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a b s t r a c t

The present paper discusses block copolymers with segments of either poly(ethylene
oxide), poly(propylene oxide), or mixtures of poly(ethylene oxide)/poly(propylene oxide)
and monodisperse aramide segments. The length of the polyether segments as well as
the concentration of polyethylene oxide was varied. The synthesized copolymers were
analyzed by DSC, FTIR, AFM and DMTA. In addition, the hydrophilicity was studied.

The crystallinity of the monodisperse aramide segments was found to be high and the
crystals, dispersed in the polyether phase, displayed a nano-ribbon morphology. The PEO
segments were able to crystallize and this crystalline phase reduced the low-temperature
flexibility. The PEO crystallinity and melting temperature could be strongly reduced by
copolymerization with PPO segments. By using mixtures of PEO and PPO segments,
hydrophilic copolymers with decent low-temperature properties could be obtained.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Segmented block copolymers comprise alternating
flexible and crystallizable rigid segments [1,2]. The rigid
segments crystallize into nano ribbons dispersed in the
amorphous matrix and act as physical crosslinks and as
reinforcing fillers for the amorphous matrix. The rigid
segments provide the copolymer with dimensional and
thermal stability while the flexible segments give the
material elasticity. Polyethers are often used as flexible
segments due to their low glass transition temperature
and their good tensile properties.

Hydrophilic segmented block copolymers can be ob-
tained with poly(ethylene oxide) (PEO) segments and such
copolymers find applications in numerous fields, including
industries for textile, packaging material, construction and
gas separation. For several of these applications, the low-
temperature properties are crucial. Hydrophilic segmented
block copolymers have also gained increasing attention for
. All rights reserved.
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biomedical applications such as drug delivery systems,
contact lenses, catheters and wound dressings.

Several PEO-based segmented block copolymers with
rigid segments constituted of either urethanes [3–6], esters
[7–9] or amides [10–13] have been reported on. PEO seg-
ments demonstrate a low glass transition temperature
(� �40 �C) and can easily undergo crystallization. More-
over, increasing the PEO length gives rise to a higher PEO
melting temperature and a higher crystallinity [12]. PEO-
containing segmented block copolymers have low contact
angles with water [14,15], a high water vapor transport
[16] and a high selective CO2 transport [10,11,17]. How-
ever, the crystalline PEO phase reduces the low-tempera-
ture flexibility [12].

The use of hydrophilic PEO segments results in a strong
increase in water absorption of the copolymers [17,18]. As
the water absorption increases the tensile properties of
PEO-based copolymers are reduced, mainly as a result of
swelling [18,19]. The swelling of the material can be con-
trolled by employing mixtures of hydrophilic (PEO) and
hydrophobic soft segments, poly(tetramethylene oxide)
(PTMO) or poly(propylene oxide) (PPO) [3,13,20–22]. The
properties of copolymers with mixtures of hydrophilic
PEO and hydrophobic PTMO blocks have been studied
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[13,20,21,23], and the crystalline melting temperature of
the PEO segments was found to decrease with increasing
PTMO concentration [23]. The PTMO segments thus dis-
turbed the crystallization of their PEO counterparts, how-
ever, without this leading to a fully amorphous polyether
phase.

Poly(propylene oxide) (PPO) segments have methyl side
groups that hinder the crystallization. Moreover, copoly-
mers with PPO segments have a low glass transition tem-
perature (�65 �C), excellent low-temperature properties
[24]. The copolymers with PPO segments, as compared to
with PEO segments, are also much less hydrophilic as a re-
sult of the lower ether group concentration. The rigid seg-
ments in block copolymers often have a low crystallinity
and part of the non-crystallized rigid segments is dissolved
in the amorphous phase. A fast and more complete crystal-
lization of the rigid segments can be obtained by using
crystalline segments of monodisperse length [13,24–28].

Segmented block copolymers with monodisperse ara-
mide (TUT) and PTMO segments have been well studied
[2,29–32]. Monodisperse aramide segments have been
found to crystallize fast, display a relatively high modulus
and an almost temperature-independent rubbery plateau.
A copolymer of the TUT–aramide with PEO has briefly
been mentioned [29] and copolymers of PPO–TUT have
so far not been reported on. Di-aramide with very short
PEO units (88–132 g/mol) have been synthesized and had
very high melting temperatures (416 �C) [33,34]. Also have
been studied PEO–aramide diblock copolymers [35,36]. It
would thus be interesting to accomplish a significant
reduction in the PEO crystallinity while still maintaining
a hydrophilic copolymer. In this respect the use of the
amorphous PPO as second segment might be more suitable
than the semi-crystalline PTMO.

This article describes the synthesis and a selection of
properties of segmented block copolymers based hydro-
philic PEO and hydrophobic PPO segments. Fig. 1 displays
the chemical structures of the segments used in the block
copolymers. The employed PPO segment was end-func-
tionalized with PEO units to give rise to a higher reactivity
(PEO–PPO–PEO).

The used hard segments (HS) were comprised of bisest-
erdiamide TUT units that were monodisperse in length
(Fig. 1). These copolymers were denoted as PEOx/PPOz–
TUT, where x and z represent the PEO and PPO molecular
weights, respectively. The influence of the polyether phase
composition on the low-temperature transitions, low-
temperature flexibility and the copolymer hydrophilicity
Fig. 1. The chemical structures of the –PEO–, –PEO–PPO–PEO
was studied. Moreover, the aramide crystallinity and melt-
ing temperatures were investigated as functions of the
polyether compositions. It was deemed particularly inter-
esting to determine whether, for a certain hydrophilicity,
the low-temperature properties could be improved by
using mixtures of PEO and PPO segments.

2. Experimental section

2.1. Materials

p-Phenylenediamine (PPA), N-methyl-2-pyrrolidone
(NMP), phenol, dichloromethane and three grades of
poly(ethylene oxide) (i.e., with an Mn of 1000, 1500 and
2000 g/mol) were obtained from Aldrich. The polyethers
were denoted PEO1000, PEO1500 and PEO2000. Moreover,
three grades of difunctional poly(propylene oxide) end-
capped with 20 wt.% ethylene oxide (EO–PPO–EO), i.e., Ac-
claim polymers with an Mn of 2200, 4200 and 6300 g/mol,
were obtained from Bayer AG, Germany, and denoted
PPO2200, PPO4200 and PPO6300. Tetra-isopropyl orthotitan-
ate (Ti(i-OC3H7)4) was obtained from Aldrich and diluted
in m-xylene (0.05 M) received from Fluka. Irganox 1330
was obtained from CIBA, and methyl-(4-chlorocar-
bonyl)benzoate (MCCB) was obtained from Dalian (China).
The synthesis of the di-aramide units, TUT-dimethyl, have
been described elsewhere [29,31].

2.2. Synthesis of the segmented block copolymers

Monodisperse polyamide block copolymers were
synthesized by a polycondensation reaction using polyether
segments and monodisperse TUT-dimethyl aramide hard
segments. The synthesis of PEO2000–TUT is here given as
an example. The reaction was carried out in a 250-ml stain-
less steel vessel with a nitrogen inlet and mechanical stirrer.
The vessel, containing TUT-dimethyl (4.70 g, 0.01 mol),
PEO2000 (20 g, 0.01 mol), Irganox 1330 (0.25 g), and 70 mL
NMP was heated in an oil bath to 180 �C, after which the cat-
alyst solution was added (2.5 mL of 0.05 M Ti(i-OC3H7)4 in
m-xylene). The stirred reaction mixture was heated to
180 �C for 30 min and the temperature was subsequently
raised step-wise to 250 �C within an hour. The reaction mix-
ture was stirred at 250 �C for 2 h, after which the pressure
was carefully reduced (P < 20 mbar) to distil off the NMP.
The pressure was further reduced to <0.3 mbar for 1 h, and
the reaction mass was then cooled slowly while maintaining
the low pressure. The resultant copolymer was transparent
– and –TUT– segments used in the block copolymers.
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with a yellowish hue. Before analysis, the polymer was dried
in a vacuum oven at 70 �C for 24 h.

2.3. Viscometry

Viscometry was used to examine the molecular weights
of the obtained polymers. Values of inherent viscosity
(ginh) were determined at 25 �C using a capillary Ubbe-
lohde type 0B viscometer. The polymer solution had a con-
centration of 0.1 g/dL in a 1:1 (molar ratio) mixture of
phenol/1,1,2,2-tetrachloroethane.

2.4. Atomic force microscopy (AFM)

AFM measurements were carried out with a nanoscope
IV controller (Veeco) operating in tapping mode. The AFM
was equipped with a J-scanner with a maximum size of
200 lm2. A TESP-cantilever (Veeco) was used and gentle
tapping was applied to obtain the phase images. The
amplitude in free oscillation was 5.0 V, and the operating
set point value (A/Ao) was chosen to the relatively low va-
lue of 0.7. Scan sizes were 1–3 lm2 in order to obtain the
best possible contrast. Solvent cast samples, approx.
20 lm thick, were prepared from a 3 wt.% solution in HFIP
on a silicon wafer and subjected to the AFM analysis. No
heat treatment was given to the films.

2.5. Differential scanning calorimetry (DSC)

DSC was used to determine the melting and crystalliza-
tion temperatures and enthalpies of the polyether block
copolymers. Thermograms were recorded on a Perkin-El-
mer DSC7 apparatus, equipped with a PE7700 computer
and TAS-7 software. All samples were dried in a vacuum
oven at 70 �C overnight before use. Dried samples (8–
12 mg) were heated from –50 �C to approximately 30 �C
above the melting temperature, and subsequently cooled
and heated again at a rate of 20 �C/min. The maximum of
the endothermic peak in the second heating scan was used
to determine the melting temperature (Tm).

2.6. Fourier transform infrared (FTIR) spectroscopy

FTIR was used to determine hard segment crystallinity.
Infrared spectra were obtained with a Biorad FTS-60 spec-
trometer with a resolution of 4 cm�1. The measurements
were carried out at room temperature on samples pre-
pared by adding a droplet of the block copolymers in solu-
tion (HFIP (1 g/L) on a pressed KBr pellet. After evaporation
of the solvent, a thin polymer film remained on the pellet,
on which the analysis was performed. The degree of crys-
tallinity of the rigid segments in the polymers (Xc) could
be estimated by using Eq. (1).

Xc;FTIR ¼
Crystalline amide peak

Amorphousþ crystalline amide peak

¼
k25 � Cð1647 cm�1Þ

a� k25 � Cð1674 cm�1Þ þ k25 � Cð1647 cm�1Þ
ð1Þ

The heights of the amorphous and crystalline amide peaks
were related by the factor ‘a’ with a value of 2.4 [28].
2.7. Dynamic mechanical thermal analysis (DMTA)

The torsion behavior (storage modulus G0 and loss mod-
ulus G0 0 as functions of temperature) was measured using a
Myrenne ATM3 torsion pendulum at a frequency of 1 Hz
and 0.1% strain. Before use, injection molded polymer sam-
ples (70 � 9 � 2 mm3) were dried in a vacuum oven at
50 �C overnight. Following this, samples were cooled to
�100 �C and subsequently heated at a rate of 1 �C/min.
The glass transition temperature (Tg) was defined as the
maximum of the loss modulus, and the flow temperature
(Tflow) was determined as the temperature where the stor-
age modulus reached 0.5 MPa. The temperature at which
the rubber plateau started was denoted as the flex temper-
ature (Tflex) and the storage modulus at 20 and 50 �C were
labeled G020 �C and G050 �C.

2.8. Water absorption

The equilibrium water absorption (WA) was measured
on pieces of injection-molded polymer bars. The samples
were placed in a desiccator with a layer of demineralized
water for four weeks at room temperature. The water
absorption was defined as the weight gain of the polymer
according to Eq. (2):

Water absorption ¼ m�m0

m0
� 100%½wt:%� ð2Þ

where m0 is the weight of the dry sample and m the weight
of the sample after conditioning to equilibrium.

3. Results and discussion

A series of copolymers with aramide (TUT) hard seg-
ments and PEO and PPO soft segments was studied. The
hydrophilicity of the copolymers was modified by varying
the polyether segment length and also by using mixtures
of PEO and PPO segments. The TUT-dimethyl unit, mono-
disperse in length, was prepared prior the polymer synthe-
sis. The poly(propylene oxide) had EO end-groups
(EO–PPO–EO) and this EO content was 20 wt.%. The pri-
mary alcohols of the EO end-groups were more reactive
than their secondary counterparts in PPO, for which reason
the end-groups and EO–PPO–EO segments were suitable
for preparing high molecular weight copolymers. The
EO–PPO–EO segments were denoted PPO.

3.1. Materials

The copolymers were synthesized starting from TUT-
dimethyl ester and dihydroxy PEO and PPO segments using
a high-temperature melt polymerization. As TUT is a short
unit (314 g/mol), its concentration in the copolymers was
low - ranging from 23 down to 5 wt.%. For the calculations
of the concentration of the TUT segment, the employed
molecular weight was that of the segment without ester
units. This was due to the fact that the ester units have
been found not to take part in the crystallization [30]. Even
at these low TUT concentrations, the materials were in the
solid state. The inherent viscosities of the material were
P1.0 dL/g indicating a successful formation of high



Table 1
Selected properties of the PEOx/EO–PPO–EOy–TUT block copolymers.

Polymer PEO/PPO
(mol ratio)

HS
[wt.%]

PEO ginh

(dl/g)
DSC DMA FTIR WA

[%]
Copol
[wt.%]

SSa

(mol%)
PEO TUT Tg

[�C]
Tflex

[�C]
Tm,TUT

[�C]
G0 (20 �C)
[MPa]

G0 (50 �C)
[MPa]

Xc,TUT

(%)
Tm DHm,PEO Tm DHm

PEO1000 100/0 22.4 77.6 100 1.4 �8 14 120 33 �42 �19 145 29 28 67 64
PEO1500 100/0 16.5 85.5 100 1.5 27 32 nm nm �38 25 100 14 5 41 103
PEO2000 100/0 13.1 86.9 100 2.0 35 64 nm nm �41 35 70 79 1 21 125
PEO2000/PPO2200 75/25 12.8 69.8 81 1.6 32 64 96 4 �45 35 105 46 6 25 88

50/50 12.6 52.4 59 1.7 26 26 111 13 �52 35 115 10 5 33 82
25/75 12.4 34.9 40 1.6 – – 123 28 �60 10 135 9 8 57 46

PPO2200 0/100 12.1 17.6 20 1.0 – – 135 49 �59 �47 140 9 10 81 14
PPO4200 0/100 6.8 18.6 20 1.12 – – nmb nm �59 �48 100 3 3 59 13
PPO6300 0/100 4.7 20.9 20 –a – – nm nm �48 �45 75 1.0 1.0 40 20

a PPO6300–TUT could not be dissolved.
b nm, not measurable.

Fig. 2. DSC results of the PEO2000/PPO2200–TUT copolymers: d, PEO2000;
N, PEO2000/PPO2200 (75/25); , PEO2000/PPO2200 (50/50); �, PEO2000/
PPO2200 (25/75); j, PPO2200.
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molecular weight copolymers (Table 1). The PPO6300–TUT
copolymer swelled but could not be dissolved in the 1:1
(molar ratio) mixture of phenol/1,1,2,2-tetrachloroethane
used for the viscosity measurements, which was indicative
of the formation of a high molecular weight product.

The polyether phase contained varying amounts of
poly(ethylene oxide). The composition of the matrix phase
is important for the water absorption, surface properties
and the gas transport properties. Thus, in addition to the
polyether concentration in the copolymer also the PEO
concentration in the ether phase is of considerable
relevance and values for these parameters are given in
Table 1. PEO has a regular structure and crystallizes easily
which led to the copolymers displaying, next to a glass
transition temperature also a melting temperature of the
PEO segments [12]. On the other hand, PPO is amorphous
due to its methyl side groups and the copolymers contain-
ing PPO thereby had a low Tg [24]. It was also investigated
to which extent the PEO crystallinity and the copolymer
hydrophilicity could be changed by varying the copolymer
composition.

3.2. DSC

The melting behavior of the copolymers was investi-
gated with DSC and the data obtained from the second
heating scan were used to exclude the influence of the
thermal history of the polymer (Table 1). The melting tem-
perature of the PEO segments increased considerably with
an increasing PEO segment length and decreased some-
what with an increasing PPO concentration (Table 1). Also
the heat of fusion per weight of PEO increased with the
PEO segment length and decreased with the PPO concen-
tration. The copolymers comprised solely of PPO displayed
no PPO melting transition. The change in PEO melting tem-
perature and heat of fusion with the PEO segment length in
the copolymers could be explained as a result of the chang-
ing crosslink density [12].

Some typical DSC thermograms of the PEO/PPO series
are presented in Fig. 2.

In the presence of PPO, the PEO heat of fusion decreased
to a larger extent than expected and this might have been
due to a hindrance of the PPO segments. Although, the
presence of PPO lowered the Tg and thus increased the
crystallization window. A possible explanation was that
the PEO segments, at low concentrations, were not ran-
domly distributed in the phase containing the mixture of
PPO/PEO but rather present as dispersed particles. It is
known that the crystallization from a finely dispersed
phase is much more difficult since not all dispersed parti-
cles can be nucleated.

The TUT melting temperatures were often hard to ob-
serve and the heat of fusion values difficult to determine
(Fig. 2). This has been seen before and can be ascribed to
the low TUT concentrations [29,31,32]. The Tm of the
TUT segment is known to decrease with an increasing
polyether concentration and can be explained by a solvent
effect of the polyether segments [29]. At a constant polyether
concentration, the Tm of the TUT in the copolymers also de-
creased with increasing PEO concentration (Table 1) which
suggests that the interaction of TUT was stronger with
PEO as opposed to with PPO and much stronger than with
PTMO [29,31,32]. The interaction of TUT with polyether
thus increases in the order PTMO < PPO < PEO.

With an increasing PEO concentration, also the DHm val-
ues of TUT were lowered. Moreover, a significant reduction



Fig. 3. FTIR spectra of the PEO2000/PPO2200–TUT copolymers: d, PEO2000;
N, PEO2000/PPO2200 (75/25); , PEO2000/PPO2200 (50/50); �, PEO2000/
PPO2200 (25/75); j, PPO2200.
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of the DHm values could be observed for the PEO–T6T6T
copolymers without a lowering of the T6T6T crystallinity.
This was explained as the result of a special interaction of
PEO and amide segments in the melt [12].

3.3. FTIR

A specific method for studying the crystallinity of amide
segments in copolymers is by Fourier transform infrared
(FTIR) spectroscopy [12,31,32]. The wave number of the
amide carbonyl absorbance band is sensitive to the H-
bonding strength. For TUT, in the crystalline state, this oc-
curred at �1645 cm�1 and, in the amorphous state, at
1680–1690 cm�1 [31,32]. The wave number of the ester
carbonyl band was 1720 cm�1 and this ester band was
found not to be sensitive to the packing of the chains
[12,31,32]. The FTIR spectra of some of the copolymers
are given in Fig. 3.

In the PEO–TUT and PPO–TUT copolymers, the aramide
crystalline carbonyl band was seen at 1647 cm�1, the
amorphous aramide at 1670–1680 cm�1 and the ester car-
Fig. 4. AFM micrographs of (a) PEO1500–TUT and (
bonyl band at 1720 cm�1. In the PEO2000–TUT system, the
amorphous aramide band was visible at a lower wave
number (1673 cm�1) than for PPO2200–TUT (1678 cm�1)
and PTMO–TUT (1684 cm�1) [31,32]. A lower wave num-
ber of the amorphous carbonyl band suggests a stronger
H-bonding in the amorphous phase, which might be due
to either a clustering of the amide groups in the amor-
phous phase or an interaction with the polyether phase.
However, if in fact an interaction took place between the
polyether and the amide carbonyl band, then there should
also occur an interaction with the ester carbonyl band. The
peak position of the ester carbonyl band at 1720 cm�1 did
not change with the type of polyether.

It is also clear from Fig. 3 that the crystalline carbonyl
peak (1645 cm�1) was stronger for PPO–TUT than for
PEO–TUT, suggesting that the TUT crystallinities de-
creased with an increasing PEO concentration. From the
intensities of the crystalline and the amorphous peaks,
the TUT crystallinity in the copolymers could be calculated
according to Eq. (1) (Table 1). The TUT crystallinities for
the PPO–TUT copolymers were high and little dependent
on the type and length of the polyether.

3.4. AFM analysis

The morphology of the TUT crystallites in PEO1500–TUT
and the PPO2200–TUT was studied by AFM on cast film and
without a heat treatment. The structure of the crystallites
in cast films and bulk samples is often the same [37]. The
micrographs of the PEO1500–TUT and the PPO2200–TUT
copolymers are given in Fig. 4. The diamide segments in
both materials were found to be represented by crystalline
ribbons with high aspect ratios, as can be visualized in the
figure.

A similar nano-ribbon structure of the TUT crystallites
has previously been observed for PTMO–TUT [31,32,37].
Also with TEM such nano structures have been observed
[33]. The extended length of the TUT segment was approx-
imately 2 nm. The long axis of the crystalline TUT seg-
ments were oriented perpendicular to the ribbons’ length
axis. The micrograph of PEO1500–TUT seems less full which
was possibly due to the lower TUT crystallinity. The length
b) PPO2200–TUT. The image size is 1 � 1 lm.



Fig. 5. The shear modulus as a function of temperature for (a) PEO, (b)
PEO/PPO and (c) PPO: s, PEO1000; D, PEO1500; d, PEO2000; N, PEO2000/
PPO2200 (75/25); , PEO2000/PPO2200 (50/50); �, PEO2000/PPO2200 (25/75);
j, PPO2200; e, PPO4200; h, PPO6300.
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of the crystalline ribbons from merely the surface struc-
tures is difficult to determine as the crystallites bend out
of the surface. It is often observed that when the crystalline
concentration is lower the visible length of the crystallites
is longer [37]. It was thus not possible to draw any conclu-
sions regarding the total length of the crystalline ribbons
from the obtained micrographs.

3.5. DMTA

The thermal mechanical properties were analyzed by
DMTA, and Fig. 5 displays the storage modulus (G0) as a
function of temperature for the nine copolymers, pre-
sented in three figures for the sake of clarity. The corre-
sponding data are summarized in Table 1.

As can be observed in the DMTA graphs, three transi-
tions were present: a glass transition of the polyether
phase, a melting transition of the PEO crystallites and a
melting transition of TUT.

3.5.1. PEOx–TUT
As can be seen in Fig. 5a, the PEOx–TUT copolymers had

a Tg of approximately �40 �C. At temperatures just above
the Tg, the storage modulus of the PEO1500 and PEO2000

copolymers demonstrated a shoulder before the start of
the rubbery plateau, which was due to the melting of the
PEO crystallites. The shoulder height increased with the
PEO segment length, suggesting an increased PEO crystal-
linity. The start of the rubbery plateau (Tflex) corresponded
to the PEO melting temperatures as measured by DSC and
was found to increase with an increasing PEO length (Table
1). The values of Tflex for PEO1500 and PEO2000, were respec-
tively, 25 and 35 �C, and at 20 �C these copolymers still had
a PEO crystalline phase. As opposed to at 50 �C, their mod-
ulus at 20 �C was significantly higher as a result of the PEO
crystalline phase (Table 1). The shorter PEO1000 did not dis-
play a shoulder in the DMTA graph, suggesting that
PEO1000 segments had no or a very low crystallinity.

The shear modulus at the rubbery plateau was nearly
constant with temperature. This behavior is typical for
copolymers with monodisperse HS and is due to the fact
that all the TUT segments melt at the same temperature
[12,24,27,28]. The rubber modulus was found to increase
with the TUT concentration (Table 1). The hard segments
in the copolymers were phase separated by crystallization,
and the functions of the nano-ribbon crystallites was two-
fold; they acted as physical crosslinks as well as reinforcing
fillers [29,30]. The observed increase in modulus in the
segmented block copolymers could be described by a fi-
ber-reinforced composite model [24,28]. The modulus at
the rubbery plateau (50 �C) increased considerably with
the TUT crystalline concentration as can be seen in Fig. 6.

The concentration of crystalline TUT was calculated
from the TUT concentration and the TUT crystallinity.
Upon melting of the TUT crystallites, the polymer started
to flow and the flow transition temperatures (Tflow) de-
creased significantly with an increasing PEO segment
length. This behavior is depicted in Fig. 7.

Pure TUT units display a melting temperature of
approximately 345 �C [38]. The HS melting temperature
is known to decrease with increasing polyether concentra-
tion and increasing polyether–polyamide interaction, and
this decrease has been explained as a result of the solvent
effect of the polyether segments [12,24,27–29].

3.5.2. PPO–TUT
Poly(propylene oxide) segments are known not to crys-

tallize and this was also the case for the EO–PPO–EO seg-
ments [24]. The PPO–TUT copolymers displayed two
transitions: a Tg for the PPO phase and a Tm for the TUT



Fig. 6. The shear modulus as a function of the content of crystalline TUT:
�, PEO; N, PPO; h, PEO/PPO.
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crystallites (Fig. 5c). The Tg for the PPO phase was low (�48
to �59 �C) and the transitions sharp. As no crystalline poly-
ether phase was present, the start of the rubbery plateau
(Tflex) occurred at a very low-temperature (�45 to
�48 �C), and these low values of Tflex, pointed at an excel-
lent low-temperature flexibility of the PPO–TUT copoly-
mers. The PPO6300–TUT material seemed to display a
slightly higher Tg - a fact that remains unexplained. The
shear modulus at the rubber plateau increased somewhat
with increasing temperatures - a behavior typical of ideal
elastomers and that has been observed earlier for seg-
mented copolymers with monodisperse HS [12,24,27–
29]. The shear modulus of the rubber plateau increased
with increasing TUT crystalline concentration (Fig. 6),
and this increase was similar to that of the PEO–TUT
copolymers. The TUT melting temperatures of the copoly-
mers decreased with increasing PPO concentration (Fig. 7).
It should, however, be mentioned that this decrease was
not as significant as that for PEO, but stronger than for
PTMO [29]. The effect of the type of polyether on the HS
melting temperature has been explained to be the result
of the changing interaction of the polyether and the amide
segments [12]. Consequently, the interaction of the poly-
ether with TUT increased in the order of PTMO < PPO <
PEO, thus confirming the trend described in the DSC
section.
Fig. 7. The melting temperature of the TUT segments in the copolymers
as a function of the polyether segment concentration: d, TUT(neat) [38];
�, PEO; N, PPO; h, PEO/PPO; x, PTMO [31].
3.5.3. PEO/PPO–TUT
In this series, the PEO/PPO segment ratio was varied

while the TUT concentration was kept constant. It can be
seen in the DMTA graphs that the Tg decreased gradually
with an increasing PPO concentration from �41 to
�60 �C (Fig. 5b). The PEO2000 had a crystalline ether phase
while PPO2200 was amorphous. With an increasing PPO
concentration, the shoulder of the PEO crystalline phase
decreased in size and the copolymers with PEO/PPO ratios
of 50/50 and 25/75 now demonstrated a shoulder that rep-
resented a separate and small transition.

Just as in the case of the TUT crystallites, a linear
decrease in the log modulus with the PEO crystallinity
(PEO concentration) was expected. The modulus at the
shoulder (�25 �C) decreased with decreasing PEO2000 con-
centration, however, for the materials with ratios 50/50
and 25/75, the moduli were lower than expected (Fig. 8).

The above-mentioned results indicate that the PEO crys-
tallinity decreased faster than what could be anticipated
based on the composition. In accordance to what was de-
scribed in the DSC section, it seemed that in the materials
with ratios 50/50 and 25/75, the PEO segments displayed
difficulties in crystallizing. Possibly, the PEO segments were
dispersed in the PPO matrix. Moreover, the copolymers with
PEO/PPO mixtures with ratios 50/50 and 25/75 maintained
their low moduli down to low-temperatures. It could thus
be concluded that even these PEO/PPO mixtures demon-
strated decent low-temperature properties.

For PEO/PPO, the rubber modulus at 50 �C was slightly
increased with an increasing PPO concentration (Table 1),
however, if corrected for the TUT crystallinity, as deter-
mined by FTIR, the PEO/PPO–TUT copolymers were found
to follow the general trend reasonably well (Fig. 6). The
TUT melting temperatures (Tflow) varied with the PEO con-
centration as expected (Fig. 7).

3.6. Water absorption

PEO segments are hydrophilic while PPO segments are
more hydrophobic. By using mixtures of PEO and PPO,
the hydrophilicity of the copolymers can be tuned. The
water absorption of PEO copolymers was very high (64–
125 wt.%) and increased significantly with an increasing
PEO segment length (and thus also with an increasing
Fig. 8. The shear modulus at �25 �C as a function of the PEO concentra-
tion in the ether phase for the PEO/PPO mixtures.
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PEO concentration and a decreasing TUT concentration)
(Table 1). The water absorption values based on the PEO
segment length were higher than for the similar PEO–
T6T6T copolymers [13], and this was believed to be due
to the somewhat lower crystallinities of the TUT segments
as compared to those of T6T6T. For the copolymers with
mixtures of PEO and PPO at an approximately constant
TUT concentration, the WA values increased linearly with
the PEO concentration in the copolymer. This behavior is
displayed in Fig. 9.

No synergistic effects were observed and it was thus
concluded that the PPO did not interfere with the water
absorption of the PEO segments. When varying the PEO
concentration, the hydrophilicity of the segmented block
copolymers could be modified.

4. Conclusions

Polyether–TUT copolymers with varying amounts and
segment lengths of PEO were studied. The PEO crystallinity
and melting temperature were found to increase with the
PEO segment length. When using mixtures of PEO/PPO,
the polyether glass transition temperatures was observed
to decrease with an increasing PPO concentration at the
same time as which the PEO crystallinity was considerably
reduced. The very low PEO crystallinities at low PEO
segment concentrations suggest that the PEO segments
might have been dispersed in the PPO phase. What conse-
quence this might have on the surface and transport
properties is as of yet unclear.

The TUT segments crystallized into nano ribbons and
the TUT melting temperatures were found to decrease
with the ether concentration. This decrease was a function
of the polyether concentration as well as of the TUT–poly-
ether interaction. The latter seemed to increase according
to PTMO > PPO > PEO. The moduli in the rubber plateau in-
creased with the crystalline TUT concentration, as ex-
pected. Moreover, the water absorption values increased
with the polyether segment length, the PEO concentration
and the decreasing TUT concentration. When the polyether
segment length and the TUT concentrations were kept
constant, the water absorption was found to increase line-
arly with the PEO concentration. The hydrophilicity of the
Fig. 9. The water absorption as a function of the PEO concentration in the
ether phase for the PEO/PPO mixtures.
polyether–TUT copolymers could thus be readily varied by
using mixtures of PEO and PEO–PPO–PEO segments. The
hydrophilicity of the copolymers with mixtures of
PEO2000/PPO2200–TUT (50/50 and 25/75) compared well
with that of PEO1000–TUT, and also displayed superior
low-temperature properties.
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