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Abstract

Poly(propylene oxide) based polyether(ester-amide)s (PEEA) with non-crystallisable amide segments were synthesized and their
structure—property relations studied. These model segmented block copolymers were used to gain insight in the structure—property relations
of block copolymers with liquid-liquid demixed morphologies, also present in segmented polyurethanes. The poly(propylene oxide) used
had a molecular weight of 2300 g/mol and was end capped with 20 wt% ethylene oxide. The non-crystallisable amide segments are based on
an amorphous polyamide: poly(m-xylylene isophthalamide) and the repetitive length (x) of the amide segment was varied from 1 to 10. Phase
separation in these PEEA’s occurred by liquid-liquid demixing when the length (x) of the non-crystallisable amide segment was higher than
2 (x>2). TEM experiments showed spherical structures at two size scales, 5-10 nm domains (nano-domains) and 30-500 nm domains (sub-
micron domains), both dispersed in a polyether matrix. The size and volume fraction of these spherical domains were found to increase with
increasing the amide segment length. The modulus of the materials increased moderately with increasing amide segment content (increasing
amide segment length x). The compression and tensile sets values of these PEEA’s were found to decrease with increasing amide segment
length, thus these PEEA’s behave also more elastic at longer amide contents (thus also at higher modulus). Giving time these liquid-liquid

demixed segmented block copolymers recovered completely.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Segmented block copolymers consisting of alternating
mobile and rigid segments belong to the family of
thermoplastic elastomers (TPE’s) [1]. If these rigid and
mobile segments are thermodynamically incompatible then
micro-phase separation takes place. Phase separation in
these segmented block copolymers may proceed through
liquid-liquid demixing [2-4], and also through crystal-
lisation [5,6]. If the mobile segment content is in excess, the
rigid segments form hard domains dispersed in an
amorphous soft matrix. These hard domains act as physical
crosslinks, below their glass transition or melting
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temperature (1), giving the block copolymer its specific
thermoplastic and elastomeric behavior [7,8].
Liquid-liquid demixing occurs for instance in styrenic
block copolymers, such as SBS, SEBS and SIS etc. The
morphology of these materials consists of amorphous hard
domains in an amorphous soft matrix [1]. According to
Leibler [9] a binary polymer system phase separates through
liquid-liquid demixing if the product of the Flory—Huggins
interaction parameter x and the degree of polymerization N
exceeds a critical value. Thus, liquid-liquid demixing is
favored, if the molecular weight of one or both segments
increases. Liquid-liquid demixing is a slow process
compared to crystallisation [10] and may proceed in the
melt, which is known as melt phasing [11-13].
Crystallisation of rigid segments in block copolymers is
possible if the structure of this segment is regular like in
most polyether(ester)s, polyester- and polyether(amide)s
and segmented polyurethanes [1,14,15]. Segmented poly-
urethanes, for instance polyether(urethane)s and polyether
(urethane-urea)s often phase separate through liquid-liquid
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demixing and also crystallisation [16,17]. First the rigid
segments cluster into domains often followed by partial
crystallisation of the already phase separated rigid segments
[16-20]. The morphology of these segmented polyurethanes
is therefore quite complex as it consists of more than two
phases [21-23]. Liquid-liquid demixing in segmented
polyurethanes and polyamides occurs easily as the urethane,
urea and amide segments are poorly miscible with the
polyether segments. Phase separation by liquid-liquid
demixing in these systems is induced by increasing the
rigid segment length [16].

The phase separated hard domains have two functions:
they act as physical crosslinks (network properties) as well
as filler particles (reinforcement). The reinforcing effect of
spherical filler particles on the (storage) modulus of
polymers has been described by the Guth—Smallwood
relation (Eq. (1)) [24,25]:

G =G,(1+25¢, +14.1¢%) (1)

In this study the G refers to the storage modulus of the
segmented block copolymers, G, is the storage modulus of
the matrix phase (soft phase) and ¢y, is the volume fraction
of the hard domains. Eq. (1) holds for polymer systems filled
with spherical particles (content <30 vol%), of which the
modulus of the filler is very large compared to the modulus
of the soft phase [24,25]. Other relationships describing an
increase in the modulus with increasing filler content are
those of Kerner, Lewis—Nielsen, Fedors and Landers,
Davies and Mooney [26].

Segmented polyurethanes easily degrade at high tem-
perature, which complicates studies on these block copoly-
mers. Segmented polyamides have somewhat similar
hydrogen bonding and are more thermally stable. Moreover,
there is a wide variety of monomers for amides available
and there are less side reactions involved in the synthesis of
segmented polyether(ester-amides) (PEEA). Therefore,
PEEA are chosen as model block copolymers to study the
structure—property relations of liquid-liquid demixed block
copolymers. In order to do so, crystallisation in these block
copolymers should be absent. Hence, the segmented
PEEA’s used in our study have amide segments with an
irregular structure. Crystallisation of these irregular amide
segments is expected to be difficult if not even impossible.
The rigid amide segments of the polymers studied are based
on polyamides synthesized from m-xylylene diamine and
diphenyl isophthalate, also known as poly(m-xylylene
isophthalamide) (Fig. 1). High molecular weight poly(m-
xylylene isophthalamide) is a transparent amorphous
polymer with a softening temperature of 215-225 °C [27].
The amide segment structure resembles that of toluene
diisocyanate (TDI) urea segments, so that the results also
provide insight in the structure—property relations of
segmented polyurethanes. The parameter x in Fig. 1 is the
number of amide repeat units, which is an important
parameter in this study. The amide segment can be uniform
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Fig. 1. A PEEA based on poly(propylene oxide) (PPO,3p9) and non-
crystallisable rigid segments based on poly(m-xylylene isophthalamide).
The rigid amide segment length is denoted as x, I stands for isophthalamide
and X,, for meta-xylylene groups.

in length (x,) or can have a random length distribution (x,).
To our knowledge, segmented block copolymers with non-
crystallisable hard segments of uniform length have not
been studied before.

The effect of poly(m-xylylene isophthalamide) segment
length and segment length distribution in a segmented block
copolymers with PPO,3g9 on the phase separation and
morphology is studied. In addition, the influence of liquid—
liquid demixed amide segments is related to the thermo-
mechanical, tensile and elastic properties of the block
copolymers.

2. Experimental

2.1. Materials

Diphenyl isophthalate (DPI), tetra-isopropyl orthotita-
nate (Ti(i-OCs3H5)4), m-xylene, toluene and N-methyl-2-
pyrrolidone (NMP) were purchased from Aldrich. m-
Xylylene diamine was a gift from Mitsubishi Gas Chemical
Company (Japan). Irganox 1330 was obtained from CIBA.
These materials were used as received.

Poly(propylene oxide) end capped with 20 wt% ethylene
oxide (EO tipped) (PEO-g-PPO-g-PEO) with a M, of
2300 g/mol, here further abbreviated as PPO,30, was a gift
from Bayer AG (Acclaim Polyol PPO-2220 N). Before use,
the polyol was dried in vacuum at 80 °C overnight. Osmium
tetroxide (OsO,) (4 wt% solution in water) and formal-
dehyde were purchased from Aldrich.

2.2. Synthesis of uniform bisester-oligoamides with amide
segment length x,,

— xy=1: IX,, I-diphenyl was synthesized before (uniform-
ity: 88 mol%, i.e. 88 mol% of the mixture has a segment
length of x,=1) [28].

- x,=2: IX,,IX, I-diphenyl was synthesized before (uni-
formity: 92 mol%) [28].

- x,=3: IX,IX,IX,I-diphenyl was synthesized before
(uniformity: 79 mol%) [28].
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(The uniformity is defined as the mol fraction of
segments of the desired length [28]).

2.3. Synthesis of polyether(ester-amide)s with uniform
amide segments

An example is given in case of a polyether(ester-amide)
with uniform tetra-amide segments with length x,=2. A
250 ml stainless steel reactor equipped with magnetic
coupled stirrer (cylindrical flange flask, type cmd 075)
was charged with PPO,3q9 (20.0 g, 8.69 mmol), IX,,IX,I-
diphenyl (7.39 g, 8.69 mmol), 100 ml NMP and 1 wt%
Irganox 1330 (based on PPO) under a nitrogen flow (the
magnetic coupled stirring device was important to obtain
high vacuum conditions). The reaction mixture was stirred
under N,-flow and heated to a temperature of 120 °Cin 1 h
and maintained for 2 h at 120 °C. The temperature of the
reaction mixture was slowly raised to 250 °C in 1 h. The
catalyst (2.0 ml, 0.05M Ti(OC;H;); in m-xylene) was
added at 150 °C. At 250 °C, a low vacuum (10-1 mbar,
(1000-100 Pa)) was applied for 1h and finally a high
vacuum (0.1-0.08 mbar (10-8 Pa)) for 2 h. Subsequently,
the product was cooled to room temperature while
maintaining the high vacuum. The polymers were dried in
vacuum at 70 °C overnight before use.

2.4. Synthesis of polyether(ester-amide)s with random
amide segments

An example of the synthesis of a polyether(ester-amide)
is given, in case the polymers contains amide segments with
an average amide segments length x,=3. A stainless steel
vessel equipped with magnetic coupling stirrer (cylindrical
flange flask, type cmd 075) was charged with PPOs30q
(20.0 g, 8.69 mmol), m-xylylene diamine (3.54 g,
26.0 mmol), DPI (11.1 g, 35.0 mmol), 100 ml NMP and
1 wt% Irganox 1330 (based on PPO) under a nitrogen flow.
The reaction mixture was stirred under N,-flow to a
temperature of 120 °C and kept for 2 h at 120 °C. Hereafter,
the temperature was increased in 1h to 250°C and
maintained for 2h. The catalyst (2.0ml, 0.05M
Ti(OC3H7)4 in m-xylene) was added at 150 °C. At 250 °C
a low vacuum (10-1 mbar (1000-100 Pa)) was applied for
1 h and finally high vacuum (0.1-0.08 mbar (10-8 Pa)) for
2 h. In this time the NMP was stripped and the reaction
carried out in the melt. After that the melt was cooled to
room temperature while maintaining the high vacuum. The
polymers were cut out of the reactor and dried under
reduced pressure (0.5 mbar (5 Pa)) at 70 °C overnight before
use.

2.5. Viscometry
Inherent viscosities (7;,,) were measured at a concen-

tration of 0.1 g/dl in phenol/1,1,2,2-tetrachloroethane (1:1
molar mixture) at 25 °C using a capillary Ubbelohde 1B.

2.6. 'H NMR

"H NMR spectra of the block copolymers were recorded
on a Bruker AC 300 spectrometer at 300 MHz. Deuterated
trifluoro acetic acid (TFA-d) was used as a solvent. The
amide segment length x was calculated from 'H NMR
spectra and is the ratio of the integral of the peak at 7.4—
7.5 ppm (1) for the four aromatic hydrogens of the xylylene
group divided by 2 X the integral of the peak at 8.7 ppm (Z,)
for the two aromatic hydrogens of the isophthatic group on
the ester side (Eq. (2)):

I,
= 2
7o @

2.7. Dynamical mechanical thermal analysis (DMTA)

Test samples for DMTA measurements (70 X9 X2 mm?)
were prepared on an Arburg H manual injection-molding
machine. The test samples were dried in vacuum at 70 °C
for 24 h before use. The storage modulus G’ and loss
modulus G” as function of temperature were measured
using a Myrenne ATM3 torsion pendulum at a frequency of
1 Hz and 0.1% strain. The samples were first cooled to —
100 °C and then subsequently heated at a rate of 1 °C/min.
As the glass transition temperature was taken the tempera-
ture at the maximum of the loss modulus. The flow or
softening temperature (75,) Was defined as the temperature
where the storage modulus reached 1.0 MPa. The flex
temperature (77.y) is defined as the temperature at the start
of the rubber plateau region.

2.8. DSC

DSC graphs were recorded on a Perkin—Elmer DSC7
apparatus, equipped with a PE7700 computer and TAS-7
software and calibrated with Indium. The test samples were
dried in vacuum at 70 °C overnight. The sample (5-10 mg)
was heated at a rate of 20 °C/min and the second heating
scans were used to determine the transition temperature of
the polymer.

2.9. Compression set

Samples for compression set experiments were cut from
injection-molded bars. The compression set was measured
at room temperature according to the ASTM 395 B
standard. After 24 h, the compression (25%) was released
at room temperature. After relaxation of half an hour, the
thickness of the samples was remeasured. The compression
set was taken as the average calculated from three
measurements. The compression set is defined as (Eq. (3)):

dy —d,

0 1

CS = X 100% 3)

with dy, thickness before compression (mm); d,
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compressed thickness (mm); d,, thickness 30 min after
release of compression (mm). Compression set as function
of time, at room temperature, were also measured.

2.10. Transmission electron microscopy (TEM) [29]

A small drop (40 pl) of a 0.3 wt% solution of polymer in
hexafluoro isopropanol (HFIP) was cast on a carbon coated
copper grid (200 mesh). Subsequently, the grid with
polymer film was heated at 20 °C/min to 20 °C above the
flow temperature and this temperature was maintained for
10 min. After that, the material was allowed to cool at
3 °C/min to 40 °C below the flow temperature. Annealing at
this temperature was conducted for 10 min after which the
sample was allowed to cool to room temperature at 3 °C/min
(This special heat treatment was necessary to erase any
solvent effects generated during casting and to allow
crystallisation, if any, in these ultra thin films (+ 50 nm)).
The treated samples were stained with 1 wt% osmium
tetroxide/formaldehyde solution for 1h at 40°C. TEM
measurements were performed on a Phillips CM30 at an
accelerating voltage of 300 kV.

2.11. Tensile test

The tensile behavior was studied using a Zwick Z020
universal tensile machine equipped with SO0ON load cell and
extensometers on injection-molded bars, cut to dumbbells
(ISO 37 s2). Standard tensile test were performed in three-
fold according to ISO 37 s3 and the test speed was
50 mm/min (strain rate: 3.33 X 10~ % s '). The tensile stress
at 10% strain (0oq,), the fracture strain (ep.co) and fracture
stress (Oprear) Were determined. All samples were dried in
vacuum at 70 °C overnight before testing. The true fracture
stress was calculated with Eq. (4):

Ebreak
Obreak,true — ( ]r(;z) + 1)Ubreak (4)

2.12. Tensile set

Cyclic stress—strain experiments were conducted on
injection-molded bars cut to dumbbells (ISO 37 s3). A
Zwick Z020 universal tensile machine equipped with S00N
load cell was used to measure the stress as function of strain
of each loading and unloading cycle at a strain rate of
333107 257! (test speed of 50 mm/min). The strain of
each loading—unloading cycle was increased (stair-case
loading) and the tensile set if the strain increment was
determined as function of the applied strain. The incre-
mental tensile set (TS) was calculated from the following
relation (Eq. (5)):

Aéremini
Tensile set = — &
Aé\cycle
Ereycle(i) — Creycle(i—1
_ Sreye e(i) r,cycle(i )XIOO (5)
A"?\cycle

With &, ¢ycie(;) the remaining strain at the end of cycle i and
with & cyclei—1) the remaining strain at the end of the
preceding cycle i — 1. Direct after the stress was zero a new
cycle was started and the strain steps were 10%.

3. Results and discussion

Segmented block copolymers based on PPO and amide
segments, which are linked together by ester groups, i.e. the
so-called polyether(ester-amide)s (PEEA) have been stu-
died (Fig. 1). The amide segments used are based on
poly(m-xylylene isophthalamide), an amorphous polymer.
The amide segment length is varied and at increasing length
the amide units become incompatible, and liquid-liquid
demixing occurs. The amide segments length has either a
random distribution or a uniform size. If the amide segments
are of uniform length then on increasing amide segment
length a sharp transition from mixing to demixing is
expected. The phase separation by liquid—liquid demixing
as well as the effect of the liquid-liquid demixed structures
on the block copolymer properties is studied.

3.1. Amide segments of uniform length

Segmented copolyether(ester-amide)s (PEEA) with uni-
form amide segments and poly(propylene oxide) with a
molecular weight of 2300 g/mol (PPO,399) were syn-
thesized (Table 1). The amide segment length (x,) was
increased from 1 to 3, i.e. the length of the uniform amide
segments increases from diamide to tetra-amide to hexa-
amide segments. All block copolymers were synthesized
with high molecular weight (9;,, of 1.3-1.6 dl/g). The
uniform length of the amide segments was not affected by
trans-reactions which can occur during polymerization [28].

At 250 °C, the polymer melt appeared to be transparent
for x,=1 and x,=2 and opaque for x,=3. Opacity of the
polymer melt with x,=3 suggests that sufficiently large
domains are present to scatter light, i.e. melt phasing has
occurred. Transparent melts of PEEA’s with uniform
diamide (x,=1) and tetra-amide (x,=2) segments were
observed before [11,13,30]. At room temperature the
polymers with uniform diamide (x,=1) and tetra-amide
(x,=2) segments are viscous transparent liquids. This
suggests that the uniform amide units with x,, 1 and 2 had not
phase separated. The polymer with uniform hexa-amide
segments (x, = 3) was at room temperature an opaque solid,
which indicate the presence of phase separated amide
domains that provide the dimensional stability.

The critical amid segment length (x.) at which liquid—
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Table 1
Properties of PEEA’s based on PPO,3o, with non-crystallisable amide segments with uniform and random length distribution
x x IX,Dx  IX,D,  Phys Tinh Ty ot Thex Thow Glsc!  CS°
(exp.) (NMR) (Wt%) (vol%)® state® (dl/g) (°C) (°C) °0O) (MPa) (%)
Uniform Xy
1(X,.D); 1 - 11.2 - L 1.4 - - - - -
1(X,,.1)» 2 2.2. 21.1 - L 1.3 - - - - -
I(X,,D)3 3 - 26.9 23.0 S 1.6 —53 —30 60 1.4 71
Random Xy Xy
1(X,.D); 1 - - - L - - - - - -
1(X,.1)» 2 - - - L - - - - - -
I(X,,D)25 2.5 2.6 229 19.3 S 1.43 —53 —25 130 1.9 60
I(X,.D)3 3 33 27.5 23.3 S 1.62 —55 —20 120 3.7 50
I(X,,D4 4 5.0 36.8 32.0 S 0.43 —52 —30 127 5.5 50
I(X,,D)s 5 5.6 39.7 347 S 0.53 —50 —25 110 5.6 44
I(X,. D)6 6 6.4 433 39.7 S 1.19 -5l —=35 175 12 12
I(X,,Ds 8 9.3 52.5 46.4 S 0.87 —-52 —35 177 21 23
I(X,,D10 10 10.6 54.8 47.7 S 0.66 —35 —35 195 47 17

% Amide segment length =x; uniform length distribution: x, and random length distribution: x,.

b

4 Storage modulus at 25 °C.
¢ Compression set at 25 °C.

liquid demixing occurs in PEEA’s with PPO,3qq, is x.=3
and the phase-separated structures appear to be present
already in the melt of the block copolymers. Koberstein et
al. [31] found for the urethane segment a critical average
segment length of 3.3. Above this critical length phase
separated urethane segments were present, while below this
critical length the urethane segments remain dissolved.

3.1.1. Morphology of block copolymers with uniform amide
segments

TEM experiments were performed on ultra-thin films of
PEEA’s prepared by a solvent casting technique as
described by Lothmar et al. [29]. These authors reported
no significant differences between the TEM images of
samples prepared by the solvent casting technique and by
cryo ultra-microtomy.

In the TEM image of the PEEA with a uniform non-
crystallisable hexa-amide segments (x,=3) a dispersion of
spherical particles is observed (Fig. 2) (Table 2). The largest
spherical domains have a diameter of approximately 150 nm
(sub-micron domains) and also many smaller domains
(nano-domains) are visible (Fig. 2(b)). The size of the nano
domains consisting just of amide segments is expected to be
3 nm, based on the extended length of 6 nm with a random
coil structure [3]. The fraction of sub-micron domains
observed by TEM is about 8 vol%.

The ~ 100 nm sub-micron domains are much larger in
diameter than the amide segment length, which for x=3 is
5 nm. For ~100 nm domains the length of the chains in
these sub-micron domains is expected to be about 200 nm.
Chains with a length of 200 nm contain both amide and PPO
segments and thus the sub-micron domains contain both
amide and PPO segments. The detailed TEM micrograph
(Fig. 2(b)) suggests that sub-micron domains do not seem to

Calculated volume content (based on wt% amide and density of both phases: 1.0 g/cm® (polyether) and 1.2 g/cm® (amide phase)).
¢ Physical state at room temperature (L= (viscous) liquid, S =solid/rubber).

be homogeneous. The PPO segments in these sub-micron
domains must be phase separated due to the incompatibility
of PPO segments with the amide phase. A cartoon is drawn
for the possible structures (Fig. 3). Fig. 3(a) represents the
morphology of block copolymers with short dissolved
amide segments with a length of x<2. In Fig. 3(b), the
polyether phase (A) contain demixed the amide segments
(B). The phase separation is both in nano particle that just
contain amide segments and sub micron ‘salami type’
particles with a continuous amide phase and a dispersed
ether phase. This liquid-liquid demixed in morphology is
present in PEEA copolymers if the amide segment length is
3 or longer (x> 3).

In order to estimate the amount of amide in the nano
particles the amount of amide in the sub-micron particles

50 nm

Fig. 2. TEM image of a PEEA with uniform non-crystallisable hexa-amide
segment (x,=3, 23 vol%) stained with 1 wt% OsO,/formaldehyde
solution: (a) 52,000 ; (b) 120,000 X.
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Table 2
Composition of liquid—liquid demixed PEEA segmented block copolymers
x,=10 x=3 x=10
Block copolymer Amide content (Wt%) 26.9 27.5 54.8
Amide content (vol%) 23 24 48
Sub-micron particles Size (nm) 30-200 50-500 50-1000
Content (vol%) 8 13 40
Amide content (vol%) 2 3 19.2
Nano-particles Size (nm) 3 2-10 4-20
content (vol%) 17 16 15
Dissolved amide segments (vol%) 4 4 6
Total particle content (vol%) 24 29 55

and the dissolved amount of amide segments in the PPO
phase has to be determined (Table 2).

Rod-like or co-continues structures were not observed.
This is probably due to the process of phase separation
during polymerization as in segmented polyurethanes and
ABS [16,32]. The amide concentration in the sub-micron
particles is assumed to be the same as in the polymer
(26.9 wt%, 23 vol%). In that case 8 vol% of sub-micron
particles contains about 2 vol% amide. The amount of
amide dissolved was obtained from the T,-shift and the 5 °C
(Section 3.4.2) corresponds to about 4 wt% amide (4 vol%).
The amount of amide nano-particles present is than about
17 vol%, which is a considerable amount.

3.2. Amide segments of random length

PEEA’s with non-crystallisable amide segments with a
random length distribution were also synthesized with
relatively high inherent viscosities (Table 1). The average
amide segment length (x,) ranged from x, = 1-10. The melts
of all these copolymers were opaque during polycondensa-
tion at 250 °C, even for the copolymers with an average
length of x,=1 and x,=2. At a random amide segment
length of 2.5 and more, the copolymers were solid at room
temperature. The average amide segment lengths as
calculated from the amide:ester ratios from 'H NMR
experiments are somewhat higher than expected [28]. In
the one-pot synthesis, which is the process to obtain block
copolymers with random amide segments, some of the

Fig. 3. Cartoon of the morphology of PEEA’s with non-crystallisable amide
segments and PPO,300: (a) short amide segments dissolved; (b) phase
separated amide segments with phase A is polyether phase and phase B is
the phase separated amorphous amide phase.

diphenyl isophthalate may be completely converted by the
reaction with PPO thereby extending the PPO segments.

3.2.1. Morphology of block copolymers with amide
segments of random length

The morphologies as examined by TEM of the polymers
with random amide segment lengths x,=3 and x,=10 are
shown in Fig. 4(a) and (b), respectively.

The morphology of the PEEA with random amide
segment length x,=3 (Fig. 4(a)) consists of a dispersion
of spherical sub-micron domains with diameters of
approximately 50-500 nm (appr. 13 vol%) and many
nano-domains (Table 2). The nano-domains are expected
to contain only amide segments and the nano-particle size is
therefore a function of the amide segment length. With an
amide segment length of 6 nm the size of the particles is
expected to be on average 3 nm (2—-10 nm). The sub-micron
domains are much larger than the amide segment length and
must contain PPO segments as well, with a composition
similar to that of the copolymer (27.5 wt% amide or
23.5 vol%). The 13 vol% sub-micron particles then contain
~3 vol% amide. Furthermore, part of the amide segments
(x=2) may be mixed with the PPO phase (~4%). The
estimated amount of amide in the nano-particles is 16 vol%.

500 nm

Fig. 4. TEM images (21,000 X) of a PEEA with random non-crystallisable
amide segments and PPO,3qo stained with 1 wt% OsO,/formaldehyde
solution: (a) average amide length x,=3 (23 vol% amide); (b) average
amide length x,= 10 (48 vol% amide).
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The PEEA with a random amide segment length of x,=
10 (Fig. 4(b)) has a morphology containing spherical sub-
micron domains of approximately 50—1000 nm and many
nano-domains. The nano-domains with x,= 10 are expected
to have an average diameter of 9 nm (5-20 nm) (Table 2).
No co-continues structures were observed which is unusual
for block copolymer containing 55 wt% of amide segments
(48 vol% amide phase). The amount of domains visible (>
50nm) in the TEM images is + 40 vol% (19.2 vol%
amide). Next to that are amide segments dissolved (x=2) in
the PPO phase (~6 wt%). The estimated amount of nano-
domains is ~ 15 vol% (Table 2). Thus, increasing the amide
segment length from x, is 3 to 10 results in larger sub-micron
particles and larger nano-particles but the volume fraction
of nano-particles is hardly changed.

3.3. Hard domain size distributions

The observed morphology of liquid-liquid demixed
amide segments is a combination of dispersed spherical
nano- and sub-micron domains (Fig. 3(b)). From these
TEM-images the sub-micron domain size distribution was
determined (Fig. 5). Below 50 nm (nano-domains), it was
not possible to measure the size and concentration of the
nano-particles well and estimated values are given as a
dashed line. When uniform amide segments with x,=3 are
employed the liquid-liquid demixed morphology of the
corresponding PEEA shows a bimodal size distribution of
spherical nano-domains (£ 3 nm) and sub-micron domains
of 30-200 nm (Fig. 5(a)). With random amide segments
compared to uniform length amide segments more of the
larger domains are present and also the size of these sub-
micron domains is higher.

At longer amide segment length (x 3—10) both the nano
and the sub-micron particle sizes increases (Fig. 5(b)). Also
the relative content of the larger sizes increases. The
PEEA’s studied have a bimodal distribution of nano
particles (2-10nm) and sub-micron particles (30—
300 nm). For PEUU from TDI and PPO, similar size scales
of urea hard domains were detected in by Neff et al. [32].

The large spherical domains are built from long chains
and thus contain both amide and PPO segments. In these
spherical domains are the amide segments the continuous
phase and the PPO the dispersed phase (Fig. 3(b)).
Examination of TEM images of the PEEA with x,=10, at
higher magnifications, seems to support this inverted phase
morphology of the dispersed phase. Such ‘salami type’
morphologies are often seen in HIPS and ABS materials
[33]. The concentration of amide segments in these large
domains increases with amide segment length (Table 2).

3.4. Properties of liquid—liquid demixed segmented block
copolymers

3.4.1. Thermal properties by DSC
Melting endotherms were not observed in the DSC
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Fig. 5. Domain size distributions of PEEA’s with non-crystallisable amide
and PPO,3q segments. (a) x=3: W, uniform; [J, random (b) [J, random
x=23; A, random x=10 (dashed line: is estimated distribution of nano-
domains).

curves of the block copolymers. This suggests that the
amide segments are fully amorphous. Glass transition
temperatures of the amide phase were occasionally detected
by DSC if the amide concentration was high (>39 wt%). A
glass transition temperature of 119 °C is observed for a
polymer with 39.7 wt% amide (high amide segment length),
which is in good agreement with a flow temperature of
110 °C as measured by DMTA (Table 1).

3.4.2. Thermo-mechanical properties by DMTA

The storage and loss modulus of PEEA’s with random
amide segment length x, ranging from x=3-10 and PPO,3¢
were measured as function of temperature (Fig. 6). The G”
for x=38 is left out for clarity. The storage modulus of the
rubber plateau and the flow temperature increases with
amide segment length. Two transitions can be seen, a T}, of
the polyether phase and a Ty, of the amide phase, which
indicates that the polymers have a two-phase structure.

The glass transition temperature of the PPO,3 phase is
sharp and at about —52 °C (Table 1 and Fig. 6(B)). The
effect of the amide content and amide length is thus
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Fig. 6. Storage (G') (A) and loss modulus (G”) (B) as function of
temperature of PEEA’s with non-crystallisable amide segments with
different random amide segment length x: O, 2.5 (22.9 wt%); [, 4
(36.8 wt%); W, 6 (43.3 wt%); &, 8 (52.5 wt%).

minimal. The higher T, of the soft phase with regard to the
T, of pure PPO (—75°C) is probably due to the
‘crosslinking’ of the PPO,3¢y segments [34], and may also
be due to the fraction of dissolved amide segments [3]. The
effect crosslinking on the 7, can be described with Eq. (6)

(2].

. 39%10*
T, =T, +Tc (6)

With T, the glass transition temperature of the segmented
block polymer and T, the glass transition temperature of
the soft segment at infinitive molecular weight (7, of PPO
incl 20% EO is —74 °C [14] and M. is the length between
crosslinks. M, is for PPO with a M|, of 2300 is 2300 g/mol.
On the basis of this is the T, of the PPO,30y in between
crosslinks and without amide dissolved is —57 °C.

The T, shift as a result of dissolved amide segments is
thus about 5 °C (—57 to —52°). With the Fox relationship
and taking for the T, of the poly(m-xylylene isophthala-
mide) 225 °C the concentration of dissolved amide is
4 wt%.

The flex temperature of these liquid-liquid demixed
block copolymers is at approximately —30°C (=T,+

20 °C) indicating an excellent low-temperature flexibility of
these PEEA’s due to the use of poly(propylene oxide)
segments.

The modulus (G) of the copolymers decreases with
temperature and also increases with increasing amide
content. The increase in the modulus with amide content
is expected to be due to the reinforcing effect of the phase
separated amide domains. Such a reinforcing effect can be
described by the Guth—Smallwood relation (Eq. (1)). The
increase in modulus is given as function of the hard segment
content (Fig. 7).

The hard segment content can be either the amide content
or the particle content. The particle content is higher than
the amide content as the sub-micron ‘salami type’ particles
also contain PPO segments (Fig. 3(b)). Increasing hard
content by increasing the amide content, results in a linear
increase with the logarithm of the storage modulus (Fig. 7,
closed symbols). This increase is stronger than predicted by
the Guth—Smallwood relation (Eq. (1)), hereby it is assumed
that the modulus of the spherical hard domains (the
reinforcing polyamide phase) is at least 1000 X the modulus
of the soft matrix (the polyether phase). In the case of
PEEA’s with uniform hexa-amide segments (x,=3) the
modulus-composition is somewhat closer to the prediction
of Guth-Smallwood. This polymer contains smaller
amounts of the large spherical domains than the polymer
having a random amide segment length x,=3 (Fig. 5(a),
Table 2).

The particle content is given for a few samples from the
TEM images (Table 2) by assuming that the ‘salami type’
particles have the same overall composition as the whole
system. The particle volume content is slightly higher than
the amide volume content (Fig. 7, open symbols). The
storage modulus of the PEEA’s as function of the
particle content, i.e. thus also including the polyether
phase inside the larger domains, is closer to the relation
of Guth-Smallwood. In this approach it was assumed
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Fig. 7. Storage modulus at 25 °C as function of the hard phase content
(vol%): M, amide content random segments; @, amide content uniform
segment x,=3; [, particle content random segments; O, particle content
uniform amide segment x,=3; (line I represents the Guth—Smallwood
relation, Eq. (1)).



3624 M. van der Schuur et al. / Polymer 46 (2005) 3616-3627

that there are no inter-facial layer effects. The idea that
the increase in modulus in these block copolymers is
due to the filler effect of the spherical particles seems to
hold.

3.4.3. Elastic behavior by compression set

As a first estimate of the elasticity of the PEEA’s, the
compression sets at 25% strain are determined (Table 1, Fig.
8). The compression set (CS) at room temperature of the
PEEA’s decreases with increasing amide segment length x
(increasing amide content) and thus increasing modulus.
Also remarkable is that the block copolymer with uniform
amide segments, have a somewhat higher CS than block
copolymer with random amide segments. The effect of
decreasing CS with increasing hard segment content is
opposite to what has been observed in previous research on
segmented polyether(urethane)s [35] and segmented
PEEA’s [30,36].

Upon deforming a block copolymer sample, most
deformation occurs in the soft polyether phase and this
deformation is expected to be fully elastic, just as in block
copolymer with chemically cross-linked PPO. The non-
elastic behavior is thus due to plastic and/or viscoelastic
deformation of the amide phase. With increasing amide
segment length the size of both the sub-micron and nano-
particles increases. Thus, the decrease in CS seems to be due
to the increase in particle sizes. The larger particles are
apparently more resistant to deformation than the smaller
particles.

This also explains the higher CS values of the uniform
amide segments as that system has smaller particle sizes and
a higher concentration of nano-particles (Fig. 5(a)). As yet it
is not clear whether the deformation occurs mainly in the
sub-micron or in the nano-particles.

In a standard ASTM CS test the sample is allowed to
recover for 30 min (1800 s) before measuring the residual
strain. However, little is known of the effect of the time of
recovery on the CS of liquid-liquid demixed block
copolymers. The CS-values were determined as function
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Fig. 8. The compression set at room temperature as function of amide
segment length (x): WM, random amide segments; O, uniform amide
segment.

of the time of recovery (Fig. 9). Surprisingly in time, the
liquid-liquid demixed PEAA with random amide segments
recovered completely. With x,=3.3 the recovery to almost
0% is in 12 days and with x, is 6.4 and 9.3 even faster (4 and
1.5 days).

Theoretically at time O s, the compression set is 100%
and the subsequent recovery with time can be divided into
more than one time regime: an elastic (instantaneous) and a
viscoelastic response. In a semi-logarithmic plot of CS as
functions of recovery time, the viscoelastic recovery shows
a S-shaped curve (Fig. 9). This viscoelastic recovery is slow
for polymers having an average length of 3.3. This is
however relatively fast for polymers with average amide
segment lengths of 6.4 and 9.3.

As the viscoelastic recovery is a function of the amide
length is must be due to the deformation of the amide phase.
It is difficult to see how this is possible. The deformation the
hard domains depends on the ratio of the moduli of the hard
and soft phase as given by Eq. (7) [37]:

E soft
€hard = E Esoft (7)
hard

with Eyq and Ey,q the moduli of respectively the soft and
hard phase (Egop = 1.2 MPa and Ey,,.q =2000 MPa [38]) and
the applied strain is mainly &g, At a strain of 25% strain
deformation of the hard phase (ey,.q) is expected to be about
0.02%. At a strain of 0.02% the amide phase should behave
fully elastic. A possible explantion for the visco elastic
effects is than not the whole amide particle is deformed but
that individual polymer chains are pulled out off the liquid—
liquid demixed particles. The amorphous amide domains
have glass transition temperatures well above room
temperature and retraction of these polymer chains, after
releasing the compressive strain, back into the hard domains
may therefore be slow. With longer amide segments the
concentration on nano-particles is smaller but also with
these larger nano-partiles it might be more difficult to pull a
chain out of the amide phase. This may explain why these
liquid-liquid demixed PEEA copolymers show a slow
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Fig. 9. The compression set as function of relaxation time with random
amide segment length x,: W, 3.3; O 6.4; @ 9.3 (dashed line: ASTM 395B
standard: 30 min of recovery).
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viscoelastic recovery, which decreases with increasing
amide length.

3.4.4. Stress—strain behavior

On injection molded samples the stress and strain
behavior is studied (Table 3).

The tensile stress at 10% strain (¢1¢q) increases with
amide segment length, in a similar way as the storage
modulus (G'). The storage modulus is measured at very low
strains (0.1%). The fracture properties look eratic and seem
to be more dependant on the molecular weight of the
polymer than on the amide segment length (content). The
fracture strain decreases with increasing amide segment
length (x), while the fracture stress increases with increasing
amide segment length (x). The true fracture stress (Eq. (4))
is a good value for comparing the fracture properties of TPE
materials and is plotted as function of the inherent viscosity
(Fig. 10).

The true fracture stress increases linearly with inherent
viscosity. The fracture properties of these segmented
copolymers are thus highly dependant on their molecular
weights.

3.4.5. Cyclic stress—strain behavior: tensile set

The incremental tensile set (TS) of PEEA’s was studied
as function of the applied strain (Fig. 11). In the strain
region 0-25% the tensile set increases with and levels off
after 25% of strain. This plateau may be ascribed to yielding
of the amide phase. At higher strains the tensile set increases
again. With longer amide segments this last process occurs
at lower strains: for x,=10 at 100% strain and for x,=6 at
250% strain. The tensile set decreases with increasing amide
segment length (x) (in the region of 0—100% strain). This
surprising result is in line with the lower compression set
values obtained for polymers with higher amide segment
length x (Fig. 8).

4. Conclusions

Polyether(ester-amide)s (PEEA) with non-crystallisable
amide segments with high molecular weights were

Table 3
Mechanical properties
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Fig. 10. True fracture stress as function of the inherent viscosity.

synthesized. These model segmented block copolymers
give insight in the structure—property relations of segmented
block copolymers with liquid-liquid demixed morphologies
such as segmented polyurethanes.

The amide segment length of the copolymers ranged
from x=1 to 10. With short amide segment length (x <2) no
phase separation takes place and these short amide segments
remain dissolved in the PPO phase. The critical amide
segment length at which liquid-liquid demixing takes place
was x,=3. This is close to a critical urethane segment
length of 3.3 found for segmented polyurethanes [31].

For the block copolymers (x>2) two transitions were
observed indicating the presence of a two-phase mor-
phology. The amide phase as judged from DSC is
amorphous, which is in agreement with the irregular
structure of the amide. As two amorphous phases are
present the phase separation is by liquid—liquid demixing
and already taking place in the melt (melt phasing). All the
polymers studied (x>2) had spherical amorphous hard
domains dispersed in a soft matrix, even at 55 wt% of
amide. The size distribution of the liquid-liquid demixed
domains is bimodal with nano domains (3—10 nm) and sub-
micron domains (30—-1000 nm). A bimodal size distribution
of domain with similar size scales has been observed before
by TEM studies on segmented polyurethanes [32]. The
nano-particles are though of containing just amide seg-
ments. The larger sub-micron domains cannot consist of

Amide seg- Amide length Ninh (dl/g) G (25 OC) T10% (MPa) Obreak (MPa) Ebreak (%) abrcak,lruca TS at SO%b
ment X; (MPa) (MPa) (%)
I(X,,.1)3 33 1.62 3.7 0.35 15 960 160 37

1(X, D)4 5.0 0.43 5.5 0.53 75 340 35 -

I(X,.)5 5.6 0.53 5.6 0.78 7.2 320 30 35

1(X,.e 6.4 1.19 12 2.2 18 620 130 25

1(X,,.1)s 9.3 0.87 21 3.4 29 270 110 21

1X,.D 10 10.6 0.66 47 32 20 190 60 19

* True fracture stress calculated with Eq. (4).
® Tensile set at 50% strain.
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Fig. 11. The tensile set (TS) as function of the applied strain and amide
segment length x,: X, 3.3; W, 6.4; A, 10.4.

only amide segments, as the amide segments used are short
(6-17 nm), but must also contain PPO segments. These
domains were found to have a ‘salami’ morphology. The
volume fraction of these larger hard domains is increased
with increasing amide segment length.

The storage modulus of these PEEA’s increases
moderately with increasing particle content and can be
described by the Guth—Smallwood relation [24,25]. Still,
these PEEA’s are soft materials (G’ (25 °C)=1.4-47 MPa
and 094 =0.35-3.2 MPa) even with amide segment
concentrations up to approximately 55 wt%. The fracture
properties increase strongly with molecular weight.

The compression and tensile sets values decrease with
increasing amide segment length and thus increasing
modulus. Probably, the longer amide segments in the hard
phase are more resistant to deformation resulting in block
copolymers with a higher elasticity. Polymers containing
long amide segment length have nano-domains of a larger
size and a smaller content and these copolymers were found
to have lower compression sets. This may suggest that the
nano-domains, and particular small nano-domains, are less
resistant to deformation as compared to the sub-micron
domains. Giving time (12 days) the compression set of the
block copolymers has reduced to 0%. The observed
recovery for liquid-liquid demixed PEEA copolymers is a
relatively slow process. This viscoelastic process may be
due to slow retraction of amide segments being pulled out of
the glassy amide domains during deformation.

Increasing the amide segment length in liquid—liquid
demixed PEEA copolymers has lead to lower tensile sets in
the region of 0-100% applied strain. The tensile set of these
polymers increases with strain and levels off after 25%
strain. This leveling off of the tensile set is assumed to be
due to yielding of the amide phase in the block copolymers.
At higher deformations (>100%) another deformation
process may be involved as the tensile set increases
strongly. When the amide segment length is increased this
process starts at lower strains and also becomes more
significant.
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