotherm exhibits a similar behavior compared to the PEO blocks in PE-b-PEB-

b-PEO with PEO contents < 20 wt-%, i. e. domain II vanishes.

For the PE blocks the situation is different. Due to the low segmental interaction

parameter between PEP and PE segments of χ = 0.007168 at 120 °C crystallization of PE is

expected to occur from a homogeneous mixture of PE and PEP segments. This in turn should

result in a continuous crystalline PE domain, consisting of interconnected PE crystallites.

Figure 1.17 shows the TEM micrograph of E19EP40EO41
138, which was obtained by

hydrogenation of the corresponding B19I39EO42
135 precursor with p-toluenesulfonyl hydrazide.

125 nmOsO4

Figure 1.17: TEM micrograph of E19EP40EO41
138. The triblock copolymer contains 30%

residual double bonds within the PEP block, which were selectively stained
with OsO4.
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Because of the used hydrogenation method, the PEP block contains ca. 30% residual

olefinic double bonds, which can be selectively stained using OsO4. As a consequence, the

crystalline PE and PEO domains appear bright (Figure 1.17). The PE block forms a hexagonal

array of interconnected PE crystallites, surrounding the crystalline PEO cylinders, both

embedded in a matrix of the selectively stained PEP block. This phase assignment has been

derived by comparison of TEM images showing different projections with respect to the PEO

cylinder long axis in combination with TEM investigations of the completely hydrogenated

E19EP40EO41
138 triblock copolymer.78 The hexagonal array of PE crystallites show strong

distortions, but interconnections between several PE crystallites are still clearly visible.

In conclusion, crystallization of PE is not confined into small isolated microdomains,

since it occurs from a homogeneous mixture of PEP and PE segments in the melt, resulting in

the formation of a continuous crystalline PE phase. In addition, a continuous crystalline PE

phase is also observed in SFM investigations on thin films, prepared from toluene solutions.78

However, in this case the formation of a continuous PE phase is found to be partially induced

by gelation of the polymer solution upon film preparation. The lack of confinement is directly

reflected in the crystallization behavior of the PE blocks within PE-b-PEP-b-PEO triblock

copolymers. Triblock copolymers with ca. 20 wt-% PE exhibit crystallization temperatures at

about 65 to 72 °C78 reflecting a heterogeneous nucleation mechanism, since the observed

values are very close to the crystallization temperature of ca. 73 °C83 detected in a

hydrogenated polybutadiene of similar branching content. In addition, regardless of the low

PE content in the investigated PE-b-PEP-b-PEO triblock copolymers (10 - 25 wt-%) all three

self-nucleation domains can be located for the PE blocks.191

Mechanical testing reveals poor mechanical properties for the PE-b-PEP-b-PEO

triblock copolymers, exhibiting elongations at break below 100%. This might be attributed to

the hindered crystallization of PEO in systems with PEO contents below 20 wt-% (Tc ca.

-20 °C). However, cooling of the sample to –30 °C over night in order to induce PEO

crystallization results only in an increased Young’s modulus and shows no improvement with

respect to the elongation at break. Also E19EP40EO41
138 shows a comparatively low elongation

at break, despite the fact that here PEO crystallization can take place well above room

temperature. In addition, the continuous crystalline PE phase, observed by TEM and SFM

investigations, might also contribute to the poor mechanical properties, as it is expected to be

easily disrupted upon elongation. From these results, it might be concluded that two different

crystalline end blocks, here PE and PEO, are not favorable with respect to good mechanical

properties, i. e. high elongation at break, and low plastic deformation.
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One problem encountered in PE-b-PEP-b-PEO triblock copolymers is the hindered

crystallization of the strongly confined PEO blocks for PEO contents below 20 wt-%. As a

result, large supercoolings (Tc ca. –20 °C) are necessary in order to induce PEO crystalli-

zation. It is well known that PEO homopolymers can form well-defined complexes with low

molecular weight components like p-nitrophenol (PNP) and resorcinol (RES), resulting in an

increase of both melting and crystallization temperatures.192-195 Investigations on PEO/PNP

complexes with a molar ratio of ethylene oxide (EO) units to PNP units of 3/2 (Mn(PEO) ca.

6000 g/mol) showed that these complexes can be isothermally crystallized at temperatures

well above room temperature and exhibit a melting temperature range of 75 – 95 °C,

depending on the crystallization temperatures employed.195 To check the applicability of these

molecular complexes for increasing the melting and crystallization temperature of the PEO

block within PE-b-PEP-b-PEO triblock copolymers, a complex between the PEO end block in

E24EP57EO19
69 and PNP (molar ratio EO/PNP = 3/2) has been prepared from toluene

solution.196 DSC investigations show that upon cooling at 10 °C/min only the PE blocks are

able to crystallize, whereas no crystallization exotherm attributable to the PEO-block/PNP

complex can be detected. Upon subsequent heating at about 20 °C a cold crystallization

exotherm is observed for the PEO-block/PNP complex. The melting transition of the PEO-

block/PNP complex shows a shift of approximately 30 °C to higher temperatures compared to

that of the neat PEO block within the copolymers, as is extracted from self-nucleation

experiments. In addition, an increased capability for self-nucleation of the PEO block is

produced by the complexation with PNP. In contrast to the PEO block in the neat triblock

copolymer, where domain II vanishes completely191, all three self-nucleation domains are

clearly observed for the PEO-block within the E24EP57EO19
69/PNP complex.196 Similar results

are obtained by complexation of the same PE-b-PEP-b-PEO triblock copolymer with

resorcinol.
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1.5.2 PS-b-PI-b-P(S/B) and PS-b-PEP-b-P(S/E) Triblock Copolymers

PS-b-PEP-b-P(S/E) triblock copolymers have been synthesized by homogeneous

catalytic hydrogenation of the corresponding precursor PS-b-PI-b-P(S/B) triblock copolymers

using Wilkinson catalyst ((Ph3P)3Rh(I)Cl).176,197 The synthesis of PS-b-PI-b-PS and PS-b-PI-

b-PB triblock copolymers has been accomplished by sequential anionic polymerization in

benzene using sec-BuLi as initiator. The combination of two laboratory autoclaves allows the

synthesis of two ABC triblock copolymers, having identical A- and B-blocks, here PS and PI,

respectively. The solution of the living PS-b-PI precursor has been divided into two parts.

Subsequent addition of equivalent amounts of styrene to one part of the living PS-b-PI

precursor, and butadiene to the second part results in the formation of the corresponding PS-

b-PI-b-PS and PS-b-PI-b-PB triblock copolymers with identical block content. Polymerization

of butadiene and isoprene in benzene, using sec-BuLi as initiator, results in a high degree of

1,4-addition, which especially for butadiene is indispensable to get a semicrystalline PE block

after hydrogenation. Comparable compositions of the hydrogenated PS-b-PEP-b-PS and PS-

b-PEP-b-PE triblock copolymers are important for the comparison of mechanical properties,

since differences in composition might also result in different mechanical properties.

Thermal analysis of PS-b-PEP-b-PE triblock copolymers utilizing DSC and dynamic

mechanical analysis (DMA) reveals a glass transition for the PS block and a melting

endotherm for the PE block, even for small end block contents (< 20 wt-%), reflecting a

strong microphase-separation. In the case of the PE block, microphase-separation is induced

by crystallization, since PEP and PE segments are miscible in the melt due to their low

segmental interaction parameter of χ = 0.007 at 120 °C.168 Thus, PS-b-PEP-b-PE triblock

copolymers exhibit a two-phase melt rather than a three-phase melt compared to amorphous

ABC triblock copolymers with strongly incompatible block components. This in turn is

advantageous in view of processing, since a two-phase melt exhibits a lower melt viscosity

compared to a three-phase melt, assuming comparable molecular weights.

The morphology of the synthesized PS-b-PEP-b-P(S/E) triblock copolymers has been

investigated using scanning electron microscopy (SEM), transmission electron microscopy

(TEM), and scanning force microscopy (SFM), both on solution-cast samples and

compression molded samples.176,197,198 Because of problems involved in the staining of PS-b-

PEP-b-PE triblock copolymers, the crystalline PE domains cannot be visualized using

conventional electron microscopy techniques. This problem can be solved using SFM. The
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large differences in stiffness between amorphous and crystalline domains makes SFM the

ideal tool for investigating semicrystalline-amorphous block copolymers, without the need of

special sample preparation. Investigations on compression-molded samples are of special

interest, since samples for tensile testing are prepared in an identical manner. As an example,

the SFM phase contrast image obtained from a thin film of S14EP64E22
122, cast from toluene

solution, is depicted in Figure 1.18A.

A

500 nm 500 nm

B

Figure 1.18: SFM phase contrast images: (A) thin film of S14EP64E22
122 prepared by spin-

coating from a 5 mg/ml solution in toluene (z range = 50°); (B) S13EP57E30
112

prepared by compression-molding, measurement was performed on a smooth
cut surface (z range = 15°).

From the phase contrast image three different phases can be distinguished. The bright

appearing (high phase shift) dot- and worm-like structures correspond to PS cylinders, which

are located in between less bright appearing PE crystallites (elongated domains with rough

boundaries), viewed edge on. The PE crystallites are strongly interconnected and form a

network of crystalline PE lamellae. The third phase, appearing dark in the phase contrast

image, corresponds to the PEP blocks, as the amorphous PEP is expected to show a low phase

shift due to its low glass transition temperature. This phase assignment has been proven by

selective swelling of PS domains with toluene vapor in combination with SEM

investigations.197 Furthermore, the cylindrical PS domains are obviously distorted. As during

film preparation the PE crystallizes before solidification of the PS cylinders (the PE blocks

exhibit a low solubility in toluene), the latter have to cope with the confined geometry given

by the network of interconnected PE crystallites, resulting in the observed distortion of the PS

domains.
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Figure 1.18B shows the SFM phase contrast image of S13EP57E30
112, prepared by

compression-molding. Again three different phases can be distinguished, as in the case of the

solution-cast film of S14EP64E22
122 (Figure 1.18A). Thus, the bright appearing dot- and worm-

like structures can be attributed to PS cylinders in a matrix of the darker appearing PEP block.

The third, less bright appearing phase, corresponds to crystalline PE domains. Compared to

the solution cast film of S14EP64E22
122 (Figure 1.18A) the PE crystallites in the compression

molded S13EP57E30
112 (Figure 1.18B) are significantly smaller in length, despite the higher PE

content, and exhibit a more distorted structure. In contrast to the film preparation from

solution, the PS solidifies first upon cooling from the melt due to its higher glass transition

temperature of ca. 100 °C compared to the crystallization temperature of the PE block of ca.

60 °C.197,198 As a result of the already existing glassy PS domains, the PE blocks have to cope

with the confined geometry given by the PS cylinders upon crystallization.

To check the assumption that a suppressed loop formation in PS-b-PEP-b-PE triblock

copolymers leads to an improved elastic recovery compared to PS-b-PEP-b-PS triblock

copolymers, hysteresis measurements have been performed.176,197,198 Figure 1.19 shows a

comparison of plastic deformations (εplast) for various PS-b-PEP-b-PS and PS-b-PEP-b-PE

triblock copolymers with comparable block contents. For elongations < 300% the PS-b-PEP-

b-PE triblock copolymers reveal significantly smaller plastic sets compared to those of the

corresponding PS-b-PEP-b-PS triblock copolymers. This might result from the suppressed

loop formation in PS-b-PEP-b-PE triblock copolymers due to the strong incompatibility of the

end blocks. However, it has to be taken into account that the morphologies of the PS-b-PEP-

b-PS and PS-b-PEP-b-PE triblock copolymers are not identical. For higher strains the

situation is reversed and the PS-b-PEP-b-PS triblock copolymers exhibit better elastic

properties. Obviously, the glassy PS domains show a stronger resistance against distortion

compared to crystalline PE domains, especially at high strains.

Comparison of PS-b-PEP-b-PE triblock copolymers with identical PS content but

varying PE content reveals an improved elastic recovery for the triblock copolymers with

lower PE content. The same accounts for the PS content if triblock copolymers with the same

PE content but varying PS content are investigated.198
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Figure 1.19: Comparison of plastic deformations (εplast) obtained from hysteresis
measurements on PS-b-PEP-b-PS and PS-b-PEP-b-PE triblock copolymers
with comparable block contents.

In conclusion, mechanical testing shows that PS-b-PEP-b-PE triblock copolymers

exhibit a significantly improved elastic recovery compared to PS-b-PEP-b-PS triblock

copolymers for small elongations. This proves the idea that a suppression of loops in ABA

triblock copolymers by switching to ABC triblock copolymers with one semicrystalline end

block results in improved elastic properties. However, especially for high strains the PS-b-

PEP-b-PS triblock copolymers exhibit superior elastic recovery. This might be attributed to a

weaker resistance of crystalline PE domains against distortion, compared to glassy PS

domains.
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2 Experimental Part

2.1 Materials

The used chemicals and the purification of solvents and monomers for anionic

polymerization can be found in the experimental sections of the corresponding publications

(Chapter 3). The used materials and purification procedures for the synthesis of copoly(ether

ester)s with PEO-b-PEB-b-PEO triblock copolymer soft segments are given in Chapter 3.1.

Information about purification of solvents and monomers for the anionic synthesis of PB-b-

PI-b-PEO and PS-b-PI-b-P(S/B) triblock copolymers are described in Chapter 3.2 and

Chapter 3.3, respectively.

2.2 Synthesis of Copoly(ether ester)s

2.2.1 Synthesis of PEO-b-PEB-b-PEO Triblock Copolymers

The synthesis of poly(ethylene oxide)-block-poly(ethylene-stat-butylene)-block-

poly(ethylene oxide) (PEO-b-PEB-b-PEO) triblock copolymers was accomplished by anionic

ring opening polymerization of ethylene oxide in tetrahydrofuran using HO-PEB-OH (Mn =

3600 g/mol; KRATON Liquid polymer HPVM-2203, Shell) as macroinitiator. The HO-PEB-

OH precursor was purified prior to reaction by freeze drying in benzene for 3 to 4 times,

followed by drying in vacuum (10-4 – 10-5 mbar) at 60 °C for 2 - 3 d. Polymerizations were

carried out in an upscaling plant equipped with thermostated laboratory autoclaves (BÜCHI, 1

– 3L) under inert atmosphere (Figure 2.3). First a ca. 0.04 M solution of the HO-PEB-OH

precursor in dry tetrahydrofuran was prepared by condensation of tetrahydrofuran, which was

purified in advance over sec-BuLi, onto HO-PEB-OH using a vacuum line. This solution was

transferred into the polymerization reactor via syringe or a glass ampoule. Reactivation of the

terminal hydroxy groups of HO-PEB-OH for anionic ring opening polymerization of ethylene

oxide was accomplished by titration with a 0.5 M solution of potassium naphthalide at 35 °C

in tetrahydrofuran to yield the corresponding bifunctional macroinitiator KO-PEB-OK

(Scheme 2.1). The intensive green color of potassium naphthalide allows a very precise end-

point determination which is indispensable in order to avoid the formation of homo-PEO
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during ethylene oxide polymerization initiated by excess potassium naphthalide. The titration

was stopped after the slight green color of excess potassium naphthalide remains for at least

45 min. After addition of ethylene oxide at 0 °C the polymerization was carried out at 55 °C

for 3 – 4 d. The reaction temperature has to be kept above 50 °C, as polymerization at lower

temperatures results in triblock copolymers with a bimodal molecular weight distribution.

After complete conversion the reaction was terminated with degassed mixture of acetic acid

and methanol (5 : 1 by vol.). Purification of the triblock copolymers was accomplished by

extraction with water, followed by precipitation in petrol ether (bp 40 - 60 °C, Mn(PEO) >

1400 g/mol) or acetone at –30 °C (Mn(PEO) < 1400 g/mol).

Due to the strong association of potassium alkoxides the concentration of active

centers had to be kept below 1·10-2 M in order to avoid gelation of the reaction mixture. The

gelation of higher concentrated solutions can be avoided by using cryptands like C222 which

effectively complex the potassium cation. However, the use of cryptands resulted in no

significant improvement of the molecular weight distribution of the triblock copolymers.

The used potassium naphthalide solutions were prepared by reaction of potassium with

naphthalene in tetrahydrofuran at room temperature under a dry nitrogen atmosphere. The

solutions can be stored in a freezer for several weeks without significant decomposition.

Concentrations were determined by titration. For this purpose 1 ml of the potassium

naphthalide solution was hydrolyzed in a mixture of 10 ml distilled water and 20 ml

tetrahydrofuran. Titration was carried out with a 0.1 N aqueous HCl solution against

phenolphthalein.

THF, 35 °C

K

THF, 55 °C, 3 d

2) MeOH/AcOH

O1)

n

HO
OH

n
KO

OK

n

O
O

H
O

O
H

m m

Scheme 2.1: Synthesis of PEO-b-PEB-b-PEO triblock copolymers by chain extension of
HO-PEB-OH with ethylene oxide.
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2.2.2 Melt Polycondensation

Melt polycondensation was performed in a home-built apparatus, the used setup is

illustrated schematically in Figure 2.1. In order to ensure an optimal heat transfer from the

aluminum block to the reactor, the hole is filled with a low melting alloy (Woods metal). The

stirrer (glass or metal) is constructed in a way that the distance between the leaves of the

stirrer and the reactor wall is as small as possible in order to ensure an effective mixing of the

highly viscous melt. Using this setup polymerizations in a 5 - 20 g scale are possible.

°C vacuum/N2

1

2

3
4

Figure 2.1: Schematic setup for melt polycondensation. 1) heating plate; 2) aluminum
block, hole filled with Woods alloy for improved heat transfer; 3) glass reactor
for polymerizations in 5 - 20 g scale; 4) electronic thermometer.

The synthesis of copoly(ether ester)s was accomplished using a common two step melt

polycondensation procedure (Scheme 2.2). In the first step (transesterification) a mixture of

PEO-b-PEB-b-PEO triblock copolymer, dimethyl terephthalate, 1,4-butandiol (50% molar

excess with regard to the methyl ester units), a phenolic antioxidant, and tetrabutyl

orthotitanate (1.42 mmol/kg polymer) as a solution in 1,4-butandiol was heated under

nitrogen for 1 h to 190, 210, and 220 °C, respectively, in order to distill off the methanol. The

catalyst solution in 1,4-butandiol was prepared directly before addition to the reaction mixture

under an inert nitrogen atmosphere. In the subsequent polycondensation step the temperature

was raised stepwise to 230 °C for 1h and 250 °C for 1.5 h, and vacuum (2 - 5·10-2 mbar) was
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applied after reaching 230 °C in order to remove excess 1,4-butandiol. As the viscosity of the

reaction mixture increases rapidly after vacuum is applied, the melt was first stirred at 230 °C

for 15 – 30 min under nitrogen to obtain a better mixing. For the synthesis of copoly(ether

ester)s with selectively deuterated PBT segments 2,2,3,3,-d4-butandiol was used.

HO-(CH2)4-OH

OMe

MeO

O

O
+

1) 190 - 220 °C, N2

2) 230 -250 °C, 2 - 5 .10-2 mbar
Ti(OBu)4

n

O
O

H
O

O
H

m m

O

OO

O

(CH2)4 O

O

O

O

O
O

O
nm m-1

x y

Scheme 2.2: Synthesis of copoly(ether ester)s via a 2 step melt polycondensation procedure.

2.3 Synthesis of ABA and ABC Triblock Copolymers

2.3.1 PB-b-PI-b-PEO Triblock Copolymers

Poly(1,4-butadiene)-block-poly(1,4-isoprene)-block-poly(ethylene oxide) (PB-b-PI-b-

PEO) triblock copolymers were synthesized by sequential anionic polymerization in benzene

using sec-BuLi as initiator (Scheme 2.3). One day prior to the reaction dry benzene (ca. 500

ml) was transferred into the polymerization reactor and additionally purified by titration with

sec-BuLi. For this purpose a few drops of degassed styrene were added to benzene at room

temperature followed by drop-wise addition of sec-BuLi until the pale yellow color of styryl
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anions appears. Usually the color disappears after stirring at room temperature over night,

indicating that the styryl anions have reacted with residual impurities.

3) t-BuP4, 40 °C, 3 d
4) MeOH/AcOH pmn

O
H 2) 25 °C, 12 h

O
 , 10 °C1)

n sec-BuLi, benzene
60 °C, 5 h

CH2
- Li+

n-1

m

60 °C, 4 h
CH2

- Li+

n m-1

N P N
N

N
P

P

P

CH3

CH3

H3C

N(CH3)2

N(CH3)2

N(CH3)2
N(CH3)2

N(CH3)2

(CH3)2N

(CH3)2N
(CH3)2N

(CH3)2N
t-BuP4         = 

Scheme 2.3: Synthesis of PB-b-PI-b-PEO triblock copolymers by sequential anionic
polymerization using the phosphazene base t-BuP4 for ethylene oxide
polymerization with Li+ counterions.

After injection of the calculated amount of sec-BuLi into the reactor the required

amount of butadiene was added, which has been condensed in advance from the butadiene

purification reactor into a pre-cooled burette (-20 °C, Chapter 2.4.11: Figure 2.3).

Subsequently the reaction temperature was increased to 60 °C and butadiene was allowed to

polymerize for 5 h. After that time the reaction mixture was cooled to 25 °C and a small

amount of the reaction mixture was isolated and precipitated into degassed methanol in order

to extract the polybutadiene precursor. Then the second monomer, isoprene, was added and

allowed to react for 4 h at 60 °C. The polymerization of butadiene and isoprene at 60 °C in
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benzene results in a high degree of 1,4-addition, which especially for butadiene is

indispensable to get the corresponding “pseudo polyethylene” structure after hydrogenation.

After complete conversion of isoprene the reaction mixture was cooled to 10 °C followed by

the addition of ethylene oxide. After stirring for 1 h at 10 °C the temperature was increased to

25 °C followed by stirring over night. Under these conditions only one ethylene oxide unit

adds to the living PB-b-PI precursor due to the strong aggregation of the formed lithium

alkoxides. To initiate the polymerization of ethylene oxide the phosphazene base t-BuP4 was

added, which results in a break-up of lithium alkoxide aggregates due to complexation of the

Li+ counterion ([sec-BuLi] : [t-BuP4] = 1 : 1).1-6 Subsequently, polymerization of ethylene

oxide was performed at 40 °C for 3 d followed by termination with a degassed mixture of

acetic acid and methanol (5 : 1 by vol.). Due to their amphiphilic character the PB-b-PI-b-

PEO triblock copolymers were isolated by precipitation in cold methanol (ca. –10 - 0 °C). The

molecular weight of the final triblock copolymer was calculated using the molecular weight

of the PB precursor, obtained by SEC, and the molar ratio of the three segments obtained by
1H-NMR.

2.3.2 PS-b-PI-b-P(S/B) Triblock Copolymers

The synthesis of polystyrene-block-poly(1,4-isoprene)-block-polystyrene (PS-b-PI-b-

PS) and polystyrene-block-poly(1,4-isoprene)-block-poly(1,4-butadiene) (PS-b-PI-b-PB) was

accomplished in an identical manner compared to the preparation of PB-b-PI-b-PEO triblock

copolymers (chapter 2.3.1). In a typical procedure 1.5 L benzene were added to the

polymerization reactor and purified by titration with sec-BuLi. After injection of the

calculated amount of sec-BuLi, styrene was added and allowed to react for 4 h at 40 °C.

Afterwards the reaction mixture was cooled to 25 °C and a small amount of the reaction

mixture was isolated and precipitated in degassed methanol to extract the PS precursor.

Subsequently, isoprene was added and the yellow color of living polystyryl anions

disappeared, since living polyisoprenyl anions are nearly colorless. Then the reaction

temperature was increased to 60 °C and isoprene was allowed to polymerize for 4 h. The

successful blocking reaction can be monitored during the reaction by an increase in

temperature of ca. 5 °C at the early stage of isoprene polymerization. After complete

conversion the reaction mixture was cooled to 25 °C. Subsequently, the solution of the living

PS-b-PI precursor was divided into two equal parts by using two interconnected laboratory

autoclaves.
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n
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m-1

H
n m p

H

n m p

pmn

O
H

Scheme 2.4: Synthesis of PS-b-PI-b-PS and PS-b-PI-b-PB triblock copolymers with
identical PS and PI blocks by combination of two laboratory autoclaves, and
synthesis of PS-b-PI-b-PEO triblock copolymers.

Applying this procedure allows the synthesis of two different ABC triblock

copolymers with identical A and B blocks, here PS and PI, respectively. Consequently,

styrene was added to one part of the solution of the living PS-b-PI precursor and allowed to
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react for 4 h at 40 °C to yield the corresponding PS-b-PI-b-PS triblock copolymer. Butadiene

was added to the second part of the living PS-b-PI precursor and polymerization was

accomplished at 60 °C for 5 h. In both cases, polymerizations were terminated with degassed

methanol and the corresponding PS-b-PI-b-PS and PS-b-PI-b-PB triblock copolymers were

isolated by precipitation in methanol.

For the sake of completeness also the synthesis of polystyrene-block-poly(1,4-

isoprene)-block-poly(ethylene oxide) (PS-b-PI-b-PEO) triblock copolymers will be described,

even though this system was not further investigated in this thesis. The preparation of the

living PS-b-PI diblock copolymer precursor was identical to the synthesis of PS-b-PI-b-

P(S/B) triblock copolymers. Subsequently, the reaction mixture was cooled to 10 °C and

ethylene oxide was added followed by stirring at 10 °C for 1 h and at 25 °C overnight. This

resulted in an endcapping of the living PS-b-PI precursor with one ethylene oxide unit, in

agreement to the synthesis of PB-b-PI-b-PEO triblock copolymers. Then the polymerization

of ethylene oxide was initiated by addition of the phosphazene base t-BuP4 using a ratio of

[sec-BuLi] : [t-BuP4] = 1: 1. After polymerization of ethylene oxide at 40 °C for 3 d the

reaction was terminated with a degassed mixture of acetic acid and methanol (5 : 1 by vol.).

The corresponding PS-b-PI-b-PEO triblock copolymer was isolated by precipitation in cold

isopropanol (ca. -10 - 0 °C).

2.3.3 Hydrogenation

Homogeneous catalytic hydrogenation of PB-b-PI-b-PEO and PS-b-PI-b-P(S/B)

triblock copolymers was performed using the Wilkinson catalyst ((Ph3P)3Rh(I)Cl) to yield the

corresponding polyethylene-block-poly(ethylene-alt-propylene)-block-poly(ethylene oxide)

(PE-b-PEP-b-PEO) and polystyrene-block-poly(ethylene-alt-propylene)-block-poly(styrene/

ethylene) (PS-b-PEP-b-P(S/E) triblock copolymers.7 As an example, the hydrogenation of

PB-b-PI-b-PEO triblock copolymers is depicted in Scheme 2.5. In a typical procedure 10 -

15 g of the triblock copolymer along with a small amount of stabilizer (2,6-di-t-butyl-4-

methylphenol) were dissolved in dry toluene (p. a., Merck) and degassed for at least 30 min

with dry nitrogen. Subsequently, Wilkinson catalyst (1 mol-% with respect to the number of

double bonds) was added to the solution in a slight stream of nitrogen. This solution was

transferred into a steel autoclave, which was previously rinsed with nitrogen for several times

followed by hydrogen in order to remove traces of oxygen. The hydrogenation was carried

out at 100 °C and 90 bar hydrogen pressure for 3 – 4 d. Shorter reaction times resulted in an
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incomplete hydrogenation of PI block. After complete hydrogenation the triblock copolymers

were isolated from the solution by precipitation in isopropanol. For the PE-b-PEP-b-PEO

triblock copolymers cold acetone (-10 – 0 °C) was used, due to the amphiphilic character of

these triblock copolymers. As a result of the highly polar PEO blocks, which tend to bind

Wilkinson catalyst, precipitation is not efficient to remove residual catalyst completely.

Therefore, the PE-b-PEP-b-PEO triblock copolymers were subjected to a further purification

step by refluxing a solution of the polymer in toluene with a small amount of concentrated

HCl for a short time followed by precipitation in cold acetone. The success of the purification

can be followed by the disappearance of the brown color, which arises from residual catalyst.

B I EO

E EP EO

Wilkinson catalyst

(Ph3P)3Rh(I)Cl

toluene, 100 °C

90 bar H2, 3 - 4 days

pmn

O
H

p2n m

O
H

Scheme 2.5: Preparation of PE-b-PEP-b-PEO triblock copolymers by homogeneous
catalytic hydrogenation of PB-b-PI-b-PEO triblock copolymers using
Wilkinson catalyst.

Alternatively, PB-b-PI-b-PEO triblock copolymers were hydrogenated with diimide,

generated in situ by thermolysis of p-toluenesulfonyl hydrazide (Scheme 2.6).8 During the

reaction diimide can react with olefinic double bonds of butadiene and isoprene segments

under addition of hydrogen (six-center cyclic transition state9) or decompose under
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disproportionation into hydrazine and nitrogen. The rate constants decrease in the following

order: hydrogenation of butadiene segments (kB), disproportionation (kd), and hydrogenation

of isoprene segments (kI). The comparatively low rate constant for the hydrogenation of

isoprene segments can be attributed to sterical hindrance arising from the methyl group of

isoprene. As a result, the PB blocks get completely hydrogenated, whereas the PI blocks

exhibit a degree of hydrogenation of only ca. 70%. To avoid side reactions arising from p-

toluenesulfonic acid (thermolysis product of p-toluenesulfonyl hydrazide), which can attack

olefinic sites resulting in addition of p-tolylsulfone functionality or chain degradation, tri-n-

propylamine is added to the reaction mixture.

HN NH2 H2N NH2 + N2
kd

NH
NH

H

H

+ + N2
kI

NH
NH

H

H

+ + N2
kB

S NH NH2

O

O
∆T S

O

OH
HN NH+

kB > kd > kI

Scheme 2.6: Hydrogenation with diimide, prepared in situ by thermolysis of p-
toluenesulfonyl hydrazide.

In a typical reaction 10 g of the PB-b-PI-b-PEO triblock copolymer, p-toluenesulfonyl

hydrazide (TSH, 4-fold excess with respect to the number of double bonds), tri-n-propylamine

(equimolar with regard to the amount of TSH), and a small amount of stabilizer (2,6-di-t-

butyl-4-methylphenol) were dissolved in 500 ml o-xylene (purified over potassium) under

nitrogen. Hydrogenation was carried out by refluxing the solution under a slight stream of
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nitrogen for 6 h. The hydrogenated triblock copolymer was isolated by precipitation in cold

acetone (-10 – 0 °C). In order to remove residual p-toluenesulfonic acid, a solution of the

triblock copolymer in toluene was filtered over basic aluminum oxide followed by

precipitation into cold acetone.

2.4 Equipment

2.4.1 NMR Spectroscopy

For 1H-NMR measurements in solution a Bruker AC 250 spectrometer (250 MHz for
1H) was used. PB-b-PI-b-PEO and PS-b-PI-b-P(S/B) triblock copolymers were measured in

CDCl3 at room temperature. Measurements on hydrogenated triblock copolymers were

performed in d8-toluene at 40 °C in order to avoid gelation of the solution. For calibration

tetramethylsilane (TMS) was added as internal standard to the corresponding solvent. Usually

solutions of 15 - 20 mg triblock copolymer in 0.8 ml of the corresponding deuterated solvent

were used.
13C solid-state NMR investigations of copoly(ether ester)s were carried out at DSM

Research on a Varian Inova 400 (400 MHz for 1H) and on a Varian Unity 200 (200 MHz for
1H) spectrometer using the 7 mm Jacobsen style VT CP-MAS probe. The 13C cross-

polarization magic angle spinning (CP-MAS) and 13C inversion recovery cross-polarization

(IRCP) experiments were performed on the Inova 400, while the 1H-T1ρ experiments were

performed on the Unity 200. Adamantane was used as an external chemical shift reference

(38.3 ppm for the methylene resonance relative to TMS). All experiments were performed

under magic angle spinning conditions. Solid-state 2H spectra were recorded on a Varian

Inova 400 (400 MHz for 1H) using a wideline probe. More detailed informations about the

used puse sequences are given in Chapter 3.1.3. All samples were compression molded into

plates at 240 °C.
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2.4.2 Differential Scanning Calorimetry (DSC)

For thermal analysis a Perkin Elmer DSC 7 with a CCA 7 liquid nitrogen cooling

device was used. For all measurements a two point calibration with chloroform (or decane)

and indium was applied. Measurements on copoly(ether ester)s and PEO-b-PEB-b-PEO

triblock copolymers were performed at heating rates of 20, 30 and 40 °C/min. Given

transition temperatures correspond to an extrapolated heating rate of 0 °C/min, unless

otherwise specified. Measurements on PB-b-PI-b-PEO, PS-b-PI-b-P(S/B) and the

corresponding hydrogenated triblock copolymers were carried out at a scanning rate of

10 °C/min. Degrees of crystallinity were calculated assuming a heat of fusion of ∆Hm
0 =

196.6 J/g10 for PEO, ∆Hm
0 = 145.3 J/g11 for PBT, and 0

mH∆  = 276.98 J/g12 for PE. All

displayed heating traces correspond to the second heating run in order to exclude effects

resulting from any previous thermal history of the samples.

A detailed description of the performed self-nucleation experiments can be found in

Chapter 3.2.2.

2.4.3 Size Exclusion Chromatography (SEC)

SEC experiments were performed on a Waters instrument calibrated with narrowly

distributed polystyrene standards at 30 °C. Four PSS-SDV columns (5µm, Polymer Standards

Service, Mainz) with a porosity range from 102 to 105 Å were used together with a differential

refractometer and a UV-detector at 254 nm. Measurements were performed in THF with a

flow rate of 1 ml/min using toluene as internal standard. Molecular weights of the PB

precursors were calculated from the apparent values obtained by SEC using given K and α

values for PS and PB resulting in the equation Mn(PB) = 0.696 Mn(PS)0.985 (Mark-Houwink-

Sakurada relation).12 Molecular weight determination of PEO homopolymers was

accomplished using a calibration with narrowly distributed PEO standards.
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2.4.4 Dynamic Mechanical Analysis (DMA)

For the determination of glass transition temperatures a Rheometrics DMTA IV

operated in the rectangular torsion/compression mode at a heating rate of 2 °C/min and a

constant frequency of 10 rad/s was used. Compression molded samples with dimensions of

6 · 15 · 0.5 mm3 were used. Dynamic shear experiments were performed with an Advanced

Rheometric Expansion System (ARES, Rheometrics) in the plate-plate configuration. For

measurements on copoly(ether ester)s a plate diameter of 25 mm and a gap of 1.5 mm were

used. Temperature dependent measurements of G' and G'' were performed at a scanning rate

of 1 °C/min at a constant frequency of 1 rad/s. PEO-b-PEB-b-PEO triblock copolymers were

measured using 50 mm plates with a gap of 1 mm at a scanning rate of 1 °C/min at a constant

frequency of 0.5 rad. Order disorder transitions were detected by a sharp drop of G’ and G’’

upon heating. Given order disorder transition temperatures correspond to the cross-over of G'

and G'', i. e. G' = G''. It was made sure that all experiments were done in the linear viscoelastic

regime.

2.4.5 Mechanical Testing

Mechanical testing of copoly(ether ester)s was carried out at DSM Research on a

Zwick 1455 tensile testing machine equipped with optical extensometers and a 200 N load

cell. Hysteresis measurements were performed at a testing speed of 100 mm/min with a

preload of 1 N without applying a holding time between the cycles in order to reduce

relaxation phenomena. Young´s modulus was determined at the same rate for small

elongations (0 – 4%). Cyclic measurements were performed for 100 and 500% strain and

were repeated for 3 times, respectively. Samples were pressed into plates by compression

molding between PTFE sheets at 240 °C for 5 min followed by cooling to room temperature

(ca. –20 °C/min). All samples were allowed to acclimatize at room temperature (23 °C) under

a relative air humidity of 50% for one day.

Experiments on PS-b-PI-b-PS, PS-b-PEP-b-P(S/E) and PE-b-PEP-b-PEO triblock

copolymers were carried out using an Instron 5565 (100 N load cell) and a Zwick (equipped

with optical extensometers, 200 N load cell) tensile testing machine. Young´s modulus was

determined at a testing speed of 0.2 mm/min at small elongations (0 – 0.5%), or at 20 mm/min

for strains between 0 – 4%, depending on the experiment. Elongations at break were
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measured at 20 mm/min. Hysteresis measurements were performed at a testing speed of

20 mm/min for elongations to 100, 200, 300, 400 and 500% followed by extension to break.

No holding time between the cycles was applied. Preparation was accomplished by

compression molding into plates at 140 – 150 °C followed by cooling to room temperature

(≈  -1.5 °C/min).

For all experiments test specimens according to ISO 37:1994 were used. It was made

sure that the cutting of test specimens from the compression molded plates always occurred in

the same direction in order to exclude any effects resulting from different orientations within

the test samples.

2.4.6 Transmission Electron Microscopy (TEM)

TEM investigations were performed using a Zeiss CEM 902 electron microscope

operated at 80 kV in the bright field mode. Thin sections (thickness ca. 50 Å) were cut from

sample films at - 130 °C using a Reichert-Jung Ultracut E microtome equipped with a

diamond knife. The thin sections were placed on gold grids.

Films of copoly(ether ester)s with PEO-b-PEB-b-PEO soft segments (around 1 mm

thick) were prepared by compression molding at 240 °C for 5 min followed by cooling to

room temperature (ca. –20 °C/min). Staining was achieved by exposure of the sections to

RuO4 vapor for 45 min. Since RuO4 preferentially stains the amorphous PBT and PEO

segments, the crystalline PBT domains and amorphous PEB domains appear bright.

Films of ABC triblock copolymers (around 0.5 mm thick) were prepared by solvent

casting from a 2 - 3 wt-% solution in CHCl3, or toluene. The solvent was allowed to slowly

evaporate over a period of 2 weeks followed by drying under vacuum for 1 day. Film casting

of hydrogenated triblock copolymers was performed from toluene solutions at 70 °C in order

to avoid gelation upon solvent evaporation. In addition, compression molded samples, which

were used for mechanical testing, were also taken for morphological investigations. Selective

staining of PI domains was achieved by exposure of the sections to OsO4 vapor for 60 s, while

the thin sections of hydrogenated triblock copolymers were exposed to RuO4 vapor for 45 min

to selectively stain the PS domains.

For OsO4 staining a grid was placed in a small sealed flask and exposed to OsO4 vapor

(from a OsO4 grain) in vacuum (20 mbar) for 60 s. RuO4 staining was carried out in a

desiccator. The RuO4 vapor was generated by the reaction of 10 mg ruthenium(III)chloride

hydrate with 1.5 ml of a 5 wt-% aqueous solution of sodium hypochlorite. After exposure of



Experimental Part

63

the samples to RuO4 vapor for 30 – 45 min the solution was disposed of by adding a large

excess of a saturated aqueous sodium disulfite (Na2S2O5) solution.

2.4.7 Scanning Electron Microscopy (SEM)

SEM images were taken on a LEO 1530 Gemini instrument equipped with a field

emission cathode and an In-Lens detector (scintillation detector) possessing a lateral

resolution of approximately 2 nm. Measurements were performed at a working distance of

3 mm using an acceleration voltage of 1 kV. Thin films of PS-b-PEP-b-PE triblock

copolymers were prepared by dip coating onto a polished silicon wafer from a 1 mg/ml

solution of the triblock copolymer in toluene. The films were stained with RuO4 vapor for 45

min prior to SEM imaging in order to visualize the PS domains.

2.4.8 Scanning Force Microscopy (SFM)

Scanning force microscopy images were taken on a Digital Instruments Dimension

3100 microscope operated in Tapping ModeTM (free amplitude of the cantilever: 20 nm; set

point ratio: 0.95). Standard silicon nitride cantilevers were used and exchanged regularly in

order to avoid contamination. Polished silicon wafers were used and purified prior to use with

a stream of CO2 crystals (“snow jet”). For temperature dependent measurements a D3/D5

SPC01 hot stage from Digital Instruments was used.

Measurements on copoly(ether ester)s were performed on compression molded films

prepared on polished silicon wafers using polytetrafluoroethylene (PTFE) cover sheets. The

samples were first heated to 250 °C for 3 min under nitrogen followed by cooling at a

constant rate of 5 °C/min to room temperature.

Thin films of PE-b-PEP-b-PEO and PS-b-PEP-b-PE triblock copolymers were

prepared by dip- or spin coating (2000 rpm, 1 min) from toluene solutions. Detailed

information about the used concentrations can be found in the corresponding publications

(Chapter 3.2.1, 3.3.1, and 3.3.2). Selective swelling of the PS-microdomains in PS-b-PEP-b-

PE triblock copolymer thin films was accomplished by exposing a vacuum dried film to

toluene vapor for 1 min. In addition, measurements were performed on compression molded

samples of PS-b-PEP-b-PE triblock copolymers, which were prepared similar to the samples



Chapter 2

64

used for mechanical testing. SFM imaging was carried out on smooth cut surfaces obtained by

cutting with a diamond knife at -130 °C using a Reichert-Jung Ultracut E microtome.

2.4.9 X-Ray Scattering

2.4.9.1 Small Angle X-ray Scattering (SAXS)

SAXS was performed on a Bruker-AXS Nanostar equipped with a Histar-Detector and

crossed Goebel mirrors. As a radiation source a sealed Cu-tube was used generating a

wavelength of 0.1542 nm. Temperature dependent measurements were conducted using a

Paar Physica TCU50 temperature control unit.

2.4.9.2 Wide Angle X-ray Diffraction (WAXD)

WAXD patterns were taken from a Bruker-AXS D8 Advance diffractometer equipped

with a scintillation counter and a Goebel mirror using CuKα radiation at room temperature.

2.4.10 Matrix Assisted Laser Desorption Ionization Time of Flight Mass Spectrometry

(MALDI-ToF MS)

MALDI-Tof MS was performed on a Bruker Reflex III with a UV laser operating at

337 nm and an accelerating voltage of 20 kV. 2,5-Dihydroxybenzoic acid (DHB) was used as

matrix for the PEO homopolymers together with lithium trifluoromethanesulfonate as

cationizing agent. 1,8,9-trihydroxyanthracene (dithranol) and silver triflate as cationizing

agent was used in the case of the low molecular weight PS-block-PEO diblock copolymers.

Samples were dissolved in THF (10 mg/mL) and mixed with matrix (20 mg/mL in THF) and

salt (10 mg/mL in THF) at a mixing ratio of 10 : 2 – 1 : 1 (v/v, matrix : analyte : salt). 1 µL of

this mixture was spotted onto the target and allowed to dry. 200 – 500 laser shots were

accumulated for a spectrum. All samples were measured after complete drying without

removing the phosphazene base to keep the composition unchanged without loss of low

molecular weight fractions.
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2.4.11 Online Fourier-Transform Near Infrared (FT-NIR) Fiber-Optic Spectroscopy

Online FT-NIR monitoring was accomplished using an all glass low temperature

immersion transmission probe (HELLMA) with an optical path length of 10 mm, which was

connected to the FT-IR by 2 m fiber-optical cables. This probe can be used at reaction

temperatures in between -180 to +200 °C. For the polymerizations a laboratory autoclave

(Büchi, 1 L) equipped with a stirrer was used. The probe was fed through a port in the

stainless steel top plate of the reactor and immersed into the reaction mixture (Figure 2.2).

Figure 2.2: 1 L Büchi reactor equipped with a low temperature immersion NIR probe
(HELMA).

The whole setup together with the solvent distillation is a completely closed system

that can be evacuated and held under dry inert atmosphere (Figure 2.3). NIR spectra were

recorded with a Nicolet Magna 560 FT-IR optical bench equipped with a white light source

and a PbS detector. Data collection and processing was performed with Nicolet’s OMNIC

Series software. Each spectrum was obtained by accumulating 32 scans with a resolution of

4 cm-1. The total collection time per spectrum was about 22 s.
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Figure 2.3: Setup of upscaling reactor and fiber optic equipment for online measurement.
1, autoclave with NIR fiber-optic probe; 2, burette for condensation of gaseous
monomers (e. g. butadiene, isobutylene); 3, solvent distillation setup; 4, reactor
for purification of butadiene; 5, connector for monomer ampoules, e. g.
ethylene oxide.

 Kinetic investigations on ethylene oxide homopolymerizations were performed using the

first overtone C-H stretching of EO at 6070 cm-1 for conversion determination. In addition,

peak heights were used instead of peak areas for evaluation, since they usually gave less

noise.

Conversions, Xp, were calculated using the following equation:

∞−
−

=
AA
AAX

0

t0
p

where At is the relative absorbance at time t, A0 = initial absorbance, and

A∞ = absorbance at full conversion. The apparent rate constants of propagation were extracted

from the linear regime in the corresponding first-order time-conversion plots (-ln(1-Xp) versus

t), by the slope of the linear fit at values of –ln(1-Xp) between 1 and 2. Induction times were

calculated from the linear fit, i. e. reflect the point of intersection of the linear fit line with the

time axis.



References

67

2.5 References

(1) Zhu, L.; Cheng, S. Z. D.; Calhoun, B. H.; Ge, Q.; Quirk, R. P.; Thomas, E. L.; Hsiao,
B. S.; Yeh, F.; Lotz, B. Polymer 2001, 42, 5829.

(2) Förster, S.; Krämer, E. Macromolecules 1999, 32, 2783.

(3) Floudas, G.; Vazaiou, B.; Schipper, F.; Ulrich, R.; Wiesner, U.; Iatrou, H.;
Hadjichristidis, N. Macromolecules 2001, 34, 2947.

(4) Eßwein, B.; Möller, M. Angew. Chem. 1996, 108, 703.

(5) Eßwein, B.; Molenberg, A.; Möller, M. Macromol. Symp. 1996, 107, 331.

(6) Eßwein, B.; Steidl, N. M.; Möller, M. Macromol. Rapid Commun. 1996, 17, 143.

(7) Balsamo, V. PhD thesis, Mainz, 1996.

(8) Hahn, S. F. J. Polym. Sci., Part A: Polym. Chem. 1992, 30, 397.

(9) Carey, F. A.; Sundberg, R. J. Organische Chemie: ein weiterführendes Lehrbuch.
VCH: Weinheim, 1995.

(10) Wunderlich, B. Macromolecular Physics. Academic Press: New York, 1980; Vol. 3.

(11) Van Krevelen, D. W. Properties of Polymers, 2nd ed.; Elsevier: Oxford, 1976.

(12) Brandrup, J.; Immergut, E. H. Polymer Handbook, 3rd ed.; Wiley: New York, 1989.





Publications

69

3 Publications

3.1 PBT-Based Copoly(ether ester)s

3.1.1 New Thermoplastic Elastomers by Incorporation of Nonpolar Soft Segments in

PBT-Based Copolyesters

Holger Schmalza, Volker Abetza*, Ronald Langeb*, Maria Solimanb

a) Makromolekulare Chemie II, Universität Bayreuth, 95440 Bayreuth, Germany
b) DSM Research, 6160 MD Geleen, The Netherlands

in Memoriam Prof. Dr. Reimund Stadler

ABSTRACT: The incorporation of hydroxy functionalized hydrogenated
polybutadienes (HO-PEB-OH, KRATON® liquid polymer) into PBT based
copolyesters by a conventional 2 step melt polycondensation procedure is
described. The usually occuring macrophase separation with non-polar soft
segments is avoided by chain extension of HO-PEB-OH with ethylene oxide to
yield the corresponding hydroxy terminated PEO-PEB-PEO triblock copolymers.
Several PEO-PEB-PEO triblock copolymers with different PEO block lengths
have been synthesized by means of anionic synthesis and incorporated into PBT
based copolyesters with varying PBT content. We show that the chain extension
of HO-PEB-OH with ethylene oxide compatibilizes the non-polar KRATON®

with the polar reactants 1,4-butanediol and dimethyl terephthalate during melt
polycondensation, leading to a complete incorporation of the triblock copolymer
into the copolyester. Morphological studies using SFM as well as mechanical
testing show that the morphology is strongly influenced by the soft segment
leading to dispersed PBT crystallites in a matrix of the soft phase. Thermal
characterization of the synthesized copolyesters by DSC exhibits a low glass
transition temperature and a high PBT melting point even at high soft segment
contents, making these materials suitable for low and high temperature range
applications.
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Introduction

Thermoplastic elastomers combine the properties of crosslinked elastomers, such as

impact-resistance and low-temperature flexibility, with the ease of processing of

thermoplastic materials (extrusion, injection molding, etc.). In general thermoplastic

elastomers consist of a hard phase which provides a physical crosslinking and a soft phase

providing elastic properties even at low temperatures.

Intensive studies have been done on copolyether-esters based on polybutylene

terephthalate (PBT) hard segments and low molecular weight polyether soft segments like

poly(ethylene oxide) (PEO), poly(tetramethylene oxide) (PTMO) or poly(ethylene oxide)-

block-poly(propylene oxide)-block-poly(ethylene oxide) (PEO-PPO-PEO) triblock

copolymers.1-4 These materials are suitable for applications in a wide temperature range due

to a high PBT melting point and a low glass transition temperature of the soft phase.

However, polyether soft segments tend to oxidative degradation and hydrolysis at elevated

temperatures which makes the use of stabilizers necessary. In order to overcome these

problems saturated dimerized fatty acids were used as alternative soft segments.5-8 The

commercially available dimerized fatty acids are usually synthesized by dimerization of

unsaturated C18 fatty acids which yields a mixture of branched C36 dimerized fatty acids with

molecular weights of approximately 560 g/mol, but there were also higher molecular C44 and

C70 dimerized fatty acids used as alternative soft segments. The properties concerning thermo-

oxidative stability were improved while the overall properties were not significantly changed.

In order to enhance the mechanical properties of copolyesters in terms of elasticity it

would be preferable to have a stronger phase separation between hard and soft phase and in

addition a more "rubber-like" soft segment like polyolefins with low entanglement molecular

weight. Not much work has been published concerning the incorporation of polyolefinic soft

segments in PBT based copolyesters. Walch et al. describes the synthesis of poly(butylene

terephthalate)-block-polyisobutylene segmented block copolymers by using α,ω-anhydride

functionalized polyisobutylenes with molecular weights up to 3000 g/mol.9 Due to the high

incompatibility of polyisobutylene with the polar reactants dimethyl terephthalate and 1,4-

butanediol phase separation occurs during the melt polycondensation process, resulting in a

very poor incorporation of the soft segment. This problem was solved by using high boiling

solvents like m-cresol and 1,2,4-trichlorobenzene, which are good solvents for PBT and

polyisobutylene. The solvent was then removed together with surplus 1,4-butanediol in the

polycondensation step by applying vacuum during polymerization. Nevertheless, there is
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some macrophase separation in the second step of the polycondensation when most of the

solvent is evaporated. This macrophase separation is responsible for the relatively high

amount of extractable polyisobutylene for copolyesters with high soft segment content.

Kennedy et al. describes a similar solvent based approach for the synthesis of poly(butylene

terephthalate)-block-polyisobutylene using hydroxy telechelic polyisobutylenes with

molecular weights up to 10,000 g/mol.10 In both contributions only little information is given

with regard to the mechanical properties of these systems. Mechanical testing results in poor

mechanical properties probably due to incomplete incorporation of the non-polar

polyisobutylene and inhomogeneities in the material arising from insufficient stirring during

synthesis.

So far it has not been possible to incorporate polyolefinic soft segments by

conventional melt polycondensation processes due to the above mentioned macrophase

separation. The macrophase separation can be avoided by using co-solvents during the

synthesis. However, this is not acceptable for processing and environmental reasons. An

alternative way of preventing the macrophase separation during melt polycondensation could

be an anionic chain extension of KRATON® (HO-PEB-OH) with ethylene oxide. This results

in the corresponding poly(ethylene oxide)-block-poly(ethylene-stat-butylene)-block-

poly(ethylene oxide) triblock copolymers where the PEO blocks should compatibilize the

non-polar KRATON® with the polar reactants dimethyl terephthalate and 1,4-butanediol

during melt polycondensation. This leads to a homogeneous reaction mixture which is

necessary to obtain high molecular weight copolyesters with good mechanical properties.

Here, we present a new method for the synthesis of polyesters with polyolefinic soft segments

based on hydroxy telechelic hydrogenated polybutadienes (HO-PEB-OH, KRATON® liquid

polymer HPVM-2203) by a conventional melt polycondensation procedure without using any

co-solvents.
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Experimental

Materials. Tetrahydrofuran (Merck) was purified by successive distillation over CaH2

and potassium. Ethylene oxide (Linde) was condensed onto CaH2 and stirred at 0 °C for 3 h

before being transferred into glass ampules. KRATON® liquid polymer HPVM-2203 (Shell)

was purified by freeze drying with benzene for at least 3 times followed by drying under high

vacuum at 60 °C for 2 d. Naphthalene (Bayer) was purified by sublimation and stored under

nitrogen until use. Potassium naphthalide solutions were synthesized by reaction of

naphthalene with potassium in THF under nitrogen. The green colour of potassium

naphthalide appeared immediately and the reaction mixture was allowed to stir over night at

room temperature before use. The solutions had a typical concentration of 0.5 mol/l and could

be stored in a freezer for several weeks.

Dimethyl terephthalate (Fluka), 1,4-butanediol (Fluka) and tetrabutyl orthotitanate

(Fluka) were used without further purification.

Synthesis of PEO-PEB-PEO Triblock Copolymers. The synthesis of PEO-PEB-

PEO triblock copolymers was accomplished by anionic ring opening polymerization of

ethylene oxide in THF using HO-PEB-OH (KRATON® liquid polymer HPVM-2203) with a

molecular weight of 3600 g/mol as starting material. The terminal hydroxy groups of HO-

PEB-OH were first deprotonated by titration with a 0.5 M solution of potassium naphthalide

at 35 °C to yield the corresponding bifunctional macroinitiator KO-PEB-OK.11,12,13 The

titration was stopped after the slight green colour of excess potassium naphthalide remains for

at least 45 min. After addition of ethylene oxide at 0 °C the polymerization was carried out at

55 °C for 3 to 4 d. The reaction was terminated with acetic acid/methanol (5:1 by vol.) and

the products were precipitated in petrol ether (bp. 40 – 60 °C, Mn(PEO) > 1400 g/mol) or

acetone at - 30 °C (Mn(PEO) < 1400 g/mol).

Synthesis of Copolyesters. The synthesis of copolyesters based on PEO-PEB-PEO

soft segments was accomplished by using common 2 step melt polycondensation procedures.3

The reaction was carried out in a cylindrical flask with nitrogen inlet, mechanical stirrer and

distillation bridge. In the first step a mixture of PEO-PEB-PEO triblock copolymer, dimethyl

terephthalate, 1,4-butanediol (50% molar excess with regard to the methylester units), a

phenolic antioxidant and tetrabutyl orthotitanate (1.42 mmol/kg polymer) as a solution in 1,4-

butanediol was heated for 1 hour to 190 °C, 200 °C and 210 °C, respectively, under nitrogen
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in order to distil off the methanol. Then the temperature was raised stepwise to 230 and 250

°C and vacuum (0.05 – 0.1 mbar) was applied for 2.5 h after reaching 230 °C.

Measurements. Size exclusion chromatography (SEC) experiments were performed

on a Waters instrument calibrated with polystyrene standards at 30 °C. Four PSS-SDV

columns (5 µm, Polymer Standards Service, Mainz) with a porosity range from 102 to 105 Å

were used together with a differential refractometer and a UV-detector. Measurements on the

PEO-PEB-PEO triblock copolymers were performed in THF with a flow rate of 1 ml/min

using toluene as internal standard. For thermal analysis a Perkin Elmer DSC 7 with a CCA 7

liquid nitrogen cooling device was used. For all measurements a two point calibration with

chloroform and indium was applied. All experiments were performed at heating rates of 20,

30 and 40 K/min. Given transition temperatures correspond to an extrapolated heating rate of

0 K/min, heat of fusions refer to a heating rate of 20 K/min unless otherwise specified. The

displayed heat flow traces correspond to a heating rate of 20 K/min (second heating run).

Mechanical testing was performed on an Instron 5565 tensile testing machine at room

temperature. The Young´s modulus was determined at a testing speed of 0.2 mm/min at small

elongations (up to 3 - 4%), elongations at break were measured at 20 mm/min. For 1H-NMR

measurements a Bruker AC 250 spectrometer was used. For small angle X-ray scattering

(SAXS) a Bruker AXS-Nanostar with sealed tube (Cu), crossed Göbel mirrors, 2-dimensional

Hi-Star detector and temperature controlling unit was used. The SFM image was taken from

melt pressed films using Teflon plates on a Digital Instruments Nanoscope IIIa operated in

Tapping ModeTM.
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Results and Discussion

The preparation of PEO-PEB-PEO triblock copolymers involves in the first step the

transfer of the starting material HO-PEB-OH (Mn = 3600 g/mol, OH-functionality = 1.9) to

the corresponding bifunctional macroinitiator KO-PEB-OK for the anionic ring opening

polymerization of ethylene oxide.

THF, 35 °C

K

THF, 55 °C, 3 d

2) MeOH/AcOH

O1)

n
HO

OH

n
KO

OK

n
O

O
H

O
O

H

m m

Scheme 1. Synthesis of poly(ethylene oxide)-block-poly(ethylene-stat-butylene)-block-
poly(ethylene oxide) triblock copolymers.

This was accomplished by titration of a HO-PEB-OH solution in dry tetrahydrofuran

with potassium naphthalide solution under nitrogen. The intensive green colour of potassium

naphthalide allows a very precise end-point determination which is indispensable in order to

avoid the formation of homo-PEO during ethylene oxide polymerization initiated by excess

potassium naphthalide. The titration was carried out at 35 °C due to precipitation of associates

at lower temperatures when approaching the end-point of titration. Ethylene oxide

polymerization was performed at 55 °C in tetrahydrofuran for 3 to 4 d to give the

corresponding hydroxy terminated PEO-PEB-PEO triblock copolymers (Scheme 1). Due to

the strong association of potassium alkoxides the concentration of active centres had to be

kept low (< 1 · 10-2 mol/l) in order to avoid precipitation of associates. The use of cryptands

like C222 to suppress association is not necessary in this case and furthermore do not effect

the molecular weight distribution.
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Different PEOxPEByPEOx
m triblock copolymers (the subscripts x and y give the

weight percentage of the corresponding block, and the superscript m is the molar mass of the

triblock copolymer in kilograms per mole) with PEO block lengths between 800 and

4600 g/mol have been synthesized and characterized by 1H-NMR spectroscopy and SEC

(Table 1, Figure 1).

Table 1. Molecular Weights and Polydispersities of PEO-PEB-PEO Triblock
Copolymers

sample Mn,SEC
a

[g/mol]
Mn,NMR
[g/mol]

Mn(PEO)NMR
[g/mol]

Mw/Mn

HO-PEB-OH 7990 3600b - 1.09
PEO36-PEB28-PEO36

12.8 16420 12800 4600 1.13
PEO29-PEB42-PEO29

8.6 13820 8620 2510 1.08
PEO27-PEB46-PEO27

8.0 13190 7980 2190 1.08
PEO25-PEB50-PEO25

7.1 11930 7060 1730 1.09
PEO22-PEB56-PEO22

6.4 11580 6360 1380 1.08
PEO18-PEB64-PEO18

5.6 10080 5600 1000 1.11
PEO16-PEB68-PEO16

5.2 9570 5240 820 1.12
a Determined by SEC in THF, calibrated against polystyrene standards.
b Determined by end group analysis.

4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

  

HO-PEB-OH

 

ppm

PEO22-PEB56-PEO22
6.4

Figure 1. 250 MHz 1H-NMR spectra of the starting material HO-PEB-OH and the triblock
copolymer PEO22-PEB56-PEO22

6.4 in CDCl3.
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Size exclusion chromatography measurements in tetrahydrofuran show that the chain

extension of HO-PEB-OH with ethylene oxide yields narrowly distributed triblock

copolymers (1.08 < Mw/Mn < 1.13) without residual starting material and homo-PEO

impurities (Figure 2). The SEC-trace of the triblock copolymer exhibits a small tailing at the

lower molecular weight side which can also be seen for HO-PEB-OH. This can be attributed

to monofunctional or not functionalized components in HO-PEB-OH which exhibits an

OH-functionality of only 1.9.
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Figure 2. SEC-traces of HO-PEB-OH and the triblock copolymer PEO25-PEB50-PEO25
7.1

using THF as eluent and toluene as internal standard.

The results of thermal analysis on the PEO-PEB-PEO triblock copolymers are listed in

Table 2. All triblock copolymers show one glass transition temperature at - 61 to - 66 °C

corresponding to the PEB middle block and amorphous poly(ethylene oxide). A

differentiation between TG(PEB) and TG(PEO) is not possible probably due to overlapping

transition temperatures resulting in a broad glass transition region. The degree of crystallinity

for poly(ethylene oxide) is nearly constant for Mn(PEO) ≥ 1380 g/mol (α ~ 75%) and

decreases for smaller PEO block lengths. The degree of crystallinity was calculated assuming

a heat of fusion for PEO of ∆Hm
0 = 196.6 J/g.14
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Table 2. DSC Data of PEO-PEB-PEO Triblock Copolymersa

sample Mn(PEO)
[g/mol]

Tm
[°C]

Tc
b

[°C]
α (PEO)

[%]
TG

[°C]
PEO36-PEB28-PEO36

12.8 4600 53.7 18.3 78.0 -61.9
PEO29-PEB42-PEO29

8.6 2510 44.3 6.3 75.2 -63.8
PEO27-PEB46-PEO27

8.0 2190 39.7 9.9 73.3 -66.1
PEO25-PEB50-PEO25

7.1 1730 38.3 5.4 73.8 -64.3
PEO22-PEB56-PEO22

6.4 1380 35.9 2.5 74.3 -62.2
PEO18-PEB64-PEO18

5.6 1000 29.8 -28.3 60.3 -60.9
PEO16-PEB68-PEO16

5.2 820 24.4 -31.2 60.1 -61.2
a Tm = melting point, Tc = crystallization temperature, α = degree of crystallinity,

TG = glass transition temperature.
b Measured at a cooling rate of 40 K/min.

The investigated triblock copolymers exhibit a strong dependence between  the

melting point of crystallizable PEO blocks and the average degree of polymerization

Pn(PEO). Figure 3 shows a plot of 1/Tm(PEO) versus 1/Pn(PEO) demonstrating the linear

dependence of 1/Tm on 1/Pn for the synthesized triblock copolymers.

The synthesis of copolyesters with PEO-PEB-PEO soft segments was accomplished

by using a conventional 2 step melt polycondensation procedure using tetrabutyl orthotitanate

as catalyst. For materials with good elastic properties it is crucial that the soft segment,

providing the elastic properties, forms the matrix and the crystalline PBT domains are

dispersed within the matrix. Therefore we focused on the investigation of copolyesters with

soft segment contents ≥  50 wt-%. Several copolyesters with PBT contents between 10 - 50

wt-% and different PEO-PEB-PEO  soft segments (varying Mn(PEO)) have been synthesized

(Table 3). Copolyesters with PBT contents > 45 wt-% and molecular weights of the soft

segments ≥  7000 g/mol (Mn(PEO) ≥  1700 g/mol) exhibit a turbid melt during melt

polycondensation indicating a phase separation in the melt. This might be due to the high

content of polar monomers in the reaction mixture and the high molecular weight of the soft

segment. All other copolyesters show a clear melt during the synthesis, i.e. the reaction

mixture is homogeneous and no macrophase separation occurs.
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Figure 3. Dependence of 1/Tm(PEO) on 1/Pn(PEO) for the synthesized PEO-PEB-PEO
triblock copolymers.

The incorporation of the PEO-PEB-PEO triblock copolymer into the polyester can be

confirmed by successive soxhlet extraction of the copolyesters with chloroform and

tetrahydrofuran. For PBT50-2190 soxhlet extraction yields only 4 wt-% THF-soluble extract

confirming the almost complete incorporation of the soft segment, even for systems

exhibiting turbid melts during melt polycondensation. In addition SEC analysis of the extract,

compared with the used soft segment, show that the extract contains only negligible amounts

of pure triblock copolymer, i.e. most of the soluble components contain soft segment with

short PBT blocks. From these measurements it can be concluded that chain extension of HO-

PEB-OH with ethylene oxide is a very useful method to incorporate non-polar soft segments

into polyesters without using any co-solvents in the first step of the melt polycondensation.
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Table 3. Data of Synthesized Copolyesters

sample w (PBT)
[%]

Mn(PEO)
[g/mol]

xHS
a lHS

b melt code

1 50 4600 0.983 58.3 turbid PBT50-4600
2 50 2510 0.975 40.1 turbid PBT50-2510
3 50 2190 0.973 37.2 turbid PBT50-2190
4 50 1730 0.970 33.0 turbid PBT50-1730
5 40 2510 0.963 27.1 slightly turbid PBT40-2510
6 40 2190 0.960 25.1 slightly turbid PBT40-2190
7 40 1730 0.955 22.4 slightly turbid PBT40-1730
8 40 1380 0.951 20.2 clear PBT40-1380
9 30 1380 0.925 13.4 clear PBT30-1380
10 20 1380 0.878 8.2 clear PBT20-1380
11 45 1000 0.954 21.8 clear PBT45-1000
12 40 1000 0.944 17.9 clear PBT40-1000
13 35 1000 0.932 14.7 clear PBT35-1000
14 30 1000 0.916 11.9 clear PBT30-1000
15 25 1000 0.894 9.5 clear PBT25-1000
16 20 1000 0.864 7.4 clear PBT20-1000
17 10 1000 0.739 3.8 clear PBT10-1000
18 40 820 0.941 16.9 clear PBT40-820
19 30 820 0.911 11.2 clear PBT30-820

a Mole fraction of hard segment (PBT).
b Average segment length of the hard segment calculated according to lHS=1/(1-xHS).

500 nm

Figure 4. SFM phase contrast image of a melt pressed film of PBT20-1000 onto a glass
wafer; z = 40°.
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Characterization of the copolyesters by SFM shows the typical TPE morphology with

well phase separated hard and soft phases as depicted in Figure 4. The bright longish domains

correspond to PBT crystallites which exhibit a higher phase contrast compared to the more

softer soft segment phase. The PBT crystallites are dispersed within a matrix of the soft

segment and exhibit a broad crystallite size distribution. The darker regions, representing the

soft segment phase, show a microstructure arising from the microphase separation of the

incorporated PEO-PEB-PEO triblock copolymer.
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Figure 5. Semilogarithmic SAXS profile for the triblock copolymer PEO18-PEB64-PEO18
5.6

at 80 °C (scattering vector q = 4π/λ sinΘ with 2Θ being the scattering angle and
λ = 0.1542 nm).

Taking into account that the PEO blocks in PBT20-1000 are molten at room

temperature, the structure of the incorporated triblock copolymer PEO18-PEB64-PEO18
5.6 was

investigated by small angle X-ray scattering. The semilogarithmic SAXS profile at 80 °C

(molten PEO blocks) exhibits reflex positions at a ratio of 1 : 3  : 2 : 7  which are typical

for hexagonally packed cylinders (Figure 5). In conclusion, the microstructure of the soft

segment phase in PBT20-1000 might be attributed to a distorted cylindrical structure with the

bright spots referring to PEO cylinders. As SAXS is a very useful method for investigating

the morphology of the PEO-PEB-PEO soft segments, we also performed measurements on

the synthesized copolyesters. Unfortunately, the experiments do not give sufficient

information for structure elucidation.
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Table 4. DSC Data of Copolyestersa
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The DSC data of some representative copolyesters are given in Table 4. The degree of

crystallinity for PBT was calculated using a heat of fusion of ∆Hm
0 = 145.3 J/g.15 The

detected glass transition temperatures are only slightly shifted compared to the glass transition

temperatures of the pure triblock copolymers and are almost independent on composition,

indicating a pronounced microphase separation in the soft phase. A glass transition

temperature of pure amorphous PBT cannot be seen in the heat flow traces, probably due to

partial mixing of amorphous PBT and PEO, although a glass transition temperature of a

mixed amorphous PBT/PEO-phase is also not detectable.

Usually the copolyesters exhibit a melting endotherm corresponding to crystalline

PEO and PBT (Table 4, Figure 6). Only for systems with very short PEO blocks like PBT40-

820 and PBT30-820 no melt transition for PEO is observed; i.e. in these systems the

poly(ethylene oxide) blocks are not able to form crystalline domains. The melting points and

degrees of crystallinity of PEO blocks in copolyesters are shifted to lower values compared to

the pure soft segment (Tables 2 and 4). Upon cooling the PBT segments crystallize and

predefine the morphology. The crystallization of PEO which appears at much lower

temperatures is influenced by the existing morphology leading to smaller and less perfect

crystallites. This shift in the PEO melting endotherm and degree of crystallinity also confirms

the incorporation of the triblock copolymer soft segment into the polyester.

-50 0 50 100 150 200 250

Tm(PBT)Tm(PEO)

TG

PBT40-820

PBT40-1000

PBT40-1730

PBT40-2190

 

en
do

Temperature [°C]

Figure 6. Thermal properties of copolyesters in dependence of the incorporated soft
segment.
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Figure 7 shows some copolyesters with PEO18-PEB64-PEO18
5.6 soft segments and

varying PBT content. As the melting point of the hard segment in copolyesters strongly

depends on its average segment length lHS = 1/(1-xHS), where xHS = mole fraction of PBT hard

segment, the PBT melting point decreases with increasing soft segment content.16 In addition,

a broadening of the PBT melting endotherm can be observed with decreasing PBT content

indicating a broadening of the crystallite size distribution. The latter was also detected by

SFM investigations (Figure 4). Especially copolyesters with high soft segment content and

low molecular weight PEO segments like PBT20-1000 exhibit crystallization of the PEO

segments upon heating. In these systems the PEO crystallization is hindered upon cooling

which leads to recrystallization upon heating followed by melting of the formed metastable

crystals. Compared to conventional copolyether-ester with low molecular weight polyether

soft segments like poly(tetramethylene oxide), the PBT melting point in our systems is much

higher at the same soft segment content, which can be attributed to a higher hard segment

block length.17,18 Together with the low glass transition temperature, the high PBT melting

point enables the application of these copolyesters in a wide temperature range.
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PBT30-1000
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Figure 7. Thermal properties of copolyesters in dependence of the hard segment content.
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Mechanical testing was performed on melt-pressed test samples with an average size

of 1.0 cm × 4.8 cm (Table 5). Figure 8 shows the stress-strain traces of copolyesters with

PEO18-PEB64-PEO18
5.6 soft segments measured at room temperature.

Table 5. Mechanical Properties of Copolyesters with PEO18-PEB64-PEO18
5.6 Soft

Segmentsa

sample E [GPa] σB [MPa] εB [%]
PBT40-1000 1.27⋅10-2 (5.7⋅10-4) 11.0 (1.3) 370 (99)
PBT30-1000 1.05⋅10-2 (7.3⋅10-4) 10.8 (0.4) 670 (57)
PBT20-1000 7.02⋅10-3 (1.3⋅10-3) 9.31 (0.5) 980 (55)
PBT10-1000 3.94⋅10-3 (1.1⋅10-4) 3.72 (0.3) 450 (58)
PBT40-820 1.87⋅10-2 (3.1⋅10-3) 11.4 (1.2) 400 (50)
PBT30-820 1.31⋅10-2 (1.8⋅10-3) 8.98 (0.4) 490 (37)

a E = Young´s modulus, σB = stress at break and εB =
elongation at break; the values in parenthesis give the
standard deviations (derived from at least three experiments).

The stress-strain behavior is typical for elastic materials. All samples show a lack of

yielding, indicating a dispersed PBT phase within a matrix of soft segment, as also detected

by SFM measurements (Figure 4). The elongation at break increases with increasing soft

segment content up to ~ 1000% for PBT20-1000 (Figure 8). A further increase in the soft

segment content (PBT10-1000) results in a smaller elongation at break, probably due to the

low crystallinity of PBT in this sample (Table 4, Tm(PBT) not detectable).
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Figure 8. Stress-strain traces for copolyesters with PEO18-PEB64-PEO18
5.6 soft segments;

(□) PBT40-1000, (●) PBT30-1000, (∆) PBT20-1000, (▼) PBT10-1000.
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In the range of soft segment contents of 60 - 90% the Young´s modulus exhibits a

linear decrease with increasing soft segment content whereas the stress at break decreases

significantly above a soft segment content of about 80% (Figure 9).
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Figure 9. Young´s modulus E and stress at break σB in dependence of the soft segment
content for copolyesters with PEO18-PEB64-PEO18

5.6 soft segments.

Conclusion

We have shown for the first time that the incorporation of polyolefinic soft segments

like HO-PEB-OH (KRATON® liquid polymer HPVM-2203) in PBT based copolyesters by a

conventional 2 step melt polycondensation is possible without using any co-solvents by chain

extension of the soft segment with ethylene oxide. The resulting amphiphilic PEO-PEB-PEO

triblock copolymers are able to dissolve in a mixture of dimethyl terephthalate and

1,4-butanediol during melt polycondensation. This leads to a homogeneous reaction mixture

and a quantitative incorporation of the soft segment. The synthesized copolyesters exhibit low

glass transition temperatures combined with high PBT melting points even at high soft

segment contents, making these polymers suitable for low and high temperature range

applications. The mechanical properties, e.g. Young´s modulus and elongation at break, can

be adjusted to product requirements by varying the soft segment content. Depending on the

composition, elongations at break up to 1000% can be achieved with these materials. Further
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investigations on elastic properties and morphology are in progress and will be published

elsewhere.
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3.1.2 Morphology, Surface Structure and Elastic Properties of PBT-Based

Copolyesters with PEO-b-PEB-b-PEO Triblock Copolymer Soft Segments
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b) DSM Research, P.O. Box 18, 6160 MD Geleen, The Netherlands
c) present address: BASF Aktiengesellschaft, GKS/B1, 67056 Ludwigshafen, Germany

ABSTRACT: The elasticity of commonly known poly(butylene terephthalate)-
poly(tetramethylene oxide) PBT-PTMO based copoly(ether ester)s is increased by
replacement of PTMO soft segments with poly(ethylene oxide)-block-
poly(ethylene-stat-butylene)-block-poly(ethylene oxide) (PEO-b-PEB-b-PEO)
triblock copolymer soft segments containing a non-polar middle block based on
hydrogenated polybutadiene (PEB). The incorporation of this strongly
incompatible PEB block resulted in the aimed increased phase separation between
the PBT hard blocks and the soft segment phase, leading to a dispersed PBT phase
and hence to an increased elasticity. Dynamic shear experiments in combination
with small-angle X-ray scattering revealed that crystallization of the PBT hard
segments occurs from a microphase separated melt. The resulting dispersed PBT
hard phase in these materials is shown using transmission electron microscopy
(TEM) and scanning force microscopy (SFM), whereas the increased elasticity is
demonstrated using mechanical characterization. Hysteresis measurements reveal
that the plastic deformation after recovery from 100% strain is only 1 - 6%
(depending on composition) for the new PEB containing copolyesters compared
to 33% for a PBT-PTMO based copoly(ether ester). The combination of results
obtained with differential scanning calorimetry (DSC) and dynamic mechanical
analysis (DMA) point towards a complex morphology for the PEB containing
copolyesters. Five different phases exist: a crystalline pure PBT phase, pure
amorphous PEB, and PBT phases, and a PEO-rich phase besides an amorphous
mixed PEO/PBT phase.



Schmalz, H.; van Guldener, V.; Gabriëlse, W.; Lange, R.; Abetz, V. Macromolecules 2002, 35, 5491.

89

Introduction

Thermoplastic elastomers (TPE`s) combine the properties of irreversibly crosslinked

elastomers with the easy processing of thermoplastic materials. This enables product designs

not easily achieved for conventional rubbers. One class of TPE’s are copoly(ether ester)s or

TPE-E’s.1 These segmented block copolymers possess a soft elastomeric polyether segment,

e.g. poly(tetramethylene oxide) (PTMO), and a polyester hard segment, e.g. poly(butylene

terephthalate) (PBT). Because of their phase separated morphology, copoly(ether ester)s show

unique properties such as good low temperature flexibility and excellent mechanical

properties up to high temperatures as well as a good resistance towards many solvents.

However, the elastic properties of copoly(ether ester)s at relatively high elongations are

limited. This is due to the presence of a co-continuous PBT hard phase as was revealed by

morphological and mechanical characterization. The morphology of PBT-PTMO based

copoly(ether ester)s has been studied extensively.1-7 It is generally assumed that, upon cooling

from the homogeneous PBT-PTMO melt, the crystallization of PBT initiates the formation of

the characteristic phase separated structure consisting of PBT crystallites embedded in an

amorphous matrix.7,8 Although the crystallization process and the structure of the crystalline

phase have been studied in detail (next to lamellar2,9-11, spherulitic5,6,12,13, dendritic6,13, even

shish kebab6 structures have been reported), much less attention was paid to the structure of

the amorphous phase. It is thought that this amorphous phase is homogeneous, resulting in the

description of the copoly(ether ester)s by a two-phase model: a crystalline PBT phase and a

homogeneous amorphous PTMO/non-crystalline PBT phase, both being co-continuous.1-3,6

However, more recent studies using solid-state NMR14 and thermomechanical analysis15

demonstrate that the amorphous phase is not homogeneous but consists of a PTMO-rich phase

and a PBT/PTMO mixed phase.

The relatively high modulus obtained in a stress-strain experiment reflects the

presence of the co-continuous PBT morphology in copoly(ether ester)s. The stress strain

curves of copoly(ether ester)s can be divided into three distinct regions.2 At low elongations a

reversible elastic deformation of the co-continuous crystalline PBT matrix is obtained. At

higher strains this co-continuous PBT matrix is disrupted along with orientation of the

crystalline lamellae. This process is irreversible and results in the high plastic deformation

hampering the elastic recovery, which is typical for these materials.16 Finally, after crystallite

orientation is completed the stress is submitted through the continuous amorphous phase, until

it breaks. The general idea is that the elasticity of copoly(ether ester)s could be improved by
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changing the co-continuous PBT hard phase into a dispersed phase. This can be achieved by

increasing the phase separation as was demonstrated in thermoplastic polyurethanes or

TPE-U’s17,18, and in strongly phase separated copoly(ether ester aramides)19. Incorporation of

a non-polar hydrogenated polybutadiene (PEB) soft block in PBT based copoly(ether ester)s

should result in an extreme phase separation and hence in an increased elasticity. Recently,

we reported the successful synthesis of hydrogenated polybutadiene (PEB) containing PBT

based copolyesters.20 Macrophase separation during melt condensation was avoided by using

a poly(ethylene oxide)-block-poly(ethylene-stat-butylene)-block-poly(ethylene oxide) (PEO-

b-PEB-b-PEO) triblock copolymer. The PEO acts as a compatibilizer between the polar PBT

and non-polar PEB blocks. Here, we present a detailed study dealing with the characterization

of the PEO-b-PEB-b-PEO containing PBT based copolyesters. The formation of a dispersed

PBT hard phase by crystallization from a microphase separated melt will be demonstrated

using rheological techniques in combination with small-angle X-ray scattering (SAXS).

Morphological studies using transmission electron microscopy (TEM), small-angle X-ray

scattering (SAXS), differential scanning calorimetry (DSC), and dynamic mechanical analysis

(DMA) as well as scanning force microscopy (SFM) for surface structure analysis will be

described. The increase in elasticity will be demonstrated by mechanical characterization.

Experimental Section

Synthesis. Detailed information about the synthesis of PEO-b-PEB-b-PEO containing

copolyesters can be found in a previous contribution.20 Solid-state post-condensation of

copolyesters was performed in vacuum (1 - 2 mbar) under a slight stream of nitrogen in a

home-built apparatus. The copolyesters were cut into small pieces in order to enlarge the

active surface, and the reaction was carried out for two days at temperatures ca. 30 °C below

the melting temperature of the copolyester. The structure of the synthesized copolyesters with

PEO-b-PEB-b-PEO triblock copolymer soft segments is depicted in Figure 1. In this

contribution we will focus on copolyesters based on PEO18PEB64PEO18
5.6 and

PEO22PEB56PEO22
6.4 soft segments (the subscripts give the weight percentage of the

corresponding block, and the superscript is the molar mass of the triblock copolymer in

kg/mol).
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Figure 1. Structure of copolyesters with PEO-b-PEB-b-PEO soft segments.

Several copolyesters with varying hard segment content have been synthesized

(Table 1). PBT1000/50, a copoly(ether ester) containing 50% (w/w) PTMO with a molecular

weight of 1000 g/mol, is used as reference material for comparison of elastic properties. The

nomenclature of the new materials like PBT45-1000, is as follows: 45 is the weight

percentage of PBT, and 1000 refers to the molecular weight of the PEO block (in g/mol).

Table 1. Composition of Copolyesters

w (PBT)
[%]

xHS
a lHS

b soft segment

PBT1000/50 50 0.837 6.1 PTMO
PBT45-1000 45 0.954 21.8 PEO18PEB64PEO18

5.6

PBT40-1000 40 0.944 17.9 PEO18PEB64PEO18
5.6

PBT35-1000 35 0.932 14.7 PEO18PEB64PEO18
5.6

PBT30-1000 30 0.916 11.9 PEO18PEB64PEO18
5.6

PBT25-1000 25 0.894 9.5 PEO18PEB64PEO18
5.6

PBT20-1000 20 0.864 7.4 PEO18PEB64PEO18
5.6

PBT40-1380 40 0.951 20.2 PEO22PEB56PEO22
6.4

PBT30-1380 30 0.925 13.4 PEO22PEB56PEO22
6.4

PBT20-1380 20 0.878 8.2 PEO22PEB56PEO22
6.4

a Mole fraction of hard segment (PBT).
b Average segment length of the hard segment calculated according to
   lHS = 1/(1-xHS).

Dynamic Mechanical Analysis (DMA). For the determination of glass transition

temperatures, a Rheometrics DMTA IV operated in the rectangular torsion/compression mode

at a heating rate of 2 K/min, and a constant frequency of 10 rad/s was used. Sample films with

dimensions of 6 · 15 · 0.5 mm were used. Given glass transition temperatures correspond to a

maximum in the loss modulus (E''), unless otherwise specified. Dynamic shear experiments

were performed with an Advanced Rheometric Expansion System (ARES, Rheometrics) in

the plate-plate configuration. For measurements on copolyesters a plate diameter of 25 mm

and a gap of 1.5 mm were used. Temperature dependent measurements of G' and G'' were
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performed at a scanning rate of 1 K/min at a constant frequency of 1 rad/s. PEO-b-PEB-b-

PEO triblock copolymers were measured using 50 mm plates with a gap of 1 mm at a

scanning rate of 1 K/min at a constant frequency of 0.5 rad/s. Order-disorder transitions were

detected by a sharp drop of G’ and G’’ upon heating. Given order-disorder transition

temperatures correspond to the cross-over of G' and G'', i. e. G' = G''. It was made sure that all

experiments were done in the linear viscoelastic regime.

Differential Scanning Calorimetry (DSC). For thermal analysis a Perkin Elmer

DSC 7 with a CCA 7 liquid nitrogen cooling device was used. For all measurements a two

point calibration with chloroform and indium was applied. All experiments were performed at

heating rates of 20, 30 and 40 K/min. Given transition temperatures correspond to an

extrapolated heating rate of 0 K/min, unless otherwise specified.  Degrees of crystallinity

were calculated assuming a heat of fusion of ∆Hm
0 = 196.6 J/g21 for PEO and

∆Hm
0 = 145.3 J/g22 for PBT.

Transmission Electron Microscopy (TEM). The bulk morphology of copolyesters

was examined by bright field TEM using a Zeiss CEM 902 electron microscope operated at

80 kV in the bright field mode. Films (around 1 mm thick) were prepared by compression

molding at 240 °C for 5 min followed by cooling to room temperature (ca. –20 K/min) in an

identical manner compared to the preparation of test specimens for tensile testing. Thin

sections were cut at -130 °C using a Reichert-Jung Ultracut E microtome equipped with a

diamond knife. Staining was achieved by exposure of the sections to RuO4 vapor for 45 min.

Since the staining agent penetrates only into the amorphous regions, the crystalline PBT

domains appear bright.

Scanning Force Microscopy (SFM). Scanning force microscopy images were taken

on a Digital Instruments Dimension 3100 microscope operated in Tapping ModeTM (free

amplitude of the cantilever: 20 nm; set point ratio: 0.95). Measurements were performed on

compression-molded films prepared on polished silicon wafers using

poly(tetrafluoroethylene) (PTFE) cover sheets. The samples were first heated to 250 °C for

3 min under nitrogen followed by cooling at a constant rate of 5 K/min to room temperature.
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Small Angle X-ray Scattering (SAXS). SAXS was performed on a Bruker-AXS

Nanostar equipped with a Histar-Detector and crossed Goebel mirrors. As a radiation source a

sealed Cu-tube was used, generating a wavelength of 0.1542 nm. Temperature dependent

measurements were conducted using a Paar Physica TCU50 temperature control unit.

Mechanical Testing. Mechanical testing was carried out on a Zwick 1455 tensile

testing machine equipped with optical extensometers and a 200 N load cell. Hysteresis

measurements were performed at a testing speed of 100 mm/min with a preload of 1 N

without applying a holding time between the cycles in order to reduce relaxation phenomena.

Cyclic measurements were performed for 100 and 500% strain and were repeated for 3 times.

The geometry of test specimens was based on ISO 37:1994. Samples were pressed into plates

by compression-molding between PTFE sheets at 240 °C for 5 min followed by cooling to

room temperature (ca. –20 K/min). All samples were allowed to acclimatize at room

temperature (23 °C) under a relative air humidity of 50% for 1 day.

Results and Discussion

Dynamic Shear Experiments. To investigate the structure formation in PEB

containing copolyesters upon cooling from the melt, dynamic shear experiments have been

performed. The pure PEO-b-PEB-b-PEO triblock copolymers were measured first as a

reference. Figure 2A shows the temperature dependence of storage (G') and loss (G'') modulus

for the triblock copolymer PEO18PEB64PEO18
5.6. Upon heating, the crystalline PEO blocks

melt at ca. 35 °C, resulting in a simultaneous drop in G' and G''. In the following plateau the

modulus is nearly constant up to ca. 124 °C. At this temperature a sharp drop over several

decades in both G' and G'' indicates the order-disorder transition (TODT), resulting in a

homogeneous melt.23-28 The triblock copolymer PEO22PEB56PEO22
6.4 exhibits a similar

temperature dependence of G' and G'' (results not shown). Because of the increased molecular

weight of the PEO blocks, the order-disorder transition shifts to 180 °C. Please note that

crystallization of the PBT hard segments in the PEB containing copolyesters occurs below the

observed order-disorder transition for the soft segments (Table 2). This might indicate that

crystallization of PBT occurs from a microphase-separated melt consisting of pure PEB

domains and mixed PBT/PEO domains. (Amorphous PBT and PEO domains are miscible in

the melt).
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Figure 2. (A) Temperature dependence of storage (G') and loss (G'') modulus for
PEO18PEB64PEO18

5.6 upon heating. (B) Temperature dependence of storage (G')
and loss (G'') modulus for PBT20-1000 upon cooling.
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Figure 2B shows the dependence of G' and G'' on temperature for PBT20-1000 upon

cooling. In this case no sharp rise in G' upon cooling, which would indicate an order-disorder

transition, can be detected. For high temperatures the viscous response of the melt

predominates, i. e., G'' > G'. Upon cooling at ca. 187 °C a crossover point can be detected, i. e.

G' = G''. Below this temperature the elastic response of the melt prevails, i. e., G' > G'',

indicating that either entanglements become active or the melt microphase separates, leading

to a thermoreversible network. Upon further cooling the PBT hard segments start to

crystallize resulting in a rise in G' at ca. 90 °C, which points to a crystallization of PBT from a

microphase-separated melt. The copolyesters PBT45-1000 and PBT20-1380 show a similar

temperature dependence of G' and G'' upon cooling (results not shown). The crossover of G'

and G'' is shifted to higher temperatures compared to PBT20-1000, i. e., 205 °C for PBT45-

1000 and 215 °C for PBT20-1380. This might be attributed on one hand to the increased

average hard segment block length in PBT40-1000 and on the other hand to the higher

molecular weight of the incorporated triblock copolymer soft segment in PBT20-1380

(Table 1), which is equivalent with a higher viscosity and an increased incompatibility

between the components. The melt rheology of copoly(ether ester)s consisting of PBT hard

segments and PTMO soft segments is significantly different. Veenstra et al.7 showed that for

these materials crystallization occurs from a homogeneous melt. Temperature dependent

dynamic shear experiments revealed that upon cooling from the homogeneous melt a sharp

rise in G' is observed, resulting from crystallization of the hard segment. Here, microphase

separation is induced by crystallization of the hard segment and not by liquid-liquid demixing

of incompatible chain segments. A similar behavior is observed for the copoly(ether ester)

PBT1000/50 (not shown here). In conclusion, for PEO-b-PEB-b-PEO containing copolyesters

crystallization of the PBT hard segments might occur from a microphase separated melt due

to the fact that crystallization of PBT takes place at temperatures well below the order-

disorder transition of the incorporated triblock copolymer soft segment (Table 2).



Chapter 3

96

Table 2. Transition Temperatures for Copolyesters Obtained by DSC and DMAa
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Small Angle X-ray Scattering. To gain more insight into the melt structure of the

synthesized copolyesters, SAXS investigations on the PEO-b-PEB-b-PEO triblock

copolymers and the corresponding copolyesters have been performed. Measurements on the

triblock copolymers have been conducted at 80 °C taking into account that the PEO blocks

are molten at room temperature in the corresponding copolyesters (Table 2). The semi-

logarithmic SAXS profile for PEO18PEB64PEO18
5.6 at 80 °C (molten PEO blocks) exhibits

reflex positions at ratios of 1 : 3  : 2 : 7 , which are typical for hexagonally packed

cylinders (Figure 3A). The SAXS profile of PBT20-1000 at 30 °C (Figure 3A) shows no

distinct reflexes pointing to a cylindrical structure arising from the incorporated soft segment.

Only a very broad intensity distribution can be detected which may arise from an overlap of

reflexes from interlamellar PBT spacings and reflexes originating from the cylindrical

domains in the triblock copolymer soft segment. The corresponding measurement at 250 °C

(molten PBT blocks) shows a broad reflex at q = 0.56 nm-1, indicating a microphase

separation in the melt. The reflex position is slightly shifted to higher spacings compared to

the q100 reflex of the pure triblock copolymer which can be attributed to the chain extension of

the PEO block with PBT units in the copolyester. Because of the lack of higher order reflexes,

a structure assignment is not possible in this case.

The semilogarithmic SAXS profile of PEO22PEB56PEO22
6.4 at 80 °C exhibits reflex

positions at ratios of 1 : 2 : 3,  typical for a lamellar structure (Figure 3B). The SAXS profile

of PBT20-1380 at 30 °C (Figure 3B) shows a broad intensity distribution up to q ~ 0.4 nm-1

which might correspond to interlamellar PBT spacings. In addition, two sharp reflexes can be

detected at a ratio of 1 : 2 pointing to a lamellar structure which can also be seen in TEM

investigations as will be discussed later. The corresponding lamellar spacing (12.6 nm) is

slightly shifted to higher values compared to that of the pure triblock copolymer (11.4 nm).

The measurement at 250 °C (molten PBT blocks) reveals a microphase-separated melt with a

lamellar structure corresponding to the observed reflex positions at a ratio of 1 : 2 (Figure

3B). In conclusion, the SAXS experiments confirm the results obtained from dynamic shear

experiments, and it can be deduced that crystallization of PBT occurs from a microphase-

separated melt.
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Figure 3. Semilogarithmic SAXS profiles: (A) PEO18PEB64PEO18
5.6 at 80 °C (),

PBT20-1000 at 30 °C  (-.-.-.-) and 250 °C (……); (B) PEO22PEB56PEO22
6.4 at

80 °C (-.-.-.-), PBT20-1380 at 30 °C (……) and 250 °C (); scattering vector
q = 4π/λ sinΘ with the scattering angle 2Θ and λ = 0.1542 nm.
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Transmission Electron Microscopy. To investigate whether crystallization from the

observed microphase-separated melt results in the formation of a dispersed PBT hard phase,

TEM experiments have been performed. Figure 4 shows TEM images for several copolyesters

based on PEO18PEB64PEO18
5.6 (PBTx-1000) and PEO22PEB56PEO22

6.4 (PBTx-1380) soft

segments. As the staining agent (RuO4) gets preferentially adsorbed by the amorphous PBT

and PEO segments in the soft segment phase, the crystalline PBT and amorphous PEB

domains appear as bright regions. As depicted for PBT45-1000 in Figure 4A, the spherical,

bright appearing, crystalline PBT domains are dispersed within a matrix of the soft segment.

However, because of the selective staining of the amorphous soft segment phase, no fine

structure of the crystalline PBT domains can be observed. Comparison with PBT35-1000

(Figure 4B) shows that the number density of crystalline PBT domains decreases as expected

with decreasing PBT content. A closer look to the soft segment rich regions in PBT35-1000

indicates a microstructure within the soft segment phase, which is seen as white fine structure

in the amorphous phase and originates from the unstained PEB domains. From the TEM

image no conclusions can be drawn about the kind of microstructure visible in the soft

segment phase. Taking into account that the incorporated triblock copolymer exhibits a

cylindrical structure (Figure 3A), the observed microstructure in the soft segment phase might

be attributed to a kind of distorted cylindrical structure, which will be underlined in the

discussion of the SFM results. Figure 4C, D shows the corresponding TEM micrographs of

PBT40-1380 and PBT30-1380. The dispersed crystalline PBT domains are clearly visible. In

addition, Figure 4D shows that the soft segment phase exhibits a lamellar microstructure

which is in line with SAXS investigations of the incorporated triblock copolymer (Figure 3B).

This lamellar microstructure is more pronounced in PBT20-1380 (Figure 4E, F) emphasizing

the strong influence of the incorporated triblock copolymer on the morphology of the

copolyester. Figure 4F shows the lamellar microstructure of PBT20-1380 in more detail. The

bright lamellae correspond to the nonpolar PEB, which is not stained by RuO4. The dark

appearing lamellae accord with the amorphous PEO/PBT mixed phase and show some white

"inclusions" which might be attributed to thin crystalline PBT lamellae (denoted as PBTc in

Figure 4F). This assumption is supported by an increase of the long spacing from 11.4 nm in

the pure triblock copolymer to 12.6 nm in PBT20-1380 as derived from SAXS measurements

(Figure 3B). In conclusion, TEM investigations show that the PBT hard phase in the PEO-b-

PEB-b-PEO containing copolyesters is dispersed within a matrix of the soft phase.
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Figure 4. TEM images of PBT45-1000 (A), PBT35-1000 (B), PBT40-1380 (C), PBT30-
1380 (D) and PBT20-1380 (E and F, PBTc = crystalline PBT) stained with RuO4
vapor.
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Scanning Force Microscopy. To analyze the fine structure of the crystalline PBT

domains, which appears bright using TEM analysis, scanning force microscopy (SFM) has

been performed. An additional advantage of using SFM is the elimination of possible cutting

effects that could be introduced by the sample preparation for TEM, especially for these soft

materials. Figure 5 shows several SFM phase contrast images of copolyesters based on

PEO18PEB64PEO18
5.6 (PBTx-1000) and PEO22PEB56PEO22

6.4 (PBTx-1380) triblock

copolymer soft segments. The phase contrast images of PBT45-1000 (Figure 5A) and PBT40-

1380 (Figure 5B) clearly show that the bright appearing elongated domains, which correspond

to crystalline PBT lamellae (viewed edge on), are dispersed within a matrix of the soft

segment. This is in agreement with the results obtained by TEM (Figure 4A, C). At this point

it has to be mentioned that the SFM experiments were performed on compression molded

films using PTFE cover sheets. As PTFE is a very nonpolar polymer, the also nonpolar PEB

blocks have a strong tendency to accumulate at the surface in order to reduce the surface

tension. The effect of PTFE on the surface structure is clearly visible in Figure 5C, showing a

compression-molded film of PBT45-1000 which was again molten and crystallized without

using a PTFE cover sheet. The surface almost completely consists of crystalline PBT

lamellae, which agglomerate into more or less globular domains and are dispersed in a matrix

of the soft segment. In addition, the lamellar fine structure of the crystalline PBT domains is

visible. This structure is very similar to the bright spherical PBT domains observed in TEM

investigations (Figure 4A), whereas in the TEM micrographs the lamellar fine structure is not

visible. Figure 5D shows the SFM phase contrast image obtained for PBT30-1000. In analogy

to PBT45-1000, the crystalline PBT lamellae (bright appearing elongated domains) are again

dispersed within a matrix of the soft segment and sometimes form aggregates consisting of

several lamellae. This aggregation of several crystalline lamellae might also explain the

observed spherical PBT domains in the TEM investigations. As it is not possible to resolve

the lamellar fine structure by TEM, the aggregates appear as bright spherical domains. A

closer look to the regions rich in soft segment reveals the existence of a microstructure in the

soft phase as was also concluded from TEM investigations on PBT35-1000 (Figure 4B). A

more detailed insight into the microstructure of the soft segment phase is given in Figure

5E, F showing SFM phase contrast images of PBT20-1000. The bright elongated domains

again correspond to crystalline PBT lamellae viewed edge on, which tend to form aggregates

consisting of several lamellae.
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Figure 5. SFM phase contrast images of PBT45-1000 (A: z = 60°), PBT40-1380 (B: z =
50°), PBT45-1000 prepared without a PTFE cover sheet (C: z = 40°), PBT30-
1000 (D: z = 30°) and PBT20-1000 (E: z = 20°; F: z = 15°, circle = soft segment
phase showing PEO-cylinders (bright dots)).
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A zoom into the soft segment phase as depicted in Figure 5F clearly shows a

microstructure within the soft segment. Inside a dark appearing matrix (lower phase shift)

bright spherical domains can be detected which might be attributed to PEO cylinders within a

matrix of the PEB block (circle in Figure 5F). This is in line with the SAXS result on the pure

PEO18PEB64PEO18
5.6 triblock copolymer discussed before (Figure 3A). In summary, dynamic

shear and SAXS experiments demonstrate that the morphology in these PEO-b-PEB-b-PEO

containing copolyesters originates from a microphase-separated melt. This in turn results in a

dispersed PBT hard phase, as observed by TEM and SFM investigations.

Differential Scanning Calorimetry and Dynamic Mechanical Analysis. To

investigate the phase behavior of the different PEB containing copolyesters, DMA and DSC20

measurements have been performed. Dynamic mechanical analysis of copolyesters with

PEO18PEB64PEO18
5.6 (PBTx-1000, Figure 6A) and PEO22PEB56PEO22

6.4 (PBTx-1380, Figure

6B) soft segments shows for all samples a sharp glass transition temperature at approximately

-60 °C. Above this temperature an extended rubber plateau is observed, which is typical for

copoly(ether ester)-like elastomeric materials. At temperatures above 150 °C (Figure 6A)

melting of crystalline PBT segments starts, resulting in a marked drop in the storage modulus.

These observed glass transition temperatures and melting points correspond with the detected

transition temperatures using DSC (Table 2). For PBTx-1000 (Figure 6A) and PBTx-1380

(Figure 6B) the storage modulus at room temperature reveals only a slight decrease with

decreasing PBT content, reflecting the disperse PBT phase. A closer look to the DMA traces

shows that below the melting point of PBT four separate transitions can be distinguished

(Figure 6A, B, Table 2). The first glass transition temperature TG
1 at ca. -60 °C can be

attributed to the PEB phase. This glass transition temperature is independent of composition,

revealing a strongly phase-separated PEB phase. The loss tangent shows that this first

relaxation is not symmetric but shows a shoulder at higher temperatures. This shoulder at ca.

-10 °C (TG
2) might be attributed, in analogy to PTMO containing copoly(ether ester)s,14 to the

glass transition of a mixed amorphous PEO/PBT phase. In the temperature region between 0

and 15 °C the storage modulus E' exhibits a drop. This is more obvious for the polymers

PBT20-1000 (Figure 6A) and PBT20-1380 (Figure 6B), possessing higher soft segment

contents. Comparison with DSC results (Table 2) shows that this transition can be ascribed to

the melting of the PEO blocks. The appearance of a PEO melting point indicates the presence

of a PEO-rich phase besides the mixed amorphous PEO/PBT phase, which allows

crystallization of PEO as observed by DSC.20
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Figure 6. DMA measurements for copolyesters with (A) PEO18PEB64PEO18
5.6 soft segments

(PBTx-1000): PBT45-1000 (), PBT35-1000 (……), PBT20-1000 (------); (B)
PEO22PEB56PEO22

6.4 soft segments (PBTx-1380): PBT40-1380 (), PBT30-
1380 (……), PBT20-1380 (------).
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A third glass transition temperature (TG
3) can be observed at ca. 50 °C, as indicated by

a small drop in E' and a corresponding maximum in tan δ. This glass transition is more

pronounced for copolyesters PBTx-1000 with a high PBT content (Figure 6A). In the samples

PBTx-1380 (Figure 6B) the transition region is probably very broad. For PBT homopolymer

the glass transition temperature is 45 °C.29 Therefore, the observed third glass transition

temperature TG
3 can be attributed to a pure amorphous PBT phase. A corresponding transition

in the second DSC heating traces is not detectable (Table 2). However, this transition is

visible in the first heating trace or after annealing at temperatures slightly below the glass

transition temperature of PBT for copolyesters with PBT contents ≥  30 wt-% (results not

shown). The results obtained by DSC and DMA experiments refine the morphology picture

obtained by TEM and SFM. The following structure can be proposed. The copolyesters with

PEO-b-PEB-b-PEO soft segments consist of a crystalline PBT phase and an amorphous

phase, which can be divided into a pure PEB phase, a PEO-rich phase besides a mixed

PEO/PBT phase, and a pure amorphous PBT phase. To provide more evidence for the

existence of these proposed different phases, the PEB containing PBT-based copolyesters

have been studied in more detail using solid-state NMR. These results will be presented

elsewhere.30

Mechanical Characterization. TEM and SFM investigations show that in the PEB

containing copolyesters the hard phase is dispersed within a matrix of the soft phase.

Compared to the co-continuous hard phase in PBT-PTMO based copoly(ether ester)s like

PBT1000/50, a dispersed hard phase should result in a better elastic recovery. To prove this

assumption, hysteresis measurements have been performed on copolyesters with

PEO18PEB64PEO18
5.6 soft segments. Figure 7 shows a comparison of hysteresis measurements

up to 100% strain for PBT20-1000 and PBT1000/50. The course of the traces underline the

disperse and co-continuous morphology found for PBT20-1000 and PBT1000/50,

respectively. At any strain value PBT20-1000 exhibits a smaller stress value compared to

PBT1000/50; i. e., PBT20-1000 is a "softer" material. Comparing the obtained plastic

deformations (εplast) after elongation to 100%, PBT20-1000 shows a significantly lower

plastic deformation. As depicted in Table 3, all copolyesters based on PEO18PEB64PEO18
5.6

soft segments reveal a significantly lower plastic deformation compared to that of

PBT1000/50. This effect is visible not only at 100% elongation but also, and even more

pronounced, at 500% elongation (Table 3).
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Figure 7. Comparison of hysteresis measurements up to 100% strain for PBT20-1000
() and PBT1000/50 (……).

Increasing the molecular weight by solid-state postcondensation results in an

additional improvement, as is demonstrated by the postcondensated samples PBT20-1000_P

and PBT25-1000_P (Table 3). The significantly increased elasticity results not only from the

increased amount of soft block (due to the less extreme phase separation between PBT and

PTMO, incorporation of a higher amount of PTMO will result in a homogeneously mixed

system) but also mainly from differences in the hard segment structure. The co-continuous

hard phase in PBT1000/50 is much easier irreversibly disrupted upon elongation compared to

the disperse hard phase in PEO-b-PEB-b-PEO-based copolyesters, resulting in a much higher

plastic deformation.

An irreversible disruption of the hard phase in the PEB containing copolyester should

result in a so-called strain softening effect. This effect is reflected by a decrease of the

"second" initial modulus in the second cycle of a hysteresis test compared to the original

initial modulus.31,32 Table 3 shows a comparison of the original Young modulus (Einitial) and

the "second" initial modulus in the second cycle after an elongation to 100% (E100). The

copolyesters based on PEO18PEB64PEO18
5.6 soft segments exhibit a significantly lower

decrease in the "second" initial modulus E100 compared to that of PBT1000/50. This supports

the assumption that a dispersed PBT hard phase undergoes less irreversible disruption upon

elongation compared to a co-continuous hard phase.
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Table 3. Elastic Properties of Copolyesters Obtained by Cyclic Stress-Strain
Measurementsa

sample εplast(100)
[%]

εplast(500)
[%]

Einitial
[MPa]

E100
[MPa]

E100/Einitial
[%]

PBT1000/50 32.4 (0.2) 314 (1.0) 73.2 (2.5) 20.4 (0.3) 27.9
PBT40-1000 5.9 (0.2) - 15.2 (1.0) 11.2 (0.4) 73.7
PBT35-1000 4.2 (0.2) - 12.0 (0.6) 10.2 (0.2) 85.0
PBT30-1000 4.7 (0.2) - 12.2 (0.2) 9.3 (0.2) 76.2
PBT25-1000 8.3 (0.3) - 13.9 (1.0) 9.5 (0.5) 68.3
PBT20-1000 2.8 (0.1) 104 (0.5) 8.7 (0.1) 7.5 (0.1) 86.2

PBT25-1000_Pb 4.6 (0.2) - 9.3 (0.1) 8.5 (0.1) 91.4
PBT20-1000_Pb 0.6 (0.1) - 6.9 (0.2) 6.6 (0.2) 95.7

a εplast(x) = remaining plastic deformation after a cyclic extension to x%; Einitial = initial Young
modulus; E100 = initial Young modulus for the second cyclic extension to 100% strain;
values in parenthesis give the standard deviations.

b Samples were subjected to a solid state post-condensation.

Conclusions

We have investigated the morphology and elastic properties of several PBT based

copolyesters with PEO-b-PEB-b-PEO soft segments. Dynamic shear experiments in

combination with small-angle X-ray scattering show that crystallization of the PBT hard

segments occurs from a microphase-separated melt. This results in a dispersed hard segment

phase within a matrix of the soft phase as revealed by TEM and SFM investigations. DMA

and DSC measurements show an enhanced microphase separation in the soft segment phase

induced by the nonpolar PEB segments. A structure model can be proposed consisting of a

crystalline PBT hard phase and an amorphous soft phase, which can be divided into a pure

PEB phase, an amorphous PEO-rich phase besides a mixed PEO/PBT phase, and a pure

amorphous PBT phase. Mechanical testing shows a significantly improved elastic recovery

compared to the case of PBT1000/50, a copoly(ether ester) exhibiting a co-continuous hard

and soft phase structure. This demonstrates that an increased phase separation, which results

here in a disperse PBT hard phase, leads to significantly improved elastic properties.
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3.1.3 Morphology and Molecular Miscibility of Segmented Copoly(ether ester)s with

Improved Elastic Properties as Studied by Solid-State NMR
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c) present address: BASF Aktiengesellschaft, ZKS/B1, 67056 Ludwigshafen, Germany

ABSTRACT: The morphology of copoly(ether ester) elastomers, based on
poly(butylene terephthalate) (PBT) hard blocks and poly(ethylene oxide)-block-
poly(ethylene-stat-butylene)-block-poly(ethylene oxide) (PEO-b-PEB-b-PEO)
soft blocks, has been investigated by various solid-state NMR methods. 13C IRCP
and 1H-T1ρ NMR experiments show a heterogeneity in molecular motions for the
PEO and PBT segments, indicating the presence of a PEO-rich phase and a
PEO/PBT mixed phase. In contrast, for the PEB segments a homogeneous NMR
relaxation behaviour is observed, indicating the presence of a separate pure PEB
phase. Deuterium NMR spectra recorded of block copolymers with selectively
deuterated PBT, clearly show at least 2 distinct motional environments of PBT
already at room temperature: a broad peak which is assigned to PBT segments in a
crystalline phase, and an extremely narrow peak which is assigned to highly
mobile PBT segments embedded in an amorphous matrix (PBT/PEO mixed
phase). For copoly(ether ester)s with a relatively high PBT content (45% (w/w)),
2H T1-inversion recovery experiments even reveal the presence of a ‘pure’
amorphous PBT phase next to the PBT/PEO mixed phase. Hysteresis experiments
show that copoly(ether ester)s based on PEO-b-PEB-b-PEO soft blocks have a
significantly improved elastic behavior, i.e. lower plastic set, compared to PTMO-
based copoly(ether ester)s.



Chapter 3

112

Introduction

One of the goals in polymer science is to gain control over the relation between the

molecular structure, the morphology, and the resulting mechanical properties. This is

especially true for thermoplastic elastomers or TPE’s. The aim in these TPE’s is to obtain a

well-defined two-phase morphology in which the elastomeric properties are fully exploited

with the preservation of the thermoplastic processing characteristics. In this paper the relation

between the morphology and the elastic properties of one class of TPE’s, i.e. copoly(ether

ester)s or TPE-E’s is described. TPE-E’s consist in general of a poly(butylene terephthalate)

or PBT hard phase and a poly(tetramethylene oxide) or PTMO soft phase.1,2 Due to the partial

immiscibility of the PBT and the PTMO segments a co-continuous two-phase morphology is

obtained.3-7 It was assumed that this co-continuous two-phase morphology consists of

crystalline PBT and a homogeneous amorphous PBT-PTMO phase. A recent study, using

amongst others various solid-state NMR techniques, demonstrated the existence of a non-

homogeneous amorphous soft phase consisting of a PTMO rich and a mixed amorphous PBT-

PTMO phase.8

It is generally accepted that the presence of a co-continuous crystalline PBT phase

causes the significant plastic deformation and hence minor elastic properties of TPE-E’s upon

relative large elongations. Orientation studies have shown that upon deformation, the soft

segments orient parallel to the stress direction,9 whereas the hard segments initially orient

transverse to the stress direction and only at higher elongations parallel to the stress

direction.10 This process of alignment of the crystalline polymer chains with the direction of

stress continues up to 300% elongation, and results in irreversible disruption of the crystalline

matrix. In addition, it has been shown that the degree of crystallinity is of importance for the

elastic properties.11 The general idea is that the elasticity of copoly(ether ester)s could be

improved by changing the co-continuous PBT hard phase into a disperse phase. This can be

achieved by increasing the phase separation as was demonstrated in thermoplastic

polyurethanes or TPE-U’s,12,13 and in strongly phase separated copoly(ether ester aramides).14

Recently, we reported the successful synthesis of hydrogenated polybutadiene (PEB)

containing PBT based copolyesters.15 Preliminary studies using TEM, SFM, DSC, DMA and

melt rheology showed that the incorporation of the non-polar PEB soft block in PBT based

copoly(ether ester)s resulted in an extreme phase separation.16 To elucidate the obtained

morphology in more detail, the PEB containing copolyesters have been analysed using solid-

state NMR spectroscopy, which is a powerful tool to study the microphase structure of
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polymers.17 NMR relaxation experiments are of special interest, since changes in molecular

mobility are accompanied by changes in NMR relaxation times. 13C inversion recovery cross-

polarization measurements (IRCP), and proton-T1ρ relaxation experiments have been

performed. In addition, selectively deuterated PBT homopolymer and selectively deuterated

PBT-based copoly(ether ester)s have been prepared and analysed using 2H-solid-state echo

and inversion recovery-T1 techniques. Based on the results of these NMR studies a model is

proposed in which the morphology of this novel type of TPE-E is related to the elastic

properties of this material.

Experimental

Samples. The copoly(ether ester)s studied in this paper consist of PBT hard blocks

and PEO-b-PEB-b-PEO soft blocks. The soft block is synthesized by chain extension of

hydroxy-terminated hydrogenated polybutadiene by means of anionic ring opening

polymerization of ethylene oxide. The synthesis of the copolymers and the molecular

characterization is described in detail by Schmalz et al.15 We investigated three types of

copoly(ether ester)s varying in the amount and block length of PBT. The designation code for

the samples is PBTx-y, in which x is the amount of PBT (in % (w/w)) and y is the molecular

weight of PEO in the soft block (in g/mol). The composition of the samples and the average

block lengths (in number of monomer units, Pn) of the hard and soft blocks are given in

Table 1. The hydrogenated polybutadiene has a molecular weight of 3600 g/mol. The total

molecular weight of the soft block was 5600 g/mol, which was kept constant. The PBT

concentration was varied between 25 and 45% (w/w). All samples were melt-pressed into

plates.

Table 1. Composition of the PEB-Based Copoly(ether ester)s

Sample Amount of PBT
[% (w/w)]

Pn (PBT) Pn (soft block)
PEO-b-PEB-b-PEO

PBT25-1000 25 10 23-64-23
PBT35-1000 35 15 23-64-23
PBT45-1000 45 22 23-64-23
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Selectively labeled PBT homopolymer and selectively labeled PBT-containing

copoly(ether ester)s were synthesized using 2,2,3,3-d4-butylene glycol as the starting diol.

The selectively deuterated copoly(ether ester) has the same composition as PBT45-1000.

NMR. 13C solid-state NMR experiments were carried out on a Varian Inova 400 (400

MHz for 1H) and on a Varian Unity 200 (200 MHz for 1H) spectrometer using the 7 mm

Jacobsen style VT CP-MAS probe. The 13C cross-polarization magic angle spinning (CP-

MAS) and 13C inversion recovery cross-polarization (IRCP) experiments were performed on

the Inova 400, while the 1H-T1ρ experiments were performed on the Unity 200. The 90º-pulse

width was 5 µs for protons and carbons. Adamantane was used as an external chemical shift

reference (38.3 ppm for the methylene resonance relative to TMS). All experiments were

performed under magic angle spinning conditions. The spinning rate was 7 kHz for

experiments carried out on the 400 MHz spectrometer and 4 kHz for experiments performed

on the 200 MHz spectrometer. A recycle time of 2 seconds was used in all cross-polarization

experiments. The 13C IRCP pulse sequence is given in Figure 1A.

t1 τ

180xº

τ

90xº 90yº

A

B

90°      180°

1H

13C

τ1 τ2

t1 τ

180xº

τ

90xº 90yº

A

B

90°      180°

1H

13C

τ1 τ2

Figure 1. A) Pulse sequence of 13C IRCP experiment with spin temperature inversion on the
proton reservoir. B) Pulse sequence of 2H-T1 inversion-recovery quadrupole echo
deuterium experiment.
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The first step is a classical cross-polarization step, during which magnetization is

transferred from the abundant 1H spins to the dilute 13C spins for a contact time τ1. During the

second part of the experiment (τ2), the proton magnetization is inverted by applying a 180º

phase shift on the proton spin locking field. The cross-polarization time τ1 was set to a fixed

value of 1 ms for the PEB containing copoly(ether ester)s. The inversion time τ2 was varied

between 0.005 and 20 ms. The T1ρ-decay of protons was measured from the decay of carbons

attached to them by using cross-polarization. By applying spectral deconvolution the integral

peak intensities of the various peaks could be determined as a function of the decay time. In

the 1H-T1ρ experiments the spin lock time on protons was varied between 10 µs and 30 ms.

Solid-state 2H spectra were recorded on a Varian Inova 400 (400 MHz for 1H) using a

wideline probe. Spectra were obtained using the standard quadrupole echo pulse sequence18

(90x-τ-90y-τ). The τ-value was 20 µs, recycle delay was 2 seconds the 90° pulse width was

2.5 µs. Inversion-recovery T1-deuterium NMR spectra were obtained by using a 180º pulse

followed by a variable delay t1 and followed by the standard quadrupole echo pulse sequence

(Figure 1B). The t1 time varied between 1 µs and 1 and the τ-value was set to 20 µs.

Results and Discussion

13C CP-MAS Spectrum. Figure 2 shows the 13C CP-MAS NMR spectrum of PBT45-

1000 recorded at 400 MHz for 1H. In addition to the spinning side bands (marked by an

asterisk), nine resonances (a-i) are observed, which are assigned to structural units shown in

Figure 2. The spectrum shows four PBT resonances of the carbonyl carbons at 165.1 ppm (h),

the protonated aromatic carbons at 130.7 ppm (g), the non-protonated aromatic carbons at

134.7 ppm (f), and the PBT-OCH2 groups at 65.9 ppm (a). For the soft block a resonance for

the OCH2 groups of PEO at 71.7 ppm (c) is observed. The 13C NMR spectrum of the PEB

block, which appears between 25 and 40 ppm, is rather complex since there are many

overlapping lines originating from the sequence distribution in the soft PEB block. These

lines can be resolved in a liquid state spectrum but show severe overlapping in a solid-state

spectrum. The assignments of the resolved peaks to the various structural units in the PEB

block are indicated in Figure 2. It is noted that the main peak of the PEB unit shows severe

overlapping with the CH2 resonance of PBT at 27 ppm (b).
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Figure 2. 13C CP-MAS spectrum of PBT45-1000 at a spinning rate of 4 kHz and a contact
time of 1ms, recorded at 400 MHz for 1H. Peaks marked with an asterisk are
spinning side bands. Note that the OCH2 carbons of the first PEO unit directly
connected to the terephthalate group belong to resonance a and not to c.

13C Inversion Recovery Cross-polarization (IRCP) Experiments. To study the

molecular mobility of the hard and soft segment in more detail, we applied a 13C IRCP

experiment.19 The IRCP experiment is composed of two contiguous parts. The first step is a

classical cross-polarization step, during which magnetization is transferred from the abundant
1H spins to the dilute 13C spins for a contact time τ1. During the second part of the experiment

(τ2), the carbon magnetization is inverted. The rate of this inversion process or depolarization

process is determined by the cross-polarization dynamics. The cross-polarization or

depolarization rate depends on the strength of the magnetic dipole-dipole coupling between
13C and 1H spins, which is affected by molecular motions. In case of slow motions or low

amplitude motions cross-polarization is a relatively fast process, in case of fast motions or

high amplitude motions, cross-polarization is a relatively slow process. We expect therefore

the magnetization of the hard block to invert faster than that of the soft block. By using this

IRCP pulse sequence, one component can be selectively nulled to yield a spectrum of the

other. This experiment has been successfully applied before on copoly(ether ester)s based on

PBT hard blocks and PTMO soft blocks.8 Based on this experiment it could be clearly shown
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that the amorphous phase is not a homogeneous mixture of hard and soft segments, but is

phase separated in a ‘PTMO-rich’ phase and a mixed ‘PBT/PTMO’ phase.

The results for sample PBT45-1000 are shown in Figure 3A and 3B for respectively

the OCH2 carbons of the PEO and PBT segment (58 – 77 ppm) and the CH and CH2 groups

of the PEB between 15 and 45 ppm. The spectra recorded at different τ2 are presented. The

spectra are fitted with Lorentzian and/or Gaussian lines. In Figure 3A we see that the OCH2

resonances of the ‘hard’ PBT segment invert, as expected, faster than those of the PEO

groups. Most interestingly is the inversion of the OCH2 groups of PEO at an inversion time

(τ2) of 600 µs. Here we clearly see that the PEO-OCH2 resonance at 71.7 ppm is actually

composed of two resonances: a narrow peak (blue line), which is still positive and not yet

inverted, and a broader peak (red line), which is already inverted. The broader peak is slightly

shifted upfield (~0.3 ppm) with respect to the narrow line. For all samples we observe for the

PEO-OCH2 peak this splitting into 2 resonances. These two lines are almost individually

observed at 400 µs (narrow line) and 800 µs (broad peak). These two lines, with different line

width and cross-polarization behavior, are attributed to PEO segments with different

molecular mobility. The narrow line, which inverts slow, can be assigned to PEO segments

with relatively high mobility, whereas the broad line corresponds to PEO segments with more

restricted mobility. These results indicate that the PEO segments do not form a completely

demixed separate phase. Instead we assign the narrow peak to highly mobile PEO segments in

a PEO-rich phase and the broad peak to PEO segments with more restricted mobility due to

partial mixing with more rigid PBT segments. These assignments are in agreement with

previous studies on similar copoly(ether ester)s.8

For all PEB resonances (Figure 3B) we observe almost identical cross-polarization and

depolarization behavior. At 800 µs all signals are at their ‘cross-over point’. This indicates

that there is no heterogeneity in mobility for the PEB segment. It should be noted that the

resonance at 27 ppm inverts faster, but this peak originates from the CH2 carbons of PBT.

In summary, these results already indicate that the amorphous phase is composed of a

highly mobile PEO-rich phase, a PEO/PBT mixed phase, and a pure PEB phase. These

assignments are also in agreement with DMTA results16 that are discussed in more detail in a

separate contribution, in which for all samples two distinct Tg’s are observed; a first Tg at

-60 °C (PEB-pure phase) and a second Tg at -10 °C (PBT/PEO mixed phase). Furthermore,

DSC measurements reveal the presence of a pure PEO phase16 since in a DSC curve a clear

melting peak at about 5 °C is observed.
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Figure 3. (A) 13C IRCP spectra of PBT45-1000 showing the OCH2 resonances of PBT and
PEO. The PEO resonance is fitted with two lines, a narrow red peak and a blue
broader peak. (B) 13C IRCP spectra of PBT45-1000 showing the CH and CH2
groups of the PEB soft block. Note the overlapping CH2 resonance of PBT at
27 ppm, shown in blue. The black line is fitted to the resonances of the PEB soft
block, whereas the blue line indicates the overlapping CH2 of PBT. The rest of the
fitted lines is left away for clarity.

1H-T1ρ Experiments. The 13C IRCP experiments discussed above are sensitive to

local motions of individual C-H groups. Hence, the heterogeneity in cross-polarization

behavior, as determined for the various groups, does not necessarily reflect different domains

(phases) with different molecular mobility. Here 1H-T1ρ experiments can provide valuable

information. 1H-T1ρ relaxation times in solids usually represent averaged values over the

relaxation behavior of the ensemble of protons. This is due to the strong dipolar coupling

between protons, which gives rise to spin diffusion. When domains with different molecular

mobility are relatively small (< ca. 5 nm), the relaxation behavior is averaged out to give a
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single value. Only for larger domains (> ca. 5 nm), a heterogeneity in the 1H-T1ρ relaxation

behavior is observed.

The 1H-T1ρ decay curves are plotted in Figure 4 for sample PBT45-1000 at different

temperatures (room temperature, 50 °C and 80 °C). The solid lines represent least squares fits

of a mono- or bi-exponential decay function to the experimental data points. Only the

experimental data and fits for the PEO-OCH2 groups, the PBT-OCH2 groups and the CH2 and

CH groups of PEB are given.
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Figure 4. 1H-T1ρ decay of the OCH2 (PEO), OCH2 (PBT) and CH2 (PEB) carbons of
PBT45-1000 at different temperatures: A) room temperature B) 50 °C and C)
80 °C. The solid lines represent least-squares fits of the experimental data using a
bi-exponential decay function.

The relaxation time constants obtained from the fits are given in Table 2. At room

temperature (Figure 4A) we observe a bi-exponential decay for the OCH2 groups of PEO and

for the OCH2 groups of PBT and a mono-exponential decay for the CH and CH2 groups of

PEB. For PEO, the slow decaying component is assigned to the highly mobile PEO-rich phase

since at higher temperatures this relaxation time increases (Table 2) which is typical for
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highly mobile segments. The fast decaying component is assigned to PEO segments with the

more restricted mobility, mixed with PBT. For PBT the fast relaxing component is assigned to

amorphous PBT segments with a relatively high mobility, and the slow relaxing component to

rigid crystalline PBT segments. Most interestingly, the relaxation time of the fast decaying

component of PBT is in the same order of magnitude as the fast decaying component of PEO.

Therefore the short 1H-T1ρ relaxation times of PEO and PBT are assigned to an amorphous

PEO/PBT mixed phase.

The mono-exponential relaxation behavior of the CH and CH2 groups of PEB

indicates that the PEB forms a homogeneous amorphous phase without mixing with PEO or

PBT segments. Also at elevated temperatures, the relaxation behavior of the PEB phase is

clearly different from the relaxation behavior of PEO and PBT.

Table 2. 1H-T1ρ Relaxation Time Constants for PBT45-1000 Measured at 200 MHz for
1H at Different Temperatures

PBT45-1000 Carbons T1ρ(1H) A

[ms]
T1ρ(1H)B

[ms]
IA

[%]
IB

[%]
PEO (OCH2) 0.69 ± 0.25 17.1 ± 1.3 21 ± 3 79 ± 3

PEB (CH and CH2) 4.34 ± 0.26 - - -
RT

PBT (OCH2) 1.02 ± 0.17 4.66 ± 0.14 22 ± 3 78 ± 3
PEO (OCH2) 0.74 ± 0.38 13.74 ± 2.1 25 ± 5 75 ± 5

PEB (CH and CH2) 7.31 ± 0.76 - - -
T = 50 °C

PBT (OCH2) 0.33 ± 0.10 4.63 ± 0.13 14 ± 2 86 ± 2
PEO (OCH2) 0.24 ± 0.06 26.38 ± 3.54 48 ± 6 52 ± 2

PEB (CH and CH2) 9.3 ± 0.8 - - -
T = 80 °C

PBT (OCH2) 0.39 ± 0.09 6.51 ± 1.0 49 ± 5 51 ± 5

Deuterium NMR Experiments. 2H-NMR spectra provide detailed information about

the type of molecular motions of specific groups. In fact, for PBT-PTMO block copolymers it

has been reported20 that deuterium NMR experiments showed two distinct motional

environments for the hard PBT segments (at room temperature). One of the environments is

identical to that observed in the PBT homopolymer, whereas the other motional environment

is nearly isotropic. The isotropic motions of PBT segments are attributed to short blocks of

hard segments residing in the soft segment matrix.
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Figure 5 shows solid-state 2H-NMR spectra of selectively labelled PBT homopolymer

(Figure 5A) and a selectively labeled PBT based copoly(ether ester) (Figure 5B). For both

systems the 2,3 methylene groups of the butanediol were deuterated. The spectra were

recorded at temperatures between –80 °C and 120 °C.
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Figure 5. Temperature-dependent solid-state deuterium spectra for PBT (A) and a PEB-
based copoly(ether ester) (B). The spectra are scaled arbitrarily.
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At low temperatures (-80 °C) the mobility is frozen, therefore we observe for both

polymers a typical Pake pattern.16 At 40 °C a narrow peak superimposed on a broad line

shape is observed for the PBT homopolymer. This narrow peak becomes more pronounced in

the spectrum recorded at 80 °C. This narrow peak is assigned to amorphous PBT segments,

which is in agreement with Jelinski et al.21 For the PEB-based copoly(ether ester), a narrow

peak appears already at 0 °C. In agreement with DMTA measurements,16 in which a second

Tg at -10 °C is observed, this narrow peak can be assigned to the PBT segments with a

relatively high mobility, i.e. PBT segments that are embedded in a highly mobile soft matrix

(amorphous PBT/PEO mixed phase).

It might be further discussed whether all amorphous PBT is mixed with PEO or partly

resides in a separate amorphous phase. A first indication for a separate amorphous PBT phase

was obtained in a DMTA curve, which showed a glass transition temperature at 50 °C. This

transition was most pronounced for a sample containing 45% (w/w) hard block.16 Indications

for the presence of a pure amorphous PBT phase can be derived from 2H-T1 inversion

recovery experiments. Some of the 2H spectra recorded in 2H-T1 experiments are shown in

Figure 6. The first spectrum (Figure 6A), which is plotted negative, resembles the spectrum of

the PEB-based copoly(ether ester) recorded at 80 °C as shown in Figure 5B. At an inversion

time (t3) of 8 ms (Figure 6B) we see that the narrow peak is still negative while the broad

component is nulled. At 9 ms (Figure 6C), a ‘less narrow’ peak becomes positive, while the

narrow peak is still negative. This peak becomes more pronounced in the spectra depicted in

Figures 6D-6F. Especially in spectrum 6F, the extremely narrow peak is nulled, yielding a

spectrum composed of two resonances, a relatively broad peak due to crystalline PBT and a

relatively narrow peak, which is assigned to amorphous PBT. In fact, this spectrum resembles

(only the relative intensities are different) the spectrum of the PBT homopolymer at 80 °C

(Figure 5A). Summarizing, we conclude that for samples with a relatively high PBT content

(45% (w/w)), a ‘pure’ amorphous PBT phase exists besides the amorphous PBT/PEO mixed

phase. It is stressed that this conclusion cannot be drawn from 2H-NMR experiments alone,

but is based on the combined results obtained from 2H-NMR experiments and DMTA

experiments,16 which reveal a Tg at 50 °C, which is typical for amorphous PBT.
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Figure 6. Inversion-recovery solid-state deuterium NMR spectra of a PEB-based
copoly(ether ester) containing 45% (w/w) PBT at 80 °C. The spectra A-F are
obtained with increasing inversion time (t3): spectrum A at 6 ms, B at 8 ms, C at
9 ms, D at 10 ms, E at 11 ms, and F at 12ms.

Hysteresis Experiments. The NMR experiments described above unambiguously

demonstrate that the PEB containing copoly(ether ester)s possess an increased phase

separation compared to the conventionally used PTMO containing copoly(ether ester)s. To

show that this increased phase separation results in an improved elasticity, hysteresis

experiments are performed. Figure 7 shows a comparison of hysteresis measurements up to

100% strain for PBT20-1000 and the PTMO containing PBT1000-50 (possessing 50% PTMO

with a molecular weight of 1000 g·mol-1). The curves underline the existence of the disperse

and co-continuous morphology found for PBT20-100016 and PBT50-1000,8 respectively.

Comparing the obtained plastic deformations after elongation to 100%, which are 6 and 33%

for PBT20-1000 and PBT50-1000, respectively, it is clearly demonstrated that an increased

phase separation results in an improved elastic behavior. This significantly increased elastic

behavior results not only from the increased amount of soft block (due to the less extreme

phase separation between PBT and PTMO, incorporation of a higher amount of PTMO will

prevent a phase separation and is hence not possible), but mainly from the difference in hard

segment structure. The co-continuous hard phase in PBT1000-50 is much easier irreversibly

PBT/PEO mixed

amorphous PBT

crystalline PBT
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disrupted upon elongation, resulting in a much higher plastic deformation, compared to the

disperse hard phase in the PEO-b-PEB-b-PEO based copoly(ether ester)s.
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Figure 7. Hysteresis curves showing the first hysteresis cycle to a strain of 100% for a
PTMO-based copoly(ether ester) containing 50% (w/w) PBT (dashed curve) and a
PEB-based copoly(ether ester) containing 20% (w/w) PBT(solid curve).

Conclusion

Using various solid-state NMR techniques, detailed information on the phase behavior

and molecular miscibility was obtained on copoly(ether ester)s based on PBT hard blocks and

PEO-b-PEB-b-PEO soft blocks. Besides a crystalline PBT phase, we conclude that several

phases with different molecular mobility are present in the amorphous phase, including a

PEO-rich phase, a mixed PEO/PBT phase and a pure PEB phase. This microphase separation

was found in all samples investigated. In addition, it was found that, at least for samples with

45% (w/w) of hard block, a ‘pure’ amorphous PBT phase is present. Hysteresis experiments

showed that the copoly(ether ester)s with the PEO-b-PEB-b-PEO soft blocks have better

elastic properties, i.e. a lower plastic deformation, compared to the conventionally used PBT-

PTMO copoly(ether ester)s. Apparently incorporation of a predominantly non-polar soft

block leads to a better phase separated structure in which the PBT crystallites form dispersed

domains in a mobile amorphous matrix. This dispersion of hard PBT domains in an
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amorphous matrix results in improved elastic properties compared to conventional

copoly(ether ester)s with a co-continuous morphology.
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3.2 PB-b-PI-b-PEO and PE-b-PEP-b-PEO Triblock Copolymers

3.2.1 Synthesis and Characterization of ABC Triblock Copolymers with Two Different

Crystalline End Blocks: Influence of Confinement on Crystallization Behavior

and Morphology

Holger Schmalza, Armin Knollb, Alejandro J. Müllerc, and Volker Abetza*

a) Makromolekulare Chemie II, Universität Bayreuth, 95440 Bayreuth, Germany
b) Physikalische Chemie II, Universität Bayreuth, 95440 Bayreuth, Germany
c) Grupo de Polímeros USB, Departamento de Ciencia de los Materiales, Universidad Simón

Bolívar, Caracas 1080-A, Venezuela

ABSTRACT: The preparation of polyethylene-block-poly(ethylene-alt-
propylene)-block-poly(ethylene oxide) (PE-b-PEP-b-PEO) triblock copolymers by
homogeneous catalytic hydrogenation of the precursor poly(1,4-butadiene)-block-
poly(1,4-isoprene)-block-poly(ethylene oxide) (PB-b-PI-b-PEO) triblock
copolymers, which were synthesized by sequential anionic polymerization, is
described. Thermal analysis using differential scanning calorimetry (DSC) reveals
differences in the crystallization behavior of  the PEO and PE blocks arising from
different morphological confinements active during crystallization. If the PEO
block is confined into isolated spherical or cylindrical microdomains,
crystallization can only be induced by large supercoolings resulting from the vast
number of microdomains (spheres or cylinders) compared to the number of
available heterogeneities. In contrast, crystallization of PE proceeds via
heterogeneous nucleation regardless of the composition, which can be attributed
to the miscibility of PEP and PE segments in the melt. Transmission electron
microscopy (TEM) and scanning force microscopy (SFM) have been used to
investigate the influence of different confinements, active in PE-b-PEP-b-PEO
triblock copolymers, on the formed morphology. In addition, temperature
dependent imaging by hot-stage SFM measurements following the melting of
PEO blocks and annealing of PE crystallites within a PE-b-PEP-b-PEO triblock
copolymer will be presented.
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Introduction

Crystallization within block copolymer microdomains is an issue which has attracted

increasing interest in recent years mainly focusing on diblock copolymers. The structure

development in semicrystalline block copolymers, especially those having microphase-

separated melts, is enriched by the presence of two competing self organizing mechanisms:

microphase separation and crystallization. Depending on the segregation strength in the melt,

crystallization can be either confined in lamellar, cylindrical or spherical microdomains for

strongly segregated systems, or crystallization predominates the structure formation for

weakly segregated or homogeneous systems. Three competing physical events determine the

final microphase and crystalline morphology in amorphous-semicrystalline block copolymers:

the microphase separation in the melt (order-disorder transition temperature TODT), the

crystallization temperature (Tc) of the crystallizable block, and the vitrification (glass

transition temperature Tg) of the amorphous block. In general three different situations can be

observed. In diblock copolymers exhibiting a homogeneous melt (TODT < Tc > Tg),

microphase separation is driven by crystallization if Tg of the amorphous block is lower

compared to Tc of the crystallizable block. This results in a lamellar morphology where

crystalline lamellae are sandwiched by the amorphous block layers regardless of the

composition, as was shown for polyethylene-block-poly(ethylene-alt-propylene) (PE-b-PEP)1-

3, poly(ethylene oxide)-block-poly(methyl methacrylate) (PEO-b-PMMA)4 and low molecular

weight polyethylene-block-poly(3-methyl-1-butene) (PE-b-PMB)5 diblock copolymers. In

weakly segregated systems (TODT > Tc > Tg, soft confinement) crystallization often occurs

with little morphological constraint enabling a "breakout" from the ordered melt structure. As

a consequence, crystallization overwrites any preexisting melt structure resulting in a lamellar

structure, as was demonstrated for polyethylene-block-poly(ethyl ethylene) (PE-b-PEE)3,6,7,

polyethylene-block-poly(head-to-head propylene) (PE-b-hhPP)8, low molecular weight

polybutadiene-block-poly(ε-caprolactone) (PB-b-PCL)9-11, poly(ethylene oxide)-block-

poly(butylene oxide) (PEO-b-PBO)12, PEO-b-PEE and PEO-b-PEP13, low molecular weight

polyethylene-block-poly(styrene-ran-ethylene-ran-butylene) (PE-b-P(SEB),14 and PE-b-

PMB5,15 diblock copolymers. However, confinement of crystallization within spherical or

cylindrical microdomains is possible in strongly segregated systems and/or for highly

entangled amorphous blocks (high molecular weight)5,10,11,14-20. A strictly confined

crystallization within microdomains is observed for strongly segregated diblock copolymers

with a glassy amorphous block (TODT > Tg > Tc, hard confinement). The initially formed melt
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structure is preserved upon crystallization which was observed for PS and PEO containing

block copolymers (PS-b-PEO, PEO-b-PS-b-PEO)16,21-30, as well as polyethylene-block-

poly(vinyl cylcohexane) (PE-b-PVCH)7,31-34, PS-b-PCL35-38, PS-b-PE39, polystyrene-block-

polytetrahydrofuran (PS-b-PTHF)40, PMMA-b-PTHF41-44 and poly(tert-butyl methacrylate)-

block-poly(ethylene oxide) (PtBMA-b-PEO)45 diblock copolymers.

Crystallization within block copolymer microdomains is not only affected by the

strength of confinement but also by the structure of the microdomain, i.e. continuous (gyroid,

lamellae) or dispersed (cylinders, spheres), and even by the size of the microdomain. Chen et

al.46 observed for PB-b-PEO/PB blends with varying amount of PB homopolymer a decrease

in Tc(PEO) with decreasing PEO-content (domain size). Whereas in the blend with a lamellar

structure Tc(PEO) = 30 °C, a large supercooling was necessary to induce PEO crystallization

within PEO cylinders (Tc = -25 °C) or spheres (Tc = -35 °C). Similar results were obtained for

other block copolymers, exhibiting confined crystallization within isolated spherical or

cylindrical microdomains.16,17,19,21,24 Confined crystallization within microdomains is often

connected with a substantial decrease in crystallinity compared to the case of the

corresponding homopolymers due to spatial restrictions.10,11,17,21,22,28,29,40,42 In contrast, for PE

containing block copolymers the degree of crystallinity is independent of the type of

microdomain and comparable with PE homopolymer, which might be attributed to the usually

very thin PE crystals (d ≈ 5 nm).32,34 Crystallization can even be suppressed if the

crystallizable block is confined into spheres or cylinders.37,40,42 Investigations on

crystallization kinetics revealed a strong influence of the type of confinement on the observed

crystallization behavior.14,24,33,40,47 If the crystallizable block is strongly confined into

spherical or cylindrical microdomains unusual first-order crystallization kinetics, e.g. the

Avrami exponent n = 1, has been observed and related to a homogeneous nucleation

mechanism.14,33,47 However, in some special cases even lower Avrami exponents have been

detected.24,40

The crystallization in polymers usually occurs by heterogeneous nucleation,

homogeneous nucleation or self-nucleation. In semicrystalline homopolymers crystallization

in the bulk usually occurs on heterogeneous nuclei (catalyst debris, impurities, and other types

of heterogeneities of unknown nature). In block copolymers the type of nucleation strongly

depends on the type of microstructure. Crystallization in large or continuous domains is

mostly induced by heterogeneous nucleation, because the probability that a heterogeneity is

located within the crystallizable domain is large. However, crystallization in small isolated

microdomains (spheres, cylinders) either proceeds in a fractionated manner, i.e. several
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crystallization exotherms are observed in DSC, or crystallization can only be induced by

homogeneous nucleation.16-19,21,24,25,40,46,48-52 Microdomains that contain the heterogeneities

usually active at low supercoolings in the bulk polymer will crystallize at identical

temperatures compared to the bulk polymer. If less efficient heterogeneities are present in the

microdomain, a larger supercooling is necessary to induce crystallization. Those

microdomains that do not contain any heterogeneity will only be able to nucleate

homogeneously (if the interphase does not affect the nucleation process). Especially in block

copolymers, where the crystallizable block is confined into small isolated microdomains

(spheres, cylinders) the number density of isolated microdomains is significantly higher than

the number of available heterogeneities, thus favoring homogeneous nucleation.16

Besides the vast number of publications on amorphous ABC triblock copolymers there

have been only few publications on ABC triblock copolymers with crystallizable blocks.

Among them are reports on PS-b-PB-b-PCL and their hydrogenated analogues (PS-b-PE-b-

PCL), in which a complex interplay between microphase separation and crystallizability has

been found.49,50,53-59 In addition, there have been investigations on polystyrene-block-

polyisoprene-block-poly(ethylene oxide) (PS-b-PI-b-PEO)60-63, PS-b-PEP-b-PE64,65, poly(α-

methylstyrene)-block-polyisobutylene-block-polypivalolactone (P(α-MeS)-b-PIB-b-PVL)66

and linear21 as well as star shaped67 PS-b-PEO-b-PCL triblock copolymers.

In this contribution we will describe the synthesis of novel crystallizable ABC triblock

copolymers comprising two different semicrystalline end blocks, polyethylene and

poly(ethylene oxide), and a rubbery amorphous middle block poly(ethylene-alt-propylene)

(PE-b-PEP-b-PEO). The synthesis includes anionic synthesis of the precursor poly(1,4-

butadiene)-block-poly(1,4-isoprene)-block-poly(ethylene oxide) (PB-b-PI-b-PEO) triblock

copolymers followed by homogeneous catalytic hydrogenation to yield the corresponding PE-

b-PEP-b-PEO triblock copolymers. The influence of different types of confinements on the

crystallization of PE and PEO will be examined using differential scanning calorimetry

(DSC). Morphological investigations will be presented including wide-angle X-ray diffraction

(WAXD), transmission electron microscopy (TEM) and scanning force microscopy (SFM). In

addition, melting of the PEO block and annealing of PE crystallites within a PE-b-PEP-b-PEO

triblock copolymer upon heating will be investigated at different temperatures applying hot-

stage SFM measurements.
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Experimental Section

Synthesis. Solvents and monomers for anionic polymerization were purified according

to common procedures described elsewhere.64,68 The synthesis of poly(1,4-butadiene)-block-

poly(1,4-isoprene)-block-poly(ethylene oxide) (PB-b-PI-b-PEO) triblock copolymers was

accomplished by sequential anionic polymerization of butadiene, isoprene, and ethylene oxide

in benzene at 60 °C for butadiene and isoprene, and 40 °C for ethylene oxide using sec-BuLi

as initiator. Polymerization of ethylene oxide in the presence of a lithium counterion was

realized by using the recently established strong phosphazene base t-BuP4 (Fluka, 1 M in

hexane, [sec-BuLi] : [t-BuP4] = 1 : 1)27,69-73 The reaction was completed after 3 days and

terminated with a mixture of methanol/acetic acid (1/5 : v/v) followed by precipitation in

methanol. In our notation (AxByCz
m), the subscript numbers denote the mass fraction in

percent, and the superscript gives the number-averaged molecular weight Mn in kg/mol of the

block copolymer.

Hydrogenation. The PE-b-PEP-b-PEO triblock copolymers were synthesized by

hydrogenation of the corresponding precursor PB-b-PI-b-PEO triblock copolymers.

Homogeneous catalytic hydrogenation was carried out in degassed toluene (1.5 – 2 wt-%

solution of polymer) at 100 °C and 90 bar H2 pressure for 3 - 4 days using Wilkinson catalyst

(1 mol-% with respect to the number of double bonds). Under the used conditions the PB

block gets completely hydrogenated and the PI block shows an almost complete saturation

with ca. 1% residual double bonds as revealed by 1H-NMR. Purification was accomplished by

precipitation into cold acetone followed by further purification in order to remove residual

Wilkinson catalyst by refluxing a toluene solution with a small amount of concentrated

hydrochloric acid, again followed by precipitation into cold acetone. Further purification was

necessary due to the strong tendency of PEO to bind residual Wilkinson catalyst.

Alternatively, several triblock copolymers were hydrogenated using diimide, generated in-situ

by thermolysis of p-toluenesulfonyl hydrazide (TSH, Fluka).74 The triblock copolymers were

purified by filtration over basic aluminum oxide in order to remove residual p-toluenesulfonic

acid (thermolysis product of p-toluenesulfonyl hydrazide) followed by precipitation into cold

acetone. This method resulted in a complete hydrogenation of the PB block, whereas the PI

block exhibits a degree of hydrogenation of ca. 70%.
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Size Exclusion Chromatography (SEC). SEC experiments were performed on a

Waters instrument calibrated with narrowly distributed polystyrene standards at 30 °C.64

Molecular weights of the PB precursors were calculated from the apparent values obtained by

SEC using given K and α values for PS and PB resulting in the equation Mn(PB) = 0.696

Mn(PS)0.985 (Mark-Houwink-Sakurada relation).75

Differential Scanning Calorimetry (DSC). For thermal analysis a Perkin Elmer

DSC 7 with a CCA 7 liquid nitrogen cooling device was used. For all measurements a two

point calibration with decane and indium was applied. All experiments were performed at a

scanning rate of 10 °C/min. The displayed heating traces correspond to the second heating run

in order to exclude effects resulting from any previous thermal history of the samples. Due to

the vicinity of the melting endotherms of PEO and PE (problems involved with definition of

the baseline for the PE endotherm), the degree of crystallinity for the PE blocks was extracted

from the heat of crystallization. The degree of crystallinity for the PEO blocks was

determined from the heat of fusion.

Wide Angle X-ray Diffraction (WAXD). WAXD patterns were taken from a Bruker-

AXS D8 Advance diffractometer equipped with a scintillation counter and a Goebel mirror

using CuKα radiation at room temperature. Sample preparation was accomplished by

compression molding between PTFE plates at 140 °C followed by cooling to room

temperature.

Transmission Electron Microscopy (TEM). The bulk morphology of PE-b-PEP-b-

PEO triblock copolymers was examined by bright field TEM using a Zeiss CEM 902 electron

microscope operated at 80 kV. Films (around 0.5 mm thick) were prepared by casting from a

3 wt-% solution in toluene at 70 °C in order to avoid gelation upon solvent evaporation. After

complete evaporation of the solvent (ca. 1 week) the films were slowly cooled to room

temperature to induce crystallization of the PE and PEO blocks followed by further drying

under vacuum at 40 °C for 2 days. Thin sections were cut at -130 °C using a Reichert-Jung

Ultracut E microtome equipped with a diamond knife. Staining of amorphous PEO and PEP

segments was accomplished by exposure of the thin sections to RuO4 vapor for 30 - 40 min.

Because of local conformational constraints active at microdomain interphases (reduced

density) a preferential staining of the PEO/PEP microdomain interphase is observed. For the

triblock copolymer E19EP40EO41
138, which has been synthesized by hydrogenation of the
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corresponding PB-b-PI-b-PEO triblock copolymer using TSH, OsO4 vapor was used as

staining agent (exposure for 1 min). Here, the PEP block contains ca. 30% residual double

bonds (see hydrogenation section), which can be selectively stained using OsO4.

Scanning Force Microscopy (SFM). Scanning force microscopy images were taken

on a Digital Instruments Dimension 3100 microscope operated in TappingModeTM (free

amplitude of the cantilever ≈  20 nm; set point ratio ≈  0.95). Measurements were performed

on thin films prepared on polished silicon wafers by dip- or spin-coating from a 2 wt-%

solution of the triblock copolymer in toluene. For temperature dependent measurements a

D3/D5 SPC01 hot stage from Digital Instruments was used.
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Results and Discussion

Synthesis. The PE-b-PEP-b-PEO triblock copolymers were prepared by homogeneous

catalytic hydrogenation of the corresponding PB-b-PI-b-PEO triblock copolymers.

3) t-BuP4, 40 °C, 3 d
4) MeOH/AcOH pmn

O
H 2) 25 °C, 12 h

O
 , 10 °C1)

n sec-BuLi, benzene
60 °C, 5 h

CH2
- Li+

n-1

m

60 °C, 4 h
CH2

- Li+

n m-1

Scheme 1. Synthesis of poly(1,4-butadiene)-block-poly(1,4-isoprene)-block-poly(ethylene
oxide) triblock copolymers (PB-b-PI-b-PEO) by sequential anionic
polymerization.

The synthesis of PB-b-PI-b-PEO triblock copolymers was accomplished by sequential

anionic polymerization of butadiene, isoprene, and ethylene oxide in benzene as depicted in

Scheme 1. The polymerization of butadiene and isoprene in benzene at 60 °C leads to a

preferentially 1,4-addition (Table 1), which especially for butadiene is indispensable to get the

corresponding “pseudo polyethylene” structure after hydrogenation. Polymerization of

ethylene oxide in the presence of a Li+ counterion was realized using the recently established

strong phosphazene base t-BuP4. 27,69-73 SEC investigations (Figure 1) show that the reaction

proceeds without any termination resulting in narrowly distributed PB-b-PI-b-PEO triblock

copolymers (Table 1). Kinetic investigations on the ethylene oxide polymerization with sec-

BuLi as initiator in the presence of the phosphazene base t-BuP4 revealed the existence of an

induction period.76,77 As a result, reaction times of 2 – 3 days are necessary to get 100%

conversion.
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Table 1. Molecular Weight Characterization and Microstructure of PB-b-PI-b-PEO
Triblock Copolymers

PB-blockc PI-blockcTriblock
Copolymer

Mn
a

[kg/mol]
Mw/Mn

b

%1,4 %1,2 %1,4 %1,2 %3,4
B24I56EO20

67 67.3 1.01 89 11 88 6 6
B11I70EO19

120 120 1.01 88 12 92 4 4
B17I57EO26

130 130 1.01 89 11 92 4 4
B19I39EO42

135 135 1.02 89 11 92 4 4
a Determined by 1H-NMR spectroscopy using the molecular weight of the PB precursor

obtained by SEC in THF calibrated against PS standards; for PB the molecular weight was
calculated from the apparent value obtained by SEC using the equation Mn(PB) =
0.696 Mn(PS)0.985.

b Determined by SEC in THF calibrated against PS standards.
c Determined by 1H-NMR spectroscopy in CDCl3.
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Figure 1. SEC traces of a synthesized PB-b-PI-b-PEO (C) triblock copolymer including the
PB (A) and PB-b-PI (B) precursors, using THF as eluent and toluene as internal
standard.

Homogeneous catalytic hydrogenation was carried out in toluene using Wilkinson

catalyst (Ph3P)3Rh(I)Cl (Scheme 2). The efficiency of the hydrogenation reaction was verified

by 1H-NMR spectroscopy showing a complete hydrogenation of the PB block and an almost

complete saturation of the PI block with ≤  1% residual double bonds (results not shown). For

several triblock copolymers an alternative hydrogenation method was applied using p-

toluenesulfonyl hydrazide (TSH). Using this method, a complete saturation of the PB block

can be achieved, whereas the PI block exhibits a degree of hydrogenation of only ca. 70% due

to sterical hindrance involved in the hydrogenation reaction.
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B I EO

E EP EO

Wilkinson catalyst

(Ph3P)3Rh(I)Cl

toluene, 100 °C

90 bar H2, 3 - 4 days

pmn

O
H

p2n m

O
H

Scheme 2. Synthesis of PE-b-PEP-b-PEO triblock copolymers via homogeneous catalytic
hydrogenation of the corresponding PB-b-PI-b-PEO triblock copolymers using
Wilkinson catalyst.

Differential Scanning Calorimetry: PB-b-PI-b-PEO. Table 2 summarizes the

thermal properties of the PB-b-PI-b-PEO and the corresponding hydrogenated PE-b-PEP-b-

PEO triblock copolymers. The PB-b-PI-b-PEO triblock copolymers exhibit a glass transition

temperature at ≈  –70 °C corresponding to a mixed phase of PB and PI. Consequently, the PB-

b-PI-b-PEO triblock copolymers might be considered as diblock copolymers consisting of a

PEO phase and a mixed PB/PI phase. The PEO blocks display a melting endotherm at

approximately 60 – 66 °C and a degree of crystallinity of α ≈  70 – 85%, whereby the melting

temperature increases with increasing PEO content (Figure 2A, Table 2). The degree of

crystallinity was calculated assuming a heat of fusion for PEO of 0
mH∆  = 196.6 J/g.78 The

crystallization of PEO occurs in all triblock copolymers with PEO contents < 30 wt-% at

about -20 °C. However, the triblock copolymer with 26 wt-% PEO exhibits an additional

small exotherm at 16 °C (Table 2, Figure 2B). From composition, a cylindrical PEO

microstructure might be assumed and has been observed in the corresponding hydrogenated

triblock copolymer E18EP57EO25
133 (see discussion on E18EP57EO25

133, Figure 4A). Thus, the

high temperature exotherm (Tc = 16 °C) might be attributed to heterogeneous crystallization

of PEO within interconnected PEO cylinders, and the low temperature exotherm (Tc = -21 °C)
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to crystallization within isolated cylinders. In general, the crystallization exotherm exhibits a

slight shift to higher temperatures with increasing PEO content and/or molecular weight of

the PEO block. The observed crystallization temperatures in PB-b-PI-b-PEO triblock

copolymers with PEO contents < 30 wt-% are significantly lower compared to the values

observed in PEO homopolymer (Tc ≈  40 °C).16 This is a direct result from the vast number

density of PEO microdomains (≈ 1016 spheres/cm3 or ≈  1014 cylinders/cm3) for B11I56EO19
120

assuming a spherical (d ≈  20 nm, see SFM section) or cylindrical microstructure (expecting

an average length of 1µm for the PEO cylinders) compared to the number density of

heterogeneous nuclei usually present in PEO homopolymers (≈  105 nuclei/cm3, for a

spherulite radius of 100 µm46).16 Similar results have been observed by Chen et al. for PB-b-

PEO/PB blends.46 The authors found that the crystallization temperature strongly depends on

the volume of the dispersed PEO phase. If the PEO blocks are confined into cylinders

crystallization occurs at approximately -25 °C, and for PEO spheres the crystallization

temperature shifts to even lower temperatures (≈  -34 °C).

As a consequence of confinement, crystallization cannot proceed via heterogeneous

nucleation, which is reflected in the observed large supercoolings necessary for crystallization

in PB-b-PI-b-PEO triblock copolymers (PEO content < 30 wt-%). However, the

crystallization temperatures observed for homogeneous nucleation in other PEO containing

block copolymers (Tc ≈  -40 °C)21 are significantly smaller than the observed values.

Accordingly, the observed crystallization behavior cannot be attributed to a homogeneous

nucleation mechanism. Self nucleation experiments show that domain II (self-nucleation

domain) is completely absent for the PEO block in PB-b-PI-b-PEO triblock copolymers (PEO

content < 30 wt-%).79 Thus, nucleation induced by less efficient heterogeneities can be

excluded and the observed crystallization behavior might be attributed to a nucleating

property of the microdomain interphase. A similar result was obtained in self-nucleation

experiments on the hydrogenated triblock copolymer E24EP57EO19
69.16
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Table 2. DSC Data for PB-b-PI-b-PEO and PE-b-PEP-b-PEO Triblock Copolymersa
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Figure 2. DSC heating (A) and cooling (B) traces for several PB-b-PI-b-PEO triblock
copolymers.

In B19I39EO42
135 the PEO blocks exhibit peak crystallization temperatures at 37 and

20 °C, which are close to the values observed in PEO homopolymer (Table 2, Figure 2B).

From composition a lamellar domain structure might be expected, and has been observed by

TEM investigations exhibiting crystalline PEO lamellae within a matrix of the miscible PB

and PI segments (results no shown). However, a cylindrical microphase cannot completely be

excluded due to uncertainties involved in the staining technique and problems involved in the
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preparation of thin sections (cutting artefacts) due to the very soft samples (see also

discussion on the corresponding hydrogenated triblock copolymer). The observation of a

double exotherm might be attributed to crystallization within interconnected (higher Tc) and

isolated (lower Tc) PEO lamellae, as was also concluded from the occurrence of a double

exotherm in lamellar PE-b-PVCH diblock copolymers.33 In conclusion, crystallization of PEO

within B19I39EO42
135 occurs with little morphological restrictions within lamellar PEO

microdomains via heterogeneous nucleation.

PE-b-PEP-b-PEO. Any effects on the crystallization behavior of the PE-b-PEP-b-

PEO triblock copolymers arising from residual Wilkinson catalyst could be excluded due to

the applied purification procedure. The influence of Wilkinson catalyst debris on the

crystallization of PEO is discussed elsewhere.79 The PE-b-PEP-b-PEO triblock copolymers

show melting endotherms for PE and PEO indicating microphase separation even for low

molecular weights, which in the case of PE is induced by crystallization (Table 2, Figure 3A).

Because of the small segmental interaction parameter χ of 0.007 at 120 °C for PE and PEP80,

crystallization of PE is expected to occur from a homogeneous mixture of PE and PEP

segments.1-3,81 In contrast, crystallization of the strongly incompatible PEO segments is

confined into microphase-separated PEO domains.

The crystallization behavior of the PEO block within purified PE-b-PEP-b-PEO

triblock copolymers is comparable to that discussed for the corresponding PB-b-PI-b-PEO

triblock copolymers (Table 2). Crystallization of PEO in E18EP57EO25
133 occurs nearly

completely at 27 °C, whereas in the corresponding B17I57EO26
130 triblock copolymer the major

fraction of PEO crystallizes at -21 °C (Table 2, Figure 2B, 3B). Since effects from catalyst

residues can be excluded, this effect might be attributed to differences in the cylindrical PEO

microdomain structure, i.e. strongly interconnected PEO cylinders in E18EP57EO25
133 favoring

heterogeneous nucleation. Figure 4A shows the corresponding TEM micrograph obtained by

staining a thin section of the sample with RuO4 vapor. Thin sections were cut from a film cast

from toluene solution at 70 °C, followed by slowly cooling to room temperature in order to

induce crystallization of PE and PEO. The PEO blocks exhibit a distorted cylindrical structure

(both top and side view of PEO cylinders visible), and interconnections between different

PEO cylinders are clearly visible. Because of the used staining technique the interphase

between PEO cylinders and the PEP matrix gets preferentially stained. This results in the

visible dark shadow surrounding the PEO cylinders, whereby the PEP matrix appears only

slightly gray. Furthermore, the PEO cylinders are obviously subdivided into small spherical
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domains. These subdomains might be attributed to stacks of several PEO crystallites within

the cylindrical PEO domains. One restriction of the used staining technique is the fact, that

the crystalline PE domains, which are expected to be located within the PEP matrix, cannot be

visualized.
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Figure 3. DSC heating (A) and cooling (B) traces for several PE-b-PEP-b-PEO triblock
copolymers.
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Figure 4. TEM micrographs of E18EP57EO25
133 (A, RuO4 staining), E19EP40EO41

138

hydrogenated using Wilkinson catalyst (B, RuO4 staining); and E19EP40EO41
138

hydrogenated with TSH (C and D, OsO4 staining).

The triblock copolymer E19EP40EO41
138 exhibits a double exotherm for PEO which is

in line with the observations in the corresponding B19I39EO42
135 triblock copolymer (Table 2,

Figure 2B and 3B). TEM investigations of the completely hydrogenated E19EP40EO41
138

(hydrogenation with Wilkinson catalyst) show a cylindrical microdomain structure for the

PEO blocks (Figure 4B). TEM investigations with lower magnifications show that the PEO

cylinders can extent over several µm (results not shown). In contrast to the non-hydrogenated

analogue showing a lamellar structure, the increased segregation strength in the hydrogenated

triblock copolymer and the presence of a second crystalline block (PE) might be responsible

for the change in the PEO microdomain structure. From the PEO cylinders, oriented

perpendicular to the plane of observation, it can be deduced that the PEO cylinders exhibit a

rectangular shape rather than a spherical shape, which might be attributed to the fact that the
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PEO cylinders are semicrystalline. However, due to the staining technique (RuO4 vapor) the

crystalline PE domains cannot be visualized, as only the interphase between PEO cylinders

and the PEP matrix gets preferentially stained (compare with Figure 4A).

As mentioned before, hydrogenation using p-toluenesulfonyl hydrazide results in an

incomplete hydrogenation of the PI blocks within B19I39EO42
135. The residual double bonds in

the PEP blocks of the hydrogenated E19EP40EO41
138 triblock copolymer can be selectively

stained with OsO4 vapor. Figures 4C and 4D show TEM micrographs for E19EP40EO41
138,

prepared by hydrogenation with p-toluenesulfonyl hydrazide. In Figure 4C a projection along

the thin white appearing PEO cylinders is shown. The fraction of PEO is apparently smaller

as compared to Figure 4B. This might be attributed to the fact that only the crystalline PEO

domains are visible, as the amorphous PEO segments get stained by OsO4, too. Within the

selectively stained PEP matrix (dark gray color) small white appearing domains are visible

which are oriented perpendicular to the long direction of the PEO cylinders. This phase can be

attributed to PE crystallites, as crystallization of PE occurs from a homogeneous mixture of

PEP and PE segments. The TEM image in Figure 4D shows a projection perpendicular to the

PEO cylinder axis. From this image it can be extracted, that PE crystallization is templated by

the strongly segregated PEO cylinders, resulting in a hexagonally array of PE crystallites

surrounding the PEO cylinders. Furthermore, the PE crystallites are apparently interconnected

and form a continuous crystalline PE phase within the PEP matrix.

The PE block in PE-b-PEP-b-PEO triblock copolymers exhibits a melting temperature

at approximately 90 °C and a degree of crystallinity between 20 and 38% (Table 2). The

degree of crystallinity was calculated using the heat of fusion for a 100% crystalline PE of
0
mH∆  = 276.98 J/g.75 The DSC traces in Figure 3A display a relatively broad melting

endotherm for the PE block reflecting a broad crystallite size distribution. The latter may arise

from the ethyl branches within the PE block originating from the approximately 11%

1,2-units in the corresponding PB block of the non-hydrogenated triblock copolymer

precursors (Table 1). PE-b-PEP-b-PEO triblock copolymers with ca. 20 wt-% PE exhibit

crystallization temperatures at about 65 to 72 °C (Table 2, Figure 3B) reflecting a

heterogeneous nucleation mechanism, since the observed values are very close to the

crystallization temperature of ca. 73 °C observed in a hydrogenated polybutadiene with a

similar content of ethyl branches.16 However, the triblock copolymer E11EP71EO18
123 exhibits

a comparatively lower melting and crystallization temperature for the PE block. This might be

attributed on one hand to the higher amount of ethyl branches in the PE block (Table 2),
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resulting in thinner crystallites (lower Tm), and on the other hand to a slightly decreased

segregation strength of the PE and PEP segments arising from the lower PE-content (lower

Tc). Self-nucleation measurements on the PE block in PE-b-PEP-b-PEO triblock copolymers

show that for all samples domain II (self-nucleation domain) is present, strongly underlining a

heterogeneous nucleation mechanism.79 In conclusion, crystallization of PE within PE-b-PEP-

b-PEO triblock copolymers is induced by heterogeneous nucleation, even for very small PE

contents (11 – 24 wt-%). In contrast to the confined crystallization of PEO within isolated

microdomains (for low PEO contents), crystallization of PE occurs without confinement from

a homogeneous mixture of PE and PEP segments, thus enabling heterogeneous nucleation.
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Figure 5. WAXD-pattern obtained for E19EP40EO41
138 exhibiting reflex positions

attributable to a triclinic modification of PEO and a orthorhombic modification of
PE.

Wide Angle X-ray Diffraction (WAXD). To gain more insight into the crystal

structure of the crystalline PE and PEO domains wide angle X-ray diffraction has been used.

Figure 5 shows the diffraction pattern obtained for E19EP40EO41
138. The reflex positions at

2θ = 19, 23, ≈  27, 36 and 40° reveal crystallization of PEO in its triclinic modification82,

which has also been observed for PS-b-PEO and PS-b-PEO-b-PCL block copolymers.21 PE

usually shows an orthorhombic crystal structure with corresponding reflex positions at 2θ =

21 and 24°.34,83 Comparison with Figure 5 reveals a reflex position at 2θ = 21° corresponding

to PE in its orthorhombic modification, whereas the second reflex position at 2θ = 24° is
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superimposed with a reflex arising from the PEO crystals. In conclusion, WAXD shows that

the PE and PEO blocks within PE-b-PEP-b-PEO triblock copolymers form well organized

crystals exhibiting an orthorhombic and a triclinic crystal structure, respectively.

Scanning Force Microscopy (SFM). The influence of different confinements, being

active during PE and PEO crystallization, on the formed morphology can be visualized using

scanning force microscopy. The large differences in stiffness between amorphous and

crystalline domains makes SFM a superior tool for investigating semicrystalline-amorphous

block copolymers, without the need of special sample preparations. Most SFM investigations

have been performed on crystallizable homopolymers84-98 or semicrystalline-amorphous

diblock copolymers18,99-101, whereas only few reports concern the crystallization within

semicrystalline ABC triblock copolymers.59,64

Figures 6A and 6B show the SFM topography and phase contrast images of

E11EP71EO18
123, respectively, prepared by dip-coating from a 2 wt-% solution of the triblock

copolymer in toluene. Three different phases can be distinguished from the phase contrast

image (Figure 6B). The bright appearing elongated domains correspond to crystalline PE

lamellae viewed edge on, which are embedded in an amorphous matrix of the less bright

appearing PEP blocks (hard materials usually induce a higher phase shift compared to soft

materials). The PE crystallites are also clearly visible in the corresponding topography image

(Figure 6A). Due to the miscibility of molten PE and PEP segments there is no confinement

active during crystallization of PE. This results in the observed randomly distributed and

strongly interconnected PE crystallites. Upon solvent evaporation during the dip-coating

process first the PE segments start to crystallize from the homogeneous solution due to the

low solubility of PE in toluene. This results in the formation of the observed continuous

crystalline PE phase.
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Figure 6. SFM topography and phase contrast images for E11EP71EO18
123 (A, z = 20 nm; B,

z = 15°; C, z = 20°: prepared from a warm toluene solution (≈ 40 °C)), and
E19EP40EO41

138 before (D, z = 20°) and after annealing at 91 °C for 5 min (E,
z = 60 nm; F, z = 20°).
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This assumption is underlined by the observation that higher concentrated solutions

(3 - 4 wt-%) of the triblock copolymer form gels in toluene or o-xylene solutions at room

temperature. As the PEO blocks are not able to crystallize at room temperature (Table 2,

Figure 3B) this observation can only be explained by the formation of a continuous crystalline

PE phase in the solution. Rheological investigations on a 3.6 wt-% solution of E11EP71EO18
123

in o-xylene reveal a gel point at ca. 49 °C upon heating attributed to the melting of

interconnected PE crystallites, which in turn results in a breakup of the physical network

(results not shown). In addition, a third phase can be detected in the phase contrast image

(Figure 6B). The dark appearing (low phase shift) spherical domains located in between the

crystalline PE lamellae, which correspond to the dark spherical domains in the topography

image (Figure 6A) can be attributed to amorphous PEO domains, as the PEO blocks are not

able to crystallize at room temperature (Table 2, Figure 3B).

Since the formation of a continuous crystalline PE phase is induced by the gelation of

the solution upon solvent evaporation in the dip-coating process, a thin film of E11EP71EO18
123

was prepared by dip-coating from a warm toluene solution (≈  40 °C). As can be seen from

the corresponding phase contrast image (Figure 6C), the crystalline PE lamellae (bright

appearing domains) are more isolated and exhibit smaller lengths as compared to Figure 6B.

Moreover, the morphology appears more ordered as can be seen from the homogeneously

distributed spherical PEO microdomains. With respect to the composition (18 wt-% PEO)

PEO spheres or cylinders might be expected. The phase contrast image (Figure 6C) strongly

suggests a spherical microdomain structure for the PEO block exhibiting an average diameter

of 20 - 25 nm. However, cylindrical PEO microdomains cannot be excluded, as cylinders

aligned perpendicular to the substrate surface would also result in the observation of an

apparently spherical microdomain structure.

Increasing the PEO content to 41 wt-% in E19EP40EO41
138 results in a completely

different morphology with respect to the PEO domains as depicted in the corresponding phase

contrast image (Figure 6D). Here the PEO blocks are able to crystallize at room temperature

(Tc = 38 °C, Table 2). This results in a white appearing (high phase shift) PEO phase

consisting of several stacks of crystalline PEO lamellae (viewed edge on), which are located

in between the less bright appearing continuous crystalline PE phase. Figures 6E and 6F show

the topography and phase contrast images of the same film, subjected to an annealing at 91 °C

for 5 min, followed by cooling at a constant rate of –5 °C/min to room temperature. At 91 °C

the PEO blocks are completely molten (Table 2, Figure 3A), whereas the PE blocks show

annealing as revealed by DSC measurements (results not shown)79. Large PE crystallites grow
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at the expense of smaller, less stable crystallites and surrounding molten PE segments,

resulting in a more uniform crystallite size distribution without destroying the continuous

crystalline PE structure, as is demonstrated by the corresponding phase contrast image (Figure

6F). Upon cooling from 91 °C the PEO blocks crystallize under the spatial confinement of the

existing continuous crystalline PE phase. A comparison with the film prior to annealing

(Figure 6D) reveals that the crystalline PEO domains are significantly larger and the

crystallites exhibit a higher lateral extension when the PEO blocks are allowed to crystallize

from the melt.

We have followed the morphological changes upon melting of the PEO blocks and

annealing of the PE blocks in E19EP40EO41
138 by hot-stage SFM measurements. Figure 7

shows phase contrast images of a thin film of E19EP40EO41
138, prepared by spin-coating from

a 2 wt-% solution of the triblock copolymer in toluene, taken at the same spot of the film at

different temperatures upon heating. At 42.7 °C, a temperature well below the melting

transition of the PEO and PE blocks (Table 2, Figure 3A), the crystalline PEO and PE

domains are clearly visible (Figure 7A). It should be noted that the crystalline PE domains are

expected to consist of several PE crystallites with different thickness, as from DSC a broad

crystallite size distribution, reflected by the broad melting transition, can be derived (Figure

3A). However, it is not possible to resolve the resulting lamellar fine structure within the PE

domains at this point due to the broad crystallite size distribution. Upon heating to 60.1 °C

partial melting of the PEO block starts, as can be derived from the corresponding heating

trace (Figure 3A). As a consequence, the average size of crystalline PEO domains decreases,

which can be deduced from the comparison of the phase contrast images taken at 42.7 °C and

60.1 °C (circles in Figures 7A and 7B). At this temperature comparatively small crystallites

are already completely molten as depicted by the arrows in Figures 7A and 7B.

A further increase in temperature to 65.7 °C, a temperature above the observed

maximum in the melting transition (Tm = 64.8 °C, Table 2), results in a complete melting of

PEO crystallites, and only the crystalline PE domains (Tm = 94 °C, Table 2) remain as

depicted in Figure 7C. Further heating is connected with an annealing of PE crystallites which

has been derived from self-nucleation experiments (results not shown)79, i.e. larger crystallites

grow at the expense of smaller, less stable crystallites or surrounding molten PE segments.

Figure 7D shows the phase contrast image taken at 88.7 °C, a temperature revealing a large

extent of annealing processes. Comparison with the phase contrast image taken at 65.7 °C

(circle in Figure 7C) exhibits a significant change in the structure of the continuous crystalline

PE phase. The lamellar fine structure within larger PE domains is now clearly visible. As a
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result of reorganization during annealing, the PE crystallites exhibit an almost uniform

thickness (Figure 7D).

500 nm

A

500 nm

B

500 nm

C

500 nm

D

Figure 7. SFM phase contrast images of E19EP40EO41
138 taken at 42.7 (A), 60.1 (B), 65.7

(C), and 88.7 °C (D); z = 25° for all images. The phase contrast images were
taken at the same spot of the thin film upon heating; identical positions are
marked with a white circle for clarity. The arrows highlight a small PEO
crystallite which is already molten at 60.1 °C.

Conclusions

We have prepared several PE-b-PEP-b-PEO triblock copolymers with varying PEO

content by homogeneous catalytic hydrogenation of the corresponding PB-b-PI-b-PEO

triblock copolymers using Wilkinson catalyst. PB-b-PI-b-PEO triblock copolymers have been

synthesized by sequential anionic polymerization in benzene, thus resulting in a high degree
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of 1,4-addition for the PB and PI blocks. The anionic ring opening polymerization of ethylene

oxide with Li+ counterions was accomplished by using the strong phosphazene base t-BuP4.

Thermal analysis utilizing DSC exhibits a different crystallization behavior for the

PEO and PE blocks arising from different confinements active during crystallization. In PB-b-

PI-b-PEO and PE-b-PEP-b-PEO triblock copolymers with PEO contents ≤  20 wt-% the PEO

blocks are confined within isolated spherical or cylindrical microdomains. As a result, large

supercoolings are necessary to induce crystallization of PEO. The observed crystallization

temperatures (-21 to -25 °C) in combination with self-nucleation experiments point to a weak

nucleation of the microdomain interphase active upon PEO crystallization. In contrast, the PE

blocks in PE-b-PEP-b-PEO triblock copolymers reflect a heterogeneous nucleation

mechanism, which might be attributed to the non-confined crystallization of PE from a

homogeneous mixture of PE and PEP segments in the melt.

TEM investigations on E18EP57EO25
133 and E19EP40EO41

138 reveal a cylindrical

microstructure for the PEO blocks. The PE microstructure can be visualized by using a

E19EP40EO41
138 triblock copolymer containing residual olefinic double bonds within the PEP

block, which can be selectively stained with OsO4. In contrast to the cylindrical PEO

microstructure, the PE block forms a continuous crystalline PE phase within the PEP matrix.

SFM investigations on thin films of PE-b-PEP-b-PEO triblock copolymers prepared

from toluene solutions demonstrate the formation of a continuous crystalline PE phase arising

from gelation upon film preparation. The PEO blocks form molten PEO spheres or cylinders

in between the crystalline PE lamellae in triblock copolymers with PEO contents < 20 wt-%.

In E19EP40EO41
138 the PEO blocks crystallize within the restricted space provided in between

the continuous crystalline PE phase. Utilizing hot-stage SFM measurements we were able to

follow the melting of  PEO domains and the annealing of PE crystallites upon heating of a

thin film of E19EP40EO41
138.
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3.2.2 Crystallization in ABC Triblock Copolymers with Two Different Crystalline End

Blocks: Influence of Confinement on Self-Nucleation Behavior

Holger Schmalza, Alejandro J. Müllerb and Volker Abetza*

a) Makromolekulare Chemie II, Universität Bayreuth, 95440 Bayreuth, Germany
b) Grupo de Polímeros USB, Departamento de Ciencia de los Materiales Universidad Simón

Bolívar, Caracas 1080-A, Venezuela

SUMMARY: The influence of different confinements active during crystallization
within polybutadiene-block-polyisoprene-block-poly(ethylene oxide) (PB-b-PI-b-
PEO) and the corresponding hydrogenated polyethylene-block-poly(ethylene-alt-
propylene)-block-poly(ethylene oxide) (PE-b-PEP-b-PEO) triblock copolymers on
the self-nucleation behavior of the crystallizable PEO and PE blocks is
investigated by means of differential scanning calorimetry (DSC).
In triblock copolymers with PEO contents ≤ 20 wt-% crystallization of PEO is
confined within small isolated microdomains (spheres or cylinders) and PEO
crystallization takes place exclusively at high supercoolings. Self-nucleation
experiments reveal an anomalous behavior in comparison to the classical self-
nucleation behavior found in semicrystalline homopolymers. In these systems,
domain II (exclusive self-nucleation domain) vanishes, and self-nucleation can
only take place at lower temperatures in domain IIISA, when annealing is already
active. The self-nucleation behavior of the PE blocks is significantly different
compared to the PEO blocks. Regardless of the low PE content (10 – 25 wt-%) in
the investigated PE-b-PEP-b-PEO triblock copolymers a classical self-nucleation
behavior is observed, i. e. all three self-nucleation domains, usually present in
crystallizable homopolymers, can be located. This is a direct result of the small
segmental interaction parameter of the PEP and PE segments in the melt. As a
consequence, crystallization of PE occurs without confinement from a
homogeneous mixture of PE and PEP segments.

Keywords: block copolymers, confinement, self-nucleation, differential scanning calorimetry,

morphology.
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Introduction

Crystallization within confined dimensions is an issue which has attracted increasing

interest. Well-defined block copolymers containing at least one crystallizable block are good

model systems to study the influence of different confinements on the crystallization behavior

of a particular block. In strongly segregated systems, where the crystallizable block is

confined within small isolated microdomains, often a fractionated crystallization behavior or

even exclusively crystallization induced by homogeneous nucleation is observed.[1-8] This can

be attributed to the huge number density of isolated microdomains with respect to the number

density of heterogeneities usually present in the system. On the contrary, crystallization of

large or continuous domains mostly is induced by heterogeneous nucleation, because the

probability of a heterogeneity to be located in the crystallizable domain is sufficiently high. In

addition, the formed morphology depends in a very sensitive fashion on the strength of

confinement exerted on the crystallizable block.[9] In strongly confined systems (high

segregation strength) the melt phase morphology is preserved upon crystallization, i. e.

crystallization takes place within the confined geometry of the microdomain. However, for

weakly confined systems or systems exhibiting a homogeneous melt, the morphology is

mainly determined by crystallization, i. e. a lamellar morphology with alternating crystalline

and amorphous lamellae is observed (for more details see reference 2 and included

references).

We have recently reported the synthesis and characterization of polybutadiene-block-

polyisoprene-block-poly(ethylene oxide) (PB-b-PI-b-PEO) and the corresponding

hydrogenated polyethylene-block-poly(ethylene-alt-propylene)-block-poly(ethylene oxide)

(PE-b-PEP-b-PEO) triblock copolymers, the latter containing two different crystallizable end

blocks.[2] Also the influence of cocrystallizing agents on the melting behavior of PEO in these

systems was investigated.[10] Thermal analysis utilizing differential scanning calorimetry

(DSC) revealed a different crystallization behavior for the PEO and PE blocks arising from

different confinements active during crystallization. In triblock copolymers with PEO

contents ≤ 20 wt.-% the strongly incompatible PEO blocks are confined within isolated

spherical or cylindrical microdomains. As a result, a marked depression in crystallization

temperature (∆Tc ≈ -40 °C) has been observed for the PEO blocks. In contrast, the PE blocks

within PE-b-PEP-b-PEO triblock copolymers showed a crystallization temperature

comparable to the value observed in PE homopolymers regardless of the low PE content
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(< 25 wt.-%), thus reflecting a heterogeneous nucleation mechanism. This difference in

crystallization behavior can be explained by the fact, that the PE segments crystallize from a

homogeneous mixture of PEP and PE segments in the melt due to their low segmental

interaction parameter of χ = 0.007 at 120 °C.[11]

A more detailed study of the crystallization behavior and the influence of

confinements can be accomplished by applying the self-nucleation (SN) technique developed

by Fillon et al..[12] Self-nucleation consists of the partial melting of an initially crystalline

“standard” state of the polymer at a given self-nucleation temperature (Ts). Upon subsequent

cooling recrystallization takes place, using as nuclei the crystallographically “ideal” nuclei

which are produced during partial melting, i. e. self-nuclei or crystal fragments of the same

polymer under consideration. A detailed description of the SN technique will be given in the

experimental section. Usually three self-nucleation domains can be located for crystallizable

homopolymers as a function of the applied self-nucleation temperature: domain I or

“complete melting domain”, domain II or “self-nucleation domain”, and domain IIISA or “self-

nucleation and annealing domain”. However, in block copolymers often an alteration of the

usual self-nucleation behavior is found. This accounts especially for block copolymers where

the crystallizable blocks are strongly confined into small isolated microdomains.[1, 13] As a

consequence, the extremely high number of microdomains that need to be self-nucleated

complicates the self-nucleation of the confined crystallizable block, which is reflected in the

absence of domain II.

In this contribution, we investigate the self-nucleation behavior of the crystallizable

blocks within PB-b-PI-b-PEO and PE-b-PEP-b-PEO triblock copolymers by applying the SN

technique. The influence of different confinements active during crystallization of PE and

PEO and the influence of the domain size on the self-nucleation behavior will be discussed. In

addition, effects of catalyst debris, arising from the hydrogenation of PB-b-PI-b-PEO triblock

copolymers using Wilkinson catalyst to yield the corresponding PE-b-PEP-b-PEO triblock

copolymers, on the self-nucleation behavior of the PEO block are investigated.
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Experimental section

Synthesis

PE-b-PEP-b-PEO triblock copolymers have been obtained by catalytic hydrogenation

of the corresponding PB-b-PI-b-PEO triblock copolymer precursors which have been

synthesized by sequential anionic polymerization of butadiene, isoprene, and ethylene oxide

in benzene using sec-BuLi as initiator.[2, 14] Homogeneous catalytic hydrogenation was carried

out in degassed toluene at 100 °C and 90 bar H2 pressure for 3 – 4 days using Wilkinson

catalyst ((Ph3P)3Rh(I)Cl). Under the applied conditions the PB block is hydrogenated

completely and the PI block shows an almost complete saturation with ca. 1% residual double

bonds. The PE-b-PEP-b-PEO triblock copolymers were subjected to a further purification

prior to the self-nucleation experiments in order to exclude any influence of catalyst debris

arising from the hydrogenation reaction. Purification was accomplished by refluxing a toluene

solution of the triblock copolymer with a small amount of hydrochloric acid followed by

precipitation in cold acetone. The nomenclature of the materials is as follows: AxByCz
M

denotes a triblock copolymer with the total molecular weight M in kg/mol of the three blocks

A, B and C with the respective weight fractions (in %) of x, y, and z.

Differential scanning calorimetry (DSC)

Thermal analysis was performed on a Perkin Elmer DSC 7 with a CCA 7 liquid

nitrogen cooling device. For all measurements a two point calibration with decane and indium

was applied. All experiments were performed at a scanning rate of 10 °C/min with a

reproducibility of ca. ± 0.1 °C. Due to the vicinity of the melting endotherms of PEO and PE

(problems involved with definition of the baseline for the PE endotherm), the degree of

crystallinity for the PE blocks was extracted from the heat of crystallization. The degree of

crystallinity for the PEO blocks was determined as usual from the heat of fusion. The degrees

of crystallinity were calculated assuming a heat of fusion for 100% crystalline PEO and PE of
0
mH∆  = 196.6 J/g[15] and 0

mH∆  = 276.98 J/g[16], respectively.
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Self-nucleation (SN) experiments

Self-nucleation measurements were performed in analogy to the procedure described

by Fillon et al..[12] This procedure is an extension of the classical self-nucleation experiments

of Blundell et al.[17] to differential scanning calorimetry. The complete thermal treatment is

depicted schematically in Figure 1, and will be explained in detail in the following.
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Figure 1. Schematic representation of the self-nucleation experiments conducted by means
of DSC.

a) Erasure of any previous thermal history by heating the sample to 100 °C (for PB-b-

PI-b-PEO) or 140 °C (for PE-b-PEP-b-PEO) for 5 min. This step erases all crystalline

memory of the material as far as dynamic DSC experiments are concerned. Thus, upon

heating the sample to 100 °C or 140 °C (or even higher temperatures) only temperature-

resistant heterogeneous nuclei remain, and upon subsequent cooling the crystalline blocks

(PEO and/or PE) will always crystallize at the same peak crystallization temperature (if the

same cooling rate is used). This suggests that the nucleation density remains constant under

the applied conditions, i. e. the selected melting temperature is efficient in erasing the

crystalline memory of the material.

b) Creation of a “standard” thermal history by cooling at a rate of 10 °C/min to -80 °C.

This step ensures that crystallization of the PEO and/or PE blocks always occurs under the

same dynamic conditions.
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c) Partial melting by heating to a so-called self-nucleation temperature, which will be

labeled as Ts in the following.

d) Thermal conditioning at Ts for 5 min. Depending on Ts the crystalline PE or PEO

domains will be completely molten, only self-nucleated, or self-nucleated and annealed.[12] If

Ts is sufficiently high, no self-nuclei or crystal fragments can survive, then the sample is

regarded to be under domain I or complete melting domain (as in step a above). When Ts is

high enough to melt the sample almost completely, but low enough to leave some small

crystal fragments that can act as self-nuclei during the subsequent cooling from Ts (see step e

below), the sample is said to be under domain II or self-nucleation domain. If Ts is too low,

only part of the crystal population will be molten. As a result, the remaining crystals will be

annealed during the 5 min at Ts, while the rest of the polymer will be self-nucleated during the

subsequent cooling from Ts (although some isothermal crystallization during the 5 min at Ts

could also occur). In this regime the sample is considered to be under domain IIISA or self-

nucleation and annealing domain. The distinction between the domains can be accomplished

by careful observation of the subsequent cooling runs from Ts (step e) and the final heating

runs (step f).

e) Subsequent cooling scan from Ts at a rate of 10 °C/min, where the effects of the

thermal treatment will be reflected by the crystallization of the corresponding PE and PEO

blocks. If self-nucleation takes place, a shift of the respective peak crystallization temperature

of the PEO or PE blocks to higher temperatures as compared to the standard cooling run

(step b) is expected.

f) Final heating scan to 100 °C (PB-b-PI-b-PEO) or 140 °C (PE-b-PEP-b-PEO), where

the effects of the entire thermal history on the melting of the corresponding PEO and/or PE

blocks will be apparent. For instance, if annealing takes place at Ts either a shift of the peak

melting temperature to higher temperatures or the appearance of a second, higher melting

peak is expected.

Transmission electron microscopy (TEM)

The bulk morphologies of E11EP71EO18
123 and E19EP40EO41

138 were examined by

bright field TEM using a Zeiss CEM 902 electron microscope operated at 80 kV. Films

(around 0.5 mm thick) were prepared by casting from a 3 wt.-% solution in toluene at 70 °C

in order to avoid gelation upon solvent evaporation. After complete evaporation of the solvent

(ca. 1 week) the films were slowly cooled to room temperature to induce crystallization of the

PE and PEO blocks followed by further drying under vacuum at 40 °C for 2 days. Thin
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sections were cut at -130 °C using a Reichert-Jung Ultracut E microtome equipped with a

diamond knife. Selective staining of amorphous PEO and PEP segments within

E11EP71EO18
123 was accomplished by exposure of the thin sections to RuO4 vapor for 30 –

40 min. For the triblock copolymer E19EP40EO41
138, which has been synthesized alternatively

by hydrogenation of the corresponding PB-b-PI-b-PEO triblock copolymer using p-

toluenesulfonyl hydrazide, OsO4 vapor was used as staining agent (exposure for 1 min). In

contrast to the hydrogenation with Wilkinson catalyst, here the PEP block contains ca. 30%

residual double bonds, which can be selectively stained using OsO4 together with the

amorphous PEO segments.
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Results and discussion

Classical self-nucleation behavior

In crystallizable homopolymers usually all three different domains of self-nucleation

can be defined, as has been derived for isotactic polypropylene (PP) by Fillon et al.[12] and

was confirmed for other systems[13, 18-20]. A schematic illustration of the location of the three

different self-nucleation domains is given in Figure 2.
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Figure 2. Schematic location of self-nucleation regimes for a crystallizable homopolymer.

In domain I, the remaining nuclei correspond to heterogeneous nuclei, i. e. thermally

stable nuclei present in the melt. Upon cooling, crystallization always takes place at the same

temperature. Domain II represents a Ts range, where the concentration of remaining crystal

fragments varies dramatically with Ts. Small variations in Ts result in significant shifts of the

crystallization peak to higher temperatures in the subsequent cooling run. In domain IIISA

incomplete melting takes place, which is directly linked to the occurrence of considerable

annealing of the remaining crystalline material. As mentioned above, for block copolymers

the situation might be different, especially for systems where the crystallizable block is

confined within isolated microdomains (spheres or cylinders). For example, self-nucleation

experiments on PS-b-PB-b-PCL triblock copolymers and their hydrogenated analogues, PS-b-

PE-b-PCL, showed that domain II is completely absent for systems where the crystallizable

block is confined within small isolated microdomains (low contents of PE or PCL)[1, 13, 21].
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Consequently, the crystallizable blocks cannot be nucleated by the self-seeding nuclei

produced at self-nucleation temperatures corresponding to domain II. For self-nucleation a

higher density of self-nuclei is necessary. As a result, Ts has to be lowered well into domain

IIISA, where already partial melting and annealing is observed. In some cases, an even lower

self-nucleation temperature is necessary in order to nucleate the confined crystallizable

blocks. Here, domain IIISA was found to split in a pure annealing domain (domain IIIA),

without showing self-nucleation, and a self-nucleation and annealing domain (domain IIISA) at

lower self-nucleation temperatures.[1, 13] Thus confinements active during crystallization

within block copolymer microdomains can alter the usual self-nucleation behavior observed

in semicrystalline homopolymers.

Self-nucleation behavior of the PEO block within PB-b-PI-b-PEO and purified PE-b-PEP-b-

PEO triblock copolymers

PB-b-PI-b-PEO triblock copolymers. Table 1 shows the thermal properties of

several PB-b-PI-b-PEO triblock copolymers with varying PEO content as derived from

dynamic DSC experiments. For triblock copolymers with a PEO weight fraction ≤ 20 wt.-%

large supercoolings are necessary to induce crystallization of the PEO blocks (Tc ≈ -20 °C).

From the composition, a spherical or cylindrical microstructure for the PEO blocks might be

expected.[2] Due to their softness ultrathin sections could not be obtained for the PB-b-PI-b-

PEO triblock copolymers and we present only TEM results on their hydrogenated analogues.

Figure 3 shows the TEM micrograph of E11EP71EO18
123 (thin sections were cut at –130 °C),

obtained by catalytic hydrogenation of the corresponding precursor B11I70EO19
120 using

Wilkinson catalyst.
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Table 1. DSC data for PB-b-PI-b-PEO and PE-b-PEP-b-PEO triblock copolymers.a
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250 nmRuO4

Figure 3. TEM micrograph of E11EP71EO18
123. The crystalline PEO domains appear bright

due to selective staining of amorphous PEP and PEO segments with RuO4.
Because of the used staining technique the crystalline PE domains cannot be
visualized.

The use of RuO4 results in a preferential staining of the amorphous PEP and PEO

segments, while the PE segments cannot be visualized. Thus, the crystalline PEO domains

appear bright and exhibit a distorted spherical structure, which clearly shows the confinement

of the PEO blocks within isolated PEO domains and is the reason for the observed large

supercoolings necessary to induce crystallization. From this it follows that also in the non-

hydrogenated precursors the PEO domains are dispersed, because in those block copolymers

PI and PB form a single, mixed domain building the matrix. Due to its dispersion PEO might

crystallize after being nucleated by a weakly active heterogeneity, a weak nucleation of the

microdomain interphase or by homogeneous nucleation. However, the observed

crystallization temperatures (Table 1) are significantly higher compared to the crystallization

temperatures observed in PEO containing block copolymers exhibiting exclusively

homogeneous nucleation (Tc ≈ -40 °C)[3]. Therefore, homogeneous nucleation might not be

responsible for the observed low crystallization temperatures. To gain more insight into the

crystallization behavior of the PEO blocks confined into spherical or cylindrical

microdomains within PB-b-PI-b-PEO triblock copolymers, self-nucleation experiments have

been performed. Figures 4A and 4B show the corresponding cooling and heating traces for

B24I56EO20
67 obtained after thermal treatment at the indicated self-nucleation temperatures Ts.
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Figure 4. DSC cooling scans (A) for B24I56EO20
67 after self-nucleation at the indicated Ts

and subsequent heating scans (B).

For Ts > 58 °C no change in the peak crystallization temperature can be observed

(Figures 4A and 5). Therefore, the PEO blocks are under domain I for Ts > 58 °C. At Ts =

58 °C the PEO blocks exhibit fractionated crystallization. A small fraction crystallizes right

upon cooling, as indicated by the arrow in Figure 4A, whereby the larger fraction still

crystallizes at the initial Tc (compare with Ts = 72 °C). Crystallization right upon cooling

usually implies that self-nucleation and annealing are simultaneously present. This can be

corroborated in the subsequent heating trace exhibiting a second high temperature melting

peak (indicated by the arrow in Figure 4B). Therefore, from Ts = 58 °C downward, domain

IIISA, or the self-nucleation and annealing domain, has been reached. A further decrease in Ts

results in an increase of unmelted PEO. This in turn results in a higher amount of annealed

crystals as indicated by the increase in size of the higher melting temperature endotherm,

which also moves to lower values as Ts is decreased (Figure 4B). Furthermore, the low

temperature crystallization exotherm decreases in size and shifts to lower temperatures as Ts is
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decreased below 58 °C (Figure 4A), which can be verified more clearly in the plot of the

observed crystallization temperatures (Tc) versus Ts (Figure 5).
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-40

-35

-30

-25

-20

-15

 T
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°C
]

 

 Tc peak
 Tc onset

Ts [°C]

Figure 5. Variation of the crystallization temperatures with Ts for B24I56EO20
67. The dashed

line corresponds to a change in the self-nucleation domain.

This can be attributed to the fact that after annealing only the thinner crystallites

(formed by chains that crystallize at lower temperatures) remain molten and these chains will

crystallize once more at comparatively lower temperatures upon subsequent cooling. This

effect is characteristic for domain IIISA where self-nucleation and annealing takes place at the

same time. Thus, domain II is completely absent in B24I56EO20
67, as reflected by the direct

transition from domain I into domain IIISA upon lowering Ts. The observed self-nucleation

domains are depicted on the standard melting peak of the PEO block in Figure 6. A similar

behavior was obtained for B11I70EO19
120, showing an almost identical PEO content but a

comparatively higher overall molecular weight (Table 2). The absence of domain II indicates

that crystallization of PEO in these samples might be induced by nucleation of the

microdomain interphase rather than by nucleation of a weakly active heterogeneity, but it is

still difficult to ascertain this fact.
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Figure 6. Location of self-nucleation domains in the standard melting peak for B24I56EO20
67.

Table 2. Location of self-nucleation domains for PB-b-PI-b-PEO and PE-b-PEP-b-PEO
triblock copolymers.

Self-nucleation domains aTriblock
Copolymer PEOI b PEOII b PE
B24I56EO20

67 I │60 IIISA - -
B11I70EO19

120 I │62 IIISA - -
B17I57EO26

130 I │61 IIISA I │65 II │63 IIISA -
B19I39EO42

135 I │63 IIIA │59 IIISA I │65 II │64 IIISA -
E24EP57EO19

69 c I │59 IIISA I │63 II │59 IIISA I │105 II │99 IIISA

E24EP57EO19
69 I │59 IIISA - I │101 II │97 IIISA

E11EP71EO18
123 c I │61 IIISA I │63 II │61 IIISA I │101 II │95 IIISA

E11EP71EO18
123 I │61 IIISA - I │97 II │95 IIISA

E18EP57EO25
133 I │59 IIISA I │63 II │59 IIISA I │101 II │97 IIISA

E19EP40EO41
138 I │65 IIIA │61 IIISA I │67 II │65 IIISA I │101 II │97 IIISA

a numbers in subscripts give the transition temperature between the different self-nucleation
domains.

b PEOI corresponds to the exotherm at ca. –20 °C, and PEOII corresponds to the high
temperature exotherm (Tc(PEOI) and Tc(PEOII) in Table 1).

c triblock copolymer contains residual Wilkinson catalyst.
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B19I39EO42
135, the PB-b-PI-b-PEO triblock copolymer with the highest PEO content

under investigation, shows a double crystallization exotherm for PEO with peak temperatures

of ≈ 20 and 37.5 °C, respectively. Only a tiny fraction (ca. 2%) of the PEO crystallizes at a

Tc = -25 °C. From the composition a lamellar morphology might be expected and has been

deduced from transmission electron microscopy (TEM) investigations, showing crystalline

PEO lamellae within a matrix of the miscible PB and PI segments (results not shown). The

unusual double exotherm might be explained by crystallization within isolated PEO lamellae

(lower Tc) and crystallization within interconnected PEO lamellae (higher Tc). Here, the PEO

blocks are not confined within small isolated spherical or cylindrical microdomains, as in the

case of PB-b-PI-b-PEO triblock copolymers with PEO contents ≤ 20 wt.-%. This in turn is

expected to have a significant influence on the self-nucleation behavior of the PEO block.

Figures 7A and 7B show the corresponding cooling and heating traces obtained after thermal

conditioning at the indicated Ts temperatures. First the self-nucleation behavior of the high

temperature double crystallization exotherm will be discussed.
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Figure 7. DSC cooling scans (A) for B19I39EO42
135 after self-nucleation at the indicated Ts

and subsequent heating scans (B).
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For Ts ≥ 65 °C no change in Tc(PEO) can be observed, i. e. the PEO blocks are under

domain I. At Ts = 64 °C the lower crystallization peak of the double exotherm exhibits a slight

shift to higher temperatures (Figure 7A), whereas in the subsequent heating run no indications

for annealing can be detected (Figure 7B). This change is more obvious in the plot of Tc

versus Ts depicted in Figure 8A.
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Figure 8. Variation of the crystallization temperatures with Ts for PEO crystallizing in
exotherm II (A, Tc(PEOII) in Table 1) and exotherm I (B, Tc(PEOI) in Table 1)
within B19I39EO42

135. The dashed lines correspond to changes in self-nucleation
domains.

The peak crystallization temperature of the exotherm at lower temperatures, labeled as

Tc peak2/2 in Figure 8A, shows a clear shift to higher temperatures, indicating that self-

nucleation occurs. In addition a slight shift to higher temperatures in the corresponding onset-

temperature, labeled as Tc onset2 can be deduced. Thus, the PEO block is under domain II or

self-nucleation domain at Ts = 64 °C. A further decrease in Ts of only 1 °C (Ts = 63 °C)

already results in annealing as can be seen in the corresponding heating run from the slightly

increased peak melting temperature and the “bimodal” character of the PEO melting
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endotherm (Figure 7B). This is more pronounced for lower Ts temperatures exhibiting a shift

of the complete melting endotherm to higher temperatures (see for example Ts = 59 °C).

Consequently, domain IIISA has already been reached at Ts = 63 °C. This slight variation in Ts

induces a significant shift of the high temperature part of the double exotherm to higher

temperatures whereas the lower temperature part exhibits only a slight shift (Figure 7A),

which can be seen more clearly in Figure 8A. At Ts = 61 °C the major fraction of PEO

crystallizes immediately upon cooling, whereas a small fraction still crystallizes at ca. 20 °C,

showing that this population is less effectively nucleated by self-seeds. This seems

reasonable, as this small fraction might be attributed to PEO segments located within isolated

PEO lamellae and therefore needs a higher concentration of self-seeds to be nucleated. At Ts =

59 °C this fraction also crystallizes directly upon cooling as the corresponding exotherm at ca.

20 °C vanishes in the particular cooling trace (Figure 7A). In conclusion, the self-nucleation

domains for the PEO fraction crystallizing in the double exotherm can be located as depicted

in Figure 9A. All three self-nucleation domains can be located, whereas domain II exists only

in a very sharp Ts range of 65 – 64 °C.

The low temperature crystallization exotherm at –25 °C might be attributed to a very

small fraction of isolated PEO domains. This exotherm is so small that it cannot be readily

appreciated at the scale used to plot the data in Figure 7. As the samples were not subjected to

a special treatment previous to the self-nucleation experiments, the morphology is not

perfectly ordered. The plot of Tc versus Ts for the PEO fraction crystallizing in the low

temperature exotherm in Figure 8B shows no significant change in Tc for Ts temperatures

≥ 59 °C. The small variations are mainly attributable to uncertainties in data evaluation due to

the very small heat of crystallization. This in turn implies that domain II is absent in this case,

as no shift in Tc to higher temperatures with decreasing Ts is observed. Even for Ts < 64 °C

where annealing already takes place (see corresponding heating traces in Figure 7B) no

change in peak and onset crystallization temperatures can be detected down to a Ts = 59 °C

(Figure 8B). Thus, at this temperature the annealed crystals present in the sample are not able

to self-nucleate the PEO segments crystallizing in the low temperature exotherm. A Ts of

57 °C, i. e. higher concentration of self-seeds, is necessary to induce self-nucleation which is

directly connected to a decrease in the observed Tc values (Figure 8B). Thus, for the PEO

fraction crystallizing in the low temperature exotherm the self-nucleation domains can be

located as depicted in Figure 9B. Upon lowering Ts a direct transition from domain I into

domain IIIA, without going through domain II is observed. In domain IIIA only annealing is
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detected as the concentration of self-seeds is still too low to induce self-nucleation. Upon

further lowering Ts domain IIISA is reached, where self-nucleation and annealing take place.
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Figure 9. Location of self-nucleation regimes in the standard melting peak for PEO
crystallizing in exotherm II (A, Tc(PEOII) in Table 1) and exotherm I (B, Tc(PEOI)
in Table 1) within B19I39EO41

135.
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The triblock copolymer B17I57EO26
130 with an intermediate PEO content exhibits a

fractionated crystallization (Table 1). The major PEO fraction crystallizes in the low

temperature exotherm with a peak crystallization temperature of -21 °C. The self-nucleation

behavior is identical to that observed in B24I56EO20
67 and B11I70EO19

120, i. e. domain II is

completely absent (Table 2). In contrast, the PEO fraction crystallizing in the high

temperature exotherm (Tc = 16.1 °C) shows a behavior similar to that observed for the PEO

blocks in B19I39EO42
135 crystallizing in the high temperature double exotherm. Here, all three

self-nucleation domains are present (Table 2). From composition (26 wt.-% PEO) a

cylindrical microdomain structure for PEO can be expected, as has been observed for the

corresponding hydrogenated triblock copolymer[2] (results not shown). The differences in

self-nucleation behavior observed for the two crystallization exotherms might be attributed to

differences in the cylindrical microdomain structure, exhibiting either isolated or

interconnected PEO cylinders. For PEO segments crystallizing within interconnected PEO

cylinders a lower concentration of self-seeds is necessary to induce self-nucleation, i. e.

domain II is present. However, for isolated PEO cylinders a comparatively higher

concentration of self-seeds, i. e. lower Ts,  is necessary. In this case self-nucleation can only

occur when annealing processes are already active, i. e. domain II is absent.

PE-b-PEP-b-PEO triblock copolymers. In order to exclude any effects on the self-

nucleation behavior of the PE-b-PEP-b-PEO triblock copolymers arising from residual

Wilkinson catalyst, used in the hydrogenation reaction, all samples were subjected to a further

purification step. This was accomplished by refluxing a toluene solution of the triblock

copolymer with a small amount of hydrochloric acid. The PEO blocks in the purified PE-b-

PEP-b-PEO triblock copolymers exhibit a similar self-nucleation behavior compared to the

corresponding PB-b-PI-b-PEO triblock copolymers (Table 2). In PE-b-PEP-b-PEO triblock

copolymers with PEO contents < 20 wt.-% domain II vanishes completely in analogy to the

corresponding PB-b-PI-b-PEO triblock copolymers, emphasizing the strong influence of

confinement on the self-nucleation behavior of the PEO blocks. In E18EP57EO25
133 all three

self-nucleation domains can be located for the PEO chains crystallizing in the high

temperature exotherm, whereby domain II is absent for the low temperature exotherm.

However, compared to B17I57EO26
130 the fraction of PEO crystallizing in the high temperature

exotherm is significantly higher for E18EP57EO25
133 (Table 1). The self-nucleation behavior of

the PEO blocks in E19EP40EO41
138 is identical to that in B19I39EO42

135. For the low temperature

exotherm again a split of  domain IIISA into domain IIIA and domain IIISA is observed. With

regard to the non purified PE-b-PEP-b-PEO triblock copolymers a strong influence of residual
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Wilkinson catalyst on the crystallization and self-nucleation behavior of the PEO block has

been observed. This effect will be addressed in more detail in the appendix.

Self-nucleation behavior of the PE block within PE-b-PEP-b-PEO triblock copolymers

PE-b-PEP-b-PEO triblock copolymers with ca. 20 wt.-% PE exhibit crystallization

temperatures at about 65 to 72 °C (Table 1) reflecting a heterogeneous nucleation mechanism,

since the observed values are very close to the crystallization temperature of ca. 73 °C

detected in a hydrogenated polybutadiene of similar branching content.[1] However, the

triblock copolymer E11EP71EO18
123 exhibits a comparatively lower melting and crystallization

temperature for the PE block. This might be attributed on one hand to the higher amount of

ethyl branches in the PE block (Table 1), resulting in thinner crystals (lower Tm), and on the

other hand to a slightly decreased segregation strength of the PE and PEP segments arising

from the lower PE-content (lower Tc). Due to the small value for the segmental interaction

parameter χ of 0.007 at 120 °C for PE and PEP[11], crystallization of PE is expected to occur

from a homogeneous mixture of PE and PEP segments.[22-25] Thus, in contrast to the PEO

blocks, crystallization of PE should not be confined within isolated microdomains as it occurs

from a homogeneous mixture of PE and PEP segments. This in turn, is expected to have a

significant influence on the self-nucleation behavior of the PE blocks.

Figure 10 shows the TEM micrograph of E19EP40EO41
138. As a result from

hydrogenation with p-toluenesulfonyl hydrazide, the PEP block contains ca. 30% residual

olefinic double bonds, which can be selectively stained with OsO4. Consequently, the

crystalline PE and PEO domains appear bright. The PE block forms a hexagonal array of

interconnected PE crystallites, separated from the crystalline PEO cylinders by the selectively

stained PEP block. This phase assignment has been proven by comparison of TEM images

showing different projections with respect to the PEO cylinder long axis combined with TEM

investigations of the completely hydrogenated E19EP40EO41
138.[2] The hexagonal array of PE

crystallites is often distorted, but interconnections between several PE crystallites are still

clearly visible. Thus, TEM investigations show that crystallization of the PE block from a

homogeneous mixture of PE and PEP segments in the melt results in the formation of a

continuous semicrystalline PE phase.
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125 nmOsO4

Figure 10. TEM micrograph of E19EP40EO41
138. The triblock copolymer contains 30%

residual double bonds within the PEP block, which were selectively stained with
OsO4 together with the amorphous PEO segments.

Figures 11A and 11B show the corresponding cooling and heating traces obtained for

self-nucleation experiments on the PE block within E18EP57EO25
133. From Ts = 111 °C to Ts =

101 °C the PE crystallization exotherm exhibits no change in Tc peak and Tc onset, indicating that

the PE block is under domain I (see also Figure 12). At Ts = 99 °C the exotherm shows a shift

to higher temperatures, both in peak and onset crystallization temperature. This can be

deduced in more detail in the plot of Tc versus Ts in Figure 12. Thus, domain II has been

reached at Ts = 99 °C. Upon further decreasing Ts annealing takes place at Ts = 95 °C, as can

be seen in the corresponding heating trace (Figure 11B). A closer look to the subsequent

cooling run after self-nucleation at 95 °C (Figure 11A) reveals a split of the crystallization

exotherm in a low temperature (labeled “a”) and a high temperature (labeled “b”) exotherm.

While exotherm “b” shows a shift to higher temperatures upon lowering Ts (Figure 12), a

small fraction of PE is left without self-nucleation in exotherm “a” and reveals a shift to lower

temperatures. For Ts < 91 °C, the PE fraction that crystallizes in exotherm “b” at higher Ts

values crystallizes now directly upon cooling, whereas the low temperature exotherm “a” is

still present.
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Figure 11. DSC cooling scans (A) for E18EP57EO25
133 after self-nucleation at the indicated Ts

and subsequent heating scans (B).

This bimodal crystallization of the PE block was observed for all investigated PE-b-

PEP-b-PEO triblock copolymers. A similar result has been found for the strongly confined PE

blocks within PS-b-PE-b-PCL triblock copolymers.[13] In that case, the bimodal crystallization

has been interpreted as the result of the crystallization of two different parts of the PE chain.

Those PE segments that are located close to the interphase experience a greater difficulty in

being self-nucleated due to their restricted mobility. On the other hand, those PE segments

that are located in the middle of the PE domain exhibit a higher mobility, and thus are able to

be self-nucleated. In the present case a similar interpretation is difficult to envisage in view of

the absence of a neighboring glassy block. Nevertheless, microphase separation between PE

and PEP is driven by crystallization and results in a continuous PE phase consisting of

interconnected PE crystallites, as has been shown by TEM investigations (Figure 10). As a

result, the continuous PE phase exhibits a comparatively high interphase area with respect to

an isolated microdomain (e. g. sphere). Consequently, the fraction of PE segments located
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close to the domain interphase might be rather high, giving rise to the observed bimodal

crystallization (even if this interphase is rubbery in the present case).
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Figure 12. Variation of the PE crystallization temperatures with Ts for E18EP57EO25
133. The

dashed lines correspond to changes in self-nucleation domains.

 As a result, for the PE block in E18EP57EO25
133 all three self-nucleation domains can

be detected, as depicted in Figure 13. In contrast to the self-nucleation behavior of the PEO

blocks within PE-b-PEP-b-PEO and PB-b-PI-b-PEO triblock copolymers, domain II is always

present for the PE blocks, regardless of the very small PE contents between 10 and 25 wt.-%

(Table 2). This is a direct result of the missing confinement during the crystallization of PE

from a homogeneous mixture of PE and PEP segments.
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Figure 13. Location of self-nucleation regimes in the standard melting peak for PE within
E18EP57EO25

133.

Conclusions

We have investigated the influence of different confinements active during PEO and

PE crystallization on the self-nucleation behavior of the corresponding blocks within PB-b-

PI-b-PEO and PE-b-PEP-b-PEO triblock copolymers. In triblock copolymers with PEO

contents ≤ 20 wt.-% crystallization of PEO occurs only at high supercoolings (Tc ca. –20 °C).

Self-nucleation experiments show, that domain II is completely absent in these systems. This

is a direct result of the confined crystallization of PEO within small isolated microdomains

(spheres or cylinders). In order to induce self-nucleation of the confined PEO segments a high

concentration of self-seeding nuclei is necessary, i. e. Ts has to be lowered well into domain

IIISA to provide a sufficiently high concentration of self-seeds. Triblock copolymers with a

higher PEO content exhibit fractionated crystallization in a high and a low temperature

exotherm. For the high temperature exotherm all three self-nucleation domains are observed.

Therefore, the concentration of self-seeds provided in domain II is sufficiently high to induce

self-nucleation which might be attributed to the increasing size of the PEO domains (cylinders

or lamellae) with increasing PEO content. In contrast, the PEO fraction that crystallizes in the

low temperature exotherm shows a similar behavior compared to the PEO blocks in the

triblock copolymers with PEO contents ≤ 20 wt.-%, i. e. domain II vanishes for these

microdomains. This might be attributed to the fact, that still small isolated PEO microdomains
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are present in the systems as the samples were not subjected to annealing prior to the self-

nucleation experiments, i.e. the morphologies are not perfectly ordered.

The self-nucleation behavior of the PE blocks within PE-b-PEP-b-PEO triblock

copolymers is significantly different as compared to the PEO blocks. Regardless of the low

PE content (10 – 25 wt.-%) all three self-nucleation domains can be located for the PE blocks

in the investigated triblock copolymers. This can be attributed to the fact that the PE segments

crystallize from a homogeneous mixture of PEP and PE segments due to their low segmental

interaction parameter. Consequently, there is no confinement active during PE crystallization

resulting in the observation of all three self-nucleation domains.
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Appendix

Effect of impurities on the self-nucleation behavior of the PEO block within PE-b-PEP-b-

PEO triblock copolymers

The PE-b-PEP-b-PEO triblock copolymers were obtained by homogeneous catalytic

hydrogenation of the corresponding PB-b-PI-b-PEO triblock copolymers using Wilkinson

catalyst ((Ph3P)3Rh(I)Cl).[2] As a matter of fact the hydrogenated triblock copolymers contain

some residues arising from the used Wilkinson catalyst due to the complex forming properties

of the polar PEO blocks. This results in a significant change of the crystallization behavior of

the PEO blocks as can be derived from the comparison of crystallization exotherms observed

in E24EP57EO19
69, which contains catalyst residues, and the corresponding precursor triblock

copolymer B24I56EO20
67 (Table 1). In E24EP57EO19

69 the main fraction of PEO crystallizes at

17.9 °C, a temperature significantly higher than that observed for the non-hydrogenated

triblock copolymer. Only a small fraction crystallizes in a similar manner compared to the

non-hydrogenated triblock copolymer at –21.5 °C. Similar results were obtained for the

triblock copolymer E11EP71EO18
123 (Table 1). As the high temperature exotherm observed in

E24EP57EO19
69 and E11EP71EO18

123 vanishes completely after purification (Table 1), it might

be attributed to a nucleating property of Wilkinson catalyst residues, inducing heterogeneous

nucleation of the PEO chains.

Figure 14A shows cooling traces for E24EP57EO19
69 (with catalyst debris) obtained

after thermal treatment at the indicated Ts values. The high temperature exotherm shows a

clear shift to higher temperatures at Ts = 61 °C whereas the low temperature exotherm

remains unchanged. This can be deduced more clearly in the corresponding plot of Tc versus

Ts in Figure 14B. Thus, the PEO chains crystallizing in the high temperature exotherm are

under domain II or self-nucleation domain. In contrast, the PEO segments that crystallize in

the low temperature exotherm are still under domain I, since no self-nucleation can be

detected for this population. At Ts = 57 °C the PEO chains crystallize directly upon cooling,

reflecting that self-nucleation and annealing takes place at the same time. Moreover, the low

temperature exotherm decreases in size and exhibits a shift of the peak crystallization

temperature to lower values (Figure 14B). Thus at Ts = 57 °C domain IIISA has been reached

for both populations which can also be corroborated from the corresponding heating trace,

exhibiting a shift in the melting endotherm to higher temperatures (results not shown).
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Figure 14. DSC cooling scans (A) for E24EP57EO19
69, containing Wilkinson catalyst residues,

after self-nucleation at the indicated Ts, and variation of crystallization
temperatures with Ts (B). The dashed lines correspond to changes in self-
nucleation domains.

In conclusion, for the PEO chains crystallizing in the high temperature exotherm all

three self-nucleation domains can be located as depicted in Figure 15A. In contrast to the

corresponding B24I56EO20
67 triblock copolymer (Table 2) domain II is present, probably due

to some nucleating property of catalyst residues in the PEO microdomains. However, the PEO

fraction crystallizing in the low temperature exotherm exhibits an identical behavior

compared to the PEO blocks in B24I56EO20
67 (Figure 15B, Table 2). This might be rationalized

by a lack of active catalyst residues in the corresponding PEO microdomain, resulting in the

absence of domain II. Self-nucleation experiments on E11EP71EO18
123 exhibit similar results

(Table 2). In conclusion, Wilkinson catalyst debris, arising from the hydrogenation reaction,

have a strong influence on the crystallization and self-nucleation behavior of the PEO block

within PE-b-PEP-b-PEO triblock copolymers.
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in Table 1) within E24EP57EO19

69, containing Wilkinson catalyst residues.
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3.2.3 Thermal and Self-Nucleation Behavior of Molecular Complexes Formed by p-

Nitrophenol and the Poly(ethylene oxide) End Block within an ABC Triblock

Copolymer

H. Schmalza, V. Abetza*, A. J. Müllerb

a) Makromolekulare Chemie II, Universität Bayreuth, 95440 Bayreuth, Germany.
b) Grupo de Polímeros USB, Departamento de Ciencia de los Materiales, Universidad Simón

Bolívar, Apartado 89000, Caracas 1080-A, Venezuela.

SUMMARY: We have been able to prepare a molecular complex between the
poly(ethylene oxide) block of a poly(ethylene)-b-poly(ethylene-alt-propylene)-b-
poly(ethylene oxide) triblock copolymer and p-nitrophenol (PNP). The
composition of the copolymer employed was: 24% PE, 57% PEP and 19% PEO in
weight percent. The pure copolymer exhibited a non-conventional thermal
behavior since the PEO block displayed a fractionated crystallization process
during cooling. The PEO block/PNP complex did not show any apparent
crystallization during cooling, instead cold crystallization during heating was
observed and an approximately 30 °C increase in melting point as compared to the
neat PEO block within the copolymer. This caused an overlap in the melting
regions of the PE block and the PEO block/PNP complex. The self-nucleation of
the PE-b-PEP-b-PEO/PNP complex is very different from that of the neat triblock
copolymer. An increased capacity for self-nucleation of the PEO block was
produced by the complexation with PNP and therefore the three self-nucleation
domains were clearly encountered for both the PE block and the PEO block/PNP
complex. Self-nucleation was able to show that the two crystallizable blocks can
be self-nucleated and annealed in an independent way, thereby ascertaining the
presence of separate crystalline regions in the triblock copolymer. Through the
use of PNP, both the crystallinity and the melting point of the PE-b-PEP-b-PEO
triblock copolymer employed here can be substantially increased. Similar results
were obtained by complexation of the same ABC triblock copolymer with
resorcinol.
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Introduction

The crystallization of polymers is known to depend very much on parameters like the

size of crystallizable domains, the presence of heterogeneities, thermal history and other

parameters. While polymers like polypropylene in the bulk state crystallize via the so-called

heterogeneous nucleation, in blends it also may crystallize via homogeneous nucleation when

the number of crystallizable domains exceeds the number of active heterogeneities originally

present in the bulk polymer before dispersion [1-4]. In block copolymers with dispersed

crystallizable domains (spheres or cylinders) there is a much higher number of domains per

unit volume as compared to phase separated polymer blends. Thus in block copolymers there

do exist various crystallization mechanisms within one sample, since different crystallizable

microdomains will not all contain the same type of heterogeneity [4-13].

In this contribution we investigate the crystallization behavior of a triblock copolymer

in which two short crystallizable end blocks, namely polyethylene (PE) and poly(ethylene

oxide) (PEO) are separated by an amorphous poly(ethylene-alt-propylene) (PEP) middle

block. As a method differential scanning calorimetry (DSC) is applied by means of self-

nucleation experiments [14-15]. Moreover, it is well-known that PEO homopolymer can form

well-defined complexes with low molecular weight components like p-nitrophenol leading to

an increase of both melting and crystallization temperatures [16-17]. In the following it will

be shown that such complexes can also be formed in a PEO containing block copolymer.

Experimental

The synthesis of the PE-b-PEP-b-PEO triblock copolymer (24% PE, 57% PEP and

19% PEO in weight percent with an overall Mn of 69 kg/mol) (E24EP57EO19
69) was carried out

by living anionic polymerization and subsequent hydrogenation using Wilkinson catalyst

((Ph3P)3Rh(I)Cl) [18]. Residual catalyst was removed by shortly heating a solution of the

triblock copolymer in toluene with a small amount of concentrated aqueous HCl to reflux

followed by precipitation into 2-propanol. E24EP57EO19
69/PNP complex was prepared from

toluene solution (molar ratio EO/PNP = 3/2). Details about DSC measurements and self-

nucleation procedure can be found in refs. 12 and 13, which are based on ref. 14. Ts stands for

self-nucleation temperature [12-14].
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Results and Discussion

Figure 1 presents the typical crystallization and melting behavior of the E24EP57EO19
69

triblock copolymer. The cooling scan displays an exotherm at around 65 °C where the PE

block crystallizes. The PEO block needs a much higher supercooling in order to crystallize in

view of a fractionated crystallization that has been reported for similar diblock and triblock

copolymers containing small amounts of PEO [5-7, 11-13]. When the PEO component is well

dispersed in the form of cylinders or spheres, the number of isolated microdomains (assuming

that microphase segregation is complete and has occurred in the melt before crystallization)

will be much higher than the number of heterogeneities that can cause nucleation at higher

temperatures [11-13]. At least 1015 isolated PEO microdomains/cm3 could be present, while

for instance a bulk PEO homopolymer contains less than 106 heterogeneities/cm3 [12-13].

Therefore fractionated crystallization takes place and in the case of the triblock copolymer of

Fig. 1, the PEO block can only crystallize at approximately –25 °C (where most of the

polymer crystallizes) and also at –45 °C (where only a very small fraction is crystallizing in

Fig. 1). The crystallization at –25 °C is produced after nucleation by a weakly active

heterogeneity present in the polymer [1, 12-13], while that at –45 °C is most probably due to

the crystallization after homogeneous nucleation since PEO vitrifies at -56 °C under similar

cooling conditions [1-3, 7, 11-13]. The subsequent melting trace of E24EP57EO19
69 shows the

melting endotherms of the PEO and the PE block at temperatures equivalent to those shown

by homopolymers of similar molecular weight and microstructure [13].

Figure 1 also shows the DSC cooling and subsequent heating scans for the

E24EP57EO19
69/PNP complex. In the cooling trace only the PE block exhibits a crystallization

exotherm upon cooling from the melt while the PEO block either does not crystallize or

crystallizes in a small amount or in a wide temperature range that cannot be detected. The

subsequent heating trace exhibits a very clear Tg at –55 °C that corresponds to the PEP block

and a second Tg located at –35 °C that should correspond to the PEO block/PNP molecular

complex. At a temperature close to 20 °C a cold crystallization exotherm for the PEO

block/PNP complex develops and a very small endotherm can be observed at 55 °C which

could be due to the melting of a small fraction of PEO block crystals that could not form part

of the complex with PNP. Finally a complex and broad melting endotherm is displayed

beyond 75 °C. The high temperature shoulder of this melting endotherm could correspond to

the melting of the PE block that now overlaps with the melting of the PEO block/PNP

complex. The melting temperature of PEO homopolymer increases when it co-crystallizes
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with PNP as thicker and stable nonintegral-folded lamellae are formed [16-17]. Previous

reports for PEO/PNP complexes of molar ratio 3/2 and with a PEO molecular weight of

approximately 6000 g/mol indicate that these complexes have a melting temperature range of

75 - 95 °C depending on the crystallization temperatures employed [16].
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Figure 1. DSC cooling and heating scans at 10 °C/min for E24EP57EO19
69 triblock

copolymer (top) and for E24EP57EO19
69/PNP complex (bottom).

The self-nucleation behavior of the E24EP57EO19
69/PNP complex is displayed in

Figure 2, where the cooling scans from selected Ts temperatures are shown in Fig. 2a while

subsequent heating scans can be seen in Fig. 2b.

At a Ts of 104 °C or higher melting is complete and Domain I is reached by both the

PE block and the PEO block/PNP complex. Only the PE block displays a clear crystallization

exotherm upon cooling from 104 °C. A lowering of Ts causes self-nucleation of the PE block

within Domain II as indicated by the shift of the crystallization temperature of the PE block to

higher temperatures in the DSC cooling scans corresponding to Ts temperatures of 100 °C

down to 96 °C. No apparent changes in the subsequent heating traces in Fig. 2b are observed

up to Ts = 96 °C as expected for Domain II [13-14].
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Figure 2. Self-nucleation behavior of E24EP57EO19
69/PNP complex: a) DSC cooling scans

from the indicated Ts temperatures and b) subsequent heating scans.

At a Ts temperature of 94 °C annealing of the PE block starts as Domain III is

reached. This can be verified in Fig. 2b where a high temperature peak corresponding to the

melting of annealed PE crystals can be observed. Apart from this additional melting peak, the

rest of the DSC heating scan remains more or less unchanged indicating that the PEO

block/PNP complex has not been altered by the applied heat treatments at Ts higher or equal

to 94 °C (i.e., the PEO block/PNP complex is still in Domain I at such Ts temperatures).

The PEO block/PNP complex is self-nucleated at a Ts = 92 °C as can be seen in

Fig. 2a where a very prominent exotherm that peaks at approximately 35 °C is readily

apparent, therefore Domain II is reached for the PEO block/PNP complex. This behavior

differs from that of the pure triblock copolymer, where Domain II for the PEO block

disappears as a consequence of the fractionated crystallization process (for details of the self-

nucleation behavior of E24EP57EO19
69 see reference 13).
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The produced self-nuclei at 92 °C are causing the crystallization of the PEO

block/PNP complex during cooling and therefore on a subsequent heating scan (Fig. 2b) no

cold crystallization is observed. This heating scan (for Ts = 92 °C) also shows how the

amount of annealed PE crystals has grown with a reduction in Ts as compared with the

heating scan after self-nucleation at 94 °C. The final transition from Domain II to Domain III

for the PEO block/PNP complex probably occurs at Ts = 84 °C as judged by the immediate

crystallization upon cooling from this Ts temperature in Fig. 2a and by the change in the

corresponding melting endotherm in Fig. 2b [14].

Similar results were obtained by complexing the PEO block of the E24EP57EO19
69

triblock copolymer with resorcinol.

Conclusions

We successfully prepared a molecular complex between the PEO block of a

E24EP57EO19
69 triblock copolymer and PNP. The PEO block/PNP complex did not show any

apparent crystallization upon cooling from the melt, instead cold crystallization during

heating was observed and an approximately 30 °C increase in melting point as compared to

the neat PEO block within the copolymer. An increased capacity for self-nucleation of the

PEO block was produced by the complexation with PNP and therefore the three self-

nucleation domains were clearly observed for both the PE block and the PEO block/PNP

complex. Self-nucleation was helpful to ascertain the presence of separate crystalline regions

in the triblock copolymer. Through the use of PNP, both the crystallinity and the melting

point of the E24EP57EO19
69 triblock copolymer employed were substantially increased. Similar

results were obtained by complexation of the same ABC triblock copolymer with resorcinol.
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3.3 PS-b-PI-b-P(B/S) and PS-b-PEP-b-P(S/E) Triblock Copolymers

3.3.1 Synthesis and Properties of ABA and ABC Triblock Copolymers with Glassy (A),

Elastomeric (B), and Crystalline (C) Blocks

Holger Schmalza, Alexander Bökera,b, Ronald Langec, Georg Krauschb and Volker Abetza*
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ABSTRACT: In this contribution we describe the synthesis, characterization and
properties of polystyrene-block-poly(ethylene-alt-propylene)-block-polyethylene
(PS-b-PEP-b-PE) and polystyrene-block-poly(ethylene-alt-propylene)-block-
polystyrene (PS-b-PEP-b-PS) triblock copolymers. Morphological investigations
using TEM, SEM and SFM reveal for the PS-b-PEP-b-PE triblock copolymers a
morphology consisting of PS cylinders and PE crystallites within a matrix of the
PEP block, whereas the PS-b-PEP-b-PS triblock copolymer shows interconnected,
distorted PS cylinders in the PEP matrix. Mechanical characterization of these
triblock copolymers demonstrated that for small strains the PS-b-PEP-b-PE
triblock copolymers exhibit the aimed smaller plastic deformations, i.e. better
elastic properties, compared to the polystyrene based ABA type thermoplastic
elastomer. However, at high strains the PS-b-PEP-b-PS triblock copolymer shows
a significantly better elastic recovery. The high plastic set at high elongations in
PS-b-PEP-b-PE triblock copolymers is attributed to the weaker resistance of the
PE crystallites compared to amorphous PS domains in the  PS-b-PEP-b-PS
triblock copolymer.



Chapter 3

192

Introduction

Linear ABA triblock copolymers, with the A-block consisting of polystyrene whereas

the B-block is typically polybutadiene or polyisoprene (PS-b-PB-b-PS or PS-b-PI-b-PS) are

classic thermoplastic elastomers.1-3 Due to the incompatibility between the two components

microphase separation occurs whereby the polystyrene minority phase forms dispersed

spheres or cylinders in a rubbery matrix of the middle block. Linear ABC triblock copolymers

have been investigated by several groups and a huge variety of morphologies was found.4-7

Besides classes of lamellar8,9, cylindrical10,11 and spherical morphologies12 also cocontinuous

morphologies were found13-15, which all relate to the corresponding morphologies known

from binary block copolymers. Fundamentally different from the diblock copolymer

morphologies is the “knitting pattern” found for particular polystyrene-block-poly(ethylene-

stat-butylene)-block-poly(methyl methacrylate) triblock copolymers.16-18 A problem

encountered in ABC triblock copolymers with short end blocks (i. e. end blocks forming

spheres or cylinders) is the often occurrence of at least partial miscibility between the two end

blocks. In such cases a two-phase morphology is obtained rather than a three-phase

morphology. As a consequence, the B chain may loop back into the same end block domain

rather than being forced to form a bridge between two different end block domains. This

should have an influence on the elastic properties of such a material, since bridges and loops

should behave different. In conclusion, ABC triblock copolymers with mixed end blocks

should behave similar like ABA triblock copolymers both in terms of their morphological and

mechanical properties.

ABC triblock copolymers offer the ability to build thermoplastic elastomers without any

loops, if the A- and C-blocks are immiscible. Since the immiscibility is a function of the

product χAC NAC, either strongly incompatible components or a high degree of polymerization

have to be used (NAC is the degree of polymerization of the A- and C-block and χAC is the

segmental interaction parameter between the two species).19 A high degree of polymerization,

however, results in a high melt viscosity, which is disadvantageous in view of processing

demands. For polystyrene-block-polybutadiene-block-poly(methyl methacrylate) (PS-b-PB-b-

PMMA) triblock copolymers it was shown that only systems with a rather high molecular

weight display microphase separated PS and PMMA domains under favorable conditions.20,21

Semicrystalline end blocks offer a way to achieve segregated end blocks at low

molecular weights, since crystallization is a strong driving force for microphase separation.
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Investigations on polyethylene-block-poly(ethylene-alt-propylene) (PE-b-PEP) diblock

copolymers show that even for low molecular weights a microphase separated structure is

obtained due to crystallization induced microphase separation.22-24 Furthermore, this system

exhibits a small value for the segmental interaction parameter χ of 0.007 at 120 °C (above the

melting point of PE) resulting in a homogeneous melt in a wide composition range which is

advantageous in view of processing.25

ABA triblock copolymers with polyethylene as crystallizable A-block have already

been investigated with respect to their morphology and mechanical properties.26-33 Morton

and coworkers compared polyethylene-block-polyisoprene-block-polyethylene (PE-b-PI-b-

PE) and polyethylene-block-poly(ethylene-stat-butylene)-block-polyethylene (PE-b-PEB-b-

PE) triblock copolymers with polystyrene based thermoplastic elastomers. The polyethylene

containing thermoplastic elastomers exhibit better solvent resistance and show a

homogeneous melt in the case of the PE-b-PEB-b-PE systems. Triblock copolymers with

polyethylene contents up to 30 wt-% show an elastomeric behavior with low plastic

deformations after elongation, whereas systems with higher polyethylene content exhibit more

plastic properties. Compared to the polystyrene based thermoplastic elastomers the plastic

deformations even for the systems with 30 wt-% polyethylene are higher especially for high

extensions. This may be attributed to a weaker resistance of crystalline domains to distortion

compared to polystyrene domains in this case. The Young´s modulus increases with

increasing polyethylene content, whereby the tensile strength mainly depends on the

molecular weight of the polyethylene block.

In this contribution we compare ABC triblock copolymers with a glassy and a

semicrystalline end block with an ABA triblock copolymer with glassy end blocks. Here we

describe the synthesis and the properties of polystyrene-block-poly(ethylene-alt-propylene)-

block-polyethylene (PS-b-PEP-b-PE) triblock copolymers. Tensile testing in comparison to a

polystyrene-block-poly(ethylene-alt-propylene)-block-polystyrene (PS-b-PEP-b-PS) triblock

copolymer is performed in order to investigate the influence of a crystalline end block on the

mechanical properties. A special synthetic procedure allows us to synthesize PS-b-PEP-b-PS

and PS-b-PEP-b-PE triblock copolymers with identical A- and B- blocks, only differing in the

type of the C-block. This excludes any effects on the mechanical properties resulting from the

molecular weight or composition of the triblock copolymers. The miscibility of polyethylene

and poly(ethylene-alt-propylene) in the melt provides us with systems exhibiting a two-phase

melt instead of a three-phase melt. This should in turn result in a reduced melt viscosity, and
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hence in a better processability. Furthermore, the low solubility of the polyethylene block

compared to a polystyrene block should also lead to a higher solvent resistance of the

corresponding triblock copolymers.

It should be noted that in general ABA and ABC triblock copolymers with a similar

overall composition with respect to the end blocks must have different morphologies, when A

and C are immiscible. For example, when A and C form cylinders, they must be arranged on a

tetragonal lattice or a hexagonal lattice having a different symmetry compared to the

hexagonally packed cylinders of the corresponding ABA triblock copolymer. The situation is

similar in a lattice of A and C spheres in a B matrix. Thus, an investigation of mechanical

properties in dependence on the presence or absence of loops without changing the

morphology is impossible when comparing ABA and ABC triblock copolymers. It is the aim

of this contribution to show a way to generate ABC triblock copolymers with short

microphase separated end blocks and compare them with a reference ABA triblock

copolymer.

Experimental Section

Materials. Benzene (Acros) was purified by successive distillation over CaH2 and

potassium and kept in a dry nitrogen atmosphere until use. Styrene (Acros) was distilled from

CaH2 under nitrogen, stirred over Bu2Mg and condensed into storage ampoules. Butadiene

(Linde) was passed over columns with molecular sieve and activated alumina, followed by

storage over Bu2Mg under purified nitrogen before use. Isoprene (Fluka) was stirred over

Bu2Mg under purified nitrogen for 12 h, condensed onto n-BuLi followed by stirring at 0 °C

for 1 h before being condensed into glass ampoules. Toluene (p. a., Merck), sec-BuLi (Acros,

1.3 M in cyclohexane/hexane : 92/8), n-BuLi (Aldrich, 1.6 M in hexane), Bu2Mg (Aldrich,

1 M in heptane), and Wilkinson catalyst (Ph3P)3Rh(I)Cl (Aldrich) were used as received.

Synthesis. The synthesis of PS-b-PI-b-PB and PS-b-PI-b-PS triblock copolymers was

accomplished by sequential anionic polymerization of styrene, isoprene and butadiene or

styrene in benzene at 40 °C (for styrene) and 60 °C (for butadiene and isoprene) with sec-

BuLi as initiator. The use of benzene as a solvent results in a high 1,4-addition for butadiene

and isoprene which particularly for butadiene is indispensable to get a “pseudo polyethylene”

structure after hydrogenation. The combination of two laboratory autoclaves (Büchi) allowed
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us to synthesize ABC triblock copolymers with identical A- and B-blocks, but different C-

blocks by dividing the living AB diblock copolymer precursor into two fractions. This enables

us to study the influence of the C end block on the morphological and mechanical properties

of ABC triblock copolymers by keeping all other parameters, like molecular weight and

relative composition, constant.

Hydrogenation. The PS-b-PEP-b-PE and PS-b-PEP-b-PS triblock copolymers were

synthesized by hydrogenation of the corresponding precursor polystyrene-block-poly(1,4-

isoprene)-block-poly(1,4-butadiene) (PS-b-PI-b-PB) and polystyrene-block-poly(1,4-

isoprene)-block-polystyrene (PS-b-PI-b-PS). Homogeneous catalytic hydrogenation was

carried out in degassed toluene (1.5 – 2 wt-% solution of polymer) at 100 °C and 90 bar H2

pressure for 3 days using Wilkinson catalyst (1 mol-% with respect to the number of double

bonds). Purification was accomplished by precipitation in methanol. The extend of

hydrogenation was verified using 1H-NMR spectroscopy (Bruker AC 250 spectrometer).

Under the used conditions the polybutadiene blocks are hydrogenated completely and the

polyisoprene blocks show an almost complete saturation with ≤  1% residual double bonds.

Size Exclusion Chromatography (SEC). SEC experiments were performed on a

Waters instrument calibrated with narrowly distributed polystyrene standards at 30 °C. Four

PSS-SDV columns (5µm, Polymer Standards Service, Mainz) with a porosity range from 102

to 105 Å were used together with a differential refractometer and a UV-detector at 254 nm.

Measurements on the non-hydrogenated triblock copolymers were performed in THF with a

flow rate of 1 ml/min using toluene as internal standard.

Differential Scanning Calorimetry (DSC). For thermal analysis a Perkin Elmer

DSC 7 with a CCA 7 liquid nitrogen cooling device was used. For all measurements a two

point calibration with chloroform and indium was applied. All experiments were performed at

a heating rate of 10 K/min, unless otherwise specified. The displayed heating trace

corresponds to the second heating run in order to exclude effects resulting from any previous

thermal history of the samples.
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Dynamic Mechanical Analysis. Dynamic shear experiments were performed with an

Advanced Rheometric Expansion System (ARES, Rheometrics) in the plate-plate

configuration with a plate diameter of 25 mm and a gap of ~ 1 mm. Temperature dependent

measurements of G' and G'' were performed at a scanning rate of 1 K/min at a constant

frequency of 1 rad/s. It was made sure that all experiments were done in the linear viscoelastic

regime.

Mechanical Testing. Mechanical testing was carried out using an Instron 5565 and a

Zwick (equipped with optical extensometers) tensile testing machine. Young´s modulus was

determined at a testing speed of 0.2 mm/min at small elongations (0 – 0.5%), elongations at

break were measured at 20 mm/min. Hysteresis measurements were performed at a testing

speed of 20 mm/min for elongations to 100 (3 times), 200, 300, 400 and 500% followed by

extension to break. No holding time between the cycles was applied. Test specimens

according to ISO 37:1994 were used. Preparation was accomplished by compression molding

into plates at 140 – 150 °C followed by cooling to room temperature (≈  -1.5 K/min). It was

made sure that the cutting of test specimens always occurred in the same direction in order to

exclude any effects resulting from different orientation within the test samples.

Transmission Electron Microscopy (TEM). The bulk morphology of the triblock

copolymers was examined by bright field TEM using a Zeiss CEM 902 electron microscope

operated at 80 kV. Films of PS-b-PI-b-PS triblock copolymers (around 0.5 mm thick) were

prepared by casting from a 2 wt-% solution in CHCl3 and allowed to slowly evaporate over a

period of 2 weeks followed by drying under vacuum for 1 day. In addition, compression

molded samples, which were used for mechanical testing, were also taken for morphological

investigations. Thin sections were cut at - 130 °C using a Reichert-Jung Ultracut E microtome

equipped with a diamond knife. Selective staining of the PI domains was achieved by

exposure of the sections to OsO4 vapor for 60 s, while the thin sections of hydrogenated

triblock copolymers were exposed to RuO4 vapor for 45 min to selectively stain the PS

domains.

Scanning Electron Microscopy (SEM). SEM images were taken on a LEO 1530

Gemini instrument equipped with a field emission cathode possessing a lateral resolution of

approximately 2 nm. Thin films of PS-b-PEP-b-PE were prepared by dip coating onto a

polished silicon wafer from a 1 mg/ml solution of the triblock copolymer in toluene. The
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films were stained with RuO4 vapor for 45 min prior to SEM imaging in order to visualize the

PS domains.

Scanning Force Microscopy (SFM). Scanning force microscopy images were taken

on a Digital Instruments Dimension 3100 microscope operated in TappingModeTM (free

amplitude of the cantilever: 20 nm; set point ratio: 0.95). Measurements were performed on

thin films prepared on polished silicon wafers by dip coating from a 1 mg/ml solution of the

polymer in toluene or by spin coating using a 5 wt-% solution of the respective polymer in

toluene. Selective swelling of the PS-microdomains in PS-b-PEP-b-PE triblock copolymer

thin films was accomplished by exposing a vacuum dried film to toluene vapor for 1 min. In

addition, measurements were performed on compression molded samples, which were

prepared similar to the samples used for mechanical testing. SFM imaging was carried out on

smooth cut surfaces obtained by cutting with a diamond knife at -130 °C using a Reichert-

Jung Ultracut E microtome.

Small Angle X-ray Scattering (SAXS). SAXS measurements were performed on

compression molded samples using a Bruker-AXS Nanostar instrument with a sealed X-ray

tube (Cu, λ = 1.5418 Å) operated at 40 mA and 40 kV and equipped with crossed Goebel

mirrors and a 2D Histar detector.

Results and Discussion

Synthesis. The PS-b-PEP-b-PE and PS-b-PEP-b-PS triblock copolymers were

prepared by homogeneous catalytic hydrogenation of the corresponding PS-b-PI-b-PB and

PS-b-PI-b-PS triblock copolymers which were synthesized by sequential anionic synthesis.

Scheme 1 shows the synthesis of PS-b-PI-b-PB and PS-b-PI-b-PS triblock copolymers

with identical PS- and PI-blocks by combination of two laboratory autoclaves. First the

sequential anionic polymerization of styrene and isoprene was performed in benzene.

Subsequently, the resulting solution of living PS-b-PI diblock copolymer precursors was

divided into two fractions. Further addition of styrene or butadiene, respectively, leads to the

formation of the corresponding PS-b-PI-b-PS and PS-b-PI-b-PB triblock copolymers.
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n
40 °C, 4 h

sec-BuLi, benzene

60 °C, 4 h

m
CH2

- Li+

m-1n

CH- Li+
n-1

H
n m p

H

n m p
40 °C, 4 h

60 °C, 5 h

Scheme 1. Synthesis of polystyrene-block-poly(1,4-isoprene)-block-polystyrene (PS-b-PI-b-
PS) and polystyrene-block-poly(1,4-isoprene)-block-poly(1,4-butadiene) (PS-b-
PI-b-PB) with identical PS- and PI-blocks by combination of two laboratory
autoclaves.

 Polymerization in benzene results in a high 1,4-content for butadiene and isoprene as

depicted in Table 1. In our nomenclature (AxByCz
m) the subscripts give the weight percentage

of the corresponding block, and the superscript is the molar mass of the triblock copolymer in

kg/mol. SEC shows that dividing the living PS-b-PI diblock copolymer precursor proceeds

without any termination resulting in narrowly distributed PS-b-PI-b-P(S/B) triblock

copolymers (Figure 1, Table 1). However, for the PS-b-PI-b-PB triblock copolymers the

addition of butadiene to the living PS-b-PI precursor gives rise to a very small amount of

chain termination (< 6%) as can be seen from the shoulder at higher elution volumes

(Figure 1) which might be attributed to residual impurities in the butadiene. Due to the very

small extend of chain termination the residual PS-b-PI precursor is not expected to influence

the mechanical properties of the PS-b-PI-b-PB triblock copolymer after hydrogenation.
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Table 1. Molecular Weight Characterization and Microstructure of PS-b-PI-b-P(B/S)
Triblock Copolymers

PB-blockc PI-blockctriblock Mn
a

[kg/mol]
Mw/Mn

b

%1,4 %1,2 %1,4 %1,2 %3,4
S14I57B29

109 109 1.02 89 11 92 4 4
S14I64B22

119 119 1.02 87 13 92 4 4
S14I65S21

117 117 1.01 - - 92 4 4
a Determined by 1H-NMR spectroscopy using the molecular weight of the PS precursor

obtained by SEC in THF calibrated against PS standards.
b Determined by SEC in THF calibrated against PS standards.
c Determined by 1H-NMR spectroscopy in CDCl3.

24 26 28 30 32

DC

B

A

 

 

Ve [ml]

Figure 1. SEC traces of a PS-b-PI-b-PS (B) and a PS-b-PI-b-PB (A) triblock copolymer
with identical PS and PI blocks, synthesized by connection of two laboratory
autoclaves, including the PS (D) and PS-b-PI (C) precursors using THF as eluent
and toluene as internal standard.

Homogeneous catalytic hydrogenation was carried out in toluene using the Wilkinson

catalyst (Ph3P)3Rh(I)Cl at 100 °C and 90 bar H2 pressure. Under these conditions the PB-

block gets completely hydrogenated and the PI-block exhibits an almost complete saturation

with less than 1% residual double bonds, as monitored by the disappearance of the

corresponding signals of the vinylic protons in 1H-NMR (not shown). Hydrogenation at lower

temperatures (60 °C) leads only to a partially hydrogenated PI-block, whereas the PB-block

gets completely saturated.
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Thermal Properties. The PS-b-PEP-b-PS and PS-b-PEP-b-PE triblock copolymers

exhibit glass transition temperatures at approximately –55 °C for the PEP block and at about

100 °C for the PS block, reflecting a strongly microphase separated structure (Table 2). The

PE blocks in PS-b-PEP-b-PE triblock copolymers reveal a melting endotherm at ca. 90 °C and

degrees of crystallinity of α ~ 31%. The degree of crystallinity was calculated using the heat

of fusion for a 100% crystalline PE of ∆Hm
0 = 276.98 J/g.34

Table 2. DSC Data of PS-b-PEP-b-P(E/S) Triblock Copolymersa

triblock TG, PEP
[°C]

TG, PS
[°C]

Tm, PE
[°C]

Tc, PE
[°C]

αPE
[%]

S14EP66S20
119 -55.5 102.4 - - -

S14EP64E22
122 -56.0 99.3b 88.0 57.6 31.9

S13EP57E30
112 -56.0 100.4b 88.7 59.8 31.0

a Tm = melting point (peak maximum), Tc = crystallization temperature (peak maximum), α =
degree of crystallinity, and TG = glass transition temperature.

b Determined by dynamic mechanical analysis (maximum G’’, 1 rad/s, 1 K/min).

The DSC heating trace for S13EP57E30
112 (Figure 2) displays a relatively broad melting

endotherm for the PE block indicating a broad crystallite size distribution. The latter may

arise from the approximately 11% 1,2-units in the corresponding PB block of the non-

hydrogenated triblock copolymer precursor (Table 1). The corresponding cooling trace

(Figure 2) shows that crystallization of the PE block occurs at ca. 60 °C.

-60 -40 -20 0 20 40 60 80 100 120 140

TG(PEP) Tm(PE)

Tc(PE)

20 K/min

- 10 K/min

 

en
do

Temperature [°C]
Figure 2. DSC heating and cooling traces for S13EP57E30

112.
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The melting and crystallization temperatures of the PE block in the PS-b-PEP-b-PE

triblock copolymers exhibit a slight increase with increasing molecular weight of the PE block

(Table 2). In addition, the degree of crystallinity α(PE) shows a slight increase with

increasing molecular weight of the triblock copolymer, which might be attributed to a higher

incompatibility between the PEP and PE block due to the increasing values of χN. From DSC

measurements it is not possible to detect a glass transition temperature of the PS block in PS-

b-PEP-b-PE triblock copolymers. In Figure 3 a temperature dependent dynamic shear

experiment on S13EP57E30
112 is shown. The sharp drop in the storage modulus G' at ca. –50 °C

is related to the glass transition temperature of the PEP block which corresponds to the

transition temperature obtained by DSC (Table 2, Figure 2). Upon further heating, melting of

the crystalline PE block results in an additional drop in G' at ca. 90 °C which is in line with

the observed melting endotherm in DSC. The glass transition temperature of the PS block is

indicated by a small maximum in the loss modulus G'' at ca. 100 °C. The corresponding drop

in G' is not visible, probably due to the low PS content of only 13 wt-%.

-60 -40 -20 0 20 40 60 80 100 120 140
104
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G
' (
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Figure 3. Temperature dependent dynamic shear experiments on S13EP57E30
112.

Concerning the solubility, PS-b-PEP-b-PE triblock copolymers show a better solvent

resistance compared to PS-b-PEP-b-PS triblock copolymers, which are in general soluble in

organic solvents. In CHCl3 and toluene small amounts of PS-b-PEP-b-PE triblock copolymers

are soluble at room temperature, whereas higher concentrated solutions (> 0.02 g/ml) can only

be obtained at elevated temperatures and exhibit gelation upon cooling.
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Morphology. TEM investigations on S14I65S21
117 (precursor of S14EP66S20

119) cast

from CHCl3 solution show a cylindrical morphology with hexagonally packed PS-cylinders

within a matrix of PI (selectively stained with OsO4 vapor) as shown in Figure 4A. With

regard to the performed mechanical testing the morphology of the compression molded

samples is of special interest. Figure 4B shows a TEM image of S14I65S21
117, prepared by

compression molding in an identical way as for the tensile testing. The PS domains exhibit a

strongly distorted cylindrical structure without showing any long range order. The TEM

image of the corresponding hydrogenated triblock copolymer S14EP66S20
119 (Figure 4C), also

prepared by compression molding, exhibits a similar morphology consisting of strongly

distorted PS-cylinders. In both systems the formation of interconnected PS-cylinders is

possible due to the strongly distorted PS-domains.

A

OsO4
250 nm

250 nm

B

OsO4
250 nm

C

RuO4
Figure 4. TEM images of (A) S14I65S21

117 cast from CHCl3; (B) S14I65S21
117 prepared by

compression molding, selective staining of PI was achieved by exposure to OsO4
vapor; and (C) S14EP66S20

119 prepared by compression molding, stained with
RuO4 for visualization of PS.
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Morphological investigations on PS-b-PEP-b-PE triblock copolymers using

conventional TEM techniques encounter the problem that the PS and PE domains cannot be

visualized simultaneously.35 Detection of the PS-domains is possible by selective staining of

PS with RuO4 vapor. The PE crystallites can be visualized by underfocus phase contrast

bright field TEM investigations of the unstained samples. In order to gain a more detailed

insight into the morphology of our PS-b-PEP-b-PE triblock copolymers we prepared thin

films by dip and spin coating from dilute solutions. Figure 5A shows the SEM image of such

a thin film of S13EP57E30
112 prepared from toluene solution (1mg/ml). The white dot- and

worm-like structures represent the PS domains selectively stained by exposure to RuO4 vapor.

As the PE block is expected to form crystalline lamellae, it is very likely that according to the

composition the PS block forms cylinders in the PEP matrix. The cause of the obvious

distortion of the PS cylinders will be explained in the following.

Figure 5B shows a SFM phase contrast image of a vacuum dried thin film of S13EP57E30
112 dip

coated from toluene solution (1mg/ml). In this picture we can distinguish between at least two

different phases. The bright elongated domains with rough boundaries correspond to PE

crystallites which induce a high phase shift within a matrix of PEP, which appears darker in

the phase contrast. In addition, we can identify a third phase which is located in between the

PE crystallites. This phase can be visualized more clearly by exposure of the film to toluene

vapor for 1 min as shown in Figure 5C (circles in Figure 5B/C). As toluene is a selective

solvent for polystyrene we can conclude that the bright dot- and worm-like structures can be

attributed to PS cylinders in a PEP matrix located between PE crystallites. Obviously, the

swelling of the PS domains with toluene also changes the interaction between the tip and the

sample surface significantly which leads to a distinct phase shift. As during film preparation

the PE crystallizes before solidification of the PS cylinders, the latter have to cope with the

confined geometry given by the PE “crystal lamellae” which leads to the observed distortions

in the PS domains.

Further evidence for our phase assignment is given by the SFM images of a spin coated film

of S14EP64E22
122 (5 wt-% solution in toluene, film thickness = 22.6 nm) as shown in Figures

5D/E. The phase image exhibits the same characteristics as the one shown in Figure 5C. In

addition, we compare the phase to the respective topography. In both images we can identify

the PS domains (as the lower parts in the topography and the bright areas in the phase). This is

in exact agreement with previous investigations36 where it was shown that the block with the

best solubility in the solvent from which the film was prepared showed the highest shrinkage

upon film drying.
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A

RuO4
500 nm

B

250 nm

C

250 nm

500 nm

D E

500 nm

Figure 5. (A) SEM image of a dip coated film of S13EP57E30
112 onto a silicon wafer. (B) and

(C) TappingMode SFM phase contrast images of a thin film of S13EP57E30
112 dip-

coated onto a silicon wafer: (B) dry film; (C) same spot of the film after 1 min
exposure to toluene vapor, visualizing the PS-cylinders; z = 20°. TappingMode
SFM height (D, z = 15 nm) and phase (E, z = 50°) image of a thin film of
S14EP64E22

122 spin-coated from a 5 wt-% solution in toluene onto a silicon wafer.
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SFM investigations on thin films of S14EP64E22
122 spin coated from a 10 wt-% solution

in toluene (film thickness = 55.6 nm) exhibit an identical morphology (results not shown).

From the independence of morphology on film thickness we can conclude that the SiOx

surface of the silicon wafer does not show a significant influence on the morphology of the

investigated samples. Therefore we can deduce that by using TappingMode SFM we are able

to identify all three components of our triblock copolymers from topography and phase

informations in combination with the influence of selective solvents.

Morphological investigations on PS-b-PEP-b-PE triblock copolymers were also

performed on compression molded samples, prepared in a similar way as the samples for

tensile testing. Figure 6A shows a bright field TEM image of S13EP57E30
112. Selective staining

with RuO4 vapor visualizes the PS-domains appearing as dark dots and worms, revealing a

distorted cylindrical morphology. The PS-domains do not show a preferential orientation as

might possibly arise from the compression molding process. In the SFM phase contrast image,

depicted in Figure 6B, clearly three different phases can be distinguished as in the case of the

spin coated sample of S14EP64E22
122 (Figure 5E). From the results obtained by solvent vapor

treatment the bright (higher phase shift) appearing dots and worms can be attributed to PS

cylinders in a matrix of the darker appearing PEP block. The third, less bright appearing

phase, corresponds to crystalline PE domains.

250 nm

A

RuO4
500 nm

B

Figure 6. Morphology of S13EP57E30
112 prepared by compression molding: (A) TEM image;

(B) SFM phase contrast image (z = 15°).
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Compression molded samples of S14EP64E22
122 show an identical overall morphology

and differ only in the amount of crystalline PE. Compared to the solvent cast films of

S13EP57E30
112 (Figure 5C) and S14EP64E22

122 (Figure 5E) the PE crystallites in the compression

molded sample (Figure 6B) are significantly smaller in length and exhibit a more distorted

structure. In contrast to the film preparation from solution, the PS solidifies first upon cooling

from the melt due to its higher glass transition temperature of ca. 100 °C compared to the

crystallization temperature of the PE block of ca. 60 °C (Table 2). Due to the already existing

glassy PS domains the PE blocks have to cope with the confined geometry given by the PS

cylinders upon crystallization. This results in the formation of PE crystallites showing smaller

dimensions as compared to the PE crystallites formed by crystallization from solution. In

conclusion, PS-b-PEP-b-PE triblock copolymers prepared by compression molding show a

similar morphology compared to the solvent cast films, i. e. dispersed PS cylinders and PE

crystallites within a matrix of the PEP block.

From the TEM and SFM investigations on compression molded samples of PS-b-PEP-

b-PS (Figure 4C) and PS-b-PEP-b-PE (Figures 6A/B) triblock copolymers no preferential

orientation resulting from the melt processing can be detected, as was also confirmed by SEM

and 2D-SAXS (not shown).

Mechanical Properties. In order to investigate the influence of a crystalline end block

on the elastic properties of triblock copolymers, we performed hysteresis measurements on

PS-b-PEP-b-PE triblock copolymers in comparison to a PS-b-PEP-b-PS triblock copolymer

(Table 3). The remaining plastic deformation (εplast) was determined for extensions to 100,

200, 300, 400 and 500%, whereby the first cycle was conducted 3 times. In Figure 7 the

hysteresis measurements performed on S13EP57E30
112 are shown. As in the case of

S14EP64E22
122 no yield point is observed. This finding might be attributed to dispersed PS and

PE domains within a matrix of the PEP block, as revealed by TEM and SFM investigations

(Figure 6A/B). The insert to Figure 7 shows that for extensions to 100% the remaining plastic

deformation is nearly constant for all 3 cycles.
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Table 3. Mechanical Properties of PS-b-PI-b-PS and PS-b-PEP-b-P(E/S) Triblock
Copolymersa
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Figure 7. Hysteresis measurements on S13EP57E30
112.

The PS-b-PEP-b-PS triblock copolymer shows a different stress-strain behavior

(Figure 8). As can be clearly seen from the insert to Figure 8 a yield point is observed at a

strain of 7.7% which may result from the break up of partially interconnected PS domains

(see also Figure 4C). At the yield point formation of a neck occurs, which runs through the

sample with increasing strain up to an elongation of ca. 150%. At this point the strain is again

distributed homogeneously over the whole sample. In addition, the Young´s modulus is much

larger as compared to the PS-b-PEP-b-PE triblock copolymers (Table 3). For well oriented

“single crystal”-type PS-b-PB-b-PS triblock copolymers with cylindrical (PS) morphology it

is known, that the mechanical properties strongly depend on the direction of the applied strain

with regard to the oriented PS-cylinders.37 On elongations parallel to the cylinder axis, the

stress-strain curves display a yield behavior, whereas on perpendicular elongations no yield

point is observed. Samples of PS-b-PEP-b-P(S/E) triblock copolymers for TEM and SFM

investigations were prepared in a way that we look on the sample along the direction of the

afterwards applied strain in mechanical testing. For both PS-b-PEP-b-PS (Figure 4C) and PS-

b-PEP-b-PE (Figure 6A/B) the strongly distorted PS-cylinders show no preferential

orientation with respect to the direction of strain (perpendicular to the plane of the TEM or

SFM image). Therefore it can be concluded, that the different stress-strain behavior results

from differences in the morphology and not from different orientations. In the PS-b-PEP-b-PS

triblock copolymer the PS-cylinders might be partially interconnected resulting in the
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observed yielding behavior. In contrast, for PS-b-PEP-b-PE triblock copolymers the PS and

PE domains are dispersed within a matrix of PEP and no yield point is observed. The

observed minimum at 450% strain (Figure 8) arises from the strong tendency of S14EP66S20
119

to sample slippage especially at high strain values. This effect was also observed for the PE

containing triblock copolymers. Compared to S13EP57E30
112 (Figure 7) and S14EP64E22

122

(results not shown) the stress values for elongations beyond 100% are always lower for

S14EP66S20
119 (Figure 8). This might result from the suppressed loop formation in PS-b-PEP-

b-PE triblock copolymers due to the strong incompatibility of the end blocks. However, one

has to take into account that the morphologies of PS-b-PEP-b-PS and PS-b-PEP-b-PE triblock

copolymers are not identical.
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Figure 8. Hysteresis measurements on S14EP66S20
119.

Figure 9 shows a comparison of the plastic deformations (εplast) obtained from

hysteresis measurements on PS-b-PEP-b-PS and PS-b-PEP-b-PE triblock copolymers. For

elongations up to 200% both PS-b-PEP-b-PE triblock copolymers exhibit a smaller plastic

deformation (εplast), i. e. better elastic recovery, compared to S14EP66S20
119 with respect to the

measurements conducted without optical extensometers (Figure 9, Table 3). The

comparatively high plastic deformation of S14EP66S20
119 for small strains may also be

attributed to the observed necking, which goes along with successive break up of



Chapter 3

210

interconnected PS-cylinders and is expected to continue with increasing strain (post-neck or

drawing regime) resulting in an accumulation of plastic deformation.
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Figure 9. Comparison of plastic deformations (εplast) obtained from hysteresis measurements
with (◊) and without (bars) optical extensometers.

Especially the triblock copolymer with a lower PE weight fraction (S14EP64E22
122)

shows better elastic properties, i. e. lower εplast, which is likely to result from a better

resistance of the PE crystallites against disruption. Up to 300% strain, the plastic deformation

is lower compared to S14EP66S20
119 and nearly equal for higher strains. A comparison of the

plastic deformations of S14I65S21
117 with S14EP66S20

119 shows that the non-hydrogenated

triblock copolymer exhibits slightly better elastic recovery (Table 3). Annealing of

S13EP57E30
112 at 83 °C for 12 h results in a slight improvement of the elastic recovery

especially at high elongations as depicted in Figure 10. This effect can be attributed to a more

uniform crystallite size distribution for the PE block in the annealed sample resulting from the

transformation of small (less stable) crystallites into bigger (more stable) ones. This was also

detected by DSC, revealing an increased melting temperature of PE and a more narrow

melting endotherm in the annealed sample (result not shown).

One has to take into account that the PS-b-PEP-b-PS and PS-b-PEP-b-PE triblock

copolymers show slippage especially at high elongations which strongly affects the

determined plastic deformations. Therefore we also conducted hysteresis measurements with

optical extensometers which are insensitive to sample slippage. The obtained plastic

deformations are depicted as diamonds (◊) in Figure 9. For strains up to 300% the use of
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optical extensometers confirms the behavior described above. In contrast, for higher

elongations the recovery of S14EP66S20
119 gets significantly better compared to the PE

containing triblock copolymers reflecting the strong effect of slippage observed for

S14EP66S20
119 on the measurements without optical extensometers.
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Figure 10. Comparison of plastic deformations (εplast) of S13EP57E30
112 before and after

annealing at 83 °C for 12h.

In conclusion, for strains up to 300% PS-b-PEP-b-PE triblock copolymers exhibit a

slightly improved elastic recovery compared to the PS-b-PEP-b-PS triblock copolymer.

However, for higher strains the PE crystallites in PS-b-PEP-b-PE triblock copolymers

apparently suffer greater distortions than the amorphous PS domains in the PS-b-PEP-b-PS

triblock copolymer leading to higher plastic deformations. The improved elastic recovery at

low strains for the PE containing triblock copolymers might be attributed to the suppressed

loop formation in this system due to the strong incompatible end blocks. Another possibility

for the observed behavior might arise from the different morphologies of PS-b-PEP-b-PS and

PS-b-PEP-b-PE triblock copolymers. In addition, the observed yielding and necking for

S14EP66S20
119 and S14I65S21

117 triblock copolymers, which might be related to the break up of

interconnected PS-cylinders, also results in an increased plastic deformation.

In general for PS-b-PEP-b-PE triblock copolymers the elastic recovery is better for

systems with a lower PE weight fraction. This result is in agreement to the results obtained by

Morton et al. for PE-b-PI-b-PE and PE-b-PEB-b-PE triblock copolymers.29-31 The
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investigated triblock copolymers with approximately 30 wt-% PE exhibit relatively good

elastic recovery, whereas the systems with higher PE contents show unusually high

unrecovered deformations, i. e. cold drawing. For high strains they have also detected a much

higher plastic set for the PE containing triblock copolymers compared to PS-b-PB-b-PS

triblock copolymers, which was attributed to a smaller resistance of the PE crystallites against

distortion compared to amorphous PS domains, especially at high elongations.

Conclusions

We have compared the morphologies and mechanical properties of PS-b-PEP-b-PE

triblock copolymers with a PS-b-PI-b-PS and the corresponding hydrogenated PS-b-PEP-b-PS

triblock copolymer. SFM investigations on PS-b-PEP-b-PE triblock copolymers in

combination with selective swelling of the PS domains by exposure to toluene vapor enables

us to simultaneously detect the PS and PE domains which is not possible by using

conventional TEM techniques. Due to the imcompatibility of the end blocks the formation of

loops is suppressed resulting in a morphology consisting of dispersed PS cylinders and PE

crystallites within a matrix of the PEP block. Morphological investigations on compression

molded samples exhibit a distorted cylindrical structure of the PS block for PS-b-PI-b-PS and

PS-b-PEP-b-PS, making the formation of loops and interconnected PS cylinders possible.

Comparison of plastic deformations obtained from hysteresis measurements on PS-b-

PEP-b-PE and PS-b-PEP-b-PS triblock copolymers reveals better elastic properties, i. e.

smaller plastic deformations, for the PE containing triblock copolymers at small strains.

Different reasons may be responsible for that: the restricted loop formation in PS-b-PEP-b-PE

triblock copolymers, the different morphologies of the compared systems or a combination of

both effects. In contrast to the behavior at small strains, for high strain values the PS-b-PEP-b-

PS triblock copolymer exhibits a significantly better elastic recovery. This might be attributed

to a weaker resistance of crystalline PE domains against disruption compared to amorphous

PS domains. In general, the elastic recovery of PS-b-PEP-b-PE triblock copolymers improves

with decreasing content of crystalline PE.
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ABSTRACT: Thermoplastic elastomers are used in a wide range of applications
due to easy processing by conventional methods like injection molding and
extrusion. ABC triblock copolymers with two hard domain forming end blocks in
a rubbery matrix of B are one way to approach thermoplastic elastomers. In this
contribution we will compare polystyrene-block-poly(ethylene-alt-propylene)-
block-polyethylene  (PS-b-PEP-b-PE) and polystyrene-block-poly(ethylene-alt-
propylene)-block-polystyrene (PS-b-PEP-b-PS) triblock copolymers with similar
middle block content with respect to their morphological and mechanical
properties. Transmission electron microscopy (TEM) and scanning force
microscopy (SFM) reveal for the PS-b-PEP-b-PE triblock copolymers a
morphology consisting of PS cylinders and PE crystallites within a matrix of the
PEP block. Mechanical characterization of these triblock copolymers
demonstrated that for small strains the PS-b-PEP-b-PE triblock copolymers
exhibit the aimed smaller plastic deformations, i.e. better elastic properties,
compared to the polystyrene based ABA type thermoplastic elastomers. However,
at high strains the PS-b-PEP-b-PS triblock copolymers show a significantly better
elastic recovery.
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Introduction

Thermoplastic elastomers or TPE’s combine the properties of irreversible crosslinked

elastomers with the easy processing of thermoplastic materials. This enables product designs

not easily achieved for conventional rubbers.

One type of TPE’s is based on linear ABA and ABC triblock copolymers, where A

and C form hard, dispersed domains in an elastomeric B matrix. A well-known example for

ABA block copolymers are systems with the A-block consisting of polystyrene whereas the

B-block is typically polybutadiene or polyisoprene (PS-b-PB-b-PS or PS-b-PI-b-PS).[1,2] Due

to the incompatibility between the two components microphase separation occurs, whereby

the polystyrene minority phase forms dispersed spheres or cylinders in a rubbery matrix of the

middle block. As a consequence, the B chain may loop back into the same end block domain

rather than being forced to form a bridge between two different end block domains. This

should have an influence on the elastic properties of such materials, since bridges and loops

behave mechanically different. In order to force the end blocks into different domains, they

should be incompatible with each other, i.e. the ABA must be replaced by an ABC system. A

problem encountered in ABC triblock copolymers with short end blocks (i. e. end blocks

forming spheres or cylinders) is the usually insufficient degree of incompatibility between A

and C, χAC⋅NAC (NAC is the degree of polymerization of the A- and C-block and χAC is the

segmental interaction parameter between the two species).[3,4] Semicrystalline end blocks

offer a way to achieve segregated end blocks at low molecular weights, since crystallization is

a strong driving force for microphase separation. Investigations on polyethylene-block-

poly(ethylene-alt-propylene) (PE-b-PEP) diblock copolymers show that even for low

molecular weights a microphase separated structure is obtained due to crystallization induced

microphase separation.[5-7] Furthermore, this system exhibits a small value for the segmental

interaction parameter χ of 0.007 at 120 °C (above the melting point of PE) resulting in a

homogeneous melt in a wide composition range which is advantageous in view of

processing.[8] This is also true for PE-b-PEB-b-PE triblock copolymers, which were compared

with polystyrene based thermoplastic elastomers.[9,10] Recently first results on a comparison

between polystyrene-block-poly(ethylene-alt-propylene)-block-polyethylene (PS-b-PEP-b-

PE) with the corresponding PS-b-PEP-b-PS block copolymer were published, which showed

superior mechanical properties for PS-b-PEP-b-PS at higher elongations, while at lower

elongations the PS-b-PEP-b-PE showed better properties.[11] This behavior was assigned to

the suppression of loops in the case of PS-b-PEP-b-PE, which might lead to a better elastic
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recovery at low strains, while the weaker mechanical resistance of the PE blocks at larger

strains results in better properties of the PS-b-PEP-b-PS.

In this contribution we give an overview of the morphological and mechanical

properties of PS-b-PEP-b-PE triblock copolymers with a glassy and a semicrystalline end

block in comparison to the corresponding PS-b-PEP-b-PS triblock copolymers with two

glassy end blocks.

Experimental Section

Synthesis. Details of the synthesis of the PS-b-PEP-b-PS and PS-b-PEP-b-PE triblock

copolymers via living anionic polymerization and subsequent catalytic hydrogenation are

given in ref. [11]. The nomenclature of these triblock copolymers is AxByCz
M, where x, y, z

are the weight percentages of the blocks A, B, C and M is the total molecular weight in

kg/mol.

Differential Scanning Calorimetry (DSC). For thermal analysis a Perkin Elmer

DSC 7 with a CCA 7 liquid nitrogen cooling device was used. For all measurements a two

point calibration with decane and indium was applied. All experiments were performed at a

scanning rate of 10 °C/min. The degree of crystallinity of the PE block within PS-b-PEP-b-PE

triblock copolymers was calculated using the heat of fusion for a 100% crystalline PE of
0
mH∆  = 276.98 J/g.[12]

Transmission Electron Microscopy (TEM). The bulk morphology of the triblock

copolymers was examined by bright field TEM using a Zeiss CEM 902 electron microscope

operated at 80 kV. Films were prepared by compression molding in an identical manner as the

samples for mechanical testing, unless indicated otherwise. Thin sections were cut at -130 °C

using a Reichert-Jung Ultracut E microtome equipped with a diamond knife. Selective

staining of the PI domains was achieved by exposure of the sections to OsO4 vapor for 60 s,

while the thin sections of hydrogenated triblock copolymers were exposed to RuO4 vapor for

45 min to selectively stain the PS domains.
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Scanning Force Microscopy (SFM). Scanning force microscopy images were taken

on a Digital Instruments Dimension 3100 microscope operated in Tapping ModeTM (free

amplitude of the cantilever: 20 nm; set point ratio: 0.95). Measurements on PS-b-PEP-b-PE

triblock copolymers were performed on thin films prepared on polished silicon wafers by spin

coating from a 5 mg/ml solution of the polymer in toluene.

Mechanical Testing. Mechanical testing was carried out using a Zwick tensile testing

machine equipped with optical extensometers. Young´s modulus was determined at a testing

speed of 20 mm/min at small elongations (0 – 4%), elongations at break were measured at the

same rate. Hysteresis measurements were performed at a testing speed of 20 mm/min for

elongations to 100, 200, 300, 400 and 500% followed by extension to break. No holding time

between the cycles was applied. Test specimens according to ISO 37:1994 were used.

Preparation was accomplished by compression molding into plates at 140 – 150 °C followed

by cooling to room temperature. It was made sure that the cutting of test specimens always

occurs in the same direction in order to exclude any effects resulting from different

orientation within the test samples.
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Results and Discussion

Thermal Properties. Table 1 summarizes the thermal properties of the synthesized

PS-b-PEP-b-PS and PS-b-PEP-b-PE triblock copolymers. The triblock copolymers exhibit

glass transition temperatures at ca. –55 °C for the PEP blocks and ca. 100 °C for the PS

blocks, reflecting a strong microphase separation. The glass transition temperature of the PEP

blocks is almost independent of composition, whereas the PS blocks show a decrease in glass

transition temperature with decreasing PS content. This effect is more pronounced for PS-b-

PEP-b-PE triblock copolymers. In the case of PE, microphase separation is induced by

crystallization, as the PE segments are expected to crystallize from a homogeneous mixture of

PEP and PE segments due to their low segmental interaction parameter in the melt.[8] With

increasing PE content, the PS-b-PEP-b-PE triblock copolymers exhibit a shift in the peak

melting and crystallization temperature to higher values. This effect is more obvious in the

detected peak crystallization temperatures. A higher PE content results in a slightly increased

segregation strength between the PE and PEP segments in the melt and thus in the observed

increase in peak crystallization temperature. Depending on composition, the PE blocks exhibit

a degree of crystallinity between ca. 20 and 30%. S13EP76E11
121, the triblock copolymer with

the lowest PE content, shows a comparatively small degree of crystallinity and a marked

depression in the melting and crystallization temperature.

Table 1. DSC Data of PS-b-PEP-b-P(E/S) Triblock Copolymersa

triblock Tg (PEP)
[°C]

Tg (PS)
[°C]

Tm (PE)
[°C]

Tc (PE)
[°C]

α (PE)
[%]

S14EP66S20
119 -55.5 102.4 - - -

S13EP77S10
119 -57.7 98.4 - - -

S8EP71S21
121 -58.7 97.9b - - -

S13EP76E11
121 -57.5 98.3b 86.6 51.0 21.0

S8EP71E21
121 -58.0 72.3b 89.6 56.8 25.8

S14EP64E22
122 -56.0 99.3b 88.0 57.6 31.9

S13EP57E30
112 -56.0 100.4b 88.7 59.8 31.0

S33EP37E30
115 -57.6 105.4 90.4 65.2 25.2

a Tm = melting point (peak maximum), Tc = crystallization temperature (peak maximum), α =
degree of crystallinity, and Tg = glass transition temperature.

b Determined by dynamic mechanical analysis (maximum G’’, 1 rad/s, 1 °C/min).
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Morphology. Figure 1A shows the TEM micrograph of S8I71S21
119, the precursor of

S8EP71S21
121, prepared by compression molding in an identical manner as compared to the

preparation of test specimens for tensile testing. Due to selective staining of the PI blocks, the

PS blocks appear white and exhibit a distorted cylindrical microstructure. With respect to the

PS cylinders, both top and side view are visible, no preferential orientation can be detected.

Figure 1B shows the TEM image of the corresponding S8EP71E21
121 triblock copolymer, in

which one PS block of the respective S8EP71S21
121 triblock copolymer is replaced by a PE

block. Due to the lack of olefinic double bonds staining was achieved using RuO4 vapor,

which preferentially stains the PS blocks. Consequently, the PS domains appear dark and

exhibit a similar distorted cylindrical microstructure as compared to S8I71S21
119 (Figure 1A).

Due to the small PS content of 8 wt-%, interconnections between the PS cylinders are not

visible. As a result of the used staining technique, the crystalline PE domains, which are

expected to be located within the matrix of the PEP blocks, are not visible. Figures 1C and 1D

show the TEM images of S13EP76E11
121 and S33EP37E30

115, respectively. As a matter of

increasing PS content in the PS-b-PEP-b-PE triblock copolymers (Figures 1B - 1D), the size

of the PS domains increases. In all three triblock copolymers, the PS blocks exhibit a distorted

cylindrical microstructure, without showing a preferential orientation of the PS cylinders.

Furthermore, sample preparation by compression molding obviously restricts the formation of

PS cylinders with a considerable length, as the PS cylinders exhibit only short lengths. This is

more pronounced for S33EP37E30
115, which might be expected to show relatively long

cylinders with respect to the composition.

Alternatively, samples of S13EP76E11
121 and S33EP37E30

115 were prepared by casting

from toluene solution. Due to the tendency of the triblock copolymer solutions in toluene to

form gels upon solvent evaporation, film casting was performed at 70 °C to avoid gelation.

After complete evaporation of the solvent, the films were allowed to cool to room temperature

in order to induce crystallization of the PE blocks. Figure 1E shows the TEM micrograph of

S13EP76E11
121, prepared by solvent casting. Comparison with the sample prepared by

compression molding (Figure 1C) reveals that the cylindrical PS microdomains are more

nicely developed. However, the PS cylinders are still strongly distorted and exhibit no

significant preferential orientation.
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Figure 1. TEM micrographs of S8I71S21
119 (A), S8EP71E21

121 (B), S13EP76E11
121 (C), and

S33EP37E30
115 (D), samples prepared by compression molding; and TEM

micrographs of S13EP76E11
121 (E), and S33EP37E30

115 (F), samples prepared by
casting from toluene solution at 70 °C.
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Also S33EP37E30
115 shows better developed and longer cylinders, when being prepared

by solvent casting (Figure 1F) in comparison to compression molding (Figure 1D).

Furthermore, a preferential orientation along the cylinder long axis can be observed and even

interconnections between different PS cylinders are visible. This is expected to exert a

significant influence on the mechanical properties as will be discussed in detail in the section

on mechanical testing.

Due to problems involved in the staining technique, the crystalline PE domains cannot

be visualized using TEM investigations. In order to gain more insight into the structure of the

crystalline PE blocks within PS-b-PEP-b-PE triblock copolymers, scanning force microscopy

(SFM) has been used. The large differences in stiffness between amorphous and crystalline

domains makes SFM a superior tool for investigating semicrystalline-amorphous block

copolymers, without the need of special sample preparations. Figures 2A and 2B show the

topography and phase contrast images obtained for a thin film of S33EP37E30
115 spin-coated

from toluene solution, respectively. From the phase contrast image (Figure 2B) three different

phases can be distinguished. The bright appearing domains (high phase shift) correspond to

PS domains, which are located in between a continuous crystalline PE phase, which appears

less bright with respect to the PS domains. These domains are also visible in the

corresponding topography image (Figure 2A). The third phase, appearing dark in the phase

contrast image, corresponds to the PEP blocks, as the amorphous PEP is expected to show a

low phase shift due to the low glass transition temperature. This phase assignment has been

previously proven by selective swelling of PS domains with toluene vapor in combination

with scanning electron microscopy investigations.[11] Furthermore, the PS domains exhibit a

strongly distorted structure with respect to a cylindrical microstructure, which might be

expected from composition and TEM investigations (Figures 1D and 1F). As during film

preparation the PE crystallizes before solidification of the PS cylinders (low solubility of PE

in toluene results in gelation), the latter have to cope with the confined geometry given by the

PE “crystal lamellae” which leads to the observed distortions in the PS domains. In contrast,

when the film is prepared by solvent casting at 70 °C, first the PS solidifies upon solvent

evaporation (Tg = 105.4 °C) followed by crystallization of the PE blocks during subsequent

cooling to room temperature. As a consequence, the PS domains can form a well developed

cylindrical microstructure as depicted in the corresponding TEM micrograph (Figure 1F).
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Figure 2. SFM topography and phase contrast images of S33EP37E30
115 (A, z = 15 nm; B, z =

20°), S13EP76E11
121 (C, z = 20°), and S8EP71E21

121 (D, z = 10°).

Figures 2C and 2D show phase contrast images of S13EP76E11
121 and S8EP71E21

121,

respectively. As expected from composition, the PEP block forms the matrix, appearing dark

in the corresponding phase contrast images (low phase shift). The bright spherical and worm-

like PS domains (high phase shift) are again located in between a network of interconnected

PE crystallites (viewed edge on). Comparison of Figures 2C and 2D reveals that the size of

the PS domains decreases as might be expected from the decreasing PS content. Furthermore

the PS domains in S8EP71E21
121 exhibit an almost exclusively spherical structure. However,

cylindrical PS microdomains cannot be excluded, as cylinders aligned perpendicular to the

substrate surface would also appear like spheres. A closer look to the crystalline PE domains

shows, that the crystallite thickness in S13EP76E11
121 (Figure 2C) is slightly decreased

compared to S8EP71E21
121 (Figure 2D). This corresponds to the lower melting temperature of

the PE block within S13EP76E11
121 compared to S8EP71E21

121 (Table 1).
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Mechanical Properties. In order to investigate the influence of a crystalline end block

on the elastic properties of triblock copolymers, we performed hysteresis measurements on

PS-b-PEP-b-PE triblock copolymers in comparison to PS-b-PEP-b-PS triblock copolymers

with comparable compositions (Table 2). As an example, the hysteresis measurement

performed on S33EP37E30
115, prepared by solvent casting from toluene at 70 °C, is shown in

Figure 3. The remaining plastic deformation (εplast) increases with increasing applied strain. In

contrast to S33EP37E30
115, prepared by compression molding, and the other PS-b-PEP-b-PE

triblock copolymers (results not shown), the solvent cast sample of S33EP37E30
115 shows a

clear yield point. This might be attributed to the preferential orientation of PS cylinders and

the interconnections between different PS cylinders in this sample, as has been deduced from

TEM investigations on the solution cast film (Figure 1F). At the yield point interconnections

between cylinders or cylinders oriented parallel to the strain direction break up. In contrast,

the PS-b-PEP-b-PE triblock copolymers, prepared by compression molding, exhibit a

distorted cylindrical microstructure without any preferential orientation (Figures 1B - 1D). As

a consequence, no yield point is observed for these polymers. This results in a higher plastic

deformation at any strain value for S33EP37E30
115 prepared from solution, compared to the

compression molded sample, and also accounts for the significantly higher Young´s modulus

of the solution cast sample (Table 2). A similar effect has been observed for “single-crystal”-

type PS-b-PB-b-PS triblock copolymers with cylindrical (PS) morphology.[13] Upon

elongation parallel to the cylinder axis, the stress-strain traces display a yielding behavior,

whereas on perpendicular elongations no yield point is observed. The possibility that also

interconnected PE crystallites might be responsible for the observed behavior can be ruled

out, since S13EP57E30
112, exhibiting an equivalent PE content, shows no yield point. The

mechanical properties of S13EP76E11
121 do not show a significant influence of the sample

preparation technique. This might be attributed to the fact that as well for the compression

molded sample, as for the solution cast sample a distorted cylindrical microstructure was

observed by TEM (Figures 1C and 1E).
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Table 2. Mechanical Properties of PS-b-PEP-b-P(E/S) Triblock Copolymersa
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Figure 3. Hysteresis measurements on S33EP37E30
115, prepared by solvent casting from

toluene at 70 °C.

Figure 4 shows a comparison of plastic deformations (εplast) for various PS-b-PEP-b-

PS and PS-b-PEP-b-PE triblock copolymers. For elongations < 300% the PS-b-PEP-b-PE

triblock copolymers reveal significantly smaller plastic deformations compared to the

corresponding PS-b-PEP-b-PS triblock copolymers with comparable composition, i. e. the

elastic recovery is improved (see also Table 2). This might result from the suppressed loop

formation in PS-b-PEP-b-PE triblock copolymers due to the strong incompatibility of the end

blocks. However, one has to take into account that the morphologies of PS-b-PEP-b-PS and

PS-b-PEP-b-PE triblock copolymers are not identical. At strain values ≥  300% the situation

is reversed and the PS-b-PEP-b-PS triblock copolymers exhibit a better elastic recovery

(Figure 4, Table 2). An exception is the triblock copolymer S14EP64E22
122, exhibiting a better

elastic recovery at 300% strain compared to S14EP66S20
119. The comparatively high plastic

deformations for S14EP66S20
119, especially for low strain values (Table 2), might be

rationalized by the observation of yielding and necking[11], which goes along with successive

breakup of interconnected PS cylinders and is expected to continue with increasing strain

(postneck or drawing regime). The improved elasticity of PS-b-PEP-b-PS triblock copolymers

with respect to PS-b-PEP-b-PE triblock copolymers at high elongations might be attributed to

a weaker resistance of crystalline PE domains against disruption compared to amorphous PS

domains, especially at high strains.
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Figure 4. Comparison of plastic deformations (εplast) of PS-b-PEP-b-PS and PS-b-PEP-b-PE
triblock copolymers.

The relationship between composition and elastic properties of PS-b-PEP-b-PE

triblock copolymers is illustrated in Figure 5. A comparison of PS-b-PEP-b-PE triblock

copolymers with similar PS content but varying PE content reveals an improvement in elastic

recovery with decreasing PE content (Figure 5, Table 2). The triblock copolymer

S13EP76E11
121 exhibits a comparatively low elongation at break, which can be attributed to the

low PE content. As deduced from the lower melting temperature of the PE block (Table 1),

the crystallites are thinner compared to the systems with higher PE contents. As a

consequence, the PE crystallites are less stable against disruption upon elongation, resulting in

the observed lower elongation at break. In addition, lowering the PS content while keeping

the PE content constant, also results in an improved elastic recovery which can be deduced by

comparing the plastic deformations of S14EP64E22
122 and S8EP71E21

121 (Figure 5, Table 2). In

general for PS-b-PEP-b-PE triblock copolymers with comparable PS content the elastic

recovery is better for systems with a lower PE weight fraction. This result is in agreement

with the results obtained by Morton et al. for PE-b-PI-b-PE and PE-b-PEB-b-PE triblock

copolymers.[9, 14, 15] The investigated triblock copolymers with approximately 30 wt-% PE

exhibit relatively good elastic recovery, whereas the systems with higher PE contents show

unusually high unrecovered deformations, i. e. cold drawing. For high strains they have also

detected a significantly higher plastic set for the PE containing triblock copolymers compared

to PS-b-PB-b-PS triblock copolymers, which was attributed to a smaller resistance of the PE

crystallites against distortion compared to amorphous PS domains, too.
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Figure 5. Comparison of plastic deformations (εplast) of PS-b-PEP-b-PE triblock copolymers
with varying composition.
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3.4  Anionic Polymerization of Ethylene Oxide in the Presence of the
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Makromolekulare Chemie II, Universität Bayreuth, D-95440 Bayreuth, Germany

Dedicated to Prof. Dr. H. Höcker on the occasion of his 65th birthday

ABSTRACT: Fourier-transform near infrared (FT-NIR) fiber-optic spectroscopy
was successfully used to monitor the anionic polymerization of ethylene oxide
(EO). Kinetic data are provided for the polymerization of EO with the sec-BuLi/t-
BuP4 initiating system under different reaction conditions. In addition, the
influence of different initiators and reaction conditions on the polymerization of
EO is investigated. Online monitoring using NIR spectroscopy reveals an
unexpected induction period present in EO homopolymerizations as well as in the
synthesis of PEO containing block copolymers with [Li/t-BuP4]+ counterions. The
resulting polymers are characterized by SEC. A low molecular weight
polystyrene-block-poly(ethylene oxide) (PS-b-PEO) diblock copolymer was
synthesized to gain more insight into the observed induction period by matrix
assisted laser desorption ionization time of flight mass spectrometry (MALDI-
ToF MS) on samples taken during EO polymerization. The induction period is
believed to be a result of different factors involved in the formation of active
centers, like break up of lithium alkoxide aggregates by the phosphazene base t-
BuP4, and chain length effects. It depends on reaction temperature, concentration
of the phosphazene base t-BuP4, as well as the structure of the initiator.
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Introduction

The anionic polymerization of ethylene oxide (EO) has been intensively studied using

several alkali metal counterions like Na+, K+, and Cs+.[1-6] For lithium counterions, however,

only initiation but no propagation has been observed under conventional reaction

conditions.[7, 8] This effect was attributed to the strong aggregation of lithium alkoxides

resulting from the comparatively high charge density of the lithium cation. However, recent

investigations using MALDI-ToF MS show that for sufficiently long reaction times (several

weeks) formation of EO oligomers (dimers and trimers) can be observed.[9] In general, the

strength of aggregates decreases with decreasing charge density (increasing size) of the

counterion, i. e. in the row Li+, Na+, K+, Rb+, Cs+. Investigations on the anionic

polymerization of ethylene oxide with alkali naphthalide initiators in tetrahydrofuran show an

aggregation number of 4 for Na+ counterions, whereas for K+ and Cs+ an aggregation number

of 3 was found.[2] In addition, there is a report stating that polymerization of ethylene oxide

with Li+ counterions is possible by adding tetramethylethylenediamine (TMEDA) as

complexing agent for Li+, but there are no further hints concerning this reaction.[10]

Recently Eßwein et al. showed that in the presence of a strong Lewis base like the

phosphazene base t-BuP4 polymerization of ethylene oxide with Li+ counterions can be

achieved.[11-13] In this case the phosphazene base t-BuP4 forms a strong complex with Li+

resulting in a break up of the strong lithium alkoxide aggregates, and thus making the

polymerization of ethylene oxide possible. Furthermore, because of the strongly basic

character of the phosphazene base t-BuP4 even alcohols can be used as initiators. Anionic

polymerization of ethylene oxide in the presence of Li+ counterions is of particular interest for

the synthesis of PEO containing block copolymers by sequential anionic polymerization.[11, 14-

18] Since most of the applicable monomers are commonly polymerized using organolithium

initiators, the use of t-BuP4 has the advantage that the block copolymer can be prepared

without an exchange of the cation. In former procedures[19-21] the living chain end with a Li+

counterion was first end capped with ethylene oxide to obtain the corresponding OH-

functionality followed by purification and reactivation of the terminal OH-group with

potassium naphthalide or cumyl potassium for the anionic ring opening polymerization of

ethylene oxide. Especially for the anionic polymerization of butadiene it is indispensable to

use organolithium initiators in order to achieve a high amount of 1,4-addition. This is

important for the synthesis of polyethylene containing block copolymers via hydrogenation of

the corresponding 1,4-polybutadiene containing block copolymers. For example, poly(1,4-
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butadiene)-block-poly(1,4-isoprene)-block-poly(ethylene oxide) triblock copolymers can be

synthesized in a one-pot procedure using the phosphazene base t-BuP4.[16, 18] Subsequent

hydrogenation results in the formation of polyethylene-block-poly(ethylene-alt-propylene)-

block-poly(ethylene oxide), a triblock copolymer with two semicrystalline end blocks.

Concerning the kinetics of ethylene oxide polymerization in the presence of Li+

counterions using the phosphazene base t-BuP4 only little information is given in the

literature.[12, 13] Monitoring the EO pressure during the course of the reaction, Eßwein and

coworkers found a linear first-order dependence in monomer consumption using the initiating

system n-BuLi/t-BuP4. The resulting PEO homopolymers exhibited narrow molecular weight

distributions. No information is given with respect to the temperature dependence of the

reaction and the influence of the Li+/t-BuP4 ratio on polymerization. As ethylene oxide is a

hazardous toxic monomer we were interested in a valuable non-destructive tool for the

determination of additional kinetic data, also with respect to block copolymer synthesis.

Recently we developed an online spectroscopic method to follow EO conversions during

polymerization using FT-NIR spectroscopy in combination with a fiber-optic equipment.[22, 23]

In contrast to earlier kinetic investigations[12, 13] we found an unexpected induction period for

the homopolymerization of ethylene oxide with the initiating system sec-BuLi/t-BuP4 under

our reaction conditions. With increasing temperature (40 – 60 °C) the polymerization rate

increased and the induction period decreased. Once the polymerization had started, a linear

first-order dependence on monomer concentration was found and the reaction was complete

after a few hours. This observation explains why usually ethylene oxide is allowed to react for

2 - 3 days when using the phosphazene base t-BuP4.[14, 15, 17] In this contribution we will

present a more detailed investigation on the nature of the observed induction period and its

dependence on reaction temperature, the ratio of Li+/t-BuP4, type and concentration of

initiator, and the sequence of reactant addition. In addition, we will discuss the effect of

different initiating systems on the kinetics and molecular weight distribution, including the

synthesis of polystyrene-block-poly(ethylene oxide) (PS-b-PEO) diblock copolymers.

MALDI-ToF investigations on samples taken during the synthesis of a low molecular weight

PS-b-PEO diblock copolymer in combination with kinetic investigations are used to gain

more information about the observed induction period.
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Experimental

Materials. Tetrahydrofuran (Merck) was purified by successive distillation over CaH2

and K and kept under dry nitrogen before usage. Ethylene oxide (Linde) was condensed onto

CaH2 and stirred at 0 °C for 3 h before being transferred into glass ampoules. Styrene (Acros)

was distilled from CaH2 under nitrogen, stirred over Bu2Mg and condensed into storage

ampoules. 1,1-Diphenylethylene (Aldrich) was purified by stirring with sec-BuLi followed by

distillation. The phosphazene base t-BuP4 (Fluka, 1 M in hexane), sec-BuLi (Acros, 1.3 M in

cyclohexane/hexane: 92/8), t-BuOH (Aldrich, anhydrous), t-BuOLi (Aldrich, 1 M in THF),

pyridine (Aldrich, anhydrous), and 3,5-dinitro benzoylchloride (Fluka) were used as received.

Online Pressure and Temperature Monitoring. Online monitoring of pressure and

temperature during the course of reaction was accomplished using a Büchi data system with

pressure and temperature controller together with the Büchi log’n see software.

Online FT-NIR Spectroscopy. NIR spectra were recorded with a Nicolet Magna 560

FT-IR optical bench equipped with a white light source and a PbS detector. Online

monitoring was accomplished using a laboratory autoclave (Büchi) equipped with an all glass

low-temperature immersion transmission probe (Hellma) with an optical path length of

10 mm and connected to the spectrometer via 2 m fiber-optical cables. The probe was fed

through a port in the stainless steel top plate of the reactor and immersed into the reaction

mixture. More detailed information about the setup can be found elsewhere.[23] Data

processing was performed with Nicolet’s OMNIC Series software. Each spectrum was

accumulated from 32 scans with a resolution of 4 cm-1. The total collection time per spectrum

was about 22 s.

The FT-NIR spectrum of ethylene oxide in THF was obtained by solvent subtraction

in order to yield a pure component spectrum and to determine conversions since THF has

strong absorptions close to the overtone vibrations of ethylene oxide (Figure 1). Solvent

subtraction gives a relatively flat baseline at wavenumbers higher than approx. 6200 cm-1 and

thus provides a prerequisite for a quantitative conversion determination. Specific monomer

absorptions for EO were detected at 6070, 4665 and 4547 cm-1. The strongest vibration is

located at 4547 cm-1 and not separated from other vibrations (4665 cm-1, EO; 4500 cm-1,

solvent cutoff). Thus, the first overtone C-H stretching of EO at 6070 cm-1 was chosen for
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conversion determination. In addition, peak heights were used instead of peak areas for

evaluation, since they usually gave less noise.

Conversions, Xp, were calculated using the following equation:

∞−
−

=
AA
AAX

0

t0
p

where At is the absorbance at time t, A0 = initial absorbance, and A∞ = absorbance at

full conversion. The apparent rate constants of propagation were extracted from the linear

regime in the corresponding first-order time-conversion plots (-ln(1-Xp) versus t), by the slope

of the linear fit at values of 1 ≤ –ln(1-Xp) ≤ 2. The given induction times were calculated from

the linear fit, i. e. they reflect the point of intersection of the linear fit line with the time axis.

Matrix Assisted Laser Desorption Ionization Time of Flight Mass Spectrometry

(MALDI-ToF MS). MALDI-ToF MS was performed on a Bruker Reflex III with a UV laser

operating at 337 nm and an accelerating voltage of 20 kV. 2,5-Dihydroxybenzoic acid (DHB)

was used as matrix for the PEO homopolymers together with lithium

trifluoromethanesulfonate as cationizing agent. 1,8,9-trihydroxyanthracene (dithranol) and

silver triflate as cationizing agent were used in the case of the low molecular weight PS-b-

PEO diblock copolymer. Samples were dissolved in THF (10 mg/mL) and mixed with matrix

(20 mg/mL in THF) and salt (10 mg/mL in THF) at a mixing ratio of 10 : 2 – 1 : 1 (v/v,

matrix : analyte : salt). 1 µL of this mixture was spotted onto the target and allowed to dry.

200 – 500 laser shots were accumulated for a spectrum. All samples were measured after

complete drying without removing the phosphazene base to keep the composition unchanged

without loss of low molecular weight fractions.

Size Exclusion Chromatography (SEC). SEC experiments were performed on a

Waters instrument calibrated with narrowly distributed poly(ethylene oxide) standards for the

PEO homopolymers and polystyrene standards for the PS-b-PEO diblock copolymers at

30 °C. Four PSS-SDV gel columns (5 µm) with a porosity range from 102 to 105 Å were used

together with a differential refractometer and a UV detector at 254 nm. Measurements were

performed in THF with a flow rate of 1 ml/min using toluene as internal standard. The total

molecular weights of the PS-b-PEO diblock copolymers were determined by means of 1H-
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NMR spectroscopy using the molecular weight of the corresponding PS precursor, obtained

by SEC calibrated with PS standards.

Polymerizations. Polymerizations were carried out in a thermostated laboratory

autoclave (Büchi) under dry nitrogen atmosphere.

Ethylene oxide (EO) polymerizations with sec-BuLi as initiator were performed in

THF solution using the phosphazene base t-BuP4.[11, 12] Sec-BuLi was added to THF at –78 °C

followed by addition of EO. After stirring for 30 min the reaction mixture was heated to 40 °C

–60 °C (depending on the experiment) and the reaction was started by addition of t-BuP4

(time t = 0) after the reaction temperature was reached ([sec-BuLi]0 = [t-BuP4] = 2.34⋅10-3  M;

[EO]0 = 0.53 M). Experiments with varying sec-BuLi/t-BuP4 ratio were performed at 50 °C.

For the reaction with diphenylhexyl lithium (DPHLi) as initiator, first DPHLi was prepared in

THF at -78 °C by the reaction of sec-BuLi with DPE ([sec-BuLi] /[DPE] = 1 /1.1) followed

by addition of EO. After stirring at –78 °C for 30 min the reaction mixture was heated to

50 °C and polymerization of EO was started by addition of t-BuP4 ([DPHLi] /[t-BuP4] = 1 /1).

Polymerizations with t-BuOH and t-BuOLi as initiator were performed in a similar way. In

this case the initiator was added to THF at 10 °C followed by addition of ethylene oxide.

After rising the temperature to 50 °C the polymerization of ethylene oxide was initiated by

addition of the phosphazene base t-BuP4 ([initiator]0/[t-BuP4] = 1/1). For some experiments

simultaneous gravimetric investigations were performed using septum-sealed flasks

containing MeOH/AcOH (1/5 v/v) as termination agent. After complete conversion the

reaction was terminated with a mixture of MeOH/AcOH (1/5 v/v). For all EO

homopolymerizations identical concentrations of initiator and monomer were used, unless

otherwise specified. Kinetic investigations were performed using the same charge of t-BuP4 in

order to exclude any effects arising from different purity.

For EO polymerization initiated with a PEO macroinitiator a monohydroxy

functionalized PEO homopolymer with an number-average molecular weight of 8670 g/mol

was used ([EO197] = 2.7⋅10-3 M, [EO] = 0.496 M, [Li+] /[t-BuP4] = 1 /1, T = 50 °C). The PEO

homopolymer was synthesized in THF at 50 °C using DPHLi as initiator along with the

phosphazene base t-BuP4. Purification of the PEO homopolymer was accomplished by

ultrafiltration in order to remove excess phosphazene base, followed by freeze-drying with

benzene for 3 times. The terminal OH groups of the PEO homopolymer were deprotonated by

titration with DPHLi (prepared from DPE and sec-BuLi) in THF at 10 °C, until the red color

of DPHLi remained for at least 45 min. After addition of EO the reaction mixture was heated
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to 50 °C and allowed to react for 2 d in order to verify wether a PEO macroinitiator is able to

start EO polymerization without the presence of the phosphazene base t-BuP4. As no

conversion was observed, the polymerization of EO was started by addition of t-BuP4.

The synthesis of PS-b-PEO diblock copolymers was accomplished by sequential

anionic polymerization of styrene and ethylene oxide in THF. First styrene was polymerized

at -78 °C for 1 h using sec-BuLi as initiator. After addition of ethylene oxide followed by

stirring at -78 °C for 1 h the temperature was raised to 40 or 60 °C. Subsequently the

polymerization of ethylene oxide was started by addition of the phosphazene base t-BuP4

([sec-BuLi]0/[t-BuP4] = 1/1; S118EO2038: [sec-BuLi] = 6.05 10-4 M, [EO] = 1.17 M, [S] =

8.70 10-2 M, T = 40 °C; S19EO38: [sec-BuLi] = 7.46 10-3 M, [EO] = 0.394 M, [S] = 0.179 M,

T = 60 °C). In our nomenclature AxBy, the indices denote the number-average degrees of

polymerization of the blocks. Simultaneous gravimetric investigations were performed in the

same way as for the EO homopolymerizations.

Selective labeling of terminal OH groups in PEO homopolymer with a UV

chromophore was accomplished by esterification with 3,5-dinitrobenzoylchloride. The

reaction was carried out in anhydrous THF using pyridine as catalyst at 40 °C for 1 d,

followed by deactivation with methanol. A 10-fold excess of 3,5-dinitro benzoylchloride with

respect to the number of expected OH groups was used. After filtration of the crude reaction

mixture, the polymer was recovered by precipitation in hexane.
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Results and Discussion

In order to check the applicability of FT-NIR spectroscopy to monitor EO

polymerization, we recorded an NIR spectrum of pure EO in THF using background

subtraction (Figure 1).
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Figure 1. Pure component FT-NIR spectra of EO during polymerization in THF at 60 °C
obtained by solvent subtraction at t = 0, 200, 400, 600, 620, 640, 680, 700 and 800
min.

EO shows specific monomer signals at 6070, 4665, and 4547 cm-1 that can be

attributed to combinations of fundamental vibrations.[24] All three bands might be used for

data evaluation as they show a simultaneous drop in intensity with increasing reaction time

(Figure 1 and 2). However, the signal at 4547 cm-1 is too close to the solvent cutoff and not

separated from the absorption at 4665 cm-1 (Figure 1). Therefore the band at 6070 cm-1 was

used for the determination of conversion. The region between 6000 and 5400 cm-1 is

inaccessible due to solvent interference and is not expected to show monomer signals.[24, 25]
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Figure 2. Evaluation of peak heights for specific EO signals at 4547, 4665, and 6070 cm-1

during EO homopolymerization at 60 °C using sec-BuLi/t-BuP4 as initiating
system.

To make sure that the concentration range used for EO polymerizations is consistent

within Beer’s law, we recorded the NIR spectra of a series of known concentrations of EO in

THF and constructed a calibration curve (Figure 3). It is clearly demonstrated that the

absorption shows a linear dependence on EO concentration in THF.
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Figure 3. Linear dependence of specific EO absorption at 6070 cm-1 on EO concentration.
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Kinetic runs were conducted in a way that first the initiator was added to THF

followed by addition of EO. After reaching the final reaction temperature the polymerization

of EO was initiated by addition of the phosphazene base t-BuP4 (time t = 0). Figure 4 shows

the first-order time-conversion plots that were constructed using the NIR data and compared

to gravimetric measurements for EO homopolymerizations with the sec-BuLi/t-BuP4

initiating system at different temperatures. Both NIR and gravimetric analysis exhibit

excellent agreement for this monomer. Unexpectedly, we observed a long induction period of

the polymerization under our reaction conditions, whereas no induction period was reported

in previous kinetic investigations.[12, 13] When increasing the temperature from 40 °C to 60 °C

the polymerization rate increased, i. e. the slope in the first-order time-conversion plot

increased, and the induction period decreased (Figure 4).
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Figure 4. First-order time-conversion plots in EO homopolymerizations at different reaction
temperatures indicating long induction periods. For comparison, gravimetric data
( ) are given for the reactions at 50 and 60 °C ([sec-BuLi]0 = 2.34 · 10-3 M, [sec-
BuLi]/[t-BuP4] = 1/1, [EO] = 0.53 M).

Once the polymerization had started, a linear first-order dependence in monomer

concentration was found for polymerizations at 50 and 60 °C. The first-order plot at 40 °C is

slightly curved for conversions higher than approx. 80%. The apparent rate constants of

propagation were calculated from the slopes in the linear range of the first-order plots

(Table 1).
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The absolute rate constants were calculated according to the equation

]I[f
k

k
0

app
p =

where f is the initiator efficiency defined as f = Mn th/Mn exp (see Table 4).

Table 1. Kinetic Data for EO Homopolymerizations at Different Temperatures

40 °C 50 °C 60 °C

kapp [10-3/min] 8.86 14.5 27.4
kp[L/mol·s] 0.173 0.291 0.562
tind [min] 2300 1230 600

From the apparent rate constants of propagation an Arrhenius plot was constructed

(results not shown) and the activation energy of propagation (Ea) in the presence of the [Li/t-

BuP4]+ counterion was determined as Ea = 51.0 ± 4.4 kJ/mol with a frequency exponent of

logA = 7.74 ± 0.70 L/mol·s. Compared to other counterions this initiating system shows a

slightly lower activation energy of propagation together with a lower frequency exponent

(Table 2).

Table 2. Comparison of Activation Energies of Propagation (Ea) and Logarithm of the
Frequency Exponent (logA) for EO Homopolymerizations with Different
Counterions in THF

counterion Ea
[kJ/mol]

logA
[L/mol·s]

K+ [5] 79.2 12
Cs+ [5] 49.9 8.1

[Li/t-BuP4]+ 51.0 ± 4.4 7.74 ± 0.70

The observed induction period might arise from the formation of strong lithium

alkoxide aggregates, which were formed by the reaction of sec-BuLi with EO prior to the

addition of t-BuP4. Consequently, the phosphazene base t-BuP4 has to break up the aggregates

by complexation of the Li+ counterion in order to enable the polymerization of EO. This

might result in an association-dissociation pre-equilibrium which is responsible for the

detected induction period (Equation 1).

1/n (R_OLi)n R_OLi RO-[Li/t_BuP4]+
t_BuP4

Equation 1
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If such an equilibrium is active the induction period should also depend on the amount

of added phosphazene base t-BuP4. Figure 5 shows first-order time-conversion plots for EO

homopolymerizations with different ratios of sec-BuLi/t-BuP4 at 50 °C.
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Figure 5. Dependence of induction period and apparent rate of EO polymerization on the
sec-BuLi/t-BuP4 ratio at 50 °C in THF ([sec-BuLi]0 = 2.34 · 10-3 M, [EO] =
0.53 M). For comparison, gravimetric data ( ) are given for the reaction with
[sec-BuLi]/[t-BuP4] = 1/1.

The observed induction periods decrease with increasing amount of added

phosphazene base, e. g. a ratio of [sec-BuLi]/[t-BuP4] = 1/2 reduces the induction period from

1300 min to about 600 min (Table 3). The observed reduction is linear in the investigated

concentration range. However, this is not the case for the propagation rates, which exhibit

only a small increase with increasing concentration of t-BuP4. A linear extrapolation of the

observed induction times (Table 3) versus the ratio of [sec-BuLi]/[t-BuP4] indicates that at a

ratio of [sec-BuLi]/[t-BuP4] = 1/3 no induction time should be observed. However, using a

large excess of t-BuP4 with respect to the initiator ([DPHLi]/[t-BuP4] = 1/4) also results in the

observation of a short induction time (ca. 320 min, results not shown). Thus, even for a large

excess of t-BuP4 an induction time is still present. These results underline the assumption that

association-dissociation processes are involved in EO polymerization with organolithium

initiators in the presence of t-BuP4.
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Table 3. Kinetic Data for EO Homopolymerizations Using Different Ratios of sec-
BuLi/t-BuP4

sec-BuLi/t-BuP4
1/1 1/1.5 1/2

kapp [10-3/min] 14.5 14.9 21.8
kp[L/mol·s] 0.291 0.326 0.347
tind [min] 1230 930 610

To ensure that the induction period determined by online FT-NIR fiber-optic

spectroscopy does not arise from the used instrumentation we have also monitored the

pressure and temperature profile during the reaction. Figure 6 shows a comparison of online

FT-NIR absorbance, pressure and temperature monitoring for an EO homopolymerization at

50 °C using the sec-BuLi/t-BuP4 initiating system ([sec-BuLi]/[t-BuP4] = 1/2). The pressure

profile and specific EO absorption show a simultaneous drop around 600 min combined with

a slight increase in temperature. This excellent agreement between different methods confirms

that the observed induction period arises from the reaction itself and is not influenced by the

used instrumentation.
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Figure 6. Temperature and pressure profile compared with NIR monomer signal (at
6070 cm-1) during EO homopolymerization ([sec-BuLi]0 = 2.34 · 10-3 M, [sec-
BuLi]/[t-BuP4] = 1/2, [EO] = 0.53 M; T = 50 °C).
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The molecular characteristics of the synthesized PEO homopolymers using sec-BuLi

as initiator are summarized in Table 4. For all samples the detected molecular weights by

means of SEC are significantly higher compared to the expected values. For example, the

PEO homopolymer obtained with sec-BuLi as initiator at 50 °C exhibits a number average

molecular weight of Mn = 29,000 g/mol, which is ca. three times higher than the targeted Mn

of 10,000 g/mol. This implies that only one third of the initiator molecules was active, i. e.

termination or side reactions occur. Similar results were obtained for all EO

homopolymerizations using sec-BuLi as initiator (Table 4).

Table 4. Molecular Characteristics of Synthesized PEO Homopolymers

Initiator I [I]:[t-BuP4] T
[°C]

Mn(calc.)
[g/mol]

Mn(SEC)a

[g/mol]
Mw/Mn

a fb

sec-BuLi 1/1 40 10,000 27,500 1.09 0.37
sec-BuLi 1/1 50 10,270 29,000 1.10 0.36
sec-BuLi 1/1 60 10,300 29,700 1.10 0.35
sec-BuLi 1/1.5 50 9,640 29,600 1.12 0.33
sec-BuLi 1/2 50 10,250 22,900 1.09 0.45
t-BuOLi 1/1 50 9,670 6,760 1.08 1.43
DPHLi 1/1 50 10,230 10,900 1.05 0.94
t-BuOH 1/1 50 9,890 6,970 1.19 1.42

a Obtained by SEC in THF using PEO standards.
b f = initiator efficiency.

Figure 7 shows SEC traces for samples taken during EO polymerization at 50 °C using

the sec-BuLi/t-BuP4 initiating system ([sec-BuLi]/[t-BuP4] = 1/1). All samples show a

bimodal distribution which is present from the beginning of the reaction and thus indicates the

presence of two differently active growing species, which might be produced by side

reactions during reaction of sec-BuLi with EO at -78 °C and during the subsequent induction

period and polymerization of EO. With increasing conversion the samples get more narrowly

distributed but still show a bimodality.
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Figure 7. SEC traces for samples taken during EO homopolymerization at 50 °C
([sec-BuLi]/[t-BuP4] = 1/1).

A further indication for side reactions is given in Figure 8 showing a comparison of RI

and UV signals for the sample taken at 1305 min. The lower molecular weight fraction of the

RI signal (higher retention time) exhibits a weak UV signal at 254 nm, which is unexpected

since the initiator and the EO monomer units are not considered to show any UV absorption.
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Figure 8. Comparison of RI- and UV-signal for the sample taken at 1305 min during EO
homopolymerization at 50 °C ([sec-BuLi]/[t-BuP4] = 1/1).
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It is well known from literature that organolithium compounds can cause side

reactions with cyclic ethers, like THF, especially at elevated temperatures. For THF the side

reaction has been attributed to a deprotonation of THF by the organolithium compound

followed by decomposition of the resulting THF anion under formation of ethylene and the

corresponding lithium enolate.[26-29] From this background a similar side reaction during EO

polymerization using sec-BuLi as initiator might be derived as depicted in Scheme 1.
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Scheme 1. Illustration of possible side-reactions during EO polymerization initiated with sec-
BuLi.
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At -78 °C solutions of sec-BuLi in THF are stable for a sufficient time, which excludes

side reactions arising from the reaction of sec-BuLi with THF. As EO is a very reactive

monomer, two possible reactions might occur between EO and sec-BuLi (Scheme 1).

Pathway 1 is the expected ring opening of EO by a nucleophilic attack of sec-BuLi, resulting

in the formation of lithium(3-methyl pentanolate), which in turn is able to initiate the

homopolymerization of EO. The alternative pathway 2 includes first deprotonation of EO to

yield the corresponding metastable EO anion, which rearranges under formation of lithium

enolate. Subsequent addition of one EO unit results in the formation of the lithium salt of 4-

hydroxy butanal, which is again able to initiate homopolymerization of EO. This aldehyde

function might be responsible for the observation of a UV absorption in the lower molecular

weight fraction within the sample taken at 1305 min (Figure 8). The formylmethyl group can

be further attacked by lithium(3-methyl pentanolate) as depicted in Scheme 1, under

formation of a bifunctional initiator for EO homopolymerization. Consequently, the chain

exhibits two growing centers which in turn results in the formation of PEO chains with a

higher molecular weight with regard to the expected value for 100% initiator efficiency. It has

to be mentioned, that this side reaction, resulting in the formation of a bifunctional initiator,

does not necessarily occur within the observed induction time as depicted in Scheme 1. It is

also possible that first the initiators, formed in pathways 1 and 2, initiate the polymerization

of EO, resulting in the formation of growing PEO chains with a terminal formylmethyl group

(pathway 2) or a terminal sec-butyl function (pathway 1). The nucleophilic attack of one

growing PEO chain (with a terminal sec-butyl function) to the aldehyde function of a second

PEO chain again results in the formation of a PEO chain exhibiting two growing centers

(Scheme 1).

Alternatively, coupling can also take place between two living PEO chains having

terminal formylmethyl functions. As one terminal aldehyde function remains after coupling

subsequent coupling reactions are possible, resulting in growing PEO chains with more than

two active centers. These PEO chains, exhibiting two or even more active growing sites,

might be responsible for the higher molecular weight fraction observed in Figure 8. In

addition, loop formation by backbiting to a formylmethyl function might occur. The

formation of an aldehyde function has also been observed for EO homopolymerizations

initiated by potassium solutions in THF containing 18-crown-6.[30] However, in this case the

mechanism is completely different. Electron transfer from potassium to EO results in the

formation of an EO radical-anion, which shows disproportionation under formation of lithium
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ethanolate and the corresponding lithium enolate. Subsequent polymerization of EO results in

the formation of PEO chains containing ethoxy or formylmethyl groups.

In order to verify if the proposed side reaction occurs, the sample taken at 1335 min

was functionalized with 3,5-dinitro benzoylchloride, a strong UV chromophore. Those PEO

chains exhibiting two or more active growing centers during polymerization (higher

molecular weight fraction in Figure 8) are expected to have at least two terminal OH groups,

which can be selectively labeled with the UV chromophore. As a result, the UV signal of this

fraction, which counts the labeled OH end groups, should be significantly higher than the

corresponding normalized RI signal. For normalization the RI signal at a given elution

volume was divided by the corresponding molecular weight, which was extracted from the

PEO calibration of the SEC instrument. Thus the molecular weight dependence of the RI

signal is ruled out and the resulting distribution reflects a frequency distribution of PEO

chains eluting at a given elution volume. Figure 9 shows the comparison of UV- and

normalized RI-signal for the sample taken at 1335 min during EO homopolymerization at

50 °C using sec-BuLi as initiator ([sec-BuLi]/[t-BuP4] = 1/1).
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Figure 9. Comparison of normalized RI signal and the corresponding UV signal for the 3,5-
dinitro benzoyl labeled sample taken at 1335 min during EO homopolymerization
at 50 °C ([sec-BuLi]/[t-BuP4] = 1/1).
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It can be clearly seen, that the UV signal of the higher molecular weight fraction is

more than twice as high as the corresponding normalized RI signal. This in turn underlines the

presence of the proposed side reactions in Scheme 1, which is thought to be responsible for

the observed discrepancy in calculated and observed molecular weights for EO

homopolymerizations using sec-BuLi as initiator (Table 4).

The MALDI-ToF spectrum of the sample taken at 1305 min shows more than one

distribution (Figure 10). The main series (A) can be assigned to the initiator derived species.

However, branched structures (D) unfortunately have identical masses (see Table 5). The

series (B) can be attributed to PEO chains with terminal formylmethyl groups. Thus, MALDI-

ToF investigations underline the proposed side reactions (Scheme 1). Another minor series

(C) is visible at a mass difference of –18 to series (B) and might be formed by loss of H2O

from (B) under MALDI conditions.
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Figure 10. MALDI-ToF MS of PEO homopolymer initiated with sec-BuLi. (Sample taken at
1305 min during EO homopolymerization at 50 °C ([sec-BuLi]/[t-BuP4] = 1/1).
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Table 5. Theoretical and Experimental Masses for Proposed Structures in Scheme 1

structure theoretical mass
[g/mol]

experimental mass
[g/mol]

A

n
O

OH

C6H13O + n C2H4O + H + Cation

n = 48: C102H206O49Li7

M = 2222.38

M = 2222.61

B H
O

O

OH
n

C4H7O2 + n C2H4O + H + Cation

n = 48: C100H200O50Li7

M = 2208.33

M = 2208.60

D

O
O

O

H
O

H
yx

C8H16O2 + (x + y) C2H4O + H2 +
Cation

x + y = 47: C102H206O49Li7

M = 2222.38

M = 2222.61

Investigations on EO homopolymerizations using the initiating system sec-BuLi/t-

BuP4 have always revealed an induction period. However, a similar induction period was not

reported for n-BuLi/t-BuP4 and 1-octanol/t-BuP4 initiating systems.[12, 13] To examine the

characteristics of the observed induction period in more detail, the influence of different

initiators on the kinetics of EO polymerization in the presence of the phosphazene base t-BuP4

was investigated. Figure 11 shows the first-order time-conversion plots in EO

homopolymerization at 50 °C using different initiating systems. All experiments with

organolithium initiators (sec-BuLi, t-BuOLi and DPHLi) exhibit an induction period, which

depends on the structure of the initiator. Under the same reaction conditions the use of

t-BuOLi as initiator results in a significantly increased induction period with respect to

sec-BuLi, whereas the polymerization using DPHLi reveals a shorter induction period

(Figure 11, Table 6). In addition, an induction period in EO polymerization was also found in

the synthesis of PS-b-PEO diblock copolymers as depicted in Table 6. In conclusion, the

dependence of the induction period on the type of organolithium initiator might result from

differences in the association behavior of the used and formed lithiumalkoxides in our

investigation.
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Figure 11. First-order time-conversion plots in EO homopolymerizations at 50 °C using
different initiating systems ([initiator] = 2.34 · 10-3 M, [initiator]/[t-BuP4] = 1/1,
[EO] = 0.53 M).

Table 6. Kinetic Data for EO Polymerizations Using Different Initiators

T
[°C]

kapp
[10-3/min]

kp
[L/mol·s]

tind
[min]

sec-BuLi 50 14.5 0.291 1230
t-BuOLi 50 14.1 0.070 2530
DPHLi 50 5.78 0.043 780
S118Li 40 0.725 0.020 740
S19Li 60 5.92 0.013 270

t-BuOH 50 1.24 0.006 0
EO197Li 50 1.90 0.012 1155

In contrast to the results obtained with organolithium initiators, the polymerization

with the t-BuOH/t-BuP4 initiating system does not show any induction period (Figure 11,

Table 6) which is in agreement with the previous investigation on 1-octanol/t-BuP4
[12, 13].

However, the first-order time-conversion plot (Figure 11) is not linear but shows an increase

in slope with increasing conversion. This might result from a slow initiation reaction, as the

initiator t-BuOH, which was added first, has first to be deprotonated by the phosphazene base

t-BuP4 in order to initiate EO polymerization. This should also result in a broadening of the

molecular weight distribution.
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Figure 12 illustrates the SEC traces for PEO homopolymers obtained by using

different initiators. The tailing of the first maximum towards low molecular weights for the

PEO homopolymer synthesized with t-BuOH/t-BuP4 as initiating system is likely due to slow

initiation, whereas the small second maximum is attributed to traces of water from the very

hygroscopic phosphazene base or the used t-BuOH. Under the same conditions the

t-BuOLi/t-BuP4 system yielded a narrow distribution. However, the obtained molecular

weight is significantly smaller compared to the targeted molecular weight, which might be

attributed to uncertainties in concentration of the used commercial t-BuOLi solution (Table

4). End capping of sec-BuLi with DPE is known to reduce the nucleophilicity of the

carbanion, and is a widely used method in anionic polymerization. The polymerization with

the DPHLi/t-BuP4 initiating system results in the formation of PEO with targeted Mn and

narrow molecular weight distribution (Figure 12, Table 4). In conclusion, end capping of sec-

BuLi with DPE is a versatile method to avoid the side reactions occurring in EO

homopolymerizations with the sec-BuLi/t-BuP4 initiating system.
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Figure 12. SEC traces for EO homopolymerizations using different initiating systems at
50 °C.

A closer look to the corresponding SEC trace (Figure 12) reveals a small signal at

significantly higher molecular weights. This higher molecular weight fraction might be

attributed to PEO chains initiated by traces of water, since the phosphazene base is strongly

hygroscopic. A further evidence for this assumption is the fact that this higher molecular
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weight fraction shows no UV absorption (results not shown), as would be expected if the

chains were intiated by DPHLi. Initiation by an excess of sec-BuLi remaining from the

reaction of sec-BuLi and DPE can also be ruled out, since in EO homopolymerizations, using

a two-fold excess of DPE with respect to sec-BuLi, again a higher molecular weight signal

was observed (results not shown).

In addition, reports on the synthesis of PEO-containing block copolymers using the

phosphazene base t-BuP4
[11, 14, 15, 17] and our own experiments on PB-b-PI-b-PEO[16, 18] and

PS-b-PEO block copolymers did not show any traces of termination or bimodality in the SEC

analysis. Figure 13 shows the SEC traces for two PS-b-PEO diblock copolymers including the

polystyrene precursors. The molecular characteristics of the diblock copolymers obtained by

SEC are given in Table 7. Obviously there is no termination of the living polystyryllithium

occurring in the block copolymer synthesis and the distributions are monomodal exhibiting a

low polydispersity. In conclusion, the discrepancy in theoretical and experimental Mn and the

bimodal distribution observed for EO homopolymerizations with the sec-BuLi/t-BuP4

initiating system arises from side reactions between sec-BuLi and EO even at –78 °C (Scheme

1), and is not attributed to chain termination during the course of EO polymerization and/or

the presence of differently active growing species.
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Figure 13. SEC traces for the synthesized PS-b-PEO diblock copolymers.
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Kinetic analysis shows that even in the synthesis of PS-b-PEO diblock copolymers an

induction period is existent as verified by real time FT-NIR spectroscopy (Table 6). For one

of these block copolymers conditions were chosen that lead to the formation of a low

molecular weight PS-b-PEO diblock copolymer (S19EO38, Table 7). During the blocking

reaction samples were taken for further investigations by MALDI-ToF mass spectrometry.

Table 7. Molecular Characteristics of the Synthesized PS-b-PEO Diblock Copolymers

PS-b-PEO T
[°C]

Mn(PS)a

[g/mol]
Mn(PEO)b

[g/mol]
Mn

[g/mol]
Mn(MALDI)

[g/mol] Mw/Mn
a

S118EO2038 40 12,300 89,800 102,100 - 1.01
S19EO38 60 1,940  1,690 3,630 3,330 1.09

a Determined by SEC in THF using PS standards.
b Calculated from 1H-NMR spectra using the Mn of the PS precursor obtained by SEC.
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Figure 14. SEC traces showing the course of EO polymerization for the synthesis of S19EO38.

Figure 14 shows the SEC traces of the samples taken during polymerization of the

PEO block in the synthesis of S19EO38, including the PS precursor. It can be clearly seen, that

for reaction times < 152 min no significant shift to higher molecular weights occurs which

corresponds well to the observed induction period of 270 min (Table 6). Upon increasing the

reaction time, the distribution exhibits a continuous shift to higher molecular weights (lower

values of Ve). Comparison of the SEC traces of the final PS-b-PEO diblock copolymer

(407 min) with the corresponding PS precursor shows that the distribution shifts completely
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to higher molecular weights, i. e. no termination of living PS precursor occurs during the

course of EO polymerization.

MALDI-ToF has proven its ability to detect different end groups or functionalities at

polymers. Figure 15 shows the polystyrene precursor and the resulting S19EO38 diblock

copolymer. The conditions were chosen in a way that the copolymer sequences can still be

resolved by MALDI-ToF spectrometry.

A B

1000 2000 3000 4000 5000 6000

m/z
2000 3000 4000 5000 60

m/z

Figure 15. MALDI-ToF mass spectra of the PS-precursor (A) and the resulting S19EO38
diblock copolymer (B) prepared by sequential anionic synthesis.

Figure 16 shows that after initial functionalization of the PS macroinitiator with one

EO unit no growth could be detected for reaction times < 93 min. The MALDI mass spectrum

of the EO endcapped polystyrene (PS-OH, Figure 16) exhibits that end capping is

quantitative, since signals corresponding to the PS precursor are absent. For reaction times

≥  93 min EO polymerization takes place and polystyrene chains with two EO units are

detectable. Here, the higher sensitivity of MALDI-ToF compared to SEC is clearly reflected,

as in the corresponding SEC investigations a first shift of the distribution to higher molecular

weights could only be detected for the sample taken at 152 min (Figure 14). The spectra even

allow to resolve a number of copolymer compositions up to chains bearing 7 EO units while

the initial EO1 end capped chains have almost disappeared. Thus, the induction period in EO

polymerization during the synthesis of PS-b-PEO diblock copolymers which was detected by

FT-NIR and SEC investigations, is verified by MALDI-ToF MS for a diblock copolymer.
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Figure 16. MALDI-ToF mass spectra of samples taken during EO polymerization of
S19EO38. Spectra are measured in reflectron mode using AgTFA as cationizing
agent and dithranol as matrix.

In order to gain more insight into the observed induction period we performed EO

homopolymerizations with varying initiator concentrations at 50 °C, using DPHLi as initiator

(Table 8). The concentration of EO was kept constant, and a ratio of [DPHLi]0/[t-BuP4] = 1/1

was used for all reactions. The apparent rate constant of propagation (kapp) decreases with

decreasing initiator concentration, which can also be seen from the decreasing slope in the

corresponding first-order time-conversion plots (Figure 17).
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Table 8. Kinetic Data and Molecular Characteristics for EO Homopolymerizations
with DPHLi as Initiator at 50 °Ca

[I]
[mol/l]

kapp
[10-3/min]

kp
[L/mol·s]

tind
[min]

Mn(calc.)
[g/mol]

Mn(SEC)b

[g/mol]
fc

2.34 · 10-3 4.12 0.031 680 10,000 10,300 0.97
1.21 · 10-3 3.15 0.057 740 20,000 26,200 0.76
5.63 · 10-4 1.62 0.054 630 40,000 45,000 0.89

a New batch of t-BuP4, [DPHLi]/[t-BuP4] = 1/1.
b Determined by SEC in THF using PEO standards.
c f = initiator efficiency.

However, the observed induction periods are nearly independent on initiator

concentration. A closer look onto the first-order time-conversion plot for the lowest initiator

concentration (Figure 17, Mn = 40,000 g/mol) reveals that even in the beginning of the

reaction a small conversion takes place. This course of conversion is similar to that expected

for a slow initiation. This fact might be attributed to the used small initiator concentration,

which in turn should result in an easier break-up of lithium alkoxide aggregates during the

induction period.
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Figure 17. First-order time-conversion plots in EO homopolymerizations at 50 °C with
varying initiator concentration, using DPHLi as initiator ([DPHLi]/
[t-BuP4] = 1/1).

To extract a reaction order with respect to the initiator concentration, we have used the

kinetic expression given in Equation 2, assuming that the initiator corresponds to a

DPHLi/t-BuP4 complex.
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b
app

ba
p ]EO[k]EO[]I[k

dt
]EO[d

==−

I = DPHLi/t-BuP4 complex

Equation 2

Consequently, the reaction order with respect to the initiator concentration was

extracted from a plot of ln kapp versus ln[I]0 with a slope of a = 0.66 (correlation coefficient,

r = 0.98). The obtained fractional reaction order with respect to the initiator concentration

gives a further indication that associates are involved in EO homopolymerization with

organolithium initiators and the phosphazene base t-BuP4. In the polymerization of methyl

methacrylate with Li+ counterion in THF reaction orders changing from 0.6 to 0.9 were

attributed to the coexistence of aggregated and non-aggregated ion pairs.[31]

The discussed dependence of the induction period on reaction temperature, on the

amount of added phosphazene base t-BuP4, and on the type of the used initiator points to a

dissociation-association pre-equilibrium, which might be responsible for the observed

induction periods. In order to induce polymerization of EO, the strong lithium alkoxides have

first to be broken up by the phosphazene base t-BuP4. In order to check this assumption a

control experiment was performed as depicted in Scheme 2.

2) 50 °C, t-BuP4

3) 1400 min at 50 °C

1) 1st addition EO 2nd addition
EO

1) -78 °C, 
    endcapping with EO

Li+
100 %
conversion2) 1500 min

Scheme 2

First, the initiator DPHLi was end-capped with EO to form the corresponding alkoxide

at –78 °C. Excess EO was removed by evacuating the reaction mixture, followed by addition

of dry nitrogen. This procedure was performed several times in order to ensure complete

removal of excess EO. Subsequently, the reaction mixture was heated to 50 °C, followed by

stirring for 1400 min after addition of the phosphazene base t-BuP4, in order to induce

complex formation between the initiator and the phosphazene base t-BuP4. If the induction

period arises from complex formation, the induction period should vanish if EO is added after

1400 min, a time which is significantly longer than the observed induction period (Table 6).

However, the corresponding first-order time-conversion plot (Figure 18A) shows that an

induction period (505 min) is still present. In conclusion, complex formation between lithium
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alkoxides and t-BuP4 is not the only factor contributing to the observed induction period.

After complete EO conversion (verified by FT-NIR), a 2nd batch of EO was added to the

reaction mixture (Scheme 2). Here, the living PEO homopolymer, formed after addition of the

1st batch of EO, acts as macroinitiator for the polymerization of the 2nd batch of EO. The

apparent short induction period (Figure 18 B) that was observed for the second EO addition is

the result of adding and mixing times which can therefore be neglected. The lack of a

significant induction period might be attributed to a chain length effect, as PEO is known to

be a good complexation agent for alkali metal cations.[32-37] Furthermore, it has been found

that complexation of the RO-M+ ion pair by the growing PEO chain results in an

autoacceleration in the early stage of EO polymerization (degree of polymerization DP <

4 - 6).[38, 39] Consequently, complexation of the Li+ counterion by the PEO macroinitiator

might result in an additional weakening of lithium alkoxide aggregates.
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Figure 18. First-order time-conversion plots in EO homopolymerization at 50 °C with
DPHLi as initiator for the 1st addition (A) and the 2nd addition (B) of EO
([DPHLi]/[t-BuP4] = 1/1, [DPHLi] = 2.34 · 10-3 M, [EO1] = 0.524 M, [EO2] =
0.385 M, f = 0.77).

The apparent rate constants of propagation are almost identical for the 1st and 2nd batch

of EO (kapp = 4.56⋅10-3 min-1, kp = 0.042 L/mol⋅s). This is reasonable, as the concentration of

initiator is identical for both polymerizations.
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For further investigations on the above discussed chain length effect a PEO

homopolymer (DPn = 197; Mn = 8,670 g/mol) prepared with DPHLi as initiator in the

presence of the phosphazene base t-BuP4 was used as macroinitiator for EO

homopolymerization. Reactivation of the terminal OH groups of the PEO homopolymer for

anionic polymerization of EO was accomplished by titration with DPHLi. After complete

titration the reaction mixture was heated to 50 °C followed by addition of EO and t-BuP4.

Figure 19 shows the corresponding first-order time-conversion plot.
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Figure 19. First-order time-conversion plot in EO homopolymerization using a PEO-Li
macroinitiator (Mn = 8,670 g/mol) at 50 °C ([PEOLi]0 = 2.71 · 10-3 M,
[PEOLi]/[t-BuP4] = 1/1, [EO] = 0.50 M).

Again, a long induction period (1155 min) is observed which is significantly longer

compared to EO homopolymerizations with DPHLi as initiator under comparable conditions.

In addition, the rate constant of propagation is also lower compared to the experiments with

DPHLi as initiator (Table 6). An incomplete initiation, which might be responsible for the

observed differences in induction period and rate constant of propagation, can be ruled out, as

the molecular weight distribution of the PEO macroinitiator is shifted almost completely to

higher molecular weights upon EO polymerization (Figure 20). In conclusion, even the use of

a PEO macroinitiator results in the observation of an induction period. Thus, a chain length

effect is not alone responsible for the observed induction period.
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Figure 20. SEC traces of the final PEO homopolymer and the PEO macroinitiator used in EO
homopolymerization at 50 °C ([PEOLi]/[t-BuP4] = 1/1).

Our experiments on EO homopolymerization using organolithium initiators along with

the phosphazene base t-BuP4 revealed the presence of an induction period. This induction

period shows a complex dependence on reaction temperature, amount of added phosphazene

base, the type of initiator, and sequence of addition of reactants. From these observations, it

might be concluded that a dissociation-association pre-equilibrium is responsible for the

detected induction period. Lithium alkoxides form strong aggregates which first have to be

destroyed by the phosphazene base t-BuP4 in order to induce EO polymerization. However, if

the initiator is allowed to react with the phosphazene base prior to EO addition for a long

time, again an induction period is present. In addition, polymerizations using a PEO

macroinitiator exclude the possible influence of a chain length effect, as again an induction

period is detected. In conclusion, the observed induction period cannot be explained by a

simple dissociation-association pre-equilibrium or a chain length effect. Obviously there are

additional factors influencing the formation of the active site during the induction period,

which are not accessible by the performed kinetic investigations.

Ethylene oxide can act as a complexing agent of alkaline cations, as has been shown

by Hogen-Esch et al..[40] This resulted in the formulation of a “push-pull mechanism” for the

anionic polymerization of EO.[3, 41] This mechanism implies electrophilic activation of EO by

dipole-dipole interactions between the RO-M+ ion pair and EO. The observed increase in the

rate of propagation with increasing size of the counterion can be explained by an increasing
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interionic distance in RO-M+, i. e. increasing dipole moment and thus higher electrophilic

activation of EO. The inactivity of lithium alkoxides in EO polymerization might be attributed

on one hand to the formation of strong aggregates (inactive in EO polymerization), and on the

other hand to the small interionic distance in RO-Li+, i. e. weak electrophilic activation of EO.

As a consequence the break-up of aggregates by the phosphazene base t-BuP4 during the

observed induction period is only the first step in enabling EO polymerization. Subsequently,

the complexation of Li+ by t-BuP4 also increases the interionic distance in RO-Li+, which

should result in a higher dipole moment and thus a more efficient electrophilic activation of

EO, i. e. enabling polymerization of EO. However, t-BuP4 is a very bulky base which might

result in a decrease in reactivity due to shielding of the active center. A similar effect was

observed for EO polymerization with K+ and Cs+ counterions in the presence of cryptands.[3,

41] Cryptated ion pairs exhibit a lower reactivity compared to the corresponding non

complexed ion pairs due to shielding of the active center by the cryptand. In conclusion, this

shielding effect might decrease the activation of the RO-Li+ ion pair by complexation with

t-BuP4. This in turn might result in a very low rate constant of EO propagation, which

contributes to the observed induction period. Despite the low rate constant of propagation,

PEO oligomers will be formed during the induction period if the reaction time is sufficiently

long. This assumption is underlined by the observation of PEO oligomers (dimers and

trimers) in the functionalization reaction of polystyryllithium with EO after several weeks,

even in the absence of t-BuP4.[9] Consequently, the growing PEO chain is able to contribute to

the Li+ complexation, as PEO is known to be a good complexing agent for alkaline cations.[32-

37] Furthermore, it has been observed that complexation of the RO-M+ ion pair by the growing

PEO chain results in an autoacceleration in the very beginning of the EO polymerization

(degree of polymerization DP < 4 - 6).[38, 39] In conclusion, the increasing contribution of PEO

oligomers (DP = 4 – 6), formed during the end of the induction period, to the complexation of

Li+ might result in a weakening of the shielding effect arising from the bulky phosphazene

base t-BuP4 due to competition between t-BuP4 and PEO for free coordination sites. Thus,

once PEO oligomers with a DP of 4 – 6 are formed during the induction period, EO

polymerization can proceed. However, EO homopolymerization using a PEO macroinitiator

also results in the observation of an induction period. This suggests, that EO itself is involved

in a more complex way into the formation of the active growing site during the induction

period, which can be attributed to its good complexing properties for alkaline cations.
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Conclusions

Investigations on EO polymerization using organolithium initiators in the presence of

the t-BuP4 base revealed an induction period which can be significantly reduced by adjusting

the reaction conditions. Possible side reactions of strong lithium alkyls with the monomer can

be minimized by simply decreasing the strenghts of the anion using DPE as capping agent.

This has some relevance for block copolymer synthesis when for example a strong macro-

anion acts as initiator. The variations of reaction conditions neither eliminate the induction

period nor did we fully understand its reason. The experimental data give some explanations

but the exact role of the t-BuP4 base is still speculative.
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4 Summary

In this work the synthesis and characterization of two novel types of thermoplastic

elastomers (TPEs) is described. The first type comprises multiblock copoly(ether ester)s with

semicrystalline hard segments and triblock copolymer soft segments. The second class of

investigated TPEs are systems based on ABA triblock copolymers with two glassy end blocks

and ABC triblock copolymers with one or two semicrystalline end blocks. The motivation of

this work is the development of TPEs with improved elastic properties compared to

commercially available systems.

The basic idea about increasing the elasticity of conventional copoly(ether ester)s

based on poly(butylene terephthalate) (PBT) hard segments and polyether soft segments, e. g.

poly(tetramethylene oxide) (PTMO), is the replacement of the continuous PBT hard phase in

these systems by a disperse PBT hard phase. It is shown, that the incorporation of nonpolar

segments is possible by using poly(ethylene oxide)-block-poly(ethylene-stat-butylene)-block-

poly(ethylene oxide) (PEO-b-PEB-b-PEO) triblock copolymers, where the polar PEO blocks

act as compatibilizer between the nonpolar PEB segments and the polar PBT segments during

the melt polycondensation. Dynamic shear experiments in combination with small angle X-

ray scattering (SAXS) show an enhanced microphase separation induced by the nonpolar PEB

segments. As a consequence, the PBT segments crystallize from a microphase-separated melt,

which in turn results in the formation of a disperse PBT hard phase, as has been shown by

transmission electron microscopy (TEM) and scanning force microscopy (SFM). Mechanical

testing reveals a significantly improved elastic recovery compared to that of conventional

PBT-based copoly(ether ester)s with PTMO soft segments. This can be attributed to the fact

that a disperse PBT hard phase shows a higher resistance against irreversible distortion

compared to the case of a continuous PBT hard phase. From the combination of results

obtained from differential scanning calorimetry (DSC) and dynamic mechanical analysis

(DMA) a structure model for this new type of copoly(ether ester)s has been derived and

confirmed by solid-state NMR investigations. The morphology consists of a semicrystalline

PBT hard phase and an amorphous soft segment phase, which is divided into a pure PEB

phase, a PEO-rich phase besides a mixed PBT/PEO phase, and a pure amorphous PBT phase.

In the second part of this thesis ABC triblock copolymers with one or two

semicrystalline end blocks have been investigated, taking advantage of crystallization as a

strong driving force for microphase separation. Two main aspects were addressed: i) the
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interplay between morphology and crystallization, and ii) the comparison of ABA and ABC

triblock copolymers with glassy (A), elastomeric (B) and crystalline (C) blocks.

Several polyethylene-block-poly(ethylene-alt-propylene)-block-poly(ethylene oxide)

(PE-b-PEP-b-PEO) triblock copolymers with two different semicrystalline end blocks have

been synthesized by a combination of sequential anionic polymerization of butadiene,

isoprene, and ethylene oxide (PB-b-PI-b-PEO) and subsequent homogeneous catalytic

hydrogenation. The PB-b-PI-b-PEO triblock copolymers have been synthesized in a one-pot

strategy by using the phosphazene base t-BuP4, which enables the polymerization of ethylene

oxide in the presence of lithium counterions. Kinetic investigations on the ethylene oxide

polymerization using in-situ near infrared fiber-optic spectroscopy reveal an unexpected

induction period. It has been found that the induction period depends in a complex fashion on

the reaction temperature, amount of added phosphazene base t-BuP4, type of initiator, and the

sequence of reactant addition. It is concluded that the induction period is a result of different

factors like break up of lithium alkoxide aggregates by the phosphazene base t-BuP4, chain

length effect of the growing PEO chain on Li+ complexation, and contribution of ethylene

oxide itself in the formation of the active growing site.

Thermal characterization of the PB-b-PI-b-PEO and PE-b-PEP-b-PEO triblock

copolymers utilizing DSC and special self-nucleation techniques reveals a strong influence of

the confinement active during crystallization on the crystallization and self-nucleation

behavior of the semicrystalline PEO and PE blocks. In PE-b-PEP-b-PEO triblock copolymers

with low PEO contents large supercoolings are necessary to induce crystallization of PEO.

Furthermore, the self-nucleation behavior of the PEO blocks is different compared to that of

semicrystalline homopolymers, i. e. domain II (self-nucleation domain) is absent. This is a

direct result of the confinement of the PEO blocks into small isolated microdomains. In

contrast, for the PE blocks a heterogeneous nucleation mechanism and the presence of all

three self-nucleation domains, usually present in crystallizable homopolymers, is observed.

Because of the miscibility of the PE and PEP segments in the melt, the PE segments

crystallize without any confinement from a homogeneous mixture of PE and PEP segments,

resulting in the observed behavior. In addition, it is shown that the melting temperature of

PEO within PE-b-PEP-b-PEO triblock copolymers can be significantly increased by

complexation of the PEO segments with p-nitrophenol or resorcinol.

In TPEs based on ABA triblock copolymers with glassy end blocks, e. g. polystyrene-

block-poly(ethylene-alt-propylene)-block-polystyrene (PS-b-PEP-b-PS) triblock copolymers,

the middle block chains can either loop back into the same PS domain or form bridges by the
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connection of two different PS domains. However, only the bridges contribute to the elastic

properties and the loops do not, which limits the elastic recovery of theses systems. The

influence of a semicrystalline end block on the mechanical properties has been investigated

by comparison of polystyrene-block-poly(ethylene-alt-propylene)-block-polyethylene (PS-b-

PEP-b-PE) and the corresponding PS-b-PEP-b-PS triblock copolymers with two glassy PS

end blocks. For small elongations (< 300%) the PE containing triblock copolymers exhibit a

significantly improved elastic recovery compared to that of the PS-b-PEP-b-PS triblock

copolymers. This can be attributed to the increased bridge fraction in the PS-b-PEP-b-PE

triblock copolymers induced by the immiscibility of the two different end blocks. In contrast,

for high elongations (< 300%) the situation is reversed and the triblock copolymers with two

glassy PS end blocks reveal better elastic properties. Obviously, glassy PS domains show a

higher resistance against distortion compared to that of semicrystalline PE domains,

especially at high strains. In general, the elastic properties of the PS-b-PEP-b-PE triblock

copolymers are improved for systems exhibiting a low content of the PS and/or PE blocks.

The morphology of the PS-b-PEP-b-PE and PE-b-PEP-b-PEO triblock copolymers has

been investigated applying TEM and SFM. The large differences in stiffness between

crystalline and amorphous domains makes SFM the superior tool for morphological

investigations. This especially applies for the characterization of the semicrystalline PE

blocks, which cannot be visualized simultaneously to the other triblock components by

conventional TEM investigations due to problems involved in the staining technique.

Furthermore, hot-stage SFM has been used to follow the melting of the PEO blocks and the

annealing of the PE blocks within a PE-b-PEP-b-PEO triblock copolymer.
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5 Zusammenfassung

In der vorliegenden Arbeit wird die Synthese und Charakterisierung von zwei

neuartigen Vertretern der thermoplastischen Elastomere (TPE´s) beschrieben. Die erste

Klasse stellen Multiblock-Copolyetherester mit teilkristallinen Hartsegmenten und

Dreiblockcopolymer-Weichsegmenten dar. Weiterhin wurden TPE´s auf der Basis von ABA

Dreiblockcopolymeren mit zwei glasartigen Endblöcken und ABC Dreiblockcopolymeren mit

einem oder zwei teilkristallinen Endblöcken untersucht. Die Zielsetzung dieser Arbeit ist die

Entwicklung von TPE´s, die im Vergleich zu kommerziell erhältlichen Systemen eine

verbesserte Elastizität aufweisen.

Die grundlegende Strategie zur Verbesserung der elastischen Eigenschaften von

konventionellen Copolyetherestern mit Hartsegmenten aus Polybutylenterephthalat (PBT)

und Polyether-Weichsegmenten, z. B. Polytetramethylenoxid (PTMO), ist der Austausch der

kontinuierlichen PBT-Hartphase in diesen Systemen durch eine dispergierte Hartphase. Es

wird gezeigt, daß die Verwendung von Polyethylenoxid-block-Poly(ethylen-stat-butylen)-

block-Polyethylenoxid (PEO-b-PEB-b-PEO) Dreiblockcopolymeren einen Einbau von

unpolaren PEB-Segmenten ermöglicht, wobei die PEO-Blöcke während der

Schmelzpolykondensation als Phasenvermittler zwischen den unpolaren PEB-Segmenten und

den polaren PBT-Segmenten fungieren. Dynamische Scherexperimente und

Röntgenkleinwinkelstreuung (SAXS) ergeben eine ausgeprägte Mikrophasenseparation in der

Schmelze, die durch die unpolaren PEB-Weichsegmente hervorgerufen wird. Die PBT-

Segmente kristallisieren folglich aus einer mikrophasenseparierten Schmelze heraus. Dies

führt zur Ausbildung einer dispergierten PBT-Hartphase, wie durch Transmissions-

elektronenmikroskopie (TEM) und Rasterkraftmikroskopie (SFM) gezeigt wird. Mechanische

Untersuchungen ergeben erheblich verbesserte elastische Rückstelleigenschaften im

Vergleich zu herkömmlichen Copolyetherestern mit PBT-Hartsegmenten und PTMO-

Weichsegmenten. Dies läßt sich auf die erhöhte Widerstandsfähigkeit einer dispergierten

PBT-Hartphase gegenüber irreversibler Verformung, im Vergleich zu der einer

kontinuierlichen PBT-Hartphase, zurückführen. Aus den Ergebnissen der differentiellen

Wärmeflußkalorimetrie (DSC) und dynamisch mechanischen Analyse (DMA) läßt sich ein

Strukturmodell für diese neuartigen Copolyetherester ableiten, das durch Festkörper-NMR

Untersuchungen bestätigt worden ist. Die Copolyetherester bestehen aus einer teilkristallinen

PBT-Hartphase und einer amorphen Weichsegmentphase, die in eine reine PEB-Phase, eine
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PEO-reiche Phase neben einer PEO/PBT-Mischphase und eine reine amorphe PBT-Phase

unterteilt ist.

Der zweite Teil dieser Arbeit befaßt sich mit ABC Dreiblockcopolymeren mit einem

oder zwei teilkristallinen Endblöcken, wobei hier die Kristallisation als starke Triebkraft für

Mikrophasenseparation genutzt wurde. Hierbei wurden zwei Hauptaspekte untersucht: i) das

Zusammenspiel zwischen Strukturbildung und Kristallisation und ii) der Vergleich von ABA

und ABC Dreiblockcopolymeren mit glasartigen (A), elastomerartigen (B) und kristallinen

(C) Blöcken.

Polyethylen-block-Poly(ethylen-alt-propylen)-block-Polyethylenoxid (PE-b-PEP-b-

PEO) Dreiblockcopolymere wurden durch eine Kombination von sequentieller anionischer

Polymerisation von Butadien, Isopren und Ethylenoxid (PB-b-PI-b-PEO) und nachfolgender

homogener katalytischer Hydrierung hergestellt. Die Synthese der PB-b-PI-b-PEO Dreiblock-

copolymere in einer Ein-Topf Strategie wurde durch die Verwendung der Phosphazenbase

t-BuP4 ermöglicht, welche die Polymerisation von Ethylenoxid in der Gegenwart von

Lithiumgegenionen erlaubt. Kinetische Untersuchungen der Ethylenoxidpolymerisation mit

der Hilfe von „in-situ“ Nahinfrarot-Faseroptik-Spektroskopie ergeben eine unerwartete

Induktionsperiode. Diese hängt in komplexer Weise von der Reaktionstemperatur, Menge der

Phosphazenbase t-BuP4, Art des Initiators und der Reihenfolge, in der die Reaktanten

zugegeben werden, ab. Zusammenfassend läßt sich sagen, daß die Induktionsphase

offensichtlich von mehreren Faktoren beeinflußt wird, wie z. B. dem Aufbrechen von

Lithiumalkoxid-Aggregaten durch die Phosphazenbase t-BuP4, einem möglichen

Kettenlängeneffekt der wachsenden PEO Kette auf die Li+-Komplexierung und einem Einfluß

von Ethylenoxid selbst auf die Ausbildung des aktiven Zentrums.

Thermische Untersuchungen mittels DSC und speziellen Selbstnukleierungs-

messungen zeigen, daß das Kristallisations- und Selbstnukleierungsverhalten der PEO- und

PE-Blöcke in PB-b-PI-b-PEO und PE-b-PEP-b-PEO Dreiblockcopolymeren stark davon

abhängt, inwieweit der jeweilige Block bei der Kristallisation eingeengt ist. In PE-b-PEP-b-

PEO Dreiblockcopolymeren, die einen geringen PEO-Anteil aufweisen, sind sehr große

Unterkühlungen nötig um die Kristallisation von PEO zu induzieren. Desweiteren

unterscheidet sich das Selbstnukleierungsverhalten der PEO-Blöcke wesentlich von dem

Verhalten teilkristalliner Homopolymere, was sich in der Abwesenheit von Domäne II

(Selbstnukleierungs-Domäne) widerspiegelt. Dieses Verhalten resultiert aus der Einengung

der PEO Blöcke in kleine isolierte Mikrodomänen während der Kristallisation. Im Gegensatz

dazu beobachtet man für die PE-Blöcke einen heterogenen Nukleierungsmechanismus.
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Desweiteren sind alle drei Selbstnukleierungs-Domänen, die man üblicherweise bei

teilkristallinen Homopolymeren beobachtet, vorhanden. Dies läßt sich dadurch erklären, daß

aufgrund der Mischbarkeit von PE- und PEP-Segmenten in der Schmelze die Kristallisation

von PE ohne jegliche Einengung aus einer homogenen Mischung von PE- und PEP-

Segmenten heraus erfolgt. Zusätzlich wird gezeigt, daß der Schmelzpunkt von PEO in PE-b-

PEP-b-PEO Dreiblockcopolymeren durch Komplexierung mit p-Nitrophenol oder Resorcin

erheblich erhöht werden kann.

In TPE´s, die auf ABA Dreiblockcopolymeren mit glasartigen Endblöcken basieren,

z. B. Polystyrol-block-Poly(ethylen-alt-propylen)-block-Polystyrol (PS-b-PEP-b-PS), können

die Mittelblockketten entweder in die gleiche PS-Domäne zurückfalten (Schlaufen) oder

Brücken bilden, indem sie zwei unterschiedliche PS-Domänen verknüpfen. Allerdings sind

nur die Brücken elastisch aktiv, wodurch die elastischen Eigenschaften dieser Systeme

eingeschränkt sind. Der Einfluß eines teilkristallinen Endblocks auf die mechanischen

Eigenschaften wurde anhand von Polystyrol-block-Poly(ethylen-alt-propylen)-block-

Polyethylen (PS-b-PEP-b-PE) Dreiblockcopolymeren untersucht, die mit den entsprechenden

PS-b-PEP-b-PS Dreiblockcopolymeren mit zwei glasartigen PS-Endblöcken verglichen

wurden. Bei kleinen Dehnungen (< 300%) zeigen die PE-haltigen Dreiblockcopolymere

wesentlich bessere elastische Rückstelleigenschaften im Vergleich zu denen der PS-b-PEP-b-

PS Dreiblockcopolymere. Dies läßt sich auf die Unverträglichkeit der beiden Endblöcke

zurückführen, die zu einer Erhöhung des Brückenanteils in den PS-b-PEP-b-PE

Dreiblockcopolymeren führt. Bei Dehnungen über 300% beobachtet man ein gegensätzliches

Verhalten, wobei jetzt die PS-b-PEP-b-PS Dreiblockcopolymere bessere elastische

Eigenschaften aufweisen. Dieses Verhalten beruht offenbar darauf, daß die glasartigen PS-

Domänen eine erhöhte Resistenz gegenüber irreversibler Deformation aufweisen als

teilkristalline PE-Domänen, was insbesondere bei hohen Dehnungen zum tragen kommt. Im

Allgemeinen geht eine Verringerung des PS und/oder PE Anteils mit einer Verbesserung der

elastischen Eigenschaften einher.

Die Morphologie der PS-b-PEP-b-PE und PE-b-PEP-b-PEO Dreiblockcopolymere ist

mittels TEM und SFM untersucht worden. Aufgrund des großen Härteunterschiedes zwischen

kristallinen und amorphen Bereichen ist SFM für morphologische Untersuchungen besonders

gut geeignet. Dies gilt speziell für die Charakterisierung der teilkristallinen PE-Blöcke, die

durch konventionelle TEM-Untersuchungen aufgrund von Kontrastierungsproblemen nicht

sichtbar gemacht werden können. Weiterhin ist es gelungen mit Hilfe von
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temperaturabhängigen SFM-Messungen das Aufschmelzen der PEO-Blöcke sowie das

Tempern der PE-Blöcke in einem PE-b-PEP-b-PEO Dreiblockcopolymer zu verfolgen.
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6 Appendix

List of Synthesized Diblock and Triblock Copolymers

Sample Mw/Mn PB
%-1,4

PI
%-14

Sample Mw/Mn

PB-b-PI-b-PEO PS-b-PEO
B24I56EO20

67 1.01 89 88 S53EO47
3.6 1.09

B11I70EO19
120 1.01 88 92 S12EO88

102 1.01
B17I57EO26

130 1.01 89 92 PEO-b-PEB-b-PEO
B19I39EO42

135 1.02 89 92 PEO36PEB28PEO36
13 1.13

PS-b-PI-b-PS PEO29PEB42PEO29
8.6 1.08

S8I71S21
119 1.01 - 92 PEO27PEB46PEO27

8.0 1.08
S14I76S10

116 1.01 - 92 PEO25PEB50PEO25
7.1 1.09

S14I65S21
117 1.01 - 92 PEO22PEB56PEO22

6.4 1.08
PS-b-PI-b-PB PEO18PEB64PEO18

5.6 1.11
S8I71B21

118 1.01 90 92 PEO16PEB68PEO16
5.2 1.12

S14I75B11
117 1.01 90 92 PE-b-PEP-b-PEO

S14I64B22
119 1.02 87 92 E24EP57EO19

69 -
S14I57B29

109 1.02 89 92 E11EP71EO18
123 -

S34I36B30
113 1.01 90 92 E18EP57EO25

133 -
E19EP40EO41

138 -
PS-b-PEP-b-PS

S8EP71S21
121 -

S13EP77S10
119 -

S14EP66S20
119 -

PS-b-PEP-b-PE
S8EP71E21

121 -
S13EP76E11

121 -
S14EP64E22

122 -
S13EP57E30

112 -
S33EP37E30

115 -
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List of Synthesized Copoly(ether ester)s

Sample w (PBT)
[%]

Mn(PEO)
[g/mol]

xHS
a lHS

b melt

PBT50-4600 50 4600 0.983 58.3 turbid
PBT50-2510 50 2510 0.975 40.1 turbid
PBT50-2190 50 2190 0.973 37.2 turbid
PBT50-1730 50 1730 0.970 33.0 turbid
PBT40-2510 40 2510 0.963 27.1 slightly turbid
PBT40-2190 40 2190 0.960 25.1 slightly turbid
PBT40-1730 40 1730 0.955 22.4 slightly turbid
PBT40-1380 40 1380 0.951 20.2 clear
PBT30-1380 30 1380 0.925 13.4 clear
PBT20-1380 20 1380 0.878 8.2 clear
PBT45-1000 45 1000 0.954 21.8 clear
PBT40-1000 40 1000 0.944 17.9 clear
PBT35-1000 35 1000 0.932 14.7 clear
PBT30-1000 30 1000 0.916 11.9 clear
PBT25-1000 25 1000 0.894 9.5 clear
PBT20-1000 20 1000 0.864 7.4 clear
PBT10-1000 10 1000 0.739 3.8 clear
PBT40-820 40 820 0.941 16.9 clear
PBT30-820 30 820 0.911 11.2 clear

a Mole fraction of hard segment (PBT).
b Average hard segment length calculated according to lHS=1/(1-xHS).
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