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Abstract

High molecular weight segmented poly(ester amide)s were prepared by melt polycondensation of 1,4-butanediol, dimethyl adipate and a
preformed bisamide-diol based on 1,4-diaminobutane and e-caprolactone. By varying the ratio of the bisamide-diol and 1,4-butanediol, a
series of polymers was obtained with a hard segment content between 10 and 85 mol%. FT-IR and WAXD analysis revealed that the
poly(ester amide)s crystallize in an a-type phase similar to the a-phase of even—even nylons. These polymers all have a micro-phase
separated structure with an amide-rich hard phase and an ester-rich flexible soft phase. The polymers have a low and a high melt transition,
corresponding with the melting of crystals comprising single ester amide sequences and two or more ester amide sequences, respectively. The
low melt transition is between 58 and 70 °C and is independent of polymer composition. By increasing the hard segment content from 10 to
85 mol% the high melt transition increased from 83 to 140 °C while the glass transition temperature increased from —45 to —5 °C.
Likewise, the elastic modulus increased from 70 to 524 MPa, the stress at break increased from 8 to 28 MPa while the strain at break
decreased from 820 to 370%. Thermal and mechanical properties can thus be tuned for specific applications by varying the hard segment

content in these segmented polymers.
© 2005 Published by Elsevier Ltd.
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1. Introduction

Aliphatic polyesters, such as poly(e-caprolactone) and
poly(butylene adipate) are biodegradable, but lack the
physical and mechanical properties necessary for a broad
range of applications. Synthetic aliphatic polyamides are
generally not biodegradable but have favourable crystal-
lization properties, good solvent and heat stability and high
moduli and tensile strength. Combination of the character-
istics of both groups of polymers may be achieved by the
synthesis of aliphatic poly(ester amide)s in which amide
groups are randomly distributed in the polymer chain [1-13]
or in which well-defined amide group containing blocks or
segments are incorporated in the polymer [11,14-19].
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Segmented poly(ester-amide)s consisting of rigid amide
segments and amorphous flexible ester segments are
thermoplastic elastomers [20]. These polymers have a
micro-phase separated structure with an amide-rich hard
phase and an ester-rich soft phase. The amide-rich phase
usually contains crystalline lamellae and acts as a thermo-
reversible physical crosslinker for the amorphous phase.
The soft phase has a sub-ambient glass transition
temperature (7,) and contributes to the flexibility and
extensibility of the polymer. Heating above the melting
temperature of the hard domains usually results in phase
mixing of hard and soft segments. Without the reinforcing
tie points, the polymer will flow as a thermoplastic material
and can easily be melt processed. Upon cooling, the hard
and soft segments become incompatible, which leads to
phase separation into micro-domains and crystallization and
thus to reformation of the physical crosslinks. Previous
research revealed that an effective way to improve phase
separation is using short, symmetrical and uniform amide
blocks [21-24].
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Aliphatic segmented poly(ester amide)s containing uni-
form hard blocks have received limited attention. Segmented
poly(ester-amide)s prepared from preformed bisamide-diols
and oligoesters were synthesized by Bera et al. [18,19]. The
bisamide-diol prepared from 1,6-diaminohexane and
v-butyrolactone, was first reacted with adipic acid to form a
hard alternating poly(ester amide) oligomer. The oligoester
(soft block) was prepared from 1,2-ethanediol and dimethyl
adipate. A series of high molecular weight polymers was
obtained by reacting various ratios of hard and soft oligomers.
By increasing the hard oligomer content from 20 to 80 mol%
the modulus increased from 70 to 600 MPa and the yield stress
increased from 0.04 to 15 MPa. All polymers have two glass
transition temperatures (—40 to — 50 and 40 to 50 °C) and one
melting temperature at ~200 °C, indicating the presence of
two separate amorphous domains and a crystalline phase.
Hydrogen bonding, studied with temperature dependent IR,
showed that amide—amide and ester—-amide H-bonds were
formed in all polymers [25,26]. It was concluded that the
ester—amide H-bonds are stable up to 210 °C whereas the
amide—amide H-bonds disappear at 170 °C.

Stapert et al. prepared segmented block poly(ester amide)s
by condensation of preformed bisamide-diols or bisamide-
diesters, 1,4-butanediol and dimethyl adipate in the melt [14,
15,27]. The uniform amide blocks were randomly distributed
in the polymer chain and during the polycondensation reaction
no or little ester—amide interchange occurred between
segments of the polymer chain. These polymers show an
endothermic transition between 50 and 70 °C followed by a
melting temperature, which increased from 80 to 140 °C by
increasing the hard segment content from 10 to 100 mol%.
The higher transition corresponds to the melting of a
crystalline phase consisting of crystals composed of two or
more subsequent ester amide (EA) sequences. The first melt
transition, which is independent of the amide content of the
polymer, is attributed to melting of crystals comprising single
EA sequences. This crystalline phase is meta stable with
respect to the higher melting crystalline phase [28]. The glass
transition temperature increases with increasing hard segment
content, indicating a homogenous amorphous phase.

The ratio of hard to soft segments, affects the properties
of segmented poly(ester amide)s as the polymer changes
from a more soft polyester to a hard polyamide. In this
paper, the influence of the amount of hard segment in
segmented poly(ester amide)s based on a N,N'-1,4-
butanediyl-bis[6-hydroxy-hexanamide], dimethyl adipate
and 1,4-butanediol, on the thermal, physical and mechanical
properties is described.

2. Experimental
2.1. Materials

1,4-Butanediol, dimethyl adipate (synthetic grade)
chloroform-d; and the catalyst tetrabutylorthotitanoate

(Ti(OBu),) were purchased from Merck, Germany. The
anti-oxidant Irganox 1330 was kindly provided by Ciba
Geigi, Switzerland. Trifluoroacetic acid-d; was obtained
from Aldrich, The Netherlands. All other solvents were
obtained from Biosolve, The Netherlands. The synthesis of
N,N'-1,4-butanediyl-bis[6-hydroxy-hexanamide] is
described previously (T, =144 °C) [29].

2.2. Poly(ester amide) synthesis

The synthesis of the copolymer based on N,N'-14-
butanediyl-bis[6-hydroxy-hexanamide], 1,4-butanediol and
dimethyl adipate (DMA) was carried out as previously
described [14]. Small adjustments were implemented to
scale up the polymerization to ~100 g.

The molar ratio of hard (x) and soft (y) segments in the
poly(ester amide) is varied by changing the ratio of N,N'-1,
4-butanediyl-bis[6-hydroxy-hexanamide] and 1,4-
butanediol.

A typical procedure for the preparation of PEA 72/28
containing 28 mol% of hard segment is described hereafter
in detail. Dimethyl adipate (70.00 g, 0.402 mol), N,N'-1,4-
butanediyl-bis[6-hydroxy-hexanamide] (31.79¢g, O.
101 mol) and a twofold excess of 1,4-butanediol (54.07 g,
0.602 mol) were placed in a polymerization tube. To the
mixture ~1ml of a stock solution (0.15¢g mlfl) of
Ti(OBu), in toluene and Irganox 1330 (1.55 g=1.0 wt%
of total mass) were added. The amount of catalyst used was
always 2 mg Ti(OBu),/g DMA. The mixture was stirred for
15 min at room temperature under an argon atmosphere.
The pressure was reduced to 500 mbar and subsequently the
mixture was slowly heated to 180 °C over a period of 3 h.
The methanol distilled off during this period and was
collected in a trap, cooled with ice water. Subsequently, the
pressure was slowly decreased to ~ 100 mbar. The reaction
vessel was cooled to room temperature under vacuum and
left to stand over night. An additional 0.14 g of catalyst was
added. The reaction mixture was heated to 180 °C under
reduced pressure (500 mbar). In the next 2 h, the pressure
was decreased to 5 mbar. The temperature was increased to
190 °C and the pressure was very slowly decreased to 0.
15 mbar. The trap was cooled with liquid nitrogen,
which reduced the pressure to 0.1 mbar. The excess of
1,4-butanediol was distilled off during the next 5 h. The
final pressure was 0.04 mbar. The reaction mixture was
then cooled to room temperature under vacuum. The
polymer was dissolved in 100 ml of chloroform at 55 °C
for 2h and subsequently precipitated in 41 of diethyl
ether. The polymer was filtered, washed with cold
diethyl ether and dried overnight at room temperature at
reduced pressure.

The polymers PBA, PEA 90/10, PEA 72/28, PEA
44/56, PEA 22/78 and PEA 15/85 with a hard segment
content x of 0, 10, 28, 56, 78 and 85 mol%,
respectively, were prepared according to the method
described above.
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2.3. Methods

2.3.1. NMR

"H (300 MHz) and ">C (75.26 MHz) NMR spectra were
recorded on a Varian Inova nuclear magnetic resonance
spectrometer using chloroform-d; or trifluoracetic acid-d;
as a solvent.

2.3.2. Viscometry

Intrinsic viscosities [1] were determined by a single point
measurement using a capillary Ubbelohde type OC at 25 °C
and a polymer solution with a concentration of 0.1 g dl~ " in
chloroform—methanol (1:1 vol/vol) [30,31]. The following
empirical equation was applied:

V2

[7]] = T Nspec — In Mrel (D

where 7gec="re1— 1 and ¢ is the polymer concentration in
gdl ™!

The intrinsic viscosity of PEA 72/28 was also determined
by extrapolation of 7, and 7;,, to ¢=0.

2.3.3. FT-IR

Fourier transform infrared spectra were recorded with a
Biorad FTS 175 spectrometer utilizing a wide band MCT
detector at 4 cm ™! spectral resolution. Thin polymer films
were placed between sodium chloride windows and
transferred to a heatable infrared cell from Specac Inc.
The sample was heated to 190 °C at 45 °C min ', kept for
10 min at 190 °C, cooled to 30 °C with an average rate of
5°Cmin~'. Subsequently, data points were collected
between 4000 and 550 cm .

Temperature dependent FT-IR spectra of poly(butylene
adipate) (PBA) were performed on melt-crystallized
materials. The polymer film was first heated to 100 °C
(45 °C min~ "), kept for 10 min at 100 °C and cooled to
30 °C with an average rate of 5 °C min~'. The sample was
then heated to 100 °C in steps of 10 °C at a heating rate of
45°C min~'. After each step the temperature was kept
constant for 5 min before data collection.

The crystallinity w, (in mol%) of the poly(ester amide)s
was calculated according to:

b,
— . 2
e (bl + b, +b3>x @

with b, the band area of the amide I band at 1634 cm ™! (H-
bonded, ordered, crystalline domains), b, the band area of
the amide I band at ~1651 cm ™' (H-bonded disordered,
amorphous domains), b3 the band area of the amide I band at
~1673 cm ™! (non-H-bonded, amorphous domains) and x
the hard segment content in mol%. Curve fitting was used to
resolve the selected IR-band areas.

2.3.4. WAXD
Wide angle X-ray diffraction spectra were recorded using

a Philips X’Pert-MPD diffractometer in Bragg—Brentano
geometry, with a ® compensating divergence slit (10.
0 mm). The polymer film (15X 10X 1 mm) was mounted on
a Pt filament in an Anton Paar HTK-16 temperature
chamber. A Cu-anode was used, together with a curved
graphite monochromator, giving Cu Ko, radiation of 1.
5406 A. Prior to measurement the chamber was flushed with
nitrogen.

The sample was heated to 190 °C, annealed for 10 min
and subsequently cooled at 20 °C min~' to 30 °C. Data
points were collected in the range of 20 is 4-90°.

The peak position at angles of 26 correspond to
interplanar d-spacings according to Bragg’s law:

ni
d=
2 sin 6

3)

with n is an integer and A is the applied wavelength (1.
5406 A).

2.3.5. TGA

Thermal gravimetric analysis was carried out with 5-
10 mg samples under a nitrogen atmosphere in the 50-
700 °C range at a heating rate of 10°C min_', using a
Perkin—Elmer thermal gravimetric analyser TGA-7.

2.3.6. DSC

Thermal analysis of the polymers was carried out using a
Perkin—Elmer DSC-7 differential scanning calorimeter
equipped with a PE7700 computer and TAS-7 software.
Calibration was performed with pure indium. Measurements
were performed on isolated precipitated polymers. Samples
(5-10 mg) were heated from 25 to 180°C at a rate of
20 °C min ', annealed for 5 min, cooled to — 80 °C at a rate
of 20°C min_l, and subsequently heated from —80 to
180°C at a rate of 20°Cmin~'. Melting (7,,) and
crystallization (7,.) temperatures were obtained from the
peak maxima, melt (AH,,) and crystallization (AH.)
enthalpies were determined from the area under the curve
and the glass transition temperature (1) was taken at the
inflection point. The data presented are from the second
heating step, unless stated otherwise.

2.3.7. Processing

Polymer bars were prepared both by compression
moulding and injection moulding. Compression moulded
bars (75X 4 X2 mm) were prepared with a hot press (THB
008, Fontijne Holland BV, The Netherlands). Polymers
were heated for 6-8 min at 20 °C above their T, as
measured by DSC, pressed for 3 min at 300 kN, and cooled
in approximately 5 min under pressure to room temperature.
Injection moulded bars (70 X9 X2 mm) were prepared with
an Arburg-H manual injection moulding machine. The
barrel was set to 40 °C above the Ty, of the polymer as
determined by DSC.
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2.3.8. DMA

Differential mechanical analysis was performed with a
Myrenne ATM3 torsion pendulum at a frequency of
approximately 1 Hz. The storage modulus (G') and the
loss modulus (G”) were measured as a function of
temperature. Samples (75X4X2 mm) were first cooled to
—100°C and then heated at a rate of 1°C min~'. The
temperature at which the loss modulus reached a maximum
was taken as the T,. The flow temperature (Tpow) Was
defined as the temperature at which the storage modulus
reached 1 MPa.

2.3.9. Tensile tests

Tensile tests were conducted with compression moulded
and injection moulded bars, cut to dumbbells (ISO 37). A
Zwick Z020 universal machine equipped with a 500 N load
cell and extensometers was used to measure the stress as a
function of strain at a strain rate of 500 mm min~ ' and a
preload of 3 N. Measurements were performed on at least
six different polymer bars.

2.3.10. Compression set

Polymer samples (10X 10X?2 mm) cut from injection
moulded bars were placed between two metal plates at 25 °C
(ASTM 395 B standard) and compressed to 75% of their
original thickness for 24 h. The sample thickness was
determined half an hour after the load was released. The
measurements were performed in triplo. The compression
set (CS) is calculated according to:

CS = d() _d2

X 100% “)

0 1

where d, di, and d, are the sample thicknesses before,
during, and after compression, respectively.

2.3.11. Water uptake

The polymer water absorption was determined by
placing polymer bars (75X4X2 mm) in a dessicator at
room temperature at 100% relative humidity (RH) for
28 days. Samples (10X 10X 2 mm) were also immersed in
demineralised water at 37 °C for 28 days. Compression
moulded samples were predried at 30 °C under reduced
i i

[
0 Q X +y CH;0C—(CHy)—COCH;
% HO—(CHy)5—CN—(CHy)-NC—(CHy);—OH +

H

+

2y HO*(CH;)TOH
soft segment l

it i

C—(C Hz)rcfo—(c Hy);—0

hard segment

I Il Il I
C—(CHy)=C—O—(CH)=CN —(CH;)T}VC—(CHQ);—O+
7 - X
H H

Fig. 1. Reaction scheme for the synthesis of a poly(ester amide) based on a
bisamide-diol, 1,4-butanediol and dimethyl adipate.

pressure for at least 2 days. The water absorption (wt %) is
calculated from:

Wy — w
Wt% = —2

X 100% (5)
Wo

where wy and w are the sample weights before and after

treatment, respectively.

3. Results and discussion
3.1. Characterization

Segmented poly(ester amide)s were prepared by copo-
lymerisation of a bisamide-diol, dimethyl adipate and 1,4-
butanediol in the melt (Fig. 1). The trans-esterification was
performed at 180 °C at atmospheric pressure under argon for
2 h. The polycondensation started by increasing the
temperature to 190 °C and reducing the pressure to
~0.1 mbar with distillation of 1,4-butanediol. The molar
ratio of hard (x) and soft (y) segment of the poly(ester
amide) was varied by changing the ratio of bisamide-diol to
1,4-butanediol in the monomer feed. A series of poly(ester
amide)s PEA 90/10, PEA 72/28, PEA 44/56, PEA 22/78 and
PEA 15/85 with a hard segment content x of 10, 28, 56, 78
and 85 mol%, respectively, were prepared in this way. The
homopolymer poly(butylene adipate) (PBA) was added to
the series.

Previously it has been shown that the symmetrical and
uniform structure of the hard bisamide segments was
retained in the polymer [14,27]. Less than 5 mol% of the
symmetrical amide segments is lost due to alcoholysis of the
amide bonds during the first hours of the reaction.

The composition of the poly(ester amide)s, determined
by '"H NMR, in almost all cases deviates slightly from the
intended composition (Table 1). The deviation is becoming
more pronounced at higher hard segment content. This
deviation is caused by distillation of a small amount of
dimethyl adipate during the polymerization, which disturbs
the stoichiometry. Assuming that the polymer chains have
hydroxyl end groups, 'H NMR was also used to estimate the
molecular weights (M) of the polymers. Because formation
of macrocycles, having no end-groups, cannot be excluded,
the values calculated may be to high [32,33].

The molecular weights (M,) are denoted as >
50 kg mol ! for the poly(ester amide)s with a hard segment
content up to 56 mol%, due to the inaccuracy in the
measurement of the integrals of the small signals
corresponding to the end-groups. Poly(ester amide)s with
a hard segment content of 78 and 85 mol% have a M,, of 39
and 20 kg mol !, respectively. These results show that the
increasing deviation from the intended composition, by
disturbing the stoichiometry, leads to a substantial decrease
in M, [27,34].

Previous work [35-37] has shown that a mixture of
chloroform—methanol (1:1 vol/vol) is a suitable solvent for
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Table 1

Chemical composition and physical properties of poly(ester amide)s with different hard segment content x

Polymer Hard segment x (mol %) M, (kg mol ™" m° dg™ " M, (kg mol ™) (> (dlg™h
PBA 0 27 0.43 27 0.39
PEA 90/10 10 >50 0.55 18 0.39
PEA 72/28 28 >50 0.59 20 0.52
PEA 44/56 56 >50 0.61 19 0.52
PEA 22/78 78 39 0.52 13 0.44
PEA 15/85 85 20 0.45 8 0.42

* According to "H NMR.
° CHCI;/MeOH (1:1 vol/vol) at 25 °C.
¢ After compression moulding.

some kind of poly(ether ester amide)s. The intrinsic
viscosity of the polymer (chloroform—methanol 1:1 vol/
vol) was evaluated by capillary viscometry by extrapolation
of the reduced (”flred=775pecC_]) and inherent (9;,,=
ln(nrel)c_l) viscosities to ¢=0 [38]. A linear relationship
was observed for PEA 72/28, suggesting that the chloro-
form—methanol mixture is a good solvent even at relatively
high polymer concentrations. Extrapolating the reduced and
inherent viscosities of PEA 72/28 to ¢=0 gives an intrinsic
viscosity of 0.5940.01dlg~'. The intrinsic viscosity
determined by a single point measurement at c=
~0.1gdl™" is 0.59dl g~ ", indicating that the single
point measurement is representative for the intrinsic
viscosity of PEA 72/28. Care should be taken when

vN-H H-bonded
(a ) 3305

v,CH
2945
—~ v,CH
S
© 2870
[0]
o
&
g | PEA 15185
s PEA 22178
<
PEA 44/56
w12 PEA 72128
252 PEA 9010
. 2874 PBA

3500 3400 3300 3200 3100 3000 2000 2800

Wave number (cm™)

(b) amide |
amide Il
vC=0
ester l
amide V
— amide Il 693 (a)
3
s
® PEA 15/85
o
e
g PEA 22/78
o
3
2 PEA 44/56
PEA 72/28
N R __PeEAso
i PBA
T T T T T
1800 1600 1400 1200 1000 800

Wave number (cm™)

Fig. 2. (a) FT-IR spectra of PBA and PEA polymers with different hard
segment content (10-85 mol%) at room temperature for the wave number
region 3500-2700 cm ~'. (b) FT-IR spectra of PBA and PEA polymers with
different hard segment content (10-85 mol%) at room temperature for the
wave number region 1800-650 cm ™"

extrapolating these results to poly(ester amide)s with other
compositions. In addition, since the Mark—Houwink
constants are not known for the systems, the resulting
intrinsic viscosities could not be converted to molecular
weights.

The intrinsic viscosities of poly(ester amide)s before and
after compression moulding are shown in Table 1. The
synthesized poly(ester amide)s have intrinsic viscosities of
0.5-0.6dl g~ '. The intrinsic viscosity decreased signifi-
cantly upon compression moulding indicating that small
amounts of absorbed moisture in poly(ester amide)s can
already lead to hydrolytic chain scissions at elevated
processing temperatures.

In Fig. 2, the FT-IR spectra of the PEA copolymers at
room temperature are presented for the selected wave
number regions, 3600-2700 and 1800-650 cm ™!, Charac-
teristic IR-bands are found at 3305 (vN-H H-bonded),
~ 1730 (vC=O0 ester), 1634 (amide I, y*C=0) and 1540 cm !
(amide II, v*C-N+ 6N-H). Several weaker IR-bands were
observed at 1476, 1420 and 693 cm ' belonging to the NH
vicinal CH, bend, CO vicinal CH, bend and amide V,

A

—50°C
4 —860°C

Absorbance (a.u.)

T T T T T
1800 1600 1400 1200 1000 800
Wave number (cm”)

Absorbance (a.u.)

. : : : r T |
1770 1760 1750 1740 1730 1720 1710 1700
Wave number (cm’')

Fig. 3. FT-IR spectra of PBA at 50 and 60 °C for the wave number region
1900-700 cm ™~ '(A) and 1770-1700 cm ™ '(B).
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respectively. These latter IR-bands in combination with the
amide II band provide important structural information. In
polyamides like nylon 6,6 these bands are found at similar
wave numbers, and are characteristic of a so-called
a-crystalline phase. As only part of the structure of the
bisamide-diol resembles the structure of nylon 6,6 the
crystalline phase is denoted here as an a-type phase.
Moreover, these bands are located at the same wave
numbers as in the IR-spectra of the bisamide-diol monomer
[29]. It thus seems that the a-type crystalline structure of the
bisamide-diol is preserved in the poly(ester amide).

In a previous study, it was shown that only at a low amide
content of ~10 mol% crystallization of butylene adipate
segments takes place [14]. This is illustrated by the change
in FT-IR spectra of poly(butylene adipate) (PBA) at
elevated temperatures (Fig. 3). Upon heating PBA to the
melt (60 °C), the IR-bands at 1419, 1398, 1370, 1260, 1170,
959 and 735 cm ™! (Fig. 3(A)), which are related to the
crystalline part, disappear or decrease drastically in
intensity. FT-IR spectra of PEA 90/10 also contain
characteristic bands of crystalline PBA (Fig. 2(b)), which
show that besides hard segments also polyester segments
crystallize.

The carbonyl band of PBA at room temperature is highly
asymmetric with a narrow top at 1730 cm ™~ ' and a shoulder
around 1738 cm ™! (Fig. 3(B)). Above 50 °C, the crystals
melt and one broad band centred around 1735 cm™'
remains. This suggests that the absorption band at 1730
and 1738 cm ™' are associated with carbonyl groups in
crystalline domains whereas the band at ~1735cm ™" is
associated with carbonyl groups in the amorphous phase
[39]. However, care should be taken because curve fitting of
this band is extremely difficult.

The band in the v*C=O ester region of the PEA polymers
consists of two bands at ~1730 and ~1738 cm ™! (Fig. 4).
Since the soft polyester segments crystallize only in poly(ester
amide)s with a hard segment content < 10 mol%, these results
suggest that ester sequences in the hard segment of poly(ester
amide)s with higher (>10 mol%) hard segment content are
incorporated in the crystals.

v C=0 (ester) v C=0 (amide I)

amide C=0
non H-bonded

PEA 15/85

Absorbance (a.u.)

___________

»»»»» PEA 90110
PBA

: : . : . : : ; s

1780 1760 1740 1720 1700 1680 1660 1640 1620 1600
Wave number (cm™")

Fig. 4. FT-IR spectra of PBA and PEA polymers with different hard
segment content (10-85 mol%) at room temperature for the wave number
region 1780-1600 cm ™"

The WAXD spectra (Fig. 5) of the PEA polymers show
typical reflections of an a-type crystalline phase similar to
the well-defined o-crystalline phase in nylon 6,6. These
reflections represent the distance between two amide—amide
intermolecular H-bonded chains (~4.8 A) and the distance
between two van der Waals packed sheets (3.7 A). In the
WAXD spectra of the poly(ester amide)s the d-spacing
(4.34-4.41 A) representing the distance between two
amide—amide intermolecular H-bonded chains is found at
a somewhat lower value as found for the d-spacing as of
nylon 6,6. The differences observed may be result of the
incorporation of ester units in the crystalline structure. The
distance between the two van der Waals packed sheets
(3.98-3.87 1&) in the poly(ester amide)s is somewhat larger
than in nylon 6,6. The comparable values of the d-spacing in
the PEA polymers and nylon 6,6 and the structural data
obtained from FT-IR lead to the assumption that the chains
are in the fully extended planar zig-zag conformation
forming H-bonded planar sheets typical for an a-crystalline
phase. Note that a typical reflection of an y-type crystalline
phase (4.12 A) is present for PEA 72/28.

3.2. Thermal properties

The thermal stability of the segmented poly(ester amide)s
under non-oxidative conditions was investigated by thermal
gravimetric analysis (TGA). PBA is stable up to 380 °C and
segmented poly(ester amide)s are stable up to ~340 °C. For
all polymers the decomposition temperatures are consider-
ably higher than the melting temperature, which is
important for the processing of these materials.

The crystallization and melting temperatures and
corresponding enthalpies of the poly(ester amide)s were
taken from the first cooling and second heating scan as
measured by DSC (Table 2). All PEA polymers show two
melt transitions denoted as Ty, and T,,, for the low and
high melt transition, respectively.

Upon cooling from the melt, the poly(ester amide)s show
a complex crystallization pattern with one or even multi-
modal transitions depending on the hard segment content
PEA 72/28

—— PEA 44/56
- PEA 22/78

5000

4000

3000+

intensity (a.u.)

2000

1000

26()

Fig. 5. WAXD spectra of PEA 72/28, PEA 44/56 and PEA 22/78 at room
temperature. Polymers were heated to the melt, annealed for 10 min and
subsequently cooled to 30 °C at 20 °C min~'. The data represent the d-
spacings in A
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(Fig. 6). Only in the poly(ester amide) with a high ester
content (PEA 90/10) crystallization of PBA is possible.
However, the corresponding exotherm at —7 °C, is found at
a somewhat lower temperature compared to that of the
homopolymer PBA (24 °C). The exotherm at 22 °C is due to
the presence of crystals comprising EA segments.

Statistically, at low hard segment content, the number
average ester amide (EA) sequence length k increases from
1.1 for PEA 90/10 to 1.4 for PEA 72/28 [28,40]. This value
is approximately 2.2 for PEA 44/56 and 4.2 for the PEA 22/
78. This suggests that the crystalline phase at low amide
content constitutes single EA sequences whereas the
crystalline phase at high amide content contains two or
more EA sequences. Moreover, in the IR-spectra of PEA
polymers (x> 10 mol%) a band was found at 1730 cm ™'
corresponding with ester carbonyl groups in the crystalline
phase, which confirms the formation of crystals comprising
two or more EA sequences.

During cooling, a multi-modal exotherm was observed in
the DSC scan of PEA 44/56 which might be due to the
presence of a mixture of crystals with different EA sequence
lengths. At high EA content the 7, eventually shifts to
temperatures of 111 °C, but also a small transition still can
be observed at ~30 °C due to a crystalline phase containing
single EA sequences.

Upon reheating, the poly(ester amide)s show an
endothermic transition (7,,;) between 58 and 70 °C
followed by a second transition (T}, ) (Fig. 7). PEA 90/10
shows a broad melt transition at 59 °C, which is attributed to
melting of crystalline PBA segments and of crystals that
consist of single EA sequences. PEA 72/28 shows an
exotherm directly after the first melt transition, at which
probably crystals are rearranged into a more stable
crystalline structure.

The first melting temperature was almost independent of
the polymer hard segment content (Fig. 8). However, the
corresponding melt enthalpies decreased with increasing
hard segment (Fig. 9). The higher probability of having
crystals consisting of more successive EA sequences at
higher hard segment content explains the decreasing melt
enthalpy (AH,,;) [28]. The second melting temperature
(Tmp), at which crystals comprising two or more EA
sequences melt, increases with decreasing soft segment

c,ester

| PBA
Tc,asfsf PEA 90/10

PEA72/28

PEA 44/56

Heat flow (endo up)

T
-20 0 20 40 60 80 100 120
Temperature (°C)

Fig. 6. DSC cooling scans (20 °C min~ ") of PBA and PEA polymers with
different hard segment content (10-85 mol%).

Heat flow (endo up)
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T T v T T T T T v lI=BA
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Fig. 7. DSC heating scans (20 °C min~ ') of PBA and PEA polymers with
different hard segment content x (10-85 mol%).
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Fig. 8. Low (71, 1) and high (T, ») melting temperatures of PEA polymers as
a function of hard segment content x.

Table 2

Thermal properties of PEA polymers with different hard segment content x (10-85 mol%)

Polymer Tin1 O AHp g™ Tey (°C) AH, g™ Twa (°C) AHn, (g™ Tea (°C) AH., Jg™h
PBA 63 58 24 —57

PEA 90/10 59° 35 - - 83 1 —17,22° -39

PEA 72/28 70 24 - - 108 9 37 —-23

PEA 44/56 67 16 - - 126 32 54, 56, 79° —34

PEA 22/78 58 4 22 —4 136 45 104 —42

PEA 15/85 59 4 32 —4 140 58 111 —47

# Tm,l + Tm,esler-
* Two peaks.
¢ Trimodal.
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content. This is a general trend observed for segmented
copolymers and is explained by the solvent effect proposed
by Flory [41]. Upon dilution of the crystallizable hard
segment thus increasing the molar fraction of soft segment,
the size of the crystals will become smaller and hence its
melting temperature decreases. Also with increasing hard
segment content the average length of the hard segment and
thus the crystal lamellar size increases, resulting in a higher
melting temperature [42]. Probably, the increasing melting
temperature with increasing hard segment content is a
consequence of both effects although Ty, , is levelling off at
higher hard segment contents to ~ 140 °C. The correspond-
ing enthalpies still increase with increasing hard segment
content.

The crystallinity of the poly(ester amide)s, calculated by
deconvolution of the IR-band of the amide I, increased with
increasing hard segment content (Table 3).

3.3. Dynamic mechanical properties

Similar to T}, ,, the flow temperature as obtained from
DMA measurements increased with increasing hard
segment content (Table 3). This transition is very sharp
for all poly(ester amide)s.

Poly(ester amide)s with a hard segment content >
25 mol% show a transition in the rubber plateau (Fig. 10).
This transition is found at temperatures corresponding with
the lower melting temperature (7, ;) obtained from DSC
measurements.

DSC traces only showed weak transitions at the polymer
T,, which made their evaluation rather imprecise. For this
reason, only 7T, data obtained from DMA measurements are
reported here. The T, of the poly(ester amide)s is linearly
increasing with increasing hard segment content (Table 3)
[14]. This suggests that the phase separation is not complete
and that hard segments are molecularly dispersed through-
out the amorphous soft phase forming a homogeneous
amorphous phase [40].

The storage modulus at 25 °C, which is a measure for the
crystallinity, increased with increasing hard segment

60
50
40

30

Melt enthalpy (J.g")

A
0 10 20 30 40 50 60 70 80 90
Hard segment, x (mol%)

Fig. 9. Melting enthalpies AH,,, and AH,,, for the low and high T,
transitions of PEA polymers as a function of hard segment content x.
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Fig. 10. Storage modulus as a function of temperature for PEA polymers
with different hard segment content x (10-85 mol%).

content x (Table 3). This increase is due to an increased
physical crosslink density at higher hard segment content.

3.4. Mechanical properties

Typical stress—strain curves for the segmented poly(ester
amide)s are presented in Fig. 11. The E modulus is
determined at small deformations (0.1%) where stress
increases linearly with strain (Hooke’s law). At the yield
point, necking occurs and the plateau in the stress—strain
curve reflects the growing of the neck. Finally, the stress
level becomes high enough to cause chain breakage and
sample failure. Such a deformation process is well known
for segmented copolymers [43,44].

The PEA polymers with a high hard segment content
display a stress—strain curve typical of glassy or crystalline
homopolymers with a pronounced yield point followed by
break at relatively low strains.

By increasing the hard segment content from 10 to
85 mol%, the E modulus increases from 70 to 524 MPa, the
yield stress increases from 9 to 22 MPa while the strain at
break decreases from 820 to 370% (Table 4). The
homopolymer PBA has a high E modulus and tensile
strength but is very brittle. By the incorporation of
bisamide-diol moieties into the backbone of PBA the elastic
modulus, yield stress and stress at break remained high but

25+

Stress (MPa)

PEA 90/10

T T T T 1
0 200 400 600 800 1000
Strain (%)

Fig. 11. Stress strain curves for injection moulded samples of PEA
polymers with different hard segment content x (10-85 mol%).
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Table 3
Thermal properties of PEA polymers with different hard segment content x, as obtained from DMA and DSC
Polymer Hard segment x Thow: (°C) T2 (°C) wS (mol%) G'55 oc (MPa) T," (°C)
(mol %)
PBA 60 63 140 —52
PEA 90/10 10 70 83 5+25 34 —45
PEA 72/28 28 105 108 12.5+25 62 —40
PEA 44/56 56 130 126 27.5+25 103 —20
PEA 22/78 78 146 136 42.5%25 203 -8
PEA 15/85 85 145 140 425+25 274 -5
? From DMA.
® From DSC.

¢ Crystallinity according to amide I band in FT-IR spectra.

the strain at break increased to a large extent. Thus these
poly(ester amide)s are tough materials with a high stiffness.
The mechanical properties of these segmented poly(ester
amide)s are similar to low density polyethylene (T, ~ —25 °C,
T,,=98-115 °C), which has an elastic modulus in the range
of 170-280 MPa, a stress at break in the range of 8-30 MPa
and a strain at break in the range of 100 to 650%. The
mechanical properties also correspond well with segmented
poly(ester amide)s based on 1,6-diaminohexane,
y-butyrolactone, 1,2-ethanediol and dimethyl adipate
which revealed an elastic modulus up to 600 MPa and a
yield stress up to 10 MPa with increasing hard segment
content [18].

Polymer samples were processed by compression as well
as injection moulding in order to determine the influence of
these processing steps on the mechanical properties
(Table 4). Overall, the mechanical properties of both series
of polymer are comparable. In general, injection moulded
samples have a lower crystallinity compared to compression
moulded samples because the latter is cooled down at lower
rate. This is reflected in the somewhat higher modulus and
yield stress for the compression-moulded samples. The
strain at break for the compression moulded film of PEA 15/85
is significantly lower compared to that of the injection
moulded film, which might be due to their low molecular
weight.

Complete elastic recovery is hardly observed for
thermoplastic elastomers (TPE’s) [20]. During deformation
polymer chains in a network held together by entanglements
and other physical interactions are stretched. Above the

Table 4

yield point reorganization takes place, the crystalline
network as well as the crystalline lamellae start to disrupt.
After release of the external stress the polymer chains retract
to their original position with a gain in entropy as the driving
force for the recovery. However, only part of the material
recovers. The non-recoverable plastic deformation is due to
permanent viscous flow of the polymer chains. Relaxation
in semi-crystalline polymers is associated with the
amorphous component, the crystalline component or an
interaction whereby the crystalline component constrains
the motion of the amorphous phase [42,46]. In TPE’s the
soft segments usually relax to the non-oriented state while
the hard domains remain oriented which leads to a
considerable amount of permanent set [42,45]. Long soft
segments are less influenced by the restricting behaviour of
the hard domains and will accordingly be better capable of
accommodating deformation without breaking and will
retract more readily, resisting set. In general, a higher hard
segment content leads to a higher permanent set in
segmented copolymers [46,47].

To measure the compression set (CS) at room tempera-
ture, polymer bars are compressed to 75% of their original
thickness and thus the polymers are strained above their
yield point (Table 5). During the compression test the
polymer is deformed to some state of strain (25% of
compression) and secured in such a way that it retains the
initial deformation. Since the material behaves visco-
elastic, the stress level is lowered (relaxation) during the
experiment (in time). After release of the external stress, the
polymer system will show a time-dependent strain

Mechanical properties of PBA and PEA polymers with different hard segment content

Polymer E modulus (MPa) Yield stress (MPa) Stress at break (MPa) Strain at break (%)
com® inj® com® inj® com® inj® com® inj®

PBA 415+24 477+£20 15+0.5 - 154+0.5 17+1.5 150£20 10£5
PEA 90/10 73+6 70£11 4+0.5 - 81+0.5 8105 87035 820+£45
PEA 72/28 180136 180£35 9+0.5 9+0.5 15+1 16+1 810+ 100 840£60
PEA 44/56 27042 274£30 14+0.5 13£0.5 25+1 26+0.5 680+30 660+ 10
PEA 22/78 473127 432+36 23+1 18+1 24+1.5 28+2 420+20 580125
PEA 15/85 553+47 524459 26+1 2241 25+2 22+1 50+15 370+25

% Compression moulded bars.

® Injection moulded bars.
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Table 5
Compression set of injection moulded samples of PEA polymers with
different hard segment content x (10-85 mol%)

Polymer Hard seg- Oat yield €at yield (%) CSZS% (%)
ment x (mol  (MPa)
%)
PEA 90/10 10 - = 35+2
PEA 72/28 28 9+0.5 2442 39+5
PEA 44/56 56 13+0.5 18+2 49+6
PEA 22/78 178 18+1 16+1 30£5
PEA 15/85 85 22+1 16£0.5 5+2

# No yield point.

relaxation. The compression set of the PEA polymers
increases with increasing hard segment content up to
56 mol%. Surprisingly, the compression set starts to decrease
by increasing the hard segment content to 85 mol%. However,
PEA polymers with a high hard segment content have a
higher stiffness (higher modulus and yield stress) compared
to PEA polymers with a low hard segment content (Table 4)
and thus the initial force (stress) to sustain a similar
deformation will be higher. It is thus understandable that
PEA polymers with a high hard segment content respond
differently with respect to relaxation (elastic recovery) as
compared to PEA polymers with a low hard segment. In
addition, the elastic recovery is time dependent and
relaxation time in our experiment (30 min) is probably not
enough to reach a state of equilibrium.

3.5. Water uptake

The polymer water absorption was determined by
placing polymer samples in a dessicator at room tempera-
ture at 100% relative humidity (RH) or immersing polymer
samples in water at 37 °C. The water absorption of
poly(ester amide) samples was followed in time over a
period of 3 weeks. Polymers show an increase in water
absorption in time, which is levelling off at prolonged times
(equilibrium). PBA shows a low water absorption of 0.7% at
equilibrium. Polyamides are known to have high water
absorption [48], and it was expected that with increasing
bisamide content the water absorption will increase.

Water absorption of polymers at 100% RH, is maximal at

Table 6

a hard segment content of ~50mol% (Table 6). The
polymers PEA 22/78 and PEA 15/85 show a lower water
absorption than expected based on their amide content,
which can be ascribed to the higher crystallinity of these
materials. The polymers immersed in water at 37 °C show a
decreasing water absorption with increasing hard segment
content. Apparently the increasing crystallinity is more
important than the increasing amide content. The very high
water uptake of PEA 90/10 is probably caused by partial
melting of the polymer at 37 °C (Fig. 7), which decreases
the crystallinity.

4. Conclusions

High molecular weight segmented poly(ester amide)s
comprising different ester to amide ratios have been
successfully prepared by melt polycondensation of a
preformed bisamide-diol, 1,4-butanediol and dimethyl
adipate. The polymers have melt transitions between 58
and 70 °C and between 83 and 140 °C, depending on the
hard segment content, and a sub-ambient glass transition
temperature (—45 to —5 °C). The poly(ester amide)s have a
micro-phase separated structure with an amide-rich hard
phase and an ester-rich flexible soft phase. The poly(ester
amide)s crystallize in an a-type phase similar to even—even
nylons. The presence of a-related bands in the IR- and
WAXD-spectra of the bisamide-diol monomer indicates
that the a-type crystalline structure of the bisamide-diol is
preserved in the poly(ester amide).

By increasing the hard segment content from 10 to
85 mol% the elastic modulus increased from 70 to 524 MPa,
the stress at break increased from 8 to 28 MPa while the
strain at break decreased from 820 to 370%. It can be
concluded that the incorporation of well-defined amide
segments in the poly(butylene adipate) backbone results in
improved thermal and mechanical properties compared to
the homopolymer poly(butylene adipate). Furthermore,
these properties can be tuned for specific applications by
varying the hard segment content in these segmented
polymers.

Equilibrium water uptake of PBA and PEA polymers with different hard segment content, conditioned at 100% relative humidity at room temperature or

immersed in water at 37 °C

Polymer Time" (days) Water uptake (%) Time® (days) Water uptake (%)
PBA 3 0.7 1 1.0£0.2
PEA 90/10 6 3.8 5¢ 14.7£0.2
PEA 72/28 6 5.7 3 11.7£0.1
PEA 44/56 6 7.5 2 9.440.1
PEA 22/78 6 6.1 5 8.81+0.1
PEA 15/85 6 5.9 3 7.84+0.2

? Time to reach equilibrium at RH=100%.
® Time to reach equilibrium after immersion in water at 37 °C.
¢ Not at equilibrium.
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