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ABSTRACT: A new class of optically active poly(amide–
imide–urethane)s (PAIUs) was synthesized via a two-step
diisocyanate route under microwave irradiation. In these
reactions, 4,4�-methylene-bis(4-phenylisocyanate) was re-
acted with bis(p-amido benzoic acid)-N-trimellitylimido-l-
leucine and poly(ethylene glycol diol)s (PEGs), such as PEG-
400, PEG-600, PEG-1000, and PEG-2000, to furnish a series of
new PAIUs. The effects of different reaction conditions, such
as the method of preparation (polyol or acid chain exten-
sion), the prepolymerization step (NCO-terminated oligo-
amide or NCO-terminated polyether polyol), the irradiation
time and power, the reaction solvent, the soft-segment

length, and the presence or absence of reaction catalysts
(e.g., triethylamine, pyridine, and dibutyltin dilaurate), on
the properties of the copolymers, including the solubility,
viscosity, and thermal behavior, were investigated. The re-
sulting multiblock copolymers had inherent viscosities of
0.15–0.53 dL/g. These multiblock copolymers were optically
active, thermally stable, and soluble in amide-type solvents.
© 2005 Wiley Periodicals, Inc. J Appl Polym Sci 98: 1781–1792, 2005
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INTRODUCTION

Microwave ovens are a feature of many households,
but in the industrial world, microwave energy has
been applied to several areas, including bulk food
processing, the drying and curing of paper and wood
products, the vulcanization of rubber, and the drying
of thermoplastics before extrusion. In these areas, mi-
crowave processing offers the ability to absorb energy
quickly and with control to cook, dehydrate, or cure.
Also, microwave energy has the potential for more
sophisticated processing and fabrication of polymers,
including reactive molding, low shear extrusion, and
composite processing.1 In addition, in the field of
polymer synthesis, microwave energy has been used
for the radical polymerization of vinyl monomers,2,3

for the curing of polymers such as epoxy resins4–7 and

polyurethanes (PUs),7,8 and for the imidization of
poly(amic acid)s.9–11

The industrial use of radiation as an alternative to
thermal heating for polymerization has generated in-
terest recently because of the faster time and improved
efficiency, minimal thermal lag effects, good thermal
control through the use of pulsing techniques, and
minimized thermal gradients, which result in more
homogeneous curing, smaller amounts of thermal
stress, trapped volatiles, and material degradation,
and less floor space for equipment.1,12,13

In polymer processing, because the mechanism of
microwave heating is independent of the thermal con-
ductivity, microwave heating avoids the heat-transfer-
rate problem encountered in conventional thermal
heating. In addition, the microwave heating process
can be switched at high rates in response to a control
signal. Several articles have recently appeared in the
literature on the microwave processing and diagnosis
of epoxy/amine resins as well as nylon 6,6.14–16

Poly(amide–imide)s (PAIs) are well known for their
high temperature stability, excellent mechanical
strength, and good chemical resistance, which qualify
them as high-performance polymeric materials.17

Moreover, segmented PUs are a class of high-perfor-
mance materials for coatings, adhesives, elastomers,
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fibers, and foams, but their poor thermal stability and
chemical resistance limit their applications. For exam-
ple, the acceptable mechanical properties disappear
above 80–90°C, and thermal degradation takes place
at temperatures around 200°C. Some of the block co-
polymers composed of polyethers and polyamides
have already been commercialized as thermoplastic
elastomers.18,19 It is thought that the copolymerization
of PUs with PAI segments can modify the thermal and
chemical properties, thus, various attempts to incor-
porate PAI units into PUs have been made.20,21

In connection with our interest in preparing ther-
mally stable and optically active polymers,22–31 this
article deals with a detailed study of the synthesis and
characterization of a series of novel optically active
PUs and explores the possibility of modifying poly-
ether-based PUs by the introduction of imide and
amide functions into the PU backbone through the re-
action of a new amino acid based diacid, bis(p-amido

benzoic acid)-N-trimellitylimido-l-leucine (BPABTL),
with 4,4�-methylene-bis(4-phenylisocyanate) (MDI).
For the first time, we set out to investigate using
microwave energy for the synthesis and thermal mod-
ification of segmented, polyether-based, thermoplas-
tic, optically active PUs. The effects of different reac-
tion conditions, such as the irradiation power, irradi-
ation time, catalysts, solvent, and prepolymerization
methods, on the properties of the copolymers, includ-
ing the viscosity, solubility, and thermal behavior,
were also studied.

EXPERIMENTAL

Materials and equipment

All chemicals were purchased from Aldrich (Milwau-
kee, WI), Riedel-de Haën AG (Seelze, Germany), and
Merck (Darmstadt, Germany). MDI (Aldrich) was

TABLE I
Effect of the Catalyst on the Polymerization of MDI, Diacid, and PEG-400 at 100% Power (Two-Step Method I)

Polymera Solvent Nonsolvent Catalyst
Yield
(%)b

�inh
�1

(dL/g)c [�f]D
25 [�]Hg

c,d

P1-400 NMP Water None 70 0.39 �0.58 —e, —, �0.36,
1.66, 2.04

P2-400 NMP Water TEA 85 0.51 �0.61 —, —, �0.46,
1.96, 2.14

P3-400 NMP Water Py 50 0.43 �0.48 —, —, �0.26,
1.76, 2.24

P4-400 NMP Water DBTDL 89 0.33 �0.59 —, —, �0.33,
1.69, 2.34

a PAIU based on PEG-400 polyether polyol, first entry and so on.
b The product was powder-like.
c Measured at a concentration of 0.5 g/dL in 2% w/w LiCl/DMF as the solvent.
d Measured with 365-, 435-, 546-, and 577-nm filters and no filter, respectively.
e Not measurable.

TABLE II
Effect of the Catalyst on the Polymerization of MDI, Diacid, and PEG-400 at 100% Power (Two-Step Method II)

Polymera Solvent Nonsolvent Catalyst
Yield
(%)b

�inh
(dL/g) [�]D

25 [�]Hg
c

P5-400 NMP Water None 76 0.41d �0.60d —,e —, �0.46,
1.76, 2.14d

P6-400 NMP Water TEA 73 0.43d �0.51d —, —, �0.56,
�1.06,
�2.24d

P7-400 NMP Water Py 71 0.32f �0.58f —, —, �0.36,
1.26, 2.34f

P8-400 NMP Water DBTDL 72 0.27f �0.71f —, —, �0.34,
1.79, 2.54f

a PAIU based on PEG-400 polyether polyol, entry 5 and so on.
b The product was powder-like.
c Measured with 365-, 435-, 546-, and 577-nm filters and no filter, respectively.
d Measured at a concentration of 0.5 g/dL in 2% w/w LiCl/DMF as the solvent.
eNot measurable.
f Measured at a concentration of 0.5 g/dL in 4% w/w LiCl/DMF as the solvent.
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used as received. Poly(ethylene glycol diol) (PEG)-400,
PEG-600, PEG-1000, and PEG-2000 (Merck) were
dried in vacuo at 80°C for 10 h. N,N�-Dimethylacet-
amide (DMAc; Merck), dimethyl sulfoxide (DMSO;
Merck), N,N�-dimethylformamide (DMF; Riedel-de
Haën), N-methylpyrrolidone (NMP; Merck), pyridine
(Py), and triethylamine (TEA; Merck) were distilled
under reduced pressure over BaO (Riedel-de Haën).
Trimellitic anhydride (TMA; Merck) was recrystal-
lized in acetic anhydride and dried in vacuo at 60°C for
6 h. BPABTL was prepared according to the reported
procedure by the reaction of N-trimellitylimido-l-
leucine diacid chloride with p-amino benzoic acid
(Riedel-de Haën)25 and recrystallized from hot meth-

anol. The yield of the diacid was 98%, the melting
point was greater than 275°C (decomposed), and [�]D

25

was 17.6 (0.0520 g in 10 mL of DMF). N-Trimellity-
limido-l-leucine diacid chloride was prepared by the
reaction of N-trimellitylimido-l-leucine with SOCl2
(Riedel-de Haën) and was recrystallized in n-hexane
(Merck). The microwave apparatus used for the poly-
condensation was a Samsung (Seoul, South Korea)
microwave oven (2450 MHz and 900 W), and all the
polymerization reactions were carried out in a hood
with strong ventilation.

1H-NMR (400 MHz) spectra were recorded on a
Varian Inova 400 (Palo Alto, CA) in DMSO-d6. The
multiplicities of the proton resonance were designated
as singlet (s), doublet (d), triplet (t), and multiplet (m).
Fourier transform infrared (FTIR) spectra were re-
corded on a Jasco FTIR spectrophotometer (Tokyo,
Japan). Spectra of the solids were taken with KBr
pellets. The vibrational transition frequencies were re-
ported as wave numbers (cm�1). The band intensities
were assigned as weak (w), medium (m), shoulder
(sh), strong (s), and broad (br). The inherent viscosity
(�inh) values were measured by a standard procedure
with a Cannon-Fenske routine viscometer (Cannon,

Figure 1 Optimization of the irradiation time for each step
in (A) method I and (B) method II for the polymerization of
PAIUs based on PEG-400.

Figure 2 Comparison of the viscosities of PAIUs based on
PEG-400 with methods I and II as a function of the catalysts.

TABLE III
Effect of the Catalyst on the Polymerization of MDI, Diacid, and PEG-600 at 100% Power (Two-Step Method I)

Polymera Solvent Nonsolvent Catalyst
Yielda

(%)b
�inh

(dL/g)c [�]D
25c [�]Hg

c,d

P9-600 NMP Water None 50 0.27 �0.71 —,e —, �0.36,
1.06, 2.16

P10-600 NMP Water TEA 76 0.45 �0.61 —, —, �0.66,
1.72, 2.41

P11-600 NMP Water Py 76f 0.44 �0.68 —, —, �0.40,
1.46, 2.54

P12-600 NMP Water DBTDL 73 0.44 �0.81 —, —, �0.44,
1.89, 2.64

a PAIU based on PEG-600 polyether polyol, entry 9 and so on.
b The product was powder-like.
c Measured at a concentration of 0.5 g/dL in 2% w/w LiCl/DMF as a solvent.
d Measured with 365-, 435-, 546-, and 577-nm filters and no filter, respectively.
e Not measurable.
f The product was a thin brittle film.
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Mianz, Germany). Specific rotations were measured
with a Jasco polarimeter. Thermogravimetric analysis
(TGA) data for the polymers were taken on a Stanton 650
TGA instrument (Surrey, UK) under an atmosphere of
N2, and the first run of the differential scanning calorim-
etry (DSC) data was recorded on a DSC-PL-1200 instru-
ment under an atmosphere of N2 by the Research Insti-
tute of Polymers and Petrochemicals of Iran.

Synthesis of the poly(amide–imide–urethane)
(PAIU) block copolymers

Method I (polyol-terminated isocyanate)

The PAIUs were prepared with the following general
procedure (with P2–400 as an example). To a porce-
lain dish, PEG-400 (0.0411 g, 1.03 � 10�4 mol), MDI
(0.0514 g, 2.05 � 10�4 mol), TEA (0.03 mL, 2.16 � 10�4

mol), and 0.23 mL of NMP were added. The mixture

was completely ground for 2 min at room tempera-
ture. The reaction mixture was irradiated in a micro-
wave oven for a total of 4 min of irradiation (2-min
� 2-min intervals of irradiation and grinding) at 100%
power. Then, a solution of BPABTL (0.0558 g, 1.03
� 10�4 mol) and TEA (0.03 mL, 2.16 � 10�4 mol) in
0.23 mL of NMP was added immediately, and the
mixture was ground for 2 min. Then, it was irradiated
in the microwave oven at 100% power for a total of 5
min of irradiation (3-min � 2-min intervals of irradi-
ation and grinding). The resulting product was iso-
lated by the addition of 10 mL of distilled water and
trituration. It was then filtered and dried at 80°C for
8 h in vacuo; this yielded 0.1181 g (85%) of pale brown
P2-400. The previous polymerization was repeated,
but the reaction mixture was irradiated with dibutyl-
tin dilaurate (DBTDL) or Py as a catalyst and without
a catalyst.

TABLE IV
Effect of the Catalyst on the Polymerization of MDI, Diacid, and PEG-600 at 100% of Power (Two-Step Method II)

Polymera Solvent Nonsolvent Catalyst
Yield
(%)b

�inh
(dL/g) [�]D

25 [�]Hg
c

P13-600 NMP Water None 50 0.46d �0.55d —e, —, �0.66,
�1.96,
�2.56d

P14-600 NMP Water TEA 59 0.53d �0.74d —, —, �0.46,
1.52, �2.81d

P15-600 NMP Water Pyc 61 0.42f �0.81f —, —, �0.48,
1.61, 2.86f

P16-600 NMP Water DBTDLd 54 0.39d �0.90d —, —, �0.52,
1.70, 2.74d

a PAIU based on PEG-600 polyether polyol, entry 13 and so on.
b The product was powder-like.
c Measured with 365-, 435-, 546-, and 577-nm filters and no filter, respectively.
d Measured at a concentration of 0.5 g/dL in 2% w/w LiCl/DMF as the solvent.
e Not measurable.
f Measured at a concentration of 0.5 g/dL in 3% w/w LiCl/DMF as the solvent.

TABLE V
Effect of the Catalyst on the Polymerization of MDI, Diacid, and PEG-1000 at 100% Power (Two-Step Method I)

Polymera Solvent Nonsolvent Catalyst
Yield
(%)b

�inh
(dL/g)c [�]D

25c [�]Hg
c,d

P17-1000 NMP Water None 40 0.15 �0.45 —e, —, �0.56,
1.21, 2.46

P18-1000 NMP Water TEA 82 0.34 �0.76 —, —, �0.76,
1.44, 2.85

P19-1000 NMP Water Py 39 0.44 �0.71 —, —, �0.41,
1.68, 2.83

P20-1000 NMP Water DBTDL 92 0.30 �0.80 —, —, �0.55,
1.76, 2.82

a PAIU based on PEG-1000 polyether polyol, entry 17 and so on.
b The product was powder-like.
c Measured at a concentration of 0.5 g/dL in 2% w/w LiCl/DUF as the solvent.
d Measured with 365-, 435-, 546-, and 571-nm filters and no filter, respectively.
e Not measurable.
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Method II (oligo amide terminated isocyanate)

The PAIUs were prepared with the following general
procedure (with P6-400 as an example). To a porcelain
dish, BPABTL (0.0595 g, 1.09 � 10�4 mol), MDI (0.0548
g, 2.19 � 10�4 mol), TEA (0.03 mL, 2.16 � 10�4 mol),
and 0.25 mL of NMP were added. The mixture was
completely ground for 2 min at room temperature.
The reaction mixture was irradiated for a total of 5 min
of irradiation (3-min � 2-min intervals) at 100%
power. Then, a solution of PEG-400 (0.0438 g, 1.09
� 10�4 mol) and TEA (0.03 mL, 2.16 � 10�4 mol) in
0.20 mL of NMP was added immediately, and the
mixture was ground for 2 min. Then, it was irradiated
at 100% power for a total of 4 min of irradiation (2-min
� 2-min intervals of irradiation and grinding). The
resulting product was isolated by the addition of 10
mL of distilled water and trituration. It was then fil-
tered and dried at 80°C for 8 h in vacuo; this yielded
0.1095 g (73%) of P6-400. The previous polymerization
was repeated, but the reaction mixture was irradiated
in the presence of DBTDL or Py as a catalyst and
without a catalyst.

The aforementioned polymerization methods (I and
II) were repeated with PEG-400 but under different
reaction conditions, as shown in Tables I and II and
Figures 1 and 2. The optimized reaction conditions
were repeated for the synthesis of other copolymers
with PEG soft segments of different molecular weights
(Tables III–VIII).

RESULTS AND DISCUSSION

The PEG polyether polyol based PAIU multiblock co-
polymers were prepared according to Schemes 1 and 2
by a two-step method (prepolymerization method). In
method I (Scheme 1), an NCO-terminated polyether
polyol (3) was prepared by the reaction of a solution of
polyether polyol (1) as the soft segment with a 2-mol
excess of MDI (2) in NMP in the presence of different
catalysts or without a catalyst. Then, a diacid chain
extender containing an imide ring (4) was reacted with
the aforementioned PEG prepolymer, and this re-
sulted in PAIU multiblock copolymers (5), whose PAI
blocks were connected with urethane linkages (Tables

TABLE VI
Effect of the Catalyst on the Polymerization of MDI, Diacid, and PEG-1000 at 100% Power (Two-Step Method II)

Polymera Solvent Nonsolvent Catalyst
Yield
(%)b

�inh
(dL/g)c [�]D

25c [�]Hg
c,d

P21-1000 NMP Water None 40 0.16 �0.36 —e, —, �0.26,
1.45, 2.66

P22-1000 NMP Water TEA 61 0.26 �0.39 —, —, �0.54,
1.56, 2.6

P23-1000 NMP Water Py 48 0.31 �0.73 —, —, �0.46,
1.69, 2.87

P24-1000 NMP Water DBTDL 37 0.26 �0.78 —, —, �0.57,
1.74, 2.79

a PAIU based on PEG-1000 polyether polyol, entry 21 and so on.
b The product was powder-like
c Measured at a concentration of 0.5 g/dL in 4% w/w LiCl/DMF as the solvent.
d Measured with 365-, 435-, 546-, and 577-nm filters and no filter, respectively.
e Not measurable.

TABLE VII
Effect of the Catalyst on the Polymerization of MDI, Diacid, and PEG-2000 at 100% Power (Two-Step Method I)

Polymera Solvent Nonsolvent Catalyst
Yield
(%)b

�inh
(dL/g)c [�]D

25c [�]Hg
c,d

P25-2000 NMP Water None — — — —
P26-2000 NMP Water TEA 26 0.49 �0.39 —e, —, �0.43,

1.54, 2.61
P27-2000 NMP Water Py 57 0.47 �0.73 —, —, �0.62,

1.70, 2.90
P28-2000 NMP Water DBTDL 63 0.34 �0.78 —, —, �0.46,

1.78, 2.83

a PAIU based on PEG-2000 polyether polyol, entry 25 and so on.
b The product was a thin, brittle film.
c Measured at a concentration of 0.5 g/dL in 2% w/w LiCl/DMF as the solvent.
d Measured with 365-, 435-, 546-, and 577-nm filters and no filter, respectively.
e Not measurable.
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I, III, V, and VII). In method II (Scheme 2), an NCO-
terminated oligo amide as a hard segment was pre-
pared by the reaction of a solution of a diacid (4) with
a 2-mol excess of MDI (2) in NMP in the presence of
TEA, Py, and DBTDL or without a catalyst; this af-
forded an oligo amide prepolymer (3�). Then, a PEG
(1) chain extender as a soft segment was reacted with
the aforementioned prepolymer, and this resulted in
PAIU multiblock copolymers (5�; Tables II, IV, VI, and
VIII).

Some physical properties of the synthesized P-400
copolymers are shown in Tables I and II. Three series
of block copolymers—P-600 (Tables III and IV), P-1000
(Tables V and VI), and P-2000 (Tables VII and VIII)—
were prepared to investigate the effect of the PEG
block length and method of preparation (the forma-
tion of the hard segment in the first step and polyol

chain extension or the formation of the soft segment in
the first step and diacid chain extension) on the phys-
ical properties of PAIU copolymers and reliability of
microwave irradiation for the synthesis of PAIUs.

Polymer synthesis

Effect of the polymerization conditions on the
viscosity and yield of the PAIUs

In a previous work,32 we carried out the polymerizations
with PEG-400 under different reaction conditions, such
as the reaction solvent, the irradiation power and time,
the amount of the solvent, and the reaction catalysts, to
optimize them by the one-step method. In each case,
other undefined parameters were set according to our
other previous work on the preparation of nonseg-

TABLE VIII
Effect of the Catalyst on the Polymerization of MDI, Diacid, and PEG-2000 at 100% Power (Two-Step Method II)

Polymera Solvent Nonsolvent Catalyst
Yield
(%)b

�inh
(dL/g)c [�]D

25c [�]Hg
c,d

P29-2000 NMP Water None — — — —
P30-2000 NMP Water TEA 21 0.27 �0.40 —e, —, �0.54,

1.62, 2.60
P31-2000 NMP Water Py 23 0.29 �0.63 —, —, �0.64,

1.68, 2.86
P32-2000 NMP Water DBTDL 20 0.32 �0.74 —, —, �0.56,

1.80, 2.86

a PAIU based on PEG-2000 polyether polyol, entry 29 and so on.
b The product was a thin brittle film.
c Measured at a concentration of 0.5 g/dL in 4% w/w LiCl/DMF as the solvent.
d Measured with 365-nm, 435-, 546-nm, and 577-nm filters and no filter, respectively.
e Not measurable.

Scheme 1 Copolymerization reaction of a 2-mol excess of MDI with PEG polyol and chain extension of an NCO-terminated
polyol by a diacid monomer (two-step method I).
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mented PAIs via a diisocyanate route.33 In that article,
the reaction was performed in NMP, DMAc, DMSO,
DMF, and o-cresol. Then, NMP with a solvent/solid
ratio of about 2 : 2.5 (v/w) and 4–5 min of irradiation at
100% power were recognized as preferable conditions,
providing the best viscosities and yields.

Here we report our complementary findings on the
microwave-assisted synthesis of new optically active
PAIUs with two-step methods. The microwave-as-
sisted preparation of PAIUs based on PEG-400 were
carried out with methods I and II in NMP, in the
absence of any catalysts, with different irradiation
times. According to Figure 1(A,B), the reaction was
carried out at a fixed time of about 4 min in step 1 or
2; then, the viscosities were observed as a function of
changes in the other step’s irradiation time. According
to these data, 4 min of irradiation in step 1 and 5 min
in step 2 for method I [Fig. 1(A)] and 5 min in step 1
and 4 min in step 2 for method II [Fig. 1(B)] were
preferred.

The aforementioned polymerization were carried
out in NMP at the optimized irradiation power and
time in the presence of catalysts such as TEA, Py, and
DBTDL (Tables I and II). Table I shows that TEA for
polymerization by method I is the best catalyst as far
as the viscosity and yield are concerned. For method

II, the results of TEA and the no-catalyst condition are
comparable (Table II). The results from the two meth-
ods for each catalyst show that method I is an upcom-
ing method for achieving higher viscosities for the
synthesis of PAIUs based on PEG-400 (Fig. 2).

Effect of changes in the soft-segment length on the
viscosity of the copolymers

To investigate the effect of the soft-segment length on
the viscosities and some other physical properties of
PAIU copolymers, three series of block copolymers
based on PEG-600, PEG-1000, and PEG-2000 were syn-
thesized (Tables III–VIII). The optimized conditions
obtained for the formation of PAIUs based on PEG-
400 were used to study the polymerization behavior of
other PEG molecular weights. Furthermore, in our
previous work on solution polymerization by a con-
ventional heating method,34,35 PEGs of different mo-
lecular weights showed different responses to reaction
catalysts.

As shown in Tables III and IV, the catalytic condi-
tion is essential for the preparation of PAIUs based on
PEG-600 with method I, and there are comparable
results with catalysts such as TEA, Py, and DBTDL.
For method II, although TEA is the preferred catalyst,

Figure 3 Comparison of the viscosities of PAIUs based on
PEG-1000 with methods I and II as a function of the cata-
lysts.

Figure 4 Comparison of the viscosities of PAIUs based on
PEGs of different molecular weights with method I as a
function of the catalysts and soft-segment length.

Scheme 2 Copolymerization reaction of a 2-mol excess of MDI with diacid BPABTL and chain extension of an NCO-
terminated oligoamide by PEG polyether polyol (two-step method II).
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in the absence of any catalyst, the results are compa-
rable too.

In the case of other PAIUs based on PEG-1000 and
PEG-2000, in the absence of any catalyst, polymer chain
growth drastically decreases, and the catalytic condition
seems to be essential. This could be due to the low
mobility of polyols under fast microwave-promoted re-
actions. According to Tables V and VI, Py as a catalyst
can be suggested for the preparation of PAIUs based on
PEG-1000 because of the better yield and viscosity.
Method I is recognized to be better (Fig. 3).

For PEG-2000, with method I, TEA, Py, and DBTDL
behaved differently with respect to the viscosity and
yield of the resulting PAIUs (Table VII). DBTDL
showed the best yield, whereas TEA and Py showed
better viscosities. With method II, DBTDL showed the
highest viscosity but the lowest yield, and Py showed
the best yield (Table VIII). Method I seems to be a
superior method for the formation of PAIUs based on
PEG-2000 in the presence of Py and TEA.

The aforementioned results show that the best cat-
alysts for the copolymerization reactions of PEGs of
different molecular weights, with respect to the vis-
cosity, in NMP as a solvent at 100% power with 4–5
min of irradiation time are TEA for PEG-400, TEA, Py,
and DBTDL for PEG-600, Py for PEG-1000, and finally
TEA or Py for PEG-2000 with method I (Fig. 4). As for
the viscosity for method II, the best catalysts for each

polyol include TEA and no catalyst for PEG-400 and
PEG-600, Py for PEG-1000, and DBTDL for PEG-2000
(Fig. 5).

As shown by Figures 6–9, the viscosities of the
resulting PAIUs change under microwave energy
with respect to the method of polymerization (one-
step method32 and two-step methods I and II), reac-
tion catalyst, and soft-segment length. As shown in
Figure 6, for PAIUs based on PEG-400, the maximum
of all curves occurs at the point of the one-step method
in the presence of DBTDL as a catalyst. For PEG-600,
the maximum is method II in the presence of TEA (Fig.
7). For PEG-1000, the maximum occurs at the point of
the one-step method and method I in the presence of

Figure 5 Comparison of the viscosities of PAIUs based on
PEGs of different molecular weights with method II as a
function of the catalysts and soft-segment length.

Figure 6 Comparison of the viscosities of PAIUs based on
PEG-400 with the one-step method, method I, and method II
as a function of the catalysts.

Figure 7 Comparison of the viscosities of PAIUs based on
PEG-600 with the one-step method, method I, and method II
as a function of the catalysts.

Figure 8 Comparison of the viscosities of PAIUs based on
PEG-1000 with the one-step method, method I, and method
II as a function of the catalysts.

Figure 9 Comparison of the viscosities of PAIUs based on
PEG-2000 with the one-step method, method I, and method
II as a function of the catalysts.
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TEA and Py, respectively (Fig. 8). For PEG-2000, the
maximum occurs at the point of method I in the pres-
ence of TEA or Py (Fig. 9). To the best of our knowledge,
in addition to the viscosity, the microphase separation
and, therefore, some physical and thermal properties of

the obtained PAIUs depend on the different methods of
polymerization and the reaction parameters.

Thermal properties

The thermal properties of the PAIUs were evaluated
with TGA and DSC (Table IX).

The thermal stability of P2-400 and P10-600 (Fig. 10),
the PAIUs resulting from method I, and P6-400, P14-600,
P23-1000, and P32-2000 (Fig. 11), the PAIUs obtained by
method II, were studied with the TGA technique.

The TGA curves for all the samples show a smooth,
stepwise manner, suggesting a two-step thermal deg-
radation. For P2 and P14, the changes associated with
step 2 are very smooth. The temperatures at which 5
and 10% weight losses were recorded by TGA at a
heating rate of 20°C/min in an atmosphere of N2 (T5
and T10, respectively) for all entries of method II (Fig.
12) decrease with the PEG molecular weight, and this
shows a decrease in the stability of PAIUs (Fig. 11). At
the same molecular weight of final PAIUs based on
different PEGs, the participation of the PEG length
with respect to the amide–imide hard segment and,
therefore, the oxygen content of the polymer chain

Figure 10 TGA thermograms of (1) P2-400 and (2) P10-600
prepared by method I under an atmosphere of N2 at a
heating rate of 20°C/min.

Figure 11 TGA thermograms of (1) P14-600, (2) P23-1000, (3) P32-2000, and (4) P6-400 prepared by method II under an
atmosphere of N2 at a heating rate of 20°C/min.

Figure 12 Comparison of the thermal stability of PAIUs
based on PEG soft segments of different molecular weights
(MWs) and prepared by method II with reference to TGA data.

TABLE IX
Thermal Properties of the PAIUs

Code

DSC (°C) TGA

Tgs
a Tgh

a T5

T10
(°C)

Char yield
(%)b

P2-400 60 154 313 336 38
P10-600 — — 304 334 27
P6-400 80 165 314 341 35
P14-600 — — 300 325 38
P19-1000 107 171 — — —
P23-1000 113 180 285 321 27
P32-2000 — 308 325 36

a The center of the peak was recorded by DSC at heating
rate of 20°C/min in N2.

b Percentage of weight residue at 600°C in a N2 atmo-
sphere.
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will be increased with increasing PEG length. This
suggests faster initial oxidative thermal degradation.

On the basis of data obtained from char yields (Ta-
ble IX and Fig. 12), the results at 600°C for P6-400,
P14-600, and P32-2000 are to some extent comparable,
but it has decreased a little in the case of P23-1000. The
values of T5, T10, and the char yield of PAIUs obtained
with the two methods (I and II) for each polyol are
almost the same (Fig. 13). For example, the T5 values
of P2-400 (400I) and P6-400 (400II) are about 313 and
314°C, respectively. The same can be seen for T10 and
the char yield of P2-400 and P6-400 (the T10 values are
338 and 341°C and the char yields are 38 and 35%,
respectively). The data associated with the thermal
study of the one-step and two-step methods of poly-
merization (Fig. 14) show that T5 and T10 of the one-
step method are higher than those of the two-step
method, especially for PEGs of higher molecular
weights. The same is true about the char yields of the
methods, with the exception of P14-600. This could be
explained by more phase mixing (Table X, �Tg by
DSC) of PAIUs with the one-step method because
hard segments act in the same way as nodal thermally
stable points. Also, T5 of the one-step method in-

creases with increasing PEG molecular weight,32 but
in the case of method II, it decreases with the PEG
molecular weight, except for P32-2000.

Typical DSC curves for P2-400 and P6-400 and for
P19-1000 and P23-1000 are shown in Figures 15 and
16. The experimental glass-transition temperature (Tg)
for PEGs varies from �63.0 to �55.9°C. DSC traces of
P2-400, P6-400, P19-1000, and P23-1000 show no tran-
sition associated with melting, although soft-segment
glass-transition temperatures (Tgs’s) were observed
around 60, 80, 107, and 113°C, respectively. These data
show a large shift to higher temperatures in compar-
ison with those of pure PEGs. Also, they showed
smooth baseline changes around 154, 165, 171, and
180°C, respectively, which can be assigned to hard-
segment glass-transition temperatures (Tgh’s). Table IX
shows that the transition temperatures shift to higher
temperatures from method I to method II at the same

Figure 13 Comparison of the thermal stability of PAIUs
based on PEG soft segments of different molecular weights
(MWs) and prepared by methods I and II with reference to
TGA data.

Figure 14 Comparison of the thermal stability of PAIUs
based on PEG soft segments of different molecular weights
(MWs) and prepared by method II and the one-step method
with reference to TGA data.

Figure 15 DSC curves of (a) P2-400 and (b) P6-400 under an
atmosphere of N2 at a heating rate of 20°C/min.

Figure 16 DSC curves of (a) P19-1000 and (b) P23-1000
under an atmosphere of N2 at a heating rate of 20°C/min.

TABLE X
Changes in the Transition Temperatures of the PAIUs as

a Function of the Method of Polymerization and the
PEG Molecular Weight from DSC

Code
(method)

�Tg
(Tgh � Tgs; °C)

Code
(method)

�Tg
(Tgh � Tgs; °C)

P2-400 (I) 94 P19-1000 (I) 64
P6-400 (II) 85 P23-1000 (II) 67
P-400

(one-step) 107
P-1000

(one-step) 50
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PEG length. Moreover, the differences between Tgs

and Tgh decrease from method I to method II and from
PEG-400 to PEG-1000 (Table X). These behaviors, in
addition to the fading of Tgh, might be results of the
phase mixing of hard and soft microdomains in the
copolymers. Also, this suggests that the formation of
hard segments in the first step (method II) can increase
thermal transition temperatures, especially with in-
creasing PEG molecular weight. These temperature
shifts related to method II are probably due to the
formation of longer hard-segment blocks that provide
stronger van der Waals and hydrogen-bonding inter-
actions between polymer chains. Thus, higher restric-
tion of mobility in hard domains will hinder rotation
at the ether sites of polyol soft segments.

Characterization

The resulting PAIUs were characterized with FTIR
and 1H-NMR spectroscopy. The 1H-NMR spectrum of
P10-600 showed peaks that confirmed its chemical
structure (Fig. 17). It showed peaks for CH3 (1 and 1�),
which appeared as distorted doublets according to
their coupling with H (2) with J � 6.4 Hz, in the region
of 0.95–0.96 ppm. Peaks in the region of 1.51–1.68 and
1.84–2.28 ppm were related to H (2) and the diaste-
reotopic hydrogens of CH2 (3 and 3�), which appeared
as multiplets, respectively. Peaks in the regions of 4.19
and 5.03 ppm pertained to CH2 (4) and CH (5), respec-
tively. The aromatic protons appeared in the region of
6.47–8.74 ppm; peaks in the region of 8.05–8.74 ppm
were related to TMA ring protons. The peaks in the
region of 10.29–10.90 ppm were assigned to NH of
amide and urethane groups.

The FTIR spectra of the PAIUs showed characteris-
tic absorption bands representative of the PAIUs. For

example, the FTIR spectrum of P27-2000 (Fig. 18)
showed the characteristic absorptions of amide, imide,
and urethane groups around 3420, 3301, 1771, 1719,
1686, 1598, and 1539 cm�1, which were associated
with NH, CAO, and CON vibrations of amide (I and
II), imide, and urethane groups, respectively. Peaks at
1407, 1314, 771, and 720 cm�1 showed the presence of
an imide heterocyclic ring in the polymer structure.

FTIR peaks (cm�1) for P27-2000: 3420 (s, br) NH v,
3301 (s) NH v, 3208 (m) COH aromatic, 3116 (w)
COH aromatic, 2958 (m), 2918 (m), 2853 (m) COH
aliphatic, 1771 (w) CAO urethane (amide I; non-hy-
drogen-bonded), 1719 (s) CAO urethane (amide I;
hydrogen-bonded), 1686 (s) CAO amide (I), 1639 (s),
1598 (s) CON v � NH (amide II), 1539 (s) CAC, 1500
(s), 1407 (s), 1383 (s), 1314 (s) CON v � NH (amide
IV), 1244 (s) CON v � NH (amide V), 1178 (m), 1102
(m) COOOC ether, 1070 (m) OACOOOC, 941 (w),
857 (w), 828 (w), 805 (w), 771 (w) OACOO, 720 (w),
653 (m), 610 (w), 544 (w), 500 (w).

Figure 17 1H-NMR (400 MHz) spectrum of P10-600 in DMSO-d6 at room temperature.

Figure 18 FTIR (KBr) spectrum of polymer P27-2000.
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Solubility properties

The solubility properties of the PAIUs were studied in
different solvents (Table XI). The polymers are soluble
in amide-type solvents such as NMP, DMF, and
DMAc and especially in the aforementioned solvents
containing LiCl. They are also slightly soluble in
DMSO and tetrahydrofuran (THF). They are insoluble
in solvents such as water, methanol, chloroform, and
dichloromethane.

CONCLUSIONS

For the first time, four series of new optically active
thermoplastic PAIUs with modified thermal stability
were successfully synthesized under microwave irra-
diation. They were prepared by the two-step polymer-
ization reactions of PEG polyether polyols of different
molecular weights, MDI, and an amino acid based
diacid incorporating both imide and amide function-
alities via a diisocyanate route. The synthesis involved
the polycondensation of MDI with a diacid or polyol
resulting in an NCO-terminated prepolymer followed
by a chain-extension step. A systematic study of
PAIUs obtained under different reaction conditions
has demonstrated a drastic influence of the reaction
conditions on the polymer chain growth and mi-
crophase separation. The data obtained from this
study suggest that microwave irradiation is an inter-
esting alternative for preparing these kinds of PAIUs
in competition with conventional heating methods.
According to thermal studies based on TGA and DSC
techniques, these polymers exhibited good thermal
stability and phase mixing. Weight losses of 10% oc-
curred in the range of 320–340°C, and this indicated
relatively good heat resistance of these copolymers in

comparison with conventional PUs whose thermal
degradation starts around 100–200°C.

The authors thank R. Bakhshi of the Iran Polymer and
Petrochemical Research Institute (Tehran, Islamic Republic
of Iran) for recording the thermogravimetric analysis and
differential scanning calorimetry data.

References

1. De Meuse, M. T.; Ryan, C. L. Adv Polym Technol 1993, 12, 197.
2. Teffal, M.; Gourdenne, A. Eur Polym J 1983, 19, 543.
3. Al Doori, A.; Huggett, R.; Bates, J. F.; Brooks, S. C. Dent Mater

1988, 4, 25.
4. Mijovic, J.; Wijaya, J. Polym Compos 1990, 11, 184.
5. Thuillier, F. M.; Jullien, H.; Grenier-Loustalot, M. F. Polym

Commun 1986, 27, 206.
6. Beldjoudi, N.; Bouazizi, A.; Douibi, D.; Gourdenne, A. Eur

Polym J 1988, 24, 49.
7. Mijovic, J.; Wijaya, J. Macromolecules 1990, 23, 3671.
8. Silinski, B.; Kuzmycz, C.; Gourdenne, A. Eur Polym J 1987, 23, 273.
9. Jullien, H.; Valot, H. Polymer 1985, 26, 506.

10. Lewis, D. A.; Summers, J. D.; Ward, T. C.; McGrath, J. E. J Polym
Sci Part A: Polym Chem 1992, 30, 1647.

11. Kishanprasad, V. S.; Gedam, P. H. J Appl Polym Sci 1993, 50, 419.
12. Chia, H. L.; Jacob, J.; Boey, F. Y. C. J Polym Sci Part A: Polym

Chem 1996, 34, 2087.
13. Methven, J. M.; Ghaffariyan, S. R.; Abidin, A. Z. Polym Compos

2000, 21, 586.
14. Chen, M.; Hellgeth, J. W.; Siochi, E. J.; Ward, T. C.; Mcgrath, J. E.

Polym Eng Sci 1993, 33, 1122.
15. Mark, H. F.; Bikale, N. M.; Overberger, C. G.; Menges, G. En-

cyclopedia of Polymer Science and Engineering, 2nd ed.; Wiley:
New York, 1986; Vol. 5.

16. Jow, J.; Hawley, M. C.; Finzel, M.; Kern, T. Polym Eng Sci 1998,
28, 1450.

17. Hsiao, S. H.; Chang, H. Y. Eur Polym J 2004, 40, 1749.
18. Legge, N. R.; Holde, G.; Schroeder, H. E. Thermoplastic Elas-

tomers; Hanser: New York, 1987.
19. Otsuki, T.; Kawajiri, C.; Yokkaichi, M. J Appl Polym Sci 1990, 40,

1433.
20. Polyimide: Fundamentals and Applications; Ghosh, M. K.; Mit-

tal, K. L., Eds.; Marcel Dekker: New York, 1996.
21. Matsuo, R.; Niki, A. Jpn. Pat. JP 07330856 (1995).
22. Mallakpour, S. E.; Habibi, S. Eur Polym J 2003, 39, 1823.
23. Mallakpour, S. E.; Hajipor, A. R.; Habibi, S. J Appl Polym Sci

2002, 86, 2211.
24. Mallakpour, S. E.; Zamanlou, M. R. Eur Polym J 2002, 38, 475.
25. Mallakpour, S. E.; Hajipour, A. R.; Vahabi, R. J Appl Polym Sci

2002, 84, 35.
26. Faghihi, K.; Fouroughifar, N.; Mallakpour, S. Iranian Polym J

2004, 13, 93.
27. Mallalpour, S.; Rezazadeh, S. Iranian Polym J 2004, 13, 29.
28. Mallakpour, S.; Shahmohammadi, M. H. J Appl Polym Sci 2004,

92, 951.
29. Faghihi, K.; Fouroughifar, N.; Zamani, K.; Hajibeygi, M.; Mal-

lakpour, S. Iranian Polym J 2003, 12, 339.
30. Faghihi, K.; Zamani, K.; Mirsamie, A.; Mallakpour, S. J Appl

Polym Sci 2004, 91, 516.
31. Mallakpour, S.; Khoee, S. J Appl Polym Sci 2004, 91, 2288.
32. Mallakpour, S.; Rafiemanzelat, F. Iranian Polym J, accepted.
33. Mallakpour, S.; Rafiemanzelat, F. J Appl Polym Sci 2004, 93,

1647.
34. Mallakpour, S.; Rafiemanzelat, F. React Funct Polym J 2005, 62,

153.
35. Mallakpour, S.; Rafiemanzelat, F. Iranian Polym J, 2005, 14, 169.

TABLE XI
Solubility Properties of the PAIUs

Solvent P2-400 P6-400 P14-600 P23-1000 P32-2000

DMAc � � � � �
DMAc (LiCl) �� �� �� �� ��
DMF �� �� �� �� ��
DMF (LiCl) ��� ��� ��� ��� ���
NMP �� �� �� �� ��
NMP (LiCl) ��� ��� ��� ��� ���
THF � � � � �
DMSO � � � � �
MeOH � � � � �
EtOH � � � � �
CHCl3 � � � � �
CH2Cl2 � � � � �
H2O � � � � �

� � soluble at boiling temperature; �� � soluble at
boiling water temperature; ��� � soluble at room temper-
ature; � � insoluble; � partially soluble.
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