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ABSTRACT: The present article discusses the synthesis
and various properties of segmented block copolymers
with random copolymer segments of poly(ethylene oxide)
and poly(propylene oxide) (PEO-r-PPO) together with
monodisperse amide segments. The PEO-r-PPO contained
25 wt % PPO units and the segment presented a molecular
weight of 2500 g/mol. The synthesized copolymers were
analyzed by differential scanning calorimetry, Fourier
transform infra-red spectroscopy, atomic force microscopy
and dynamic mechanical thermal analysis. In addition, the
hydrophilicity and the contact angles (CAs) were studied.
The PEO-r-PPO segments displayed a single low glass
transition temperature, as well as a low PEO crystallinity
and melting temperature, which gave enhanced low-tem-

perature properties of the copolymer. The water absorp-
tion values remained high. In comparison to mixtures of
PEO/PPO segments, the random dispersion of PPO units
in the PEO segments was more effective in reducing the
PEO crystallinity and melting temperature, without affect-
ing the hydrophilicity. Increasing the polyether segment
length with terephthalic groups from 2500 to 10,000 g/mol
increased the hydrophilicity and the room temperature
elasticity. Furthermore, the CAs were found to be low 22–
39� and changed with the crosslink density. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 117: 1394–1404, 2010
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INTRODUCTION

Thermoplastic elastomers based on segmented block
copolymers display a two-phase morphology, with a
continuous soft segment (SS) phase of low glass
transition (Tg) and a melting transition of the hard
segment (HS) phase at a high temperature.1,2 The
hard phase crystallites are the physical crosslinks of
the low Tg soft phase segments and also acts as a fil-
ler for the soft phase.1–4 In some cases, the SSs can
also crystallize like with poly(ethylene oxide) (PEO)
and then a three phase structure is obtained.5 The
PEO is sometimes also called or also called poly(eth-
ylene glycol).

Copolymers with PEO segments are hydrophilic
materials and such copolymers find applications in
numerous fields, and for several of these applica-
tions, the low-temperature properties are crucial.
There exist several reports on PEO-based seg-

mented block copolymers with rigid segments con-
stituted of either urethanes,6–11 esters,12–15 or
amides.5,16–18 PEO segments demonstrate a low glass
transition temperature (�40�C) and can easily
undergo crystallization. PEO-containing segmented
block copolymers present low contact angles(CAs)
with water,5,15–19 a high water vapor transport20 and
an elevated selective CO2 transport.14,16,17,21 How-
ever, the crystalline PEO phase if present reduces
the low-temperature flexibility of the material.5

To improve these low-temperature properties,
mixtures of PEO/PTMO or PEO/PPO segments
have been studied.6,7,18,22–25 A mixture of PEO/
PTMO segments has been found to demonstrate the
lowest PEO crystallinity at a 50/50M composition.25

With a mixture of PEO/PPO segments, the crystal-
linity has been seen to decrease with the PPO con-
tent, and the lowest values were obtained at
50 mol % PEO or less.18 PPO was thus more effec-
tive in reducing the PEO crystallinity than PTMO,
and this was ascribed to the methyl side groups of
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propylene oxide hindering the crystallization. Rele-
vant to this paper is a copolymer consisting of a
mixture of PEO/PPO segments (81/19) presented a
Tg at �45�C, a PEO Tm at 32�C and a heat of fusion
of 64 J/gPEO.

3,18

To improve the effectiveness of the PPO segments
with regard to disturbing the PEO crystallization,
random prepolymers (PEO-r-PPO) of PEO and PPO
units with only 25 wt % PPO units can be used
instead of mixtures of segments. This article presents
a study in line with this idea, with the addition of
incorporating HSs consisting of monodisperse tetra-
amide segments (T6T6T) based on terephthalic (T)
and hexamethylene diamine6 groups. These T6T6T
segments have been found to crystallize fast and to
high degrees, resulting in small quantities being dis-
solved in the polyether phase.3,5 The T6T6T seg-
ments also present a high-melting transition that
gives the copolymers a large useful temperature
range. Hydrophilic PEO-T6T6T copolymers have
been well studied.5,19–26 With monodisperse HSs
that crystallizes to a large extend, the structure of
the copolymer is well defined.

It is also know that the chain mobility can be
increased by increasing the ether segment length. By
using terephthalic extender units, the segment length
can be increased without demixing taking place.26–29

Also, the presence of terephthalic extender units in
the chain leads to a suppression of the PEO
crystallinity.

This article describes the synthesis and a selection
of properties of segmented block copolymers based
on PEO-r-PPO2500 segments. The obtained results
were compared to those from previous studies on
PEO2000-T6T6T

5 and PPO2300-T6T6T.
3 Figure 1 dis-

plays the chemical structures of the segments used
in the block copolymers.

The PEO-r-PPO2500 segments had a molecular
weight of 2500 g/mol and a PPO concentration in
the prepolymer of 25 wt %. The SS molecular weight
was increased by extending the polyether segment
with terephthalic groups ((PEO-r-PPO2500-T)x-PEO-r-
PPO2500). The effect of such an extension on the tran-

sitions and thermal mechanical behavior was
investigated.

EXPERIMENTAL

Materials

N-methyl-2-pyrrolidone (NMP), phenol, 1,1,2,2-tetra-
chloroethane, hexafluoro isopropanol (HFIP), PEO-r-
PPO1000, and PEO-r-PPO2500 (i.e., with an Mn of
1000 and 2500 g/mol, respectively) were obtained
from Aldrich. Also, the tetra-isopropyl orthotitanate
(Ti(i-OC3H7)4) catalyst was purchased from Aldrich
and diluted in m-xylene (0.05M) from Fluka. The
antioxidant Irganox 1330 was obtained from CIBA.
The synthesis of diphenyl terephthalate and tetra-
amide T6T6T-diphenyl has been described else-
where,3 as has the synthesis of PEO2000-T6T6T.

5 The
investigation also involved the synthesis of PPO2300-
T6T6T, with polypropylene oxide segments that
were endcapped with 20 wt % ethylene oxide.3

Synthesis of the segmented block copolymers

Monodisperse polyamide block copolymers were
synthesized by a polycondensation reaction using
polyether segments (PEO-r-PPO2500) and T6T6T-di-
phenyl tetra-amide units. The synthesis of PEO-r-
PPO2500-T6T6T is here given as an example. The
reaction was carried out in a 250-mL stainless steel
vessel equipped with a nitrogen inlet and mechani-
cal stirrer. The vessel containing T6T6T-phenyl (6.48
g, 8 mmol), PEO-r-PPO2500 (20 g, 8 mmol), Irganox
1330 (0.20 g), and 50 mL NMP was heated in an oil
bath to 180�C after which the catalyst solution was
added (2.5 mL of 0.05M 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 a time frame of one
and a half hour. The reaction mixture 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,

Figure 1 The chemical structures of the PEO-r-PPO and (PEO-r-PPO-T)y and the T6T6T segments used in the block
copolymers.
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and the reaction mass was then cooled slowly while
maintaining the low pressure. The resultant copoly-
mer was transparent with a yellowish hue. Before
analysis, the polymer was dried overnight in a vac-
uum oven at 80�C

The (PEO-r-PPO-T)y-T6T6T copolymers were syn-
thesized in a similar way with the exception of part
of the T6T6T-diphenyl being replaced by diphenyl
terephthalate.

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 capil-
lary Ubbelohde type 0B viscometer. The polymer solu-
tion had a concentration of 0.1 g/dL in a 1 : 1 (molar
ratio) mixture of phenol/1,1,2,2-tetrachloroethane.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) was used to
determine the melting and crystallization tempera-
tures and enthalpies of the polyether block copoly-
mers. Thermograms were recorded on a Perkin–
Elmer 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. The dried samples (8–12 mg) were heated from
�90 to 200�C (to above the melting temperature)
and subsequently cooled to be reheated 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).

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was
used to determine the crystallinity of the amide seg-
ment. Infrared spectra were obtained with a Biorad
FTS-60 spectrometer with a resolution of 4 cm�1.
The measurements were carried out at room temper-
ature on samples prepared by adding a droplet of
the block copolymers in HFIP solution (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 crystallin-
ity (Xc) of the rigid segments in the polymers could
be estimated by using eq (1).

Xc FT-IR ¼ Crystalline amide peak

Amorphousþ Crystalline amide peak

¼ k25oc ð1627 cm�1Þ
a� k25ocð1660 cm�1Þ þ k25ocð1627 cm�1Þ

(1)

The heights of the amorphous and crystalline am-
ide peaks were related by the factor ‘‘a’’ with a value
of 2.4.29

Atomic force microscopy

Atomic force microscopy (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 tap-
ping 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 value of 0.7. Scan sizes were 1–3 lm2

to obtain the best possible contrast. The samples
were prepared by solution casting. A 10 wt % solu-
tion of the copolymer in hexafluoroisopropanol
(HFIP) was casted on silicon wafer with film thick-
ness of � 20 lm and 100 lm thick.

Dynamic mechanical thermal analysis

The torsion behavior (storage modulus G0 and loss
modulus G00 as functions of temperature) was meas-
ured using a Myrenne ATM3 torsion pendulum at a
frequency of 1 Hz and 0.1% strain. Before use, injec-
tion molded polymer samples (70 � 9 � 2 mm3) were
dried in a vacuum oven at 50�C overnight. Following
this, samples were cooled to �100�C and subse-
quently heated at a rate of 1�C/min. The glass transi-
tion temperature (Tg) was defined as the temperature
location of the maximum of the loss modulus, and the
flow temperature (Tflow) was determined as the tem-
perature where the storage modulus reached 0.5 MPa.
The temperature at which the rubber plateau started
was denoted the flex temperature (Tflex) and the stor-
age modulus at 20�C was labeled G0

20�C.

Water absorption

The equilibrium water absorption (WA) was meas-
ured on pieces of injection-molded polymer bars.
The samples were placed in a desiccator with de-
mineralized water at the bottom for four weeks at
room temperature. The WA was defined as the
weight gain of the polymer according to eq. (2):

water absorption ¼ m�m0

m0
� 100% ðwt %Þ (2)

where m0 is the weight of the dry sample and m is
the weight of the sample after conditioning to
equilibrium.
The water concentration in the swelled copolymer

(/) was calculated according to eq. (3):

/ ¼ m�m0

m
� 100% ðwt %Þ (3)

Contact angles

Static captive (air) bubble (CB) contact angle meas-
urements were performed by introducing a 10-lL air
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bubble from a microsyringe below the surface of a
polymer film, which, in turn, was placed in an opti-
cal cuvette filled with demineralized water. The
experiments were carried out at 22�C and a video-
based Optical Contact Angle Meter OCA15 plus
(DataPhysics Instruments) was used. Immediately
after the air bubble was placed on the surface, CAs
were calculated with a SCA202 software in manual
evaluation mode. The results were averages of at
least 20 measurements and the standard deviation in
the CA was � 4o.

RESULTS AND DISCUSSION

A series of hydrophilic copolymers based on PEO-r-
PPO SSs and T6T6T HSs was studied. The T6T6T-di-
phenyl units, monodisperse in length, were prepared
before the polymer synthesis and had a melting tem-
perature of 316�C and the heat of fusion 129 J/g.3

Copolymers of PEO-r-PPO2500 were compared with
either PEO2000

5 or PPO2300 segments.3 The poly(pro-
pylene oxide) had EO end groups (20 wt %) (EO-b-
PPO-b-EO)2300 and was denoted PPO2300.

In the second copolymer series, the molecular
weight of the PEO-r-PPO SSs was increased from
1000 to 10,000 g/mol. The materials with molecular
weights of 1000 and 2500 g/mol consisted of PEO-r-
PPO segments, and the 3750–10,000 g/mol materials
were -PEO-r-PPO2500- segments extended with ter-
ephthalic groups (T) to -(PEO-r-PPO2500-T)x-PEO-r-
PPO2500-. These extended segments were denoted
(PEO-r-PPO2500-T)y and the subscript y stands for
the molecular weight of that segment. The influence
of the PEO-r-PPO SS length on the PEO crystallinity,
the low temperature properties, the hydrophilicity,
and the CAs was explored.

MATERIALS

The copolymers were synthesized with a high tem-
perature melt polymerization starting from dihy-
droxy polyether segments and T6T6T-diphenyl ester.
As T6T6T is a short unit (624 g/mol), its concentra-
tion in the copolymers was low—ranging from 40
down to 6 wt %. Even at such low T6T6T concentra-
tions, the materials were solid at room temperature.
The composition of the matrix phase was important
for the WA, the surface characteristics, and the gas
transport properties. Thus, in addition to the poly-
ether concentration in the copolymer, also the PEO
concentration in the ether phase was of considerable
relevance.

Copolymers with PEO-r-PPO2500 segments

PEO has a regular structure and crystallizes easily.
As a result, the copolymers displayed both a glass

transition temperature and a melting temperature of
the PEO segments.5 On the other hand, PPO is
amorphous because of its methyl side groups and
the copolymers containing PPO thereby presented a
low Tg and lacked a PPO melting temperature.3 The
PEO-r-PPO2500 segments consisted of PEO and PPO
units that were randomly distributed in the chain.
The polyether segments in the PEO2000, PPO2300 and
PEO-r-PPO2500 had all similar molecular weights
(2000–2500 g/mol) and thus also similar T6T6T con-
centrations (20–24 wt %). The properties of these
copolymers are summarized in Table I. The inherent
viscosity of the PEO-r-PPO2500-T6T6T copolymer
was 1.03 dL/g, which indicated the successful for-
mation of a high-molecular weight material.

Differential scanning calorimetry

The melting behavior of the copolymers was investi-
gated with DSC and the data obtained from the sec-
ond heating scan was used in order for the thermal
history of the polymer not to have an influence (Ta-
ble I). The SS melting temperature with PEO2000 seg-
ments was 21�C and that of the polymers with PEO-
r-PPO segments was �13�C. The copolymers with
PPO did not display a polyether melting transition.
The heat of fusion per weight of PEO was high for
PEO2000 and much lower for PEO-r-PPO2500. Copoly-
merization of PEO with PPO units decreased the
PEO melting temperature and crystallinity; however,
the PEO-r-PPO2500 segments were not fully amor-
phous. Nevertheless, the values of the PEO melting
temperature and the heat of fusion of the copoly-
mers with PEO-r-PPO were much lower than the
corresponding values of a PEO/PPO mixture with
81 wt % PEO.18

The T6T6T melting temperature in the copolymers
were all high and the highest value was found for
PPO2300-T6T6T. The T6T6T melting temperature in
the copolymer is dependant on the solvent effect of
the polyether segments,5 which suggests that the
PEO segments presented a stronger interaction with
T6T6T as opposed to their PPO counterparts. The
heat of fusion values of T6T6T segments were all
moderately high.

Fourier transform infrared spectroscopy

A specific method for studying the crystallinity of
amide segments in copolymers is FTIR spectros-
copy.5,29,30 The wave number of the amide carbonyl
absorbance band is sensitive to the H-bonding
strength, and for T6T6T, in the crystalline state, this
occurred at 1627 cm�1, whereas the corresponding
wavelength in the amorphous state is � 1665 cm�1.
The wave number of the ester carbonyl band was
1720 cm�1, and this ester band was found not to be
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sensitive to the packing of the chains.5,29,30 The FTIR
spectra of the copolymers are given in Figure 2.
The T6T6T copolymers all presented a very strong

crystalline carbonyl band at 1627 cm�1 and only a
very small amorphous carbonyl band at 1660 cm�1.
The amide carbonyl bands indicated that almost all
the T6T6T was in the crystalline state. From the inten-
sities of the crystalline and the amorphous amide
peaks, the T6T6T crystallinity in the copolymers could
be calculated according to eq (1) (Table I). The T6T6T
crystallinities for the copolymers were all high and lit-
tle dependent on the type of the polyether.

Dynamic mechanical thermal analysis

The thermal mechanical properties were analyzed
by dynamic mechanical thermal analysis (DMTA),
and Figure 3 displays the storage modulus (G0) as a
function of temperature. The corresponding data are
summarized in Table I.
As can be observed in the DMTA graphs, three

transitions were present: a glass transition of the
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Figure 2 FTIR spectra of polyether-T6T6T in the 1800–
1600 cm�1 range: *, PEO; ~, PPO; h, PEO-r-PPO.

Figure 3 The shear modulus of polyether-T6T6T as a
function of temperature for: *, PEO2000; ~, PPO2300; h,
PEO-r-PPO2500.
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polyether phase, a melting transition of the PEO
crystallites, and a melting transition of the T6T6T
crystallites. The PEO2000-T6T6T copolymer displayed
a Tg of � �48�C and a shoulder before the start of
the rubbery plateau. This shoulder was due to the
melting of the PEO crystallites, and its height was
related to the PEO crystallinity.18 The start of the
rubbery plateau (Tflex) (20�C) corresponded to the
PEO melting temperature (21�C) as measured by
DSC (Table I). This PEO melting temperature was
relatively high and hampered the low-temperature
elastic behavior. The shear modulus at the rubbery
plateau was nearly constant with temperature—a
behavior that is typical for copolymers with mono-
disperse HS—and was due to the fact that all the
T6T6T segments melted at a single temperature.3,5,29

Poly(propylene oxide) segments are known not to
crystallize and this was also the case for the EO-
PPO-EO segments.3,18 The PPO2300-T6T6T copoly-
mers displayed two transitions: a Tg for the PPO
phase and a Tm for the T6T6T crystallites (Fig. 3).

The Tg for the PPO phase was low (�61�C) and
the transitions sharp. As there was no crystalline
polyether phase present, the start of the rubbery pla-
teau (Tflex) occurred at a very low temperature
(�50�C), and this low value of Tflex, indicates an
excellent low temperature flexibility of the PPO2300-
T6T6T copolymers.3 The modulus of this copolymer
in the rubber region was slightly lower that that for
PEO, which was explained by the slightly lower
T6T6T concentration. The flow transition corre-
sponded to the melting temperature of the T6T6T
segments as measured by DSC and was for PPO2300-
T6T6T found to be 20�C higher than for PEO2000-
T6T6T. The higher Tm with PPO as compared to
PEO was due to the lower interaction of the PPO
with amide segments.18

The PEO-r-PPO2500-T6T6T copolymer had a Tg of
�63�C that was slightly lower than for the copoly-
mer with PPO segments. The presence of merely 25
wt % of PPO in PEO-r-PPO had a strong effect on
the Tg. The copolymer with PEO-r-PPO2500 segments
displayed a small shoulder of the PEO crystalline
phase at temperatures above their Tg. This shoulder
was smaller than for the copolymer with PEO2000,
and the value of Tflex (PEO melting temperature)
was also lower. The crystalline order of the PEO in
PEO-r-PPO was reduced due to the presence of the
PPO units, but the segments were not fully amor-
phous. The PEO-r-PPO2500 copolymer had clearly
improved low temperature properties as compared
to PEO2000, and in comparison to the copolymer
with a PEO/PPO mixtures and 81 wt % PEO,18 the
values of PEO Tg and Tflex were much lower.

The shear modulus at room temperature is known
to be highly dependant on the HS concentration.29,30

The modulus of the polyether-T6T6T copolymers

decreased when going from PEO to PPO to PEO-r-
PPO. This was probably due to the lowering of the
T6T6T concentration (Table I).
The modulus in the rubber plateau increased

somewhat with increasing temperatures; a behavior
typical of ideal elastomers that has been observed
earlier for segmented copolymers with monodis-
perse HS.3,5,29,31 The flow temperatures corre-
sponded to the melting temperature of the T6T6T
segments

Water absorption

The WA values for the copolymers with PEO and
PEO-r-PPO segments were high (Table I). The WA
of PPO2200-T6T6T could not be measured as no sam-
ple was left; however for the similar PPO-diaramide,
the WA was found to be 14%.5 It was thus believed
that the corresponding value for PPO2300-T6T6T
should be similar or even lower. The PPO segments
(with 20 wt % EO end units) were much less hydro-
philic than the PEO-r-PPO material with 25 wt %
PPO units. The PPO groups in PEO-r-PPO thus
seemed to have a small effect on the WA. The WA
values were similar to those of the copolymer with a
mixture of PEO/PPO and 81 wt % PEO.5

Influence PEO-r-PPO segment length

Generally, segmented copolymers with low concen-
trations of HSs demonstrate extremely low moduli,
decent low-temperature properties, and excellent
elastic behaviors. A low HS concentration can be
obtained by using short HSs and/or long SSs. How-
ever, segmented block copolymers with long SSs
(>3000 g/mol) often experience the problem of liq-
uid–liquid demixing —a morphology that is most of-
ten unwanted. Liquid–liquid demixing is particu-
larly strong for polyurethanes and poly(ether-amide)
segmented block copolymers,32 Nevertheless, it is
possible to avoid it in the latter by using short
monodisperse polyamide segments.3,5,17,18,31

Studies were performed on the synthesis of the
PEO-r-PPO12000-T6T6T copolymer. By using very
long PEO-r-PPO12000 segments, the melt was opaque
during the synthesis and the copolymer had a low
molecular weight. However, if PEO-r-PPO2500 was
extended with terephthalate groups, even to a seg-
ment length of 10,000 g/mol, the melts stayed trans-
parent and copolymers with elevated molecular
weight were obtained (Table II). A similar behavior
has been observed previously.26–29 Moreover, the
effect of the PEO-r-PPO segment length on the prop-
erties of the PEO-r-PPO-T6T6T copolymers was
explored. All the studied copolymers were transpar-
ent in the melt and in the solid state. The
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copolymers displayed high values of inherent viscos-
ity suggesting high molecular weights.

Differential scanning calorimetry

DSC analyses of the PEO-r-PPO-T6T6T copolymers
revealed three transitions: a Tg of the polyether
phase, a Tm of the PEO units, and a Tm of the T6T6T
segments (Fig. 4).
The Tg of the copolymers did not change when

the SS length was increased from 2500 to 10,000 g/
mol (Table II). In fact, two effects could be observed
for this series: a reduced crosslink density and an
increased terephthalate concentration, and these two
opposing effects seemed to cancel each other out.
The PEO-r-PPO1000 material had a Tg that was 10�C
higher than the PEO-r-PPO2500 because of the shorter
ether segment length.5

The PEO-r-PPO1000 had no PEO melting tempera-
ture, and the copolymers with 2500–10,000 g/mol SS
presented a PEO crystallization peak followed by a
melting peak upon heating. The PEO melting tem-
perature of copolymers was found to increase
slightly with the SS length. The heat of fusion values
also increased with the SS length, suggesting that
the PEO in the terephthalate-extended segments pos-
sessed a higher crystallinity as well as a crystalline
phase that melted at a slightly higher temperature.
However, for pure PEO segments with a high molec-
ular weight, the crystallinity and melting tempera-
ture were much higher.5

The T6T6T melting temperatures in these copoly-
mers decreased with an increasing SS length (Table
II). The Tm of the HS is known to become reduced
with an increasing polyether concentration, and this
was explained by a solvent effect of the polyether
segments.31 At very low T6T6T concentrations, the
heat of fusion of these segments was difficult to
determine, but the obtained results suggested a
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Figure 4 DSC results of the PEO-r-PPO-T6T6T copoly-
mers: ~, 1000; h, 2500; ^, 5000; n, 10,000.
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lower T6T6T crystallinity at low T6T6T
concentrations.

Fourier transform infrared spectroscopy

The crystallinity of the T6T6T segments was studied
with FTIR, and the crystalline amide peaks (1627
cm�1) were visible even at very low amide concen-
trations (Fig. 5).

By extending the PEO-r-PPO with terephthalate
groups, the intensity of the ester carbonyl peaks
increased as compared to the amide peaks. The posi-
tion of the crystalline amide band at 1627 cm�1 and
the amorphous amide band at 1665 cm�1 did not
shift upon altering the composition. The T6T6T crys-
tallinities were determined based on the peak inten-
sities of the crystalline and amorphous amide bands
in combination with eq (1), and the results are pre-
sented in Table II. The crystallinity of the T6T6T seg-
ments was found to be remarkably high in all sam-
ples (65-80%), and for the copolymers with very low
T6T6T concentrations, the crystallinities determined
by this method were more reliable than those
obtained with DSC.

Atomic force microscopy analysis

T6T6T crystallites are know to present a nano-ribbon
morphology,26,33 and this morphology can be visual-
ized best at very low concentrations of mono dis-
perse segments.29,34 The morphology of (PEO-r-
PPO2500-T)10000-T6T6T was studied by AFM on sol-
vent cast films with thicknesses of either 20 lm or
100 lm. Films with 20-lm thicknesses are normally
used for AFM analysis, and the surface structure in
the 20-lm film was found to correspond to that of
an amorphous matrix in which were dispersed
nano-ribbon crystallites [Fig. 6(A)].

The ribbons have three dimensions a thickness, a
width, and a length. These ribbons all appeared to

have similar widths (thicknesses) suggesting that
their widths and thicknesses were approximately the
same. The ribbons were long (more than 500 nm),
presented a high aspect ratio, and were dispersed
like spaghetti in a dish. However, they were not or-
dered into spherulites.
The AFM micrograph of a 100-lm-thick sample of

the same material had a completely different appear-
ance [Fig. 6(B)]. In this thick sample, numerous dots
that seemed to be rectangular were seen instead of
ribbons. It was illogical to think that the T6T6T had
not crystallized into ribbons, and thus the observed
dots were believed to be ribbons oriented perpendic-
ular to the surface. Figure 6B thus displays the cross
section of the ribbons. Although the amide concen-
tration was only 5.6 wt %, crystalline ribbons were
clearly present. However, why the ribbons in the
thicker sample were oriented differently as opposed
to in their thinner counterpart remains unknown.

Dynamic mechanical thermal analysis

The thermal mechanical properties of the materials
were analyzed by DMTA, and Figure 7 displays the
shear storage modulus (G0) as a function of the

Figure 5 FTIR spectra of the PEO-r-PPO-T6T6T copoly-
mers: ~, 1000; h, 2500; ~, 3750; ^, 5000; l,7500; n,
10,000.

Figure 6 AFM micrographs of (A) a thin (20 lm) and (B)
a thick (100 lm) (PEO-r-PPO2500-T)10,000-T6T6T sample.

Figure 7 The shear storage modulus G0 as a function of
the temperature for PEO-r-PPO-T6T6T copolymers: ~,
1000; h, 2500; ~, 3750; ^, 5000; l,7500; n, 10,000.
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temperature. The corresponding data are summar-
ized in Table II.

As can be observed in the DMTA graphs, three
transitions were present: a glass transition of the pol-
yether phase, a melting transition of the PEO crystal-
lites, and a melting transition of the T6T6Tsegments.
The glass transition occurred at a low temperature
(�60�C) and remained unchanged as the segment
length was increased from 2500 to 10,000 g/mol.

In the slope of the Tg, a shoulder that was due to
the PEO melting can be seen. This shoulder was,
however, absent for the PEO-r-PPO1000 copolymer,
as a result of this short ether segment being amor-
phous, as demonstrated by the DSC results. Because
of the absence of a crystalline ether phase, the rub-
ber plateau for this copolymers started at a low tem-
perature (�35�C). For the other copolymers, the rub-
ber plateau started in the range of �15�C to �5�C
(Tflex). The Tflex shifted to slightly higher tempera-
tures with an increasing (PEO-r-PPO2500-T)y length
in a similar way to the change in PEO melting tem-
perature as observed by DSC (Table II). Up to a tem-
perature of �20�C in the DMTA graph, the moduli
of the copolymers seemed to present identical values
despite the decreasing modulus at room tempera-
ture. The low temperature properties of the (PEO-r-
PPO2500-T)y-T6T6T copolymers did not improve with
increasing the (PEO-r-PPO2500-T)y segment length.
Rather, the PEO Tm was found to be somewhat
higher.

At room temperature, which is above the PEO
melting temperature, the modulus decreased
strongly with an increasing SS length (decreasing
T6T6T concentration) (Table II).5 Because of the
modulus of the rubber plateau being a function of
the reinforcing effect of the T6T6T crystallites, the
modulus was plotted as a function of the T6T6T
crystalline concentration (T6T6T concentration �
T6T6T crystallinity as measured by FTIR) (Fig. 8).

There was a significant increase in the log modu-
lus with the T6T6T crystalline concentration, and
this behavior was similar to that of other segmented
block copolymers with T6T6T segments.5,29 All these
copolymers had nano-ribbon crystallite structures of
the T6T6T segments, which acted as physical cross-
links as well as reinforcing fillers in the materials.
The observed increase in modulus in the segmented
block copolymers could thus be described by a fiber-
reinforced composite model.3,29

The shear modulus in the temperature range from
room temperature to near the melting temperature
was nearly constant and the modulus even seemed
to increase slightly. This ideal rubber behavior is
typical for copolymers with monodisperse HS.3,5,18,29

Upon melting of the T6T6T crystallites, the polymer
started to flow and the flow transition temperatures
(Tflow) decreased with an increasing SS segment
length, similarly to the Tm as measured by DSC (Ta-
ble II). The decrease in T6T6T melting temperature
with the SS concentration for the PEO-r-PPO
resembled that of the PEOx copolymers (Fig. 9).
The HS melting temperature is known to decrease

with increasing polyether concentration as well as
with an increasing polyether-polyamide interaction,
and this decrease has been explained as the result of
a solvent effect of the polyether segments.3,5,18,29,31

Water absorption

The T6T6T segments in the polyether-T6T6T copoly-
mers are the physical crosslink points and the poly-
ether segment length the length between crosslink
points, which is inversely related to the crosslink
density. By increasing the molecular weight of the
SS segments, the T6T6T concentration, and conse-
quently also the crosslink density, was lowered. A
lower crosslink density allows more swelling and
thus an increased WA.35 Another expected effect

Figure 8 The shear modulus for the (PEO-r-PPO2500-T)y
copolymers as a function of the crystalline T6T6T
concentration.

Figure 9 The T6T6T melting temperature as a function of
the SS concentration: *, PEOx

5; h, PEO-r-PPOx; n, (PEO-
r-PPO2500-T)y.
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was that the hydrophobic terephthalate groups in
the polyether should slightly reduce the WA of the
copolymers.36 The WA values were high and
increased with the (PEO-r-PPO2500-T)y segment
length (Table II). Because the water concentration in
the swollen copolymer was expected to be a function
of the crosslink density, the values were plotted as
functions of the reciprocal molecular weight of the
segments (Fig. 10).35

The water concentration in the swollen copoly-
mers increased linearly with a decreasing crosslink
density, and the values for the (PEO-r-PPO2500-T)y-
T6T6T were lower than for PEOx-T6T6T. This was
mainly due to the presence of the PPO groups,
whereas the terephthalic groups in (PEO-r-PPO2500-
T)y seemed to have very little effect.

Contact angles

Copolymers containing PEO segments often have
low CAs, and their values generally decrease with
an increasing PEO segment length.19 The CAs were
measured on wetted melt-pressed films using the
static CB method, and the angles were determined
by manual evaluation mode. For these hydrophilic
copolymers, the CB method provided reproducible
results. As the SS flexibility depended on the cross-
link density, the CAs of the PEO-r-PPO-T6T6T
copolymers are given in Figure 11 as functions of
the reciprocal SS molecular weight.

The CAs of PEO-r-PPO-T6T6T were very low and,
as can be seen, they decreased with a decreasing re-
ciprocal SS molecular weight (crosslink density).
This decrease was linear and both the PEO-r-PPO-
T6T6T and (PEO-r-PPO-T)y-T6T6T materials fol-
lowed this trend. The terephthalic groups did not
display any specific effect. Extrapolation of the CA
values to very long SS led to a value of � 20�.

CONCLUSIONS

Segmented block copolymers with PEO-r-PPO2500

segment were prepared and short monodisperse
T6T6T with a high crystallinity were chosen as the
HS. As compared to the PEO segments, the PEO-r-
PPO2500 displayed both a lower crystallinity and a
lower melting temperature. The presence of 25%
PPO in these segments slightly decreased the WA
values, and also the glass transition temperature was
reduced. The highly crystalline T6T6T segments pre-
sented a morphology consisting of nano-ribbons
with high aspect ratios. These ribbons reinforced the
polyether soft phase in a significant manner.
Extending the PEO-r-PPO2500 segments with ter-

ephthalic groups increased the PEO crystallinity and
melting temperature and modified the low-tempera-
ture properties of the copolymer somewhat. How-
ever, the room-temperature modulus could be low-
ered while simultaneously increasing the
hydrophilicity and decreasing the contact angle to
very low values.
Ultimately, as compared to mixtures of PEO/PPO,

a random dispersion of PPO units in the PEO seg-
ments (i.e., PEO-r-PPO) was more effective in reduc-
ing the PEO crystallinity and melting temperature,
without affecting the hydrophilicity.

The authors wish to express their gratitude to Mrs. H. ten
Hoopen for performing the AFM analysis.
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