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Summary 

Two series of new optically active poly(amide-imide-ether-urethane)s (PAIEU)s 
based on polytetrahydrofuran (PTHF), of Mn=1000 as soft segment were synthesized. 
These copolymers were prepared via direct polycondensation reaction of an aromatic 
diacid based on L-leucine with preformed imide ring, 4,4'-methylene-bis-(4-
phenylisocyanate) (MDI) and PTHF-1000. The effects of different reaction conditions 
and method of preparation (one-step vs. two-step method) on the physical properties 
of these new PAIEUs have been investigated by differential scanning calorimetry 
(DSC), thermogravimetric analysis (TGA), wide angle X-ray scattering (WAXS), 
FTIR spectroscopy, and dynamic mechanical thermal analysis (DMTA). The effect of 
the introduction of bis(p-amido benzoic acid)-N-trimellitylimido-L-leucine (BPABTL) 
(1) into PU back-bone on their properties was also studied. 

Introduction 

The widely known importance of thermoplastic polyurethane elastomers (TPUs) in 
many industrial fields has resulted in an increase in the research on this subject [1-9] 
dealing with different topics from structure to applications [10-14]. It has been found 
that the properties of the final TPUs can be controlled and adjusted to any specific 
application by optimizing the pre-polymerization and chain extension steps [15,16]. 
The effect of polymerization method (one or two stage) on the morphology and 
properties of segmented polyurethanes (PU)s has been also a topic of research interest 
[17,18]. 
Regardless of the methods of preparation, PUs are always characterized by a 
heterogeneous structure in which, the continuous soft phase contains different 
populations of crystalline hard domains [16]. This microstructure is responsible for 
most of the extraordinary properties of PUs utilized in many applications [19]. It is 
well known from the literature that, apart from the phase separation behavior, the 
structure of PUs is dependent on the synthetic method which has been employed. It 
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has been shown that the standard two-step polymerization yields a statistical 
distribution of the hard segment length, which arises from the reaction product of 
diisocyanate and chain-extender [16]. More ordered structures of the hard segment 
(HS), characterized by a monodisperse distribution of chain lengths, can be obtained 
only by adopting specific synthetic techniques [20-23]. Thus, it is expected that, if 
different methods of synthesis are used, polymers with different structures and 
properties can be obtained [16]. 
Although PUs are becoming increasingly important as engineering materials, but their 
poor heat-resistance limits their applications. One method to improve the thermal 
stability of PUs is chemical modification of their structures [24,26]. The introduction 
of highly thermally stable groups such as polyimide, oligoimide, polyamide or 
poly(amide-imide) units into PUs via a one-shot or a sequential method may alter their 
properties [26-29]. 
In addition, amino acid-based chiral polymers can induce crystallinity with the ability 
to form higher ordered structures that exhibit enhanced solubility characteristics. 
These properties result in polymers that are ideal candidate for drug delivery systems, 
biomimetic systems, biodegradable macromolecules, biomaterials and as chiral 
purification media [30-32]. 
 

In connection with our interest in preparing thermally stable chiral polymers based on 
amino acids [33-40], this work deals with a detailed study on the synthesis and 
characterization of a series of modified segmented PAIEUs by two different 
polymerization methods (one-step vs. two-step).  

Experimental 

Materials 

All chemicals were purchased from Fluka Chemical Co. (Buchs, Switzerland), 
Aldrich Chemical Co. (Milwaukee, WI), Riedel-deHaen AG (Seelze, Germany) and 
Merck Chemical Co. MDI (2), a high purity Aldrich product, was used without further 
purification. PTHF-1000 (Merck Chemical Co.) was dried under vacuum at 80°C for 
8 h. Pyridine (Py), triethylamine (TEA) and N-methyl pyrrolidone (NMP) (Merck 
Chemical Co.) were distilled under reduced pressure over BaO. BPABTL (1) was 
prepared according to the reported procedure [41]. The yield of the diacid (1) was 
98.0%, m.p.> 275°C (dec) and [ ]α D

25 :+17.6 [0.0520 g in 10 mL of DMF]. 

Instruments and measurements 

Proton nuclear magnetic resonance 1H-NMR (500 MHz) spectra were recorded on a 
Bruker (Germany) Avance 500 instrument in DMSO-d6. Multipilicities of proton 
resonance were designated as broad (br), singlet (s), doublet (d), and multiplet (m). 
FTIR spectra were recorded on a Jasco FTIR spectrophotometer. Spectra of solids 
were carried out using KBr pellets. Vibrational transition frequencies are reported in 
wavenumber (cm-1). Band intensities are assigned as weak (w), medium (m), shoulder 
(sh), strong (s) and broad (br). Inherent viscosities were measured by a standard 
procedure using a Cannon-Fenske Routine Viscometer (Germany). Specific rotations 
were measured by a Jasco Polarimeter to spy the incorporation of diacid (1) into the 
polymer backbone. TGA data for polymers were taken on a Perkin Elmer Thermal 
Analyzer under N2 atmosphere. DSC data were recorded on a DSC-PL-1200 



 341 

 

instrument under N2 atmosphere by the Research Institute of Polymer and 
Petrochemical of Iran (IPPI). Glass transition temperatures (Tg) were read at the 
middle of the transition in the heat capacity taken from the heating DSC traces. A 
sample was first scanned from room temperature to 200°C and maintained for 30 Sec 
followed by quenching to -100°C at a cooling rate of 10°C/min, and then a second 
heating scan was used to measure sample’s glass transition temperatures of soft (Tgs) 
or hard segment (Tgh). A heating rate of 10°C/min was applied to all samples. 
WAXS analysis was performed at ambient conditions on a Zimence D-5000 using Ni 
filtered Cu Kα radiation by IPPI. The supplied voltage and current were set to 40 kV 
and 25 mA, respectively. Samples were run at a scan rate of 2ø = 5°/min between 
2ø = 5 and 70°. Dynamic mechanical testing was carried out on a UK Polymer Lab 
dynamic mechanical thermal analyzer, Model MK-II, over a temperature range from  
-80 to 270°C at heating rate of 10°C/min and a frequency of 1 Hz. The dimensions of 
samples were 15 × 7 × 1 mm3 which were made by solution casting technique. The 
value of tan δ and the storage modulus, E', verses temperature were recorded for each 
sample. 

Polymer synthesis 

Synthesis of PAIEUs copolymers 

A typical preparation of PAIEUs by pre-polymerization method is as follow: Into a 
dried 25 mL round bottom flask (1) (0.596 g, 1.09 × 10-3 mol) and (2) (0.549 g, 2.19 × 
10-3 mol) were dissolved in 2 mL of NMP and TEA (0.25 mL, 1.80 × 10-3 mol) was 
added. The mixture was stirred for 2 h at room temperature (RT), and then the 
temperature was gradually increased up to 120°C. Then it was cooled to RT, and 
PTHF-1000 (1.097 g, 1.09 × 10-3 mol) in 2 mL of NMP was added. The reaction 
mixture was stirred at RT for 2 h then heated up to 100°C gradually. The viscous 
solution was poured into 10 mL of water, to isolate the polymer. For more purification 
fractional precipitation method was used by re-dissolving and re-precipitation of 
polymer in NMP and methanol-water, respectively. The precipitated polymer was 
collected by filtration, and was dried at 80°C for 10 h under vacuum to give 1.44 g 
(67%) of polymer PT-2. 
 

For one-step procedure, the polymerization reaction was performed by adding all of 
the above mentioned components in one step and the reaction mixture was gradually 
heated from RT up to 120°C. 

Results and discussion 

Polymer synthesis 

The PAIEU multiblock copolymers based on PTHF-1000 were prepared according to 
schemes 1 and 2 by two-step or one-shot method. The reactions were performed in 
NMP in the presence of different catalysts or without catalyst, respectively and NCO 
to OH ratio was kept 1:1. When the diisocyanate segment is equal to the 
stoichiometric one, the number of chemical crosslinks is almost negligible and the 
elastomeric behavior is entirely due to the physical crosslinks [42]. The reaction 
between diacid and diisocyanate as well as NCO and polyol was followed by FTIR 
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spectroscopy. After the completion of the reaction upon disappearance of NCO 
absorption band at 2270 cm-1 the reaction mixture was precipitated. These methods 
furnished PAIEUs whose polyamide-imide blocks are connected with urethane 
linkages (Polymers 1-6, Tables 1-2). 
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Scheme 1. Preparation of PAIEU multiblock copolymers by two-step method. 
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Scheme 2. Preparation of PAIEU multiblock copolymers by one-step method. 

The effect of polymerization conditions and catalysts on the viscosity and yield of the 
PAIEUs 

The polymerization reactions were carried out under optimized conditions obtained 
for solvent type, the ratio of solvent to solid, reaction time and temperature for the 
direct reaction of diacid and diisocyanate according to our previous work [33-34]. 
 

The preparation of PAIEUs based PTHF-1000 was carried out in the presence of some 
catalysts such as, TEA, Py and dibutyltin dilurate (DBTDL) by two-step method. It 
can be seen that the results were relatively comparable with that of Py and no catalyst 
conditions considering viscosity and yield (Table 1). The polymerization reactions 
were repeated by one shot method in the absence of any catalyst. It is observed that 
polymer chain growth is lower than that of two-step method (Table 2). In the case of 
PT6 the one-step polymerization was performed in a longer period of time and 
temperature to compensate longer reaction period of two-step method. As it is inferred 
from Table 2 there was no significant change in the viscosity. It means that 
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establishing hard segment as oligo amide-imide in the first step, and then chain 
extension by a polyol in the second step can led to higher viscosities. It can be 
explained according to difference in the reactivity of alcoholic and carboxylic groups 
towards NCO group. 

Table 1. Some physical properties of PAIEUs based PTHF-1000 & reaction conditions: Study 
of the effect of catalysts, two-step method, 1:2:1 was the ratio of Diacid:MDI:Polyol, NMP was 
used as a solvent. 

Polymer Catalyst Reaction 
condition 
(step 1) 

Reaction 
condition 
(step 2) 

Yield 
(%) 

 
ηinh 

(dL/g) e 

 
25][ Dα e 

 

 
25][ Hgα

e,f 

PT1a NO A B 81 0.65 -1.18 -7.47 
PT2 TEAb A B 67 0.55 -0.89 -14.62 
PT3 Py c A B 82 0.67 -0.90 -2.31 
PT4 DBTDL d A B 98 0.57 -1.06 +1.39 

aPoly(amide-imide-ether-urethane) based PTHF-1000, the first PAIEU and etc. b Triethylamine. 
cPyridine. dDibutyltin dilurate. e Measured at a concentration of 0.5 g/dL in 2% W/W LiCl/DMF 

as solvent. f Wide rang was used (no filter was used for the Hg lamp), A: 2 h RT; 2h 50-60°C; 
2h 60-80°C; 5h 80°C; 3h 80-120°C; 2h 120°C, B: 2h RT; 2h 50-60°C; 2h 60-80°C; 5h 80°C; 
2h 80-100°C, 1h 100°C. 

Table 2. Some physical properties of PAIEUs based PTHF-1000 & reaction conditions: One-
step method, 1:2:1 was the ratio of Diacid:MDI:Polyol, NMP was used as a solvent. 

Polymer Catalyst Reaction  
condition 

Yield 
(%) 

ηinh 
(dL/g) a 

25][ Dα a 25][ Hgα  

a,b 

PT5 NO A 88 0.50 +3.12 -3.81 
PT6 NO B 91 0.55 +3.19 -2.99 

aMeasured at a concentration of 0.5 g/dL in 2% W/W LiCl/DMF as solvent. bWide rang was 
used (no filter was used for the Hg lamp), A: 2 h RT; 2h 50-60°C; 2h 60-80°C; 5h 80°C; 3h 80-
120°C; 2h 120°C B: 4h RT; 4h 50-60°C; 4h 60-80°C; 8h 80°C; 3h 80-120°C, 2h 120°C. 

Thermal properties 

Thermal properties of PAIEUs were evaluated with TGA and DSC techniques 
(Table 3). 
TGA studies for PT1 and PT6 are presented in figure 1. TGA curve associated with 
PT1 prepared by two-step method shows relatively greater thermal stability than PT6 
(Figure 1). It may be explained that the so-called regular two-step synthesis seems to 
favor the MDI+BPABTL+MDI sequences as the largest constitutive part of the hard 
phase and led to better interaction and stability between them. It is well known that the 
regularity of the HS affects the morphology, interchain interactions and the 
calorimetric behavior of SPUs. 
Typical DSC diagrams for PT1 and PT6 have been shown in figure 2. Three 
endotherms are almost observed. The low temperature endotherms located below 
50°C, that can be ascribed to short range reorganization within the HS microdomains 
distributed in the soft phase and melting the crystalline region of soft segment.  
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Table 3. Thermal properties of PAIEUs based PTHF-1000a. 

Polymer 1Tgs (°C) 2T2 (°C) 3Tgh (°C) 4Tc (°C) 5T10% (°C) 6char yield% 

PT1 7-19 26.8 sh 107 br 140 sh 357 20 
PT6 -10 br 25 br - 108.5 323 12 

aCenter of the region was considered for transitions observed by DSC. 1Glass transition 
temperature of SS, 2Melting temperature of crystalline domain of SS and /or crystalline 
microdomin of HS distributed in SS, 3Glass transition temperature of HS, 4Melting temperature 
of crystalline domain of HS, br = broad, sh = sharp. 5Temperature at which 10% weight loss 
was recorded by TGA at heating rate of 20°C/min in N2 atmosphere, 6Percentage of weight 
residue at 700°C in N2 atmosphere by TGA. 7 By DMTA. 

 
Figure 1. TGA thermogram of PAIEUs prepared by one-step (1) and two-step (2) methods. 

The endotherm observed at temperatures ranging between 75-125°C is associated with 
the disruption of long-range structures in HS and/or Tgh, finally the endotherm 
observed above 125°C can be assigned to the melting of crystalline regions of hard 
domains (Table 3). DSC trace of PT6 shows a broad base line change between -30 to 
12°C (Tgs), a broad endotherm peak at 25°C (T2), a peak at 108°C (Tc) and a broad 
endotherm between 125-165°C (Tc2). Copolymer of PT1 exhibit more or less similar 
endothermic effects that are summarized in Table 3. The distinct and sharp peak of 
PT1 at 140°C (Tc) compared to PT6 suggests more crystalline structure for HS, 
relatively regular distribution of HS length and more cohesiveness of HS. This 
phenomenon was confirmed by FTIR and WAXS observations. Also it could be 
concluded from the endotherm of PT1 at 26.8°C (T2), crystalline region of soft 
segment is more than that of PT6. We deem that T2, Tc and Tc2 are melting 

 

Figure 2. DSC curve of PAIEUs prepared by one-step (A) and two-step (B) methods. 



 345 

 

temperatures of microcrystalline regions in soft segment (SS), and different crystalline 
domains in HS essentially built up from MDI+BPABTL+MDI segments. 

DMTA study 

The dynamic mechanical thermal behaviors of prepared PAIEUs were studied by 
DMTA measurements. The performance of PU elastomers at elevated temperature is 
dependent upon the structure of the rigid segments and their ability to remain coherent 
at a higher temperature. As it can be seen from figure 3 the storage moduli of PT1 is 
higher than that of PT6 over a wide range of temperature and the temperature to 
which the plateau extends is also increased. It can be explained upon more 
crystallinity and interchain H-bonding of HS of PT1. Generally, increased material 
strength not only can be in terms of improved phase separation, but also is rather as an 
effect of the hard domain cohesiveness produced by Vander Waals or H-bonding. As 
it can be seen in the case of PT1, the α-type Tg increased; while the β-type Tg 
decreased in comparison with PT6. This can be due to the relatively more phase 
separation of PT1 comparing with PT6. The tan δ vs. temperature curves (Figure 4) 
display loss peaks associated with glass transition and damping capacity of the soft 

 

Figure 3. Dynamic storage modulus (E') for PT1 (−) and PT6 (- -). 

 

Figure 4. DMTA tan δ curves for PT1 (−) and PT6 (- -). 
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domains at -19 and -14°C for PT1 and PT6, respectively. An additional small 
shoulder can be seen at approximately 30°C for PT1 that may be due to the melting of 
micro-crystalline domain of SS. The sharpness and height of the damping peaks of 
PT6, suggests less crystallinity of this polymer comparing with PT1 that has been 
confirmed by WAXS study.  

FTIR study for phase miscibility 

Infrared spectroscopy is a useful tool for morphological probe of PUs, and it is 
common to study the hydrogen bonding in segmented polyurethanes [43,44]. For PUs, 
the carbonyl absorption region is of interest, since it gives information on inter-
urethane H-bonding. More ordered structure of HS and interchain H-bonding 
interaction of PAIEUs prepared by two-step method relative to one-step method can 
be confirmed by FTIR study of characteristic bands of carbonyl of urethane and amide 
groups. For example FTIR spectrum of PT1 shows absorption bands at 1774 cm-1 due 
to free C=O (non H-bonded), 1721 and 1679 cm-1 due to urethane and amide C=O (H-
bonded), respectively (figure 5, A). For PT6 peak of free C=O is relatively more 
intense, and peaks of urethane and amide C=O (H-bonded) shifted to higher wave 
number, e.g. 1723 and 1680 cm-1 (figure 5, B). 

 
Figure 5. FT-IR peaks of carbonyl groups for PAIEUs prepared by two-step (A) and one-step 
(B) methods. C=O free (1), C=O H-bonded (2). 

X-ray diffraction study 

WAXS analyses for PAIEUs based PTHF-1000 are presented in figure 6 and Table 4. 
The diffraction patterns for PT1 and PT6 show two main crystalline regions A and B 
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divided into 1, 2, 3, and 4 maxima as main peaks. These peaks present for PAIEUs 
samples regardless of the degree of phase separation, degree of crystallinity, and 
method of polymerization. The peaks at 2ø = 16.4, 21.2 and 24.1 (°) can be matched 
to literature values for MDI, MDI-O(CH2)4-O-, and PTHF crystallinity [45-47]. The 
other peaks presented in Table 4 can be due to BPABTL and MDI+BPABTL 
segments. Our recent study [48] shows that the intensity of maxima at 1, 2, 3, and 4 
(specially at 3 and 4) grows and sharpen as HS content increases. The effect of 
polymerization method on the crystallinity of PAIEUs is obvious from figure 6. The 
percentage of crystallinity obtained for PT1 at A and B regions is 5% and 66%, 
respectively. These data for PT6 are 3.5% and 56%, respectively. This means that 
two-step method has resulted in polymer with more crystallinity than one prepared by 
one-step method. 

Table 4. WAXS peak position for PAIEU based PTHF-1000. 

Polymer Diffraction Angles, 2ø (°) d-Spacing (°A) 

PT1 9.8, 11.1, 16.5a, 18.8, 20.5b, 21.2, 
24.1b, 26.9, 28.5 

8.8, 7.9, 5.4, 4.8, 4.3, 4.1, 3.5, 3.3, 3.1 

aMatches with literature MDI-OCH2CH2CH2CH2O- lattice and MDI-MDI plane interaction, 
bMatches with literature PTHF lattice [45-47].  

 
Figure 6. WAXS pattern for PAIEUs prepared by one-step (a) and two-step (b) methods. 

Structural characterization  

The resulting PAIEUs were characterized by FTIR and 1H-NMR spectroscopy 
(Table 5). The 1H-NMR spectrum of PT6 showed peaks that confirms its chemical 
structure (Figure 7). It showed peak for CH3 (1, 1') which appeared as distorted 
doublet according to their coupling with H (2) with J = 17 Hz, in the region of 0.91-
0.95 ppm. Peaks in the region of 1.57-2.26 ppm are related to H (2) and the 
diastereotopic hydrogens of CH2 (3,3') which appeared as mutiplet. Peaks in the 
regions of 3.50 and 3.80-4.08 ppm are pertain to CH2s (4), (4'), (5) and (6), 
respectively. Peak at 5.01 ppm is assigned for CH (7). The aromatic protons appeared 
in the region of 7.12-8.64 ppm that peaks in the region of 8.06-8.64 ppm are related to 
TMA ring moiety. The peaks in the region of 9.6-10.6 ppm are assigned for NH of 
amide and urethane groups. 
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Figure 7. 1H-NMR (500 MHz) spectrum of PT6 in DMSO-d6 at RT. 

The FT-IR spectrum of PT1 showed the characteristic absorption of amide, imide and 
urethane groups around 3404, 3323, 1774, 1721, 1679, 1602, 1538 cm-1, peculiar to 
NH, C=O and C-N vibrations of amide (I, II) imide and urethane groups, respectively. 
Peaks at 1408, 1315, 771, and 756 cm-1 show the presence of imide heterocyclic ring 
in the polymer structure (Table 5). 

Table 5. FT-IR and 1H-NMR assignments of PAIEUs. 

PT1 FTIR Peaks (cm–1): 3404 (s, br), 3323 (s, sh), 
3270 (s, sh), 3208 (m), 2940 (s), 2856 (s), 
2796 (w), 1774 (w), 1721 (s), 1679 (s), 1602 
(s), 1539 (s), 1509 (s), 1408 (s), 1383 (s), 1375 
(s), 1315 (s), 1256 (m), 1234 (m), 1176 (m), 
1112 (s), 1017 (w), 990 (w), 958 (w), 857 (w), 
771 (m), 756 (w), 729 (w), 710 (w), 549 (w), 
510 (w). 

1H-NMR Peaks (ppm):  0.91-
0.96 (d, CH3, J=17 Hz), 1.57-1.62 
(m, CH), 1.83-2.26 (m, CH2, br), 
3.47-3.49 (m, CH2), 3.8-4.08 (m, 
CH2), 5.01 (m, CH), 7.12-8.64 
(Ar-H), 9.6-10.6 (s, br, NH). 

Solubility Properties 

The solubility properties of PAIEUs were studied in different solvents. The polymers 
are soluble in amide-type solvents such as NMP, DMF, DMAc and to some extent in 
DMSO. They are insoluble in solvents such as water, methanol, chloroform and 
dichloromethane. It is interesting to mention that PAIEUs prepared by one-shot 
method dissolve faster than those prepared by two-step method probably because of 
lower crystallinity, better accessibility of their structure and lower interchain 
interactions. 

Conclusions 

The following conclusions can be drawn from this study: 
 

Three to four DSC endotherms provided evidence to hypothesize that the regular two-
step synthesis seems to favor the MDI+BPABTL+MDI sequence, as the largest 
constitutive part of the hard phase in the sense that calorimetric transitions were better 
defined (sharpen), and the morphology was more regular. However, in this case, phase 
separation will not be complete, and it will be possible that soft domains contain some 
dissolved hard blocks and vice versa. From TGA and DMTA data it can be concluded 
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that two-step method resulted in polymers with higher thermal stability. It was shown 
that BPABTL is an interesting candidate to incorporate amide, imide and amino acid 
moieties into SPUs and prepare them with more thermal stability, induced more 
crystallinity as well as good solubility. It was observed that establishing hard segment 
as oligo amide-imide in the first step, and chain extension by a polyol in the second 
step can led to polymers with higher viscosities, crystallinity, thermal stability and 
more interchain H-bonding interaction. Since the resulting PAIEUs contain amino 
acid, urethane and polyether linkages they could be biodegradable and biocompatible. 
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