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ABSTRACT: Segmented block copolymers based on poly(ethylene oxide) (PEO) flexible
segments and monodisperse crystallizable bisester tetra-amide segments were made
via a polycondensation reaction. The molecular weight of the PEO segments varied
from 600 to 4600 g/mol and a bisester tetra-amide segment (T6T6T) based on di-
methyl terephthalate (T) and hexamethylenediamine (6) was used. The resulting
copolymers were melt-processable and transparent. The crystallinity of the copoly-
mers was investigated by differential scanning calorimetry (DSC) and Fourier Trans-
form infrared (FTIR). The thermal properties were studied by DSC, temperature
modulated synchrotron small angle X-ray scattering (SAXS), and dynamic mechanical
analysis (DMA). The elastic properties were evaluated by compression set (CS) test.
The crystallinity of the T6T6T segments in the copolymers was high (>84%) and the
crystallization fast due to the use of monodisperse tetra-amide segments. DMA
experiments showed that the materials had a low T,, a broad and almost tempera-
ture independent rubbery plateau and a sharp flow temperature. With increasing
PEO length both the PEO melting temperature and the PEO crystallinity increased.
When the PEO segment length was longer than 2000 g/mol the PEO melting temper-
ature was above room temperature and this resulted in a higher modulus and in
higher compression set values at room temperature. The properties of PEO-T6T6T
copolymers were compared with similar poly(propylene oxide) and poly(tetramethy-
lene oxide) copolymers. © 2007 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 45:
4522-4535, 2007
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INTRODUCTION

Thermoplastic elastomers (TPE’s) are polymers
that show elastomeric behavior at their service
temperature and can be melt-processed at ele-
vated temperatures. Segmented block copoly-
mers are a kind of TPE’s. Generally, segmented
block copolymers, composed of alternating rigid
and flexible segments, have a two-phase struc-
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ture. One phase consists of mobile chains with a
low glass transition temperature (T), the other
of crystalline domains with a high melting tem-
perature. The crystalline domains act as physi-
cal crosslinks and can be considered as filler,
reinforcing the amorphous matrix. Because of
the presence of physical crosslinks the materials
have good elastic properties.

The T, of the soft phase depends on the type
and length of the flexible segments and on the
amount of rigid segment dissolved in the soft
phase. Materials of interest have a low T, and
high melting temperature. These materials have
a wide rubbery plateau and thus a wide service
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Structure of bisester tetra-amide segment T6T6T-dimethyl (a) and PEO,-

Figure 1.
T6T6T (b).

temperature. Often used flexible segments with
a low T, are polyethers, like poly(tetramethy-
lene oxide) (PTMO), poly(propylene oxide)
(PPO), or poly(ethylene oxide) PEO. The high
melting crystalline domains provide the material
dimensional stability, heat stability and solvent
resistance. Crystallizable segments that have a
high melting temperature contain usually ure-
thanes, esters, or amides groups.

In literature several segmented block copoly-
mers based on flexible PEO segments and
ester,’ amide®® or urethane®° types of rigid
segments are reported. The PEO-based copoly-
mers are used for breathable film applications,
like gloves, laminates on textile, roofing mem-
branes, gas separation membranes or food pack-
aging materials. Furthermore, these copolymers
are considered for various biomedical applica-
tions, like tissue engineering'*™'® and controlled
drug release systems.''7

The crystallinity of the rigid segments in
these PEO-based segmented block copolymers is
usually low (~30%),'®1° which means that a
large amount of the rigid segments is amor-
phous and partially dissolved in the PEO ma-
trix. Therefore, these copolymers have at least a
three-phase morphology; a crystalline rigid
phase and two amorphous phases. The T, of the
PEO phase is low but increases when the con-
tent of noncrystallized rigid segments dissolved
in the PEO matrix increases. Besides, a second
T, is observed that originates from the amor-
phous rigid phase. When the concentration and
length of the PEO segments increase, the PEO
segments tend to crystallize, creating an extra
crystalline phase in the copolymer with a low
melting temperature.?°

The crystallization of the rigid segments can
be improved by using monodisperse crystalliz-
able segments.??? These monodisperse seg-
ments crystallize fast and almost completely.
Consequently, there is hardly any noncrystal-
lized rigid segment dissolved in the soft phase.
A low amount of monodisperse rigid segments
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(~5 wt %) is already sufficient for good mechani-
cal and elastic properties of the copolymer.

The use of monodisperse crystallizable seg-
ments in segmented block copolymers containing
urethane(urea)®®?® or amide groups® >3 has
been previously studied. These copolymers have
a low under-cooling, a relative high modulus
and an almost temperature independent rubbery
plateau. Besides, these polymers have a high
elasticity and high fracture strains. The copoly-
mers can consist of PTMO or PPO flexible seg-
ments and bisester tetra-amide rigid segments
(T6T6T).283%32 The monodisperse T6T6T seg-
ments are based on dimethyl terephthalate (T)
and hexamethylenediamine (6)>!3* [Fig. 1(a)].

The crystallized T6T6T segments have a rib-
bon-like structure with a high aspect ratio (/D
~ 1000) dispersed in the polyether matrix.?®32
The strong increase in modulus with T6T6T con-
tent can be described by the composite model of
Halpin—Tsai.??33 This suggests that the function
of the crystalline segments as reinforcing filler
is important for obtaining a copolymer with a
high modulus. By increasing the T6T6T concen-
tration in the PTMO-T6T6T and PPO-T6T6T
copolymers, the storage modulus of the rubbery
plateau and the flow temperature (melting tem-
perature) were increased. The storage moduli of
the rubbery plateau were similar for both poly-
ether-T6T6T copolymers, but the flow tempera-
tures of PPO-T6T6T were lower than those of
PTMO-T6T6T. Furthermore, both copolymers
have comparable low compression set (CS) val-
ues (6%—17%).

The purity of the T6T6T segments is impor-
tant as it affects the monodispersity of the rigid
segments in the polymer. Previous research on
the use of tetra-amide rigid segments in seg-
mented block copolymers shows that with an
increased dispersity of the rigid segments, the
mechanical and elastic properties of the copoly-
mers deteriorate.?®2933

Both PTMO and PPO polyether segments are
hydrophobic and it is interesting to study seg-
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mented block copolymers based on hydrophilic
PEO segments and monodisperse T6T6T seg-
ments [Fig. 1(b)]. This article is directed to the
synthesis and characterization of segmented
block copolymers based on PEO segments and
monodisperse crystallizable T6T6T segments. In
forth coming articles the water absorption, the
water vapor transport, the gas transport, and
the surface properties are presented.

A polymer series, denoted as PEO,-T6T6T
will be prepared where the molecular weight of
the PEO segments (x) is varied between 600 and
4600 g/mol. By using Fourier Transform Infra-
red (FTIR), information is obtained about the
PEO and T6T6T crystallization in the copolymer.
synchrotron small angle X-ray scattering
(SAXS) experiments are used to study the poly-
mer morphology. Phase transitions and thermal
mechanical behavior are studied with differen-
tial scanning calorimetry (DSC) and dynamic
mechanical analysis (DMA), respectively. The
elastic behavior is investigated with a compres-
sion set test. Interesting is to see what the effect
of the highly polar PEO is on the melting tem-
perature of the T6T6T segments.

EXPERIMENTAL

Materials

1,6-Hexamethylenediamine (HMDA) was
obtained from Aldrich. Dimethyl terephthalate
(DMT) and N-methyl-2-pyrrolidone (NMP) were
purchased by Merck. Tetra-isopropyl orthotita-
nate (Ti(;-OCsH;),) was obtained from Aldrich
and diluted in m-xylene (0.05 M) received from
Fluka. Irganox 1330 was obtained from CIBA.
Methyl phenyl terephthalate (MPT) was syn-
thesized from phenol (obtained from Aldrich)
and methyl-(4-chlorocarbonyl)benzoate (obtained
from Dalian).?* Difunctional poly(ethylene gly-
col)s (M, of 600, 1000, 1500, 2000, 3400, and
4600 g/mol) were obtained from Aldrich and
were denoted as PEO, wherein x stands for
their molecular weight.

Polymerization of PEO,-T6T6T Block Copolymers

The PEO,-T6T6T block copolymers were synthe-
sized by a polycondenzation reaction using PEO
segments of different lengths and T6T6T-di-
methyl. The T6T6T-dimethyl segments were pre-
pared prior to the polymerization according to

the synthesis described by Krijgsman et al.3*

The synthesis of the PEQOyq0o-T6T6T block co-
polymer is given as an example.

The reaction was carried out in a 250 mL
stainless steel vessel equipped with a magnetic
stirrer and nitrogen inlet. The vessel contained
T6T6T-dimethyl (10 mmol, 6.86 g), PEOsygg
(10 mmol, 20.0 g), Irganox 1330 (0.20 g), 50 mL
NMP, and catalyst solution (1.0 mL of 0.05 M
Ti-(i-(OC3sH7)4) in m-xylene). The reaction mix-
ture was heated to 180 °C under a nitrogen flow
in an oil bath. After 30 min the temperature
was increased to 250 °C in 1 h. After 2 h at
250 °C, the pressure was slowly reduced (P < 21
mbar) to remove all NMP. Then, the pressure
was further reduced (P < 1 mbar) to allow melt
polycondenzation for 1 h. The polymer was
cooled down to room temperature while main-
taining the vacuum. To isolate the tough copoly-
mer, the reaction mass was first cooled with lig-
uid nitrogen. Before analysis, the polymer was
dried in a vacuum oven at 50 °C for 24 h.

Injection-Molding

Samples for DMA, DSC, and compression set
were prepared on an Arburg-H manual injec-
tion-molding machine. The barrel temperature
was set approximately 80 °C above the melting
temperature of the copolymer and the mold tem-
perature was set on 70 °C.

Fourier Transform Infrared

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

Synchrotron Small Angle X-ray Scattering

SAXS measurements were performed at the
Dutch-Belgium (DUBBLE-BM26) beamline, at
the European Synchrotron Radiation Facility
(ESRF) in Grenoble. The wavelength of the
beam was 1.2 A. A two-dimensional SAXS detec-
tor was used and a g-range of 0-1.8 nm ! was

measured. Temperature dependent profiles were
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recorded at a heating and cooling rate of 10 °C/
min using a remote controlled LINKAM DSC.
Two dimensionally SAXS intensity was azimu-
thally integrated to obtain the scattering pat-
tern as a function of ¢ = 4z sin 0/, where q is
the scattering vector, 20 the scattering angle
and / is the X-ray wavelength.

Differential Scanning Calorimetry

DSC spectra were recorded on a Perkin—Elmer
DSC7 apparatus, equipped with a PE7700 com-
puter and TAS-7 software. Dry polymer samples
(56—-10 mg) were heated from —50 to 250 °C at a
rate of 20 °C/min. Subsequently, a cooling scan
from 250 to —50 °C at a rate of 20 °C/min followed
by a second heating scan under the same condi-
tions as the first heating were performed. The
melting temperature (T,) was determined from
the maximum of the endothermic peak in the sec-
ond heating scan and the crystallization tempera-
ture (T,) from the peak maximum of the exothermic
peak in the cooling scan. The under-cooling of the
copolymer was defined as the difference between
the melting and crystallization temperature.

Viscometry

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

Dynamic Mechanical Analysis

The torsion behavior (storage modulus G’ and
loss modulus G” as a function of temperature)
was measured using a Myrenne ATMS3 torsion
pendulum at a frequency of 1 Hz and 0.1%
strain. Before use, samples (70 X 9 X 2 mm)
were dried in a vacuum oven at 50 °C overnight.
Samples were cooled to —100 °C and then
heated at a rate of 1 °C/min. The T, was defined
as the maximum of the loss modulus and the
flow temperature (Thq,w) as the temperature
where the storage modulus reached 1 MPa. The
temperature where the rubber plateau starts is
denoted as the flex temperature (Tqe,) and the
storage modulus at 20 °C is given as G’y -c.

Compression Set

Samples for compression set experiments were
cut from injection-molded bars with a thickness
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of ~2.2 mm. The compression set was measured
according to the ASTM 395B at 20 °C. Samples
were compressed (25%) for 24 h and after
30 min of relaxation the thickness of the sam-
ples was measured. The CS was defined accord-
ing to eq 1:

do—ds
“do—ds

cs X 100% (1)

where, d, is thickness before compression [mm],
dy the thickness during compression [mm] and
ds the thickness 30 min after release of the com-
pression [mm].

RESULTS AND DISCUSSION

Polymerization of PEO,-T6T6T Block Copolymers

Segmented block copolymers based on PEO and
T6T6T-dimethyl [Fig. 1(b)] were prepared via a
polycondensation reaction and a titanium-based
catalyst was used. As T6T6T-dimethyl units
[Fig. 1(a)] have a high melting temperature
(303 °C),>* NMP was used in the first reaction
step. The maximum reaction temperature was
limited as PEO degrades at high temperatures.
In nitrogen surroundings PEO starts to decom-
pose at around 350 °C3%36 and when air (oxy-
gen) is present the decomposition starts at
220 °C.?® Irganox 1330 was added to the reactor
as antioxidant. In the first reaction step the
T6T6T units were coupled to the PEO, thereby
lowering the melting temperature of the T6T6T.
Therefore, the polycondensation reaction could
subsequently be carried out in the melt at
250 °C. During the polycondensation reaction,
methanol was formed and removed. Throughout
the polymerization the reaction mixture was
transparent, which indicated that melt phasing
did not take place. Even in the solid state the
polymers were transparent, while being semi-
crystalline. This suggests that the T6T6T crys-
tals were too small to scatter light. The materi-
als had a slight yellow/brown color. Previously,
it was observed that NMP in presence of a tita-
nium catalyst at high temperature is a color
source.?® The monodispersity of the T6T6T units
in polyether-T6T6T copolymer was maintained
during melt synthesis and processing.®' The
polymers were difficult to dissolve and only a
few solvent systems like phenol/1,1,2,2-tetra-
chloroethane could dissolve the copolymers. The
solvent resistance of these copolymers must
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Table 1. Peak Assignments of IR Bands of PEOygo-
T6T6T in the Wave Number Region 1580-1760 cm ™!

Peak (cm™1) Description

1720-1730
1660-1670

Stretching C=0 of ester bond
Stretching C=0 of

amide bond; amorphous
1630 Stretching C=0 of
amide bond; crystalline

have been high. The concerning copolymers had
high inherent viscosities (1.4-2.5 dL/g), suggest-
ing high molecular weight copolymers.

Fourier Transform Infrared

One elegant way of studying the crystallinity of
the PEO,-T6T6T copolymers is by FTIR spec-
troscopy. For these copolymers this can be done
by looking at the absorption peaks of the car-
bonyl groups present. The absorbance band of
the crystalline amide carbonyl groups is located
at 1630 cm !, the amorphous amide carbonyl at
1660-1670 cm ', and the ester carbonyl at
1720-1730 cm ' (Table 1).

The studied amide carbonyl absorbance bands
are sensitive to the hydrogen-bonding distance
between the segments. In the amorphous state
this distance is larger and has a broader dis-
tance distribution compared with the crystalline
state. Therefore, the amorphous amide carbonyl
group is located at a high wave number and the
absorbance peak is broader.

The T6T6T crystallinity can be obtained by
comparing the intensity of crystalline amide car-
bonyl with amorphous amide carbonyl. In the
melt, the amide segments are in the amorphous
state and the amount of the amide carbonyl in
the crystalline state is expected to be zero. Simi-
lar calculations were performed on nylon-6,6.57
An increase in the crystallinity of nylon-6,6,
expressed as an increase in the density, was lin-
early related to the decrease of the amorphous
band and the increase of the crystalline band. In
Figure 2 the FTIR spectra of PEOgqgo-T6T6T at
different temperatures are given.

The absorbance peak of the crystalline amide
C=0 decreased and the absorbance peak of
amorphous amide C=O0 increased with increas-
ing temperature. This change was particularly
strong when the temperature approaches the
melting temperature of the copolymer (T},
PEOg0o-T6T6T was 167 °C). In the melt, the
peak at 1630 cm ! had almost completely disap-

peared, while the peak at 1670 cm ™' was maxi-
mal. At temperatures higher than the melting
temperature of the copolymer, the intensity of
the 1630 cm ! peak was very low and no further
changes in the FTIR spectra were observed. The
wave number of the amorphous amide carbonyl
band increased with temperature from 1660 to
1670 cm™ . The absorbance peak of the ester
carbonyl shifted from 1720 to 1730 cm ! with
increasing temperature but the intensity was
hardly affected.

The crystallinity of the rigid segments was
calculated using the 1630 and 1670 cm ' peak
intensities (eqs 2 and 3).33

h 1
X, = (160 1) X 100% (2)
[C x h(1670m’1)] + h(16300m’1)
c h(lGSOcm’l at50°C) h(1630cnf1 melt ) « 100%
= 0
(1670em™ melt) ~ " (1670cm ™" at 50°C)
(3)

where X, is the T6T6T crystallinity in copoly-
mer, and h(1630 em 1) and h(1670 em 1) the helght
of the absorbance peak at 1630 and 1660-1670
cm ! respectively.

For calculating the constant C, the peak
intensities determined at 50 °C and in the melt
were used. The peak intensities were taken at
50 °C as this is above the melting temperature
of the crystalline PEO segments. The constant C
for PEOgy0o-T6T6T, calculated by using eq 3,
had a value of 2.35. This is in agreement with

Absorbance

1740 1700 1660 1620 1580
Wave number [cm']J

Figure 2. FTIR spectra of PEOgyo-T6T6T recorded
at different temperatures: [J, 50; O, 100; A, 150; H,
170; @, 190 °C.
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Figure 3. T6T6T crystallinity as a function of tem-
perature for PEOygqo-T6T6T as measured by FTIR.

the constant found for PTMO-T6T6T copoly-
mers.?® The value of C was assumed to be simi-
lar for all PEO,-T6T6T copolymers. By using eq
2 the crystallinity of the copolymers as a func-
tion of temperature was determined. In Figure 3
the T6T6T crystallinity in PEQgyg0-T6T6T is
given as a function of temperature.

From room temperature to 50 °C a small
increase in T6T6T crystallinity was observed,
followed by a decrease above 100 °C. The
decrease was sharp at 150 °C and the crystallin-
ity approached zero at 190 °C. For the copoly-
mers with PEO, is 2000 and 4600 the crystallin-
ity at 50 °C was 84% and 87%, respectively.
These high values for T6T6T crystallinities were
in accordance with the values found for PTMO-
T6T6T?® and PPO-T6T6T>2 block copolymers.

The crystallinity of the T6T6T segments in
PEO50o-T6T6T seemed to be lower at room tem-
perature than at 50 °C. One wonders whether
the PEO crystallization affected the T6T6T crys-
tallinity at room temperature. FTIR spectra of
PEO,-T6T6T copolymers, with different PEO
segment lengths, recorded at room temperature
are given in Figure 4. The PEOgy-T6T6T was
not measured a no melt film could be made.

With increasing PEO length, the peak at 1630
cm ! decreased, the peak at 1660 cm ! increased
and the peak at 1720 cm ! remained constant.
This suggests that at room temperature the crys-
tallinity of the T6T6T segments decreased as the
PEO length increased. To study the influence of
PEO crystallinity on the T6T6T crystallinity
near room temperature in more detail, FTIR
spectra of PEQg00-T6T6T were recorded in a
temperatures range of 20-70 °C (Fig. 5).

On heating from 20 to 50 °C, the solution cast
films showed a decrease in the peak intensity of

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola

HYDROPHILIC SEGMENTED BLOCK COPOLYMERS

4527

Absorbance [a.u.]

1760 1740 1720 1700 168D 1660 1640 1620 1600 1580
Wave number [cm” |

Figure 4. FTIR spectra of PEO,-T6T6T recorded at
room temperature with different PEO, lengths (x): @,
1500; W, 2000; O, 3400; A, 4600.

1660 cm™'. Above 50 °C the peak intensity did
not change anymore. In Figure 6 the T6T6T
crystallinity of PEQO4g00-T6T6T is given as a
function of the temperature.

On heating from 20 to 50 °C the T6T6T crys-
tallinity increased and at temperatures above
50 °C the crystallinity decreased slowly. The
maximum T6T6T crystallinity at 50 °C coincided
with the melting temperature of PEQO4goo crys-
tals in the copolymer (7, PEO = 53 °C). In the
subsequent cooling scan from 70 to 20 °C the
T6T6T crystallinity only increased. These results
suggest that the T6T6T crystallization in a solu-
tion-cast film was not complete. At higher tem-
perature, when PEO crystals were molten, the
amorphous phase was more mobile and more
T6T6T segments were able to crystallize.

'MFU i

Absorbance
é;
[—]
-~

50 °C
-MAU :)c'
M 30°C
20°C

1740 1700 1660 1620 1580

Wave number [cm"j

Figure 5. FTIR spectra of PEQO4g00-T6T6T recorded

at different temperatures (20-70 °C) for the wave

number region 1580-1760 cm L.
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Figure 6. T6T6T crystallinity of PEO4goo-T6T6T as
a function of temperature at 10 °C/min as measured
by FTIR: @, heating and O, cooling cycle.

With FTIR it was also possible to study the
melting and crystallization of the PEO seg-
ments. The absorbance peaks of PEQOg00-T6T6T
in the wave number region between 700 and
1400 cm ! were taken at different temperatures
(Fig. 7). With increasing temperature some ab-
sorbance peaks shifted and these peaks are indi-
cated by arrows. The assignments and descrip-
tions of the changing absorbance peaks are
given in Table 2. From these spectra it is clear
that the PEO crystals in the PEO 4500-T6T6T co-
polymer melted at about 50 °C. The changes of
the absorbance peaks on melting were too small
to calculate the PEO crystallinity.

Assignments and description of the most dis-
tinguishable FTIR absorbance peaks of amor-
phous and crystalline PEO.3®

Synchrotron Small Angle X-ray Scattering

SAXS experiments were performed to obtain in-
formation about the morphology of the crystalli-
tes in segmented block copolymers. The long-
spacing (L) can be determined from SAXS meas-
urements on materials that possess a lamellar
structure. This spacing corresponds to the la-
mellar thickness plus the thickness of the inter-
lamellar (amorphous) region. The L-spacing is
an average value of a two dimensional ordering
of the lamellae in the matrix.

Temperature modulated SAXS studies were
carried out on PEQ;gg-T6T6T. According to
AFM the T6T6T crystallites in polyether-T6T6T
copolymers have a ribbon-like structure with
the ribbons randomly oriented.?® When a rib-
bon-like structure is present and the ribbons
randomly oriented with respect to other ribbons

Absorbance [a.u.]

1400 1300 1200 1100 1000 900 800 700

Wave number [cm-1]

Figure 7. FTIR spectra of PEO500-T6T6T recorded
at different temperatures for the wave number region
700-1400 cm ™.

than the rL-spacing in both the thickness and the
width direction might have a similar value.

In the intensity plots, where the scattering
intensity I(qg) was given as a function of the
scattering vector g, a scattering maximum was
observed which indicated the presence of phase-
separated domains (Fig. 8). The small drop in
intensity in the beginning of the curve was due
to scattering of the beam. The L-spacing can be
derived from the scattering data;

2
q

L (4)

As the temperature increased, the scattering
maximum and intensity decreased at the same
time. These changes were due to melting of the
T6T6T crystals. Above the melting temperature

Table 2. Assignments and Description of the Most
Distinguishable FTIR Absorbance Peaks of
Amorphous and Crystalline PEO®®

Amorphous Crystalline
PEO (cm™ ) PEO (cm™ ) Description
1350 1360/1343 Wagging CH,
1250/1280 1240/1280 Twisting CH,
1150 Stretching C—O,
Stretching C—C
1110 1111 Stretching C—O
1061 Stretching C—O,
Stretching C—C,
rocking CH,
960 Rocking CH,
950 950 Stretching C—O,
rocking CH,
860 843 Rocking CH,

Journal of Polymer Science: Part A: Polymer Chemistry
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Figure 8. SAXS curves of PEO;4go-T6T6T at differ-
ent temperatures.

of the copolymer (T, of PEOqgg-T6T6T is
195 °C) there was no peak observed anymore,
which indicates that there was no crystalline
order present in the melt.

The SAXS curves showed only one broad scat-
tering maximum. Therefore, it seemed that
there was only one L-spacing for both the thick-
ness and width direction. This suggests that the
T6T6T ribbons had a comparable crystalline
thickness and width values. In Figure 9 the
long-spacing of PEQO;qgo-T6T6T as a function of
temperature was given, during a heating and
cooling cycle.

The long-spacing of PEQO;g0o-T6T6 at 25 °C
was 8.2 nm and remained almost constant upon
heating till a temperature of ~170 °C. This was
due to the monodisperse segments that all melt
at the same temperature. As the temperature
reached the melting temperature of the copoly-
mer the L-spacing increased tremendously. Upon
cooling, the L-spacing decreased again with a
temperature lag of 30 °C. This small tempera-
ture lag indicates a high rate of crystallization
of the monodisperse segments. At 25 °C the L-
spacing was 9.9 nm with was close to the start-
ing value. When a ribbon-like crystalline struc-
ture is present, it is assumed that the thickness
and width L-spacing values are comparable. So,
it was not possible to calculate a crystallite
thickness from these 2D-SAXS data.

Differential Scanning Calorimetry

The PEO,-T6T6T copolymers had a melt transi-
tion of T6T6T and possibly a melt transition of
the PEO segments. By using DSC the melting
and crystallization temperatures and enthalpies
of PEO,-T6T6T copolymers were determined.
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The second heating scan and first cooling scan
of the copolymers are plotted in Figure 10 and
the corresponding results are given in Table 3.

The copolymer with a PEO length of 600 g/
mol showed no melting peak of PEO. Apparently
these segments were too short to crystallize. As
the PEO length increased the melting peak and
enthalpy of the PEO crystals increased, which
indicates that the PEO crystallinity increased.

For the copolymers with PEO34 and
PEOyg0o no crystallization peak of T6T6T is ob-
served as most likely the T6T6T concentration
(>15 wt %) is too low to give a measurable peak.
The T6T6T crystallization peak for the PEOyyqg
copolymer was already very weak and the T,
value not accurate and as a result of this the 77,
— T, for this copolymer also not accurate. The
melting enthalpy of T6T6T in the copolymer was
lower than observed for the T6T6T-dimethyl seg-
ments (152-180 J/g). Furthermore, the melting
enthalpy of T6T6T showed a decrease as the
PEO concentration increased. The T6T6T melt-
ing enthalpy of the PEOqo9 copolymer seems to
be on the high side. The decrease in melting en-
thalpy suggests that the T6T6T segments were
not fully crystallized and/or that due to exother-
mic mixing energies the melting endotherms
were not simply related to crystallinities. The
copolymers had low under-cooling values and
this suggest that the monodisperse crystallizable
rigid segments crystallized very fast.

Dynamic Mechanical Analysis

The storage and loss moduli of the PEO,-T6T6T
copolymers, determined by DMA measurements,
are plotted as a function of temperature in Fig-

35
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Figure 9. Long-spacing of PEO;yq-T6T6T as a func-
tion of temperature, at 10 °C/min: @, heating; O, cool-
ing cycle.



4530 HUSKEN, FEIJEN, AND GAYMANS

Heat flow Endo up

Heat flow Endo up

-50 0 50 100 150 200 250

Temperature [*C]

-50 0 50 100 150

Temperature [*C]

200

250

Figure 10. DSC second heating scan (a) and first cooling scan (b) of PEO,-T6T6T
with different PEO lengths (x): (], 600; O, 1000; A, 1500; H, 2000; @, 3400; A\, 4600.

ure 11 and the corresponding data are given in
Table 4. Of PE01500-T6T6T and PEO4600-T6T6T
were for clarity the lines in Figure 11 left out.

All copolymers had a wide and almost tem-
perature independent rubbery plateau and a
sharp melting temperature. This large service
temperature is typical for copolymers with crys-
tallizable segments of monodisperse length. The
storage modulus and flow temperature increased
with decreasing PEO, length due to an in-
creased T6T6T content.

The synthesized PEO,-T6T6T copolymers had
a high inherent viscosity (>1.4 dL/g) and, there-
fore, a relatively high molecular weight is
expected (Table 4).

Low Temperature Properties

The plot of the loss moduli as a function of the
temperature of the PEO,-T6T6T copolymers
[Fig. 11(b)] show a low T, which originates from
the polyether phase. A T, of an amorphous
T6T6T phase was not observed (T of nylon-6, T

Table 3. DSC Results of PEO,-T6T6T Copolymers

is 125 °C®), which suggests that there was no
separate amorphous T6T6T phase present in the
copolymers. Both the T, and flex temperature
(Tgex) of PEO,-T6T6T copolymers changed with
the PEO segment length (Fig. 12).

With increasing PEO segment length the T
decreased. The relation between the Tq.x and
the PEO segment length was more complex. The
Ty of crosslinked segments decreased with
increasing crosslink density.*® A complicating
factor was that the longer PEO segments were
semi crystalline at low temperatures and this
PEO crystalline phase must have had an effect
on crosslink density and thus on the T,. The
PEO segments in copolymers had higher T,
than the T, of the PEO prepolymers (-72 —
—65 °C3®). This effect was due to the reduced
mobility of a bound segment. When the T, of the
prepolymers was corrected for the reduced mo-
bility, the value was close to the T, of the PEO
in the copolymers. The high T, for PEOgy, can
be explained by the high physical crosslink den-
sity in this copolymer. The T of the polyether

PEO T6T6T
PEO Length Conc. T6T6T Conc. PEO T AH,, T AH T. T, —T.
(x) (g/mol) (Wt %) (wt %) °C) (J/g PEO) °C) (J/g TET6T) °C) °C)
600 51.0 49.0 - - 219 81 201 18
1000 38.4 61.6 -2 20 195 104 169 26
1500 29.4 70.6 7 49 181 81 144 37
2000 23.8 76.2 21 53 167 73 161 6
3400 15.5 84.5 44 89 162 37 - -
4600 11.9 88.1 53 103 161 42 - -

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola



10000
a
1000
= 1004
=5
Z
&5 101
I -
0 T T T T T
=100 =50 0 50 100 150 200 250
Temperature [°C]
1000
b
100
£
Z_ 10
@]
0 T T T T T T
=100 -50 0 30 100 150 200 250
Temperature [°C]
Figure 11. Storage (a) and loss (b) modulus of

PEO,-T6T6T with different PEO lengths (x): [J, 600;
O, 1000; W, 2000; @, 3400.

phase increased also with increasing amount of
amorphous rigid segments dissolved in the poly-
ether phase. Since the observed Tg’s of PEO,-
T6T6T copolymers were low, it suggests that
only a small amount of amorphous T6T6T was
dissolved in the PEO phase. This is in accord-
ance with the FTIR results, indicating that the
T6T6T crystallization was almost complete.

The shoulder in the storage modulus after the
T, was a result of the melting of the PEO crys-
talline phase [Fig. 11(a)]l. An increase in PEO
length leads to a higher PEO melting tempera-
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ture and crystallinity (Table 3). The height of
the shoulder at about 0 °C increased for the lon-
ger PEO segments despite the lower T6T6T con-
tent. The PEO crystallites increased the modu-
lus at that temperature. The Ty, defined as
the temperature where the rubbery plateau
starts, was related to the T, or melting tempera-
ture of PEO (Fig. 12). In the case of a complete
amorphous PEO phase, the Tgex would have fol-
lowed the same trend as the Ty, indicated by the
dotted line in Figure 12. When the PEO is
partly crystalline the Ty corresponds to the T,
of the PEO.

Storage Modulus

The modulus of the rubbery plateau at 55 °C of
PEO,-T6T6T copolymers decreased with decreas-
ing T6T6T content (Fig. 13, Table 4). As the
copolymers had a comparable T6T6T crystallin-
ity one can conclude that the modulus increased
with crystalline content. With an increase in
T6T6T content, the physical crosslink density
and the reinforcing filler effect of the crystalline
domains increased. The moduli of the rubbery
plateau of PEO-T6T6T copolymers were similar
to the corresponding moduli of PPO-T6T6T>2
and PTMO-T6T6T?® copolymers. This suggests
that the reinforcing filler effect of the T6T6T
crystallites was comparable in all three types
of polyether-T6T6T copolymers. The strong
increase in modulus of the polyether-T6T6T
copolymers could be well described by the fiber
composite model of Halpin—Tsai.?®3? This model
suggests that the crystalline ribbons in the co-
polymer can be considered as reinforcing nano-
fillers for the amorphous matrix.

Besides the T6T6T concentration, the storage
modulus was also influenced by the presence of
a semicrystalline PEO phase. The storage modu-
lus of PEO,T6T6T copolymers at 20 °C
increased at low T6T6T contents when the PEO

Table 4. Dynamic Mechanical and Elastic Properties of PEO,-T6T6T Copolymers

PEO Length (x) Conc. T6T6T Conc. PEO

Tﬁex G,20 °C 0825% 0825%

!
G 55°C Tﬂow

(g/mol) (wt %) (wt %) (dL/g) (°C) (°C) (MPa) (MPa) (°C) (20°C) (%) (70°C) (%)
600 51.0 49.0 14 -33 -4 160 147 216 34 55
1000 38.4 61.6 14 —45 -13 86 80 199 22 -
1500 29.4 70.6 1.5 46 7 57 58 180 23 -
2000 23.8 76.2 21 48 20 38 38 174 17 45
3400 15.5 84.5 25 =50 33 72 18 159 49 -
4600 11.9 88.1 21 45 55 201 12 154 32 -
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Figure 12. Transitions of the soft phase in PEO,-
T6T6T as a function of PEO length (x): O, glass tran-
sition temperature; @, flex temperature; X, melting
temperature of PEO (DSC results) (dotted line:
expected flex temperature in absence of PEO crystalli-
zation).

segment length is >2000 g/mol. With these PEO
segments the PEO melting temperature was
above 20 °C, which resulted in a higher G'o4 -c.
Because of the increasing PEO melting tempera-
ture with increasing PEO length, it was not pos-
sible to create a PEO,-T6T6T copolymer having
a low modulus at room temperature (G' < 15
MPa). The modulus of the copolymers had
in the plateau region a small decrease in
modulus (about 0.3%/°C) and such a small

decrease is typical for monodisperse hard seg-
ments, 27-28:30,32,33

Flow Temperature

The flow temperature of PEO,-T6T6T copoly-
mers decreased with increasing PEO segment
content. The melting temperature of the copoly-
mers, measured with DSC, corresponded well to

1000

10y 1

G modulus [MPa

0 10 20 30 40 50
Cone. ToT6T [wit%)

Figure 13. Storage modulus as a function of the
T6T6T content: @, 20 °C; O, 55 °C.

the flow temperature determined with DMA.
The decrease in melting temperature with
increasing PEO length can be explained by the
solvent effect theory proposed by Flory, which
states that the amorphous phase acts as a sol-
vent for the crystallizable phase.*"*? An
increase in amorphous phase content leads to a
decrease in the melting temperature of the co-
polymer. According to the Flory solvent theory,
the melting temperature depression by the pres-
ence of a solvent depends on the melting en-
thalpy of the crystalline segment, the ratio of
molar volumes of the solvent and the crystalline
segment and the interaction parameter between
the segments.

In Figure 14, the melting temperatures of the
polyether-T6T6T copolymers are plotted against
the volume fraction of polyether (vg). The den-
sities of PEO, PPO, and PTMO, respectively,
1.13, 1.00, and 0.98 g/cm?, and the calculated
density of T6T6T (1.32 g/cm®) were used to
determine the volume fraction of polyether in
the copolymers.*® At a similar PEO concentra-
tion, the flow temperature of PEO-T6T6T was
lower that of PTMO-T6T6T*® or PPO-T6T6T>
copolymers. This suggests that PEO was more
effective in lowering the melting temperature
than PPO and PTMO. The relationship devel-
oped by Flory can only be applied for polymer
systems containing low amounts of solvent and,
therefore, could not be used for our high PEO-
containing systems.

Compression Set

A measure of elasticity of polymers is the com-
pression set. The compression set (CS) test

=07 \\

2
=200 1 \B\u\ﬂ\mmm
=
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150 1
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0.5 0.6 0.7 0.8 09 10
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Figure 14. Melting temperature of polyether-T6T6T
copolymers as a function of volume fraction of poly-
ether: ®, PEO; [J, PPO%; A, PTMO.*’
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Figure 15. Compression set at 20 °C of polyether-
T6T6T copolymers as a function of the T6T6T content:
@, PEO; ], PPO%3; A, PTMO.%’

determines the recovery of a material after com-
pression. In segmented block copolymers two
relaxation processes are involved; an elastic and
visco-elastic process and a process of plastic de-
formation.**** It was found that at room tem-
perature the CS values of segmented block
copolymers with crystallizable segments slightly
decreased in time, indicating that the effect of
visco-elastic deformation in this CS test was
small. Moreover, the stress relaxation experi-
ments showed that the copolymers relaxed at a
low rate. At higher temperatures, the visco-elas-
tic relaxation was faster.*® So, for these copoly-
mers the CS at room temperature is mainly
determined by the plastic deformation.
Generally, the CS values of segmented block
copolymers with monodisperse rigid segments
increase with increasing rigid segment concen-
tration on the condition that the polyether phase
is completely amorphous.?®3233 In Figure 15 the
CS values of polyether-T6T6T copolymers is
given as a function of the T6T6T concentration.
At low T6T6T contents, the CS values of
PTMO- and PPO-T6T6T copolymers were very
low. However, the CS values of PEO,-T6T6T
copolymers at room temperature increased when
the T6T6T content was below 20 wt %. In this
case, the PEO segment length was >2000 g/mol
and these long PEO segments were partly crys-
talline and had a melting temperature above
20 °C (Table 3). The crystalline PEO phase re-
stricted the recovery and thus the elasticity of
the copolymer at room temperature. When the
CS was measured at 70 °C, above the PEO melt-
ing temperature, the high CS values at low
T6T6T contents were absent (Table 4). The PPO
segments do not crystallize and the PTMO seg-
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ments can crystallize but the melting tempera-
ture of these crystals is below room tempera-
ture. Thus, the CS values of PPO-T6T6T and
PTMO-T6T6T copolymers were at room temper-
ature not influence by the presence of polyether
crystals.

The PEO crystalline phase interfered not only
in the CS at 20 °C but also in the modulus at
20 °C. The relationship between the modulus
and compression is characteristic for segmented
block copolymers. However, the PEO,-T6T6T
copolymers had a rather complex modulus-CS
relationship (Fig. 16). The CS values of copoly-
mers with a PEO length of 600-2000 g/mol
decreased with decreasing storage modulus.
This behavior is familiar for other polyether-
T6T6T copolymers.?®3233 However, the copoly-
mers with PEOssy and PEOggo had an
increased modulus and increased CS values. No
further decrease in CS values with decreasing
modulus, which was due to the presence of high
melting PEO crystals. This indicates that at
room temperature the copolymers with PEO3,q¢
and PEO,gq9 had poor elastic properties.

CONCLUSIONS

Segmented block copolymers based on PEO flex-
ible segments and monodisperse crystallizable
tetra-amide segments (T6T6T) had been synthe-
sized via a high temperature polycondensation
reaction. A copolymer series was prepared
where the molecular weight of PEO, segments
was varied from 600 to 4600 g/mol, thereby
changing the T6T6T concentration from 51.0 to
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Figure 16. Compression set at 20 °C of PEO,-
T6T6T copolymers as a function of the storage modu-
lus at 20 °C: @, PEOg00.2000; (1, PEO3400; O, PEOu4600;
—, expected trend in absence of PEO crystallinity.
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11.9 wt %. The copolymers had a high molecular
weight, were melt-processable, solvent resistant
and transparent. By using monodisperse rigid seg-
ments the crystallization of the copolymers was
according to FTIR measurements fast and almost
complete, the T6T6T crystallinity was high
(>84%). Besides, the T6T6T crystallinity remains
high up to ~30 °C below the melting temperature
of the copolymer. SAXS experiments reveal for
PEO1¢po-T6T6T a long-spacing of 8.2 nm, which
remained almost constant upon heating due to the
use of monodisperse segments.

DMA experiments showed that the materials
had a low T,, a broad and almost temperature
independent rubbery plateau, and a sharp melt-
ing temperature. Because of the use of monodis-
perse rigid segments the phase-separation
between the hard and soft phase was almost
complete and only a small amount of noncrystal-
lized rigid segments was expected to be dis-
solved in the PEO matrix. As the T6T6T content
increased (11.9-51.0 wt %), the storage modulus
of the rubbery plateau (12-159 MPa) and the
flow temperature (154-216 °C) increased.

The PEO melting temperature and enthalpy
increased when the molecular weight of the
PEO segments increased. When the PEO length
is >2000 g/mol the melting temperature of the
PEO crystals was above room temperature, a
reduced elasticity of the copolymer was the
result. So, due to the PEO crystallization in the
PEO,-T6T6T copolymers it was impossible to
create a low modulus material (G’ < 15 MPa).

The PEO-T6T6T copolymers had similar mod-
ulus-composition behavior as PPO-T6T6T and
PTMO-T6T6T copolymers, indicating that the
reinforcing effect of the T6T6T crystals was com-
parable. However, at equal T6T6T concentra-
tions the melting temperature of the polyether-
T6T6T copolymers decreased in the order of
PTMO < PPO < PEO.
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