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ABSTRACT: Various segmented block copolyethera-
mides based on nylon6 (N6) and poly(ethylene oxide)
(PEO) with different compositions and block length of
the hard and soft segments were synthesized. The effect
of composition of the hard and soft segments was stud-
ied via FTIR spectroscopy based on the characteristic
peak of ester group at wave number of 1730 cm . The
average block length of the hard and soft segments in
block copolymers was determined from H-NMR analysis.
Differential thermal analysis thermograms confirmed a
microphase separated morphology over a broad range of
temperature, leading to two separated crystalline

domains. An increase in the interconnectivity of the poly-
amide segments controlled by chain extension, greatly
improved the formation of polyamide lamellae crystals
determined by X-ray diffractometry. Atomic force micros-
copy images indicated different morphologies of dis-
persed phase in the dominant phase, which plays an
important role in their performance for membrane proc-
esses. © 2010 Wiley Periodicals, Inc. J] Appl Polym Sci 118:
1211-1218, 2010
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INTRODUCTION

Incorporation of flexible elastomeric segments in
crystallizable polymer chains is one of the methods
for overcoming certain disadvantageous properties
such as crack propagation and low impact strength
and also for optimizing thermal, mechanical, and
morphological properties.'” This can be achieved via
polycondensation reactions resulting in polydis-
persed materials, which show improved elasticity
and phase separation and reduced crystallinity
compared to the homopolymers.>® Poly(ether-block-
amide) copolymer (PEBA) is a thermoplastic elasto-
mer which consists of linear chain of hard polyam-
ide segments interspaced with soft polyether
segments. As the specific properties of a PEBA co-
polymer are affected by chemical nature and relative
content of polyamide and polyether segments, it is
possible to design a system for special application
by altering the structure and molecular weight of

Correspondence to: A. A. Babaluo (a.babaluo@sut.ac.ir).
Contract grant sponsor: Sahand University of
Technology (SUT).

Journal of Applied Polymer Science, Vol. 118,1211-1218 (2010)
© 2010 Wiley Periodicals, Inc.

hard and soft segments.”” One of the most impor-
tant applications of these copolymers is the fabrica-
tion of polymeric membranes for gas separation
processes.” "2 Due to polar nature of amide groups
in the hard segments and their ability to form
hydrogen bonding coupled with strong dipole-
dipole interaction, domain segregations can occur in
these copolymers.'® This trend results in two sepa-
rated domains: polyamide crystalline domains pro-
vide high selectivity according to the abundance of
polar groups and polyether amorphous domains
offer high permeability due to the high chain mobil-
ity of ether linkage.”'*

Technological properties of these block copoly-
mers for the mentioned application can be optimized
using different chemical compositions of hard and
soft segments. Usually the hard and soft segments
are thermodynamically incompatible but under cer-
tain conditions, they tend to compatibilize. In this
respect, selection of the proper segment length and
composition to synthesize segmented block copoly-
mer materials with monodispersed morphology and
desirable properties for gas separation processes
seems to be a great problem.

In this work, segmented block PEBA copolymer
was synthesized based on nylon6é and polyethylene
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TABLE I
Characteristics of Used Materials

Materials Function Molecular formula Abbreviation Supplier
Nylon 6 Precursor H(NHC(0),OH N6 Aldrich?®
Pole(ethylene oxide) Precursor HO(C,H,0),H PEO Aldrich®
Titanium butoxide Catalyst Ti[O(CH,)sCHj3]y Ti(OBu), Aldrich?®
Dicholoro methane Solvent CH,Cl, - Merck?
Irganox 1010 Thermostabilizer C30H5504S - CIBA®
Hexamethylenediamine Chain extender CeHi6No HMD Merck?
Adipic acid Chain extender CeH 1004 AA Merck?
Formic acid Solvent HCOOH - Merck?
n-Propanol Solvent C3HgO - Merck?
Ethanol Solvent C,H,O - Merck?

¢ Sigma Aldrich Chemie, D89555 Steinheim, Germany.
® B. Merck, D6100 Darmstadt, Germany.
¢ CIBA Giegy, 225-GR-PP IRGAFOS, Switzerland.

oxide. The main aim of this article was an extension
of our studies on the synthesis of PEBA copolymers
with various polyamide (PA)-to-polyether (PE)
weight ratios. Also, the influence of block length of
both hard and soft segments on the properties of the
synthesized PEBA copolymers were investigated.

EXPERIMENTAL
Materials

Characteristics of materials used in this work are
given in Table L

The viscosity-averaged molecular weight (M,) of
commercial polymer was determined with proper
solvents, via capillary Ubbelohde viscometer at 25°C
according to ASTM D2857-87. It is adopted as a
measure of molecular weight based on the relation-
ships between intrinsic viscosity and molecular
weight of homopolymers reported in the literature.'®
Reliability of the obtained results was confirmed by
gel permeation chromatography method (GPC) for
PEO.

The intrinsic viscosity and molecular weight of
homopolymers were presented in Table II. The cal-
culated M, of commercial PEO homopolymer is in
good agreement with data reported by supplier.
Also, molecular weight distribution curve obtained
from GPC analysis for PEO revealed that M, and
M, of this homopolymer are 56,472 and 137,960 g
mol !, respectively (see Table IT). As mentioned in
the literature,'°M, value of polymers is commonly
placed between M,, and M,, (M,, < M, < M,,). This
trend also confirms the obtained result by viscome-
try method.

Synthesis of copolymer

In this study, a batch process was applied for the block
copolymerization. The general procedure was accom-
plished by means of a three-step route as follows:

Journal of Applied Polymer Science DOI 10.1002/app

End-capping of N6

Nylon 6 was mixed with 10 mol % excess amount of
adipic acid (AA) in a 50 mL glass reactor equipped
with an argon inlet and outlet and a central mechan-
ical stirrer. The reactor was placed in a temperature-
controlled oil bath. The reaction mixture was heated
up to 245°C = 5°C and stirred at a rate of 50 rpm
for 2 h at argon atmosphere to complete the end
capping reaction. The carboxy-terminated nylon6
was solved in formic acid for 24 h and successively
was added to ethanol to precipitate. The obtained
white precipitate was dried in a vacuum oven for
24 h at 50°C.

Chain extension

In the PA/PE weight ratio of 20/80 which is known
as stoichiometric weight ratio no chain extension is
required. However, chain extension should be
applied for other compositions than the stoicheio-
metric composition. Chain extension of carboxy-ter-
minated N6 and PEO was performed using addition
of hexamethylenediamine (HMD) and AA, respec-
tively (see Table III). Stoichiometric weight percent
of these chain extenders was determined by Char-
oters equation.'® In the case of 10 wt % PA, stoi-
cheiometric amount of AA was reacted with PEO at
200°C under 1 bar pressure of argon atmosphere for
2 h in the glass reactor. The resultant material was
dissolved in n-propanol and then dried at 40°C over-
night. But samples containing 40, 60, and 80 wt %
PA were chain extended wusing stoicheiometric
amount of HMD which was added to carboxy-termi-
nated N6 at 245 = 5°C under 2 bar pressure of ar-
gon atmosphere for 2 h. The increased pressure at
the PA chain extension compared to the former one
(PEO chain extension) was applied to prevent of
HMD evaporation at experimental conditions. The
chain extended product was dissolved in 3/2 vol/
vol formic acid to n-propanol and then was



SYNTHESIS OF POLY(ETHER-BLOCK-AMIDE) COPOLYMER WITH VARIOUS BLOCK LENGTHS

1213

TABLE II
Intrinsic Viscosity and Molecular Weight of Homopolymers

Ubbelohde

GPC measurement Supplier report

Intrinsic viscosity

Homopolymer Solvent (InD (g dL M, (g mol ) M, (g mol ) My (g mol ') M, (g mol ')
Nylon 6 Formic Acid 1.06 29,940 - - -
Poly(ethylene oxide) Benzene 1.13 100,900 56,472 137,960 100,000

precipitated in ethanol. The resultant material was
dried at 70°C for 48 h in vacuum oven.

Copolymerization

Constituents used in copolymerization reactions are
presented in Table III. The numbers in sample codes
denote the weight percent of PA in the component.
Stoicheiometric amount of these materials were poly-
condensed in bulk, in the presence of Ti(OBu), as a
catalyst (1.5-3 m mol kg~ based on the amount of
reactants) and Irganox 1010 as a thermostabilizer
(0.05 to 0.1 wt % based on the total amount of reac-
tants). The reaction was first carried out at 245°C =
5°C under argon atmosphere for 2 h and then was
continued under vacuum (0.3 bar) for 3 h. The prod-
uct was dissolved in n-propanol and then cooled to
room temperature. Subsequently, the synthesized
copolymer was dried in high vacuum at 50°C
overnight.

Characterization

To confirm the formation of ester groups between
amide and ether segments, Fourier transform infra-
red (FTIR) spectroscopy analysis was carried out in
a UNICAM Matson 1000, in the wave number range
of 4004000 cm '. Composition of the copolymers
was calculated using the H-NMR spectra of the sam-
ples, which were obtained with a 200 MHz,
BRUKER (Advance DPX) NMR spectrometer. Differ-
ential thermal analysis (DTA) was performed for
both copolymers and homopolymers by means of a
Perkin—-Elmer Pyris Diamond TG/DTA analyzer in
the temperature range of 30-300°C. The XRD pat-
terns were determined on a TW3710 Philips X'Pert
diffractometer using CuKo radiation in the range of
20 = 10-60° with a 20 step of 0.02 for 0.2s per point

(b = 1.54 A). Atomic force microscopy (AFM) was
utilized to investigate the PA domain size and mor-
phology of the copolymer samples. Free surface of
the samples were studied via a digital instruments
Dual Scope Tm C-21 scanning probe optical micro-
scope at room temperature.

RESULTS AND DISCUSSION
Synthesis of N6-PEO block copolymers

Copolyetheramides with different chemical composi-
tions and block lengths were prepared from N&,
PEO, AA, and HMD following the “three-step route”
outlined in Figure 1. In the first step, N6 was reacted
with an excess amount of AA to obtain a carboxy-
terminated N6. Then the reaction mixture was puri-
fied by solvent-nonsolvent method to remove
unreacted AA. The excess amount of AA accounts
for two facts: (1) to prevent chain extension of end-
capped N6 and (2) to verify the completion of the
end-capping process which is one of the specifica-
tions to approach a narrow molecular weight distri-
bution of the ultimate product. In the second step,
chain extension was performed by reacting AA with
PEO and HMD with end-capped N6 for samples
consisting of lower (<20 wt %) and higher (>20
wt %) amounts of PA, respectively. In the final step,
polycondensation was accomplished under vacuum
to remove the produced water, supporting the for-
mation of copolymer chains.

Chemical structure

Chemical structure of copolymers was determined
from FTIR studies. FTIR spectra of homopolymers
and copolymers with various PA/PE weight ratios
have been presented in Figure 2. The presence of

TABLE III
Constituents Used for the Copolymerization Reactions

Sample code Polyamide

PA-10 Carboxy terminated N6
PA-20 Carboxy terminated N6
PA-40 Chain extended carboxy terminated N6
PA-60 Chain extended carboxy terminated N6
PA-80 Chain extended carboxy terminated N6

Polyether Chain extension agent
Chain Extended PEO AA
PEO -
PEO HMD
PEO HMD
PEO HMD

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Scheme of the three-step polymerization method used to synthesis of N6-PEO block copolymers.

ester linkage in the samples confirms copolymer for- PEO
mation, which is clearly demonstrated by the
appearance of intensive absorption band of ester car-
bonyl group at 1730 cm . In addition, PA content
of the synthesized copolymers is evaluated by inten-
sity of the characteristic peak of hydrogen-bonded
amide groups at about 1650 cm™'."”

The intensity of ester (Ig) and amide (I4) carbonyl
absorption bands in FTIR diagrams vary with copol-
ymer composition. As shown in Figure 3, the esteri-
fication ratio (Ig/l,) decreases with increasing PA
content. The reason underlying such a behavior is
as follows. As mentioned earlier, in samples con-
taining less than 20 wt % PA, PEO must be chain
extended resulting in an increase of ester functional
groups, but when the PA content exceeds 20 wt %,
the ester functional groups decrease due to the
chain extension of N6. The ultimate result is the
increase in the intensity of amide band and decrease il U
in the intensity of ester band by increasing PA con- PAS0 |
tent, which leads to a considerable decrease in ester-
ification ratio. H

The chemical structures of the synthesized copoly-
mers can be specified more quantitatively by H- N6 i
NMR analysis. Figure 4 shows H-NMR spectra of
the synthesized N6-PEO block copolymers. The five
methylene groups in the repeating unit of N6 have |
the respective different positions in NMR spectrum
depending on the degree of protecting of the proton
attached to each methylene group. On the other
hand, the NMR spectrum of the block copolymer : . : A .
displays a sharp additional peak at 3.6 ppm, which
is attributed to the protons of CH,O group of PEO. 4000 3400 2800 2200 1600 1000 400
This peak becomes stronger by increasing PE Wavenumbers
content.

Compositions of the copolymers were determined ~ Figure 2 FTIR spectra of homopolymers and copolymers
from the corresponding H-NMR spectra. Hence, the & ith various PA/PE weight ratios (A: [_, ester and @:
average degree of chain extension and weight I_, amide groups).

PA-60

Trancmittance

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Esterification ratio of the synthesized copoly-
mers with different PA contents.

fraction of N6 and PEO in the copolymer chains
were determined from the integrated intensities of
CH,CO (2.4 §) and CH,O (3.6 §) protons, respec-
tively. As the wt % of PE is very low in PA-10 dia-
gram, no peak is observed in 2.4 § position and the
intensity of CH,NH (3.4 &) was calculated, instead.
The compositions of copolymers calculated from H-
NMR spectra are listed in Table IV, which are in
good agreements with theoretical data.

Crystalline structure

The crystalline structure of copolymers and homo-
polymers was characterized by X-ray diffraction
(XRD) method. Figure 5 shows two distinct crystal-
line phases of PA and PE in the crystalline structure
of the synthesized copolymers. The presence of two
peaks at about 19° and 23° at lower PA contents is
attributed to the PE phase as a dominant phase in
copolymer structure. The diffraction peaks at about
20° and 24° for the samples with higher PA con-
tents, demonstrate the existence of a-phase of PA

171 i 233 2 i 7 1 i
~fH4(CH.CHO) = C = CH.CH.CHCHi— C—(CH:CH:O) 4 C—
Se? ————
PEC AA

-

233 z_i 5 486 3 2 i
WWE —fNHCH;CH.CH;CH:.CH— Cy
e pp—

N6

5 4 665 4 i 23 645

NHCH:CH.CH.CH:CHCH:NH = C— CH.CH:CHCH.CHNHi

2
5 3] 14
6
M PAS0

A A PA-20

PA-10

Figure 4 H-NMR spectra of samples with various PA/PE
weight ratios [resonance assignment: (1') near end CH,O,
(1) CH,O, (2) CH,CO, (3) CH,CH,CO, (4) CH,CH,NH, (5)
CH,NH, (6) CH,CH,CH,NH].

with different thicknesses, which is the most stable
crystalline structure of N6 thermodynamically.'®

As mentioned in literature," the diffraction peaks
at 20 of 20° and 24° are attributed to the (002+202)
plane and (200) plane of a-crystals of PA, respec-
tively. Intensity ratio of the a-crystal, Ipo2+202)/I200),
has been known as a measure of PA chains rotation.
Figure 6 shows that the intensity ratio increases by
increasing PA content in copolymer composition.

TABLE IV
Average Degree of Chain Extension and Composition of Copolymers Determined from
H-NMR Spectra and Theoretically

Composition
(from H-NMR spectra) Composition (theoretically) Avergge degr?e of
wt % mol % wt % mol % chain extension
Sample designation PA PE PA PE PA PE PA PE PA (m) PE (n)
PA-10 9.2 90.8 25.3 74.6 10 90 27.3 72.7 1 2.94
PA-20 26 74 54 46 22.8 77.2 50 50 1 12
PA-40 36.2 63.8 65.6 344 40 60 69.2 30.8 191 1
PA-60 61.6 38.4 84.4 15.6 60 40 83.5 16.5 54 1
PA-80 80.5 19.5 93.3 6.7 80 20 93.1 6.9 13.8 1

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 XRD patterns of PEO-N6 copolymers and start-
ing homopolymers.

The observed trend can be explained by this fact
that the introduction of the long PEO units into the
N6 backbone may cause crystalline defects and sta-
tistical disorder, giving rise to the rotation of the
polymer chain.

Thermal behavior

DTA was carried out to investigate the effect of com-
position on the crystalline structure of N6-PEO co-
polymer. Figure 7(a) shows the cooling scan of the
homopolymers and copolymers. Two observed crys-

-

6 1

.27

o

livoz+202)/1(200)

(=]

PA Content (wt%)
Figure 6 Intensity ratio of the a-crystal vs. PA content.
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talline peaks in PEBA copolymers are indicative of
existence of two different crystalline phases, as
expected. The peak in lower temperature is the char-
acteristic of PE phase, while the peak in higher tem-
perature is indicative of the existence of PA phase.
The highest crystallinity of PE phase can be
observed in PA-10 copolymer, however it decreases
by increasing PA content, so that it vanishes in PA-
80 sample. It is notable that an opposite trend can be
observed for the crystallinity of PA phase. Figure
7(b) illustrates the second heating scans, demonstrat-
ing the melting points of the crystalline regions. The
same behavior can be observed for PA and PE melt-
ing peaks intensity with increasing PA content. On
the other hand, existence of two distinct peaks vali-
dates the microphase separation of PEBA

" N\
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c
w
b)
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Figure 7 DTA thermograms of the PEO-N6 copolymers
and starting homopolymers: (a) cooling thermal scans and
(b) the second heating thermal scans (I: PEO, II: PA-10, III:
PA-20, IV: PA-40, V: PA-60, VI: PA-80, VII: N6).
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Figure 8 AFM phase images of copolymers (a) PA-20, (b)
PA-40, (c) PA-60, and (d) PA-80. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

copolymers leading to two separated domains: a
rich crystalline phase of N6 and a crystalline phase
of PEO, which can be dispersed in amorphous phase
of PEO as well some amount of noncrystallized hard
segment.

It is interesting to note that the onset of crystalliza-
tion for N6 distinctly shifts to lower temperatures by
increasing PE content, which arises from two facts:

1. PE chains are incorporated into PA crystalline
domains, resulting in deformation of PA chains
and thus decreasing of their crystallinity.

2. By decreasing PA content, the chain length of
N6 compared to PEO are reduced, leading to
lower probability for chain folding and conse-
quently the crystallinity of the PA domains
decreases. This trend confirms the obtained
results of the intensity ratio of PA o-crystal by
XRD.

Morphology

Morphology of the synthesized copolymers were
investigated by AFM. In the case of PEBA copoly-
mers, light regions are corresponding to PA stiff
phase and the PE low-stiff phase is displayed as
dark regions (Fig. 8). Microphase separation has
been observed in the PA-20 sample as demonstrated
in Figure 8(a) where the hard PA phase is uniformly
distributed in the soft PE matrix phase. As the PA

content increases (PA-40 and PA-60 samples), it
becomes more difficult to distinguish the matrix
phase from the dispersed phase [Figs. 8(b) and (c)].
By further increasing of PA content (PA-80), phase
inversion occurred and PA formed the matrix as a
dominant phase. In addition, independent domains
were not formed by the PE phase due to incapability
of this homopolymer to form physical crosslinks
between polyether chains [see Fig. 8 (d)].

CONCLUSION

A series of copolyetheramides (PEBA) with different
PA/PE weight ratios were synthesized in a three-
step route. The effect of block length variation in
the hard and soft segments on the final product
properties was investigated. The results of FTIR
and H-NMR spectra suggested the reaction product
to be a multiblock copolymer. Esterification ratio
decreased by increasing of PA content, which was
in good agreement with the calculated average
degree of chain extension from H-NMR analysis.
XRD patterns showed four peaks at about 19° and
23° in lower PA contents and 20° and 24° for the
samples with higher PA contents, which are corre-
sponding to two distinct crystalline phases of PE
and PA in the synthesized copolymers, respectively.
In DTA measurements, as a result of two crystalline
phase structure of the copolymers, two distinct
sharp melting points one at higher and another at
lower temperatures were observed related to poly-
amide and polyether blocks, respectively. AFM
phase images revealed microphase separation in
PA-20 sample. However, this form of morphological
and separated domains was diminished in samples
with higher content of the PA hard segments. On
the basis of these conclusions, process guidelines
can be established for fabricating polymeric PEBA
membranes with high performance in the separa-
tion processes.
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