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ABSTRACT: A series of novel poly(urethane-amide)s were prepared by a reaction of a polyurethane (PU) prepoly-
mer and a soluble polyamide (PA) containing aliphatic hydroxyl group in the backbone. PU prepolymer was prepared
by a reaction of polyester polyol and 2,4-tolylenediisocyanate and then end-capped with phenol. Soluble PA was pre-
pared by a reaction of 1-(m-aminophenyl)-2-(p-aminophenyl)ethanol and 4,4′-oxydibenzoyl chloride. PU prepolymer
and PA were mixed in various weight ratios, and the blend solutions were cast on glass substrates. The cast films were
thermally treated at various temperatures, which allowed the release of phenol. The regenerated isocyanate group in the
PU prepolymer reacted with hydroxyl group in the PA, giving a series of white opaque poly(urethane-amide) films. By
changing the ratio of PU and PA, poly(urethane-amide) films having various properties from plastic to elastomer were
prepared. Dynamic mechanical analysis showed two glass transition temperatures, one for the PU component at lower
temperature range and the other for the PA component at higher temperature range, suggesting that the two polymer com-
ponents were phase separated. When PU component was more than 80 wt%, the films had the properties of elastomer.
The rubbery plateaus region of the storage modulus for the elastic films was broad and continued up to ca. 200◦C. Tensile
measurements showed that the elongation was 326% for the elastic film of PU/PA = 90/10. Thermogravimetric analyses
indicated that the thermal degradation of poly(urethane-amide) occurs at ca. 280◦C. These indicated that the introduction
of PA component containing aliphatic alcohol in the backbone improved the thermal properties, and thus enhanced the
use temperature of PU.
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Polyurethane (PU) is a versatile polymer and is be-
coming increasingly important as engineering mate-
rials, because it can be easily prepared by a simple
polyaddition reaction of polyol, isocyanate and chain
extender, and also because the tailor-made properties
from supersoft flexible foam to tough elastomers and
long-wearing coatings have resulted in many end ap-
plications. PU also has excellent abrasion resistance
and properties of both elastomer and plastics.1–4 Un-
fortunately, the conventional PU is known to exhibit
poor thermal stability, which limits its applications in
harsh conditions. For example, the acceptable mechan-
ical properties disappear above 80–90◦C and thermal
degradation takes place at temperatures above 200◦C.5

Attempts to improve the thermal stability of PU
have been made over a long period. One method is
the chemical modification of its structure by blending
or copolymerizing with more thermally stable poly-
mers. Some of these examples are poly(urethane-
urea),6, 7 poly(urethane-epoxy),8–10 and poly(urethane-
diacetylene).11 Recently, aromatic polymers have been
paid more attention for the modification. Aromatic
polyimides and polyamides are an important class of
aromatic polymers with remarkable heat resistance and

superior mechanical, electrical, and durable proper-
ties.12, 13 Various attempts to incorporate polyimide
units into PU have been made. Reaction of isocyanate-
terminated PU prepolymer with acid dianhydride
monomer is the method most often utilized to intro-
duce the imide function into the PU backbone.14–17

A modified method was also utilized, in which an
acid dianhydride was reacted with aminoethanol to
give hydroxyl-terminated imide monomer, which was
then reacted with isocyanate-terminated PU prepoly-
mer.18 Another modified method is the reaction of
isocyanate-terminated PU prepolymer with aromatic
diamine and dianhydride to prepare PU with imide
groups in the backbone.19 Poly(urethane-imide)s ob-
tained by these methods are linear, which should results
in poor solvent-resistance to ordinary organic solvents.

Very recently, we reported a novel approach to pre-
pare a series of poly(urethane-imide)s. Our approach
is based on the reaction between PU prepolymer and
poly(amide acid), which is a precursor of polyimi-
de.20, 21 The prepared poly(urethane-imide)s have net-
work structure and showed improved thermal stability
and excellent solvent-resistance. The poly(urethane-
imide) films were plastic or elastomer depending on
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the ratio of the two components. The formation of
urethane-imide linkage in the novel method is based
on the reaction between in-situ generated isocyanate
group in the PU prepolymer and carboxylic group in
the poly(amide acid). The reaction of poly(amide
acid) with PU prepolymer, however, occurs at similar
temperature range with the imidization of poly(amide
acid), and the structure of the poly(urethane-imide)
cannot be well-defined.

Thus we examined another novel approach, which
is based on the reaction between terminal isocyanates
in the PU prepolymer and pendent phenolic hydroxyl
groups in the soluble polyimides.22 We also exam-
ined the reaction between terminal isocyanates in the
PU prepolymer and in-situ formed phenolic hydroxyl
groups in the polybenzoxazine.23, 24 Both approach suc-
cessfully prepared PU elastomers with improved ther-
mal properties. However, the urethane linkage formed
from the reaction between phenolic hydroxyl group
and isocyanate dissociate at ca. 120◦C-150◦C, and the
use temperature of the films estimated from the vis-
coelastic measurement was ca. 150◦C. It is known
that the urethane linkage from the reaction between
aliphatic hydroxyl group and isocyanate dissociates at
ca. 250◦C, much higher than the urethane linkage
from phenolic hydroxyl group and isocyanate. This
leads to the expectation that the reaction of aliphatic
hydroxyl group in an aromatic polymer and isocyante-
terminated PU prepolymer will afford modified PU that
can be used up to higher temperatures. Aiming to im-
prove the high temperature properties of PU, we re-
port here our novel approach for preparing a novel type
of poly(urethane-amide)s by the reaction between iso-
cyanate in PU prepolymer and aliphatic hydroxyl group
in aromatic polyamide (PA).

EXPERIMENTAL

Reagents
Polyethyleneadipate polyol with molecular weight of

1000 (OH number in KOH: 113), delivered by Nip-
pon Polyurethane Ltd. as Nippollan 4002, was de-
hydrated in vacuo at 80◦C for one night before use.
Tolylene-2,4-diisocyanate (TDI) was used as received
from Nippon Polyurethane Ltd. 4,4′-Oxydibenzoyl
chloride (ODB) was obtained from Tokyo Kasei,
Japan. 1-(m-Aminophenyl)-2-(p-aminophenyl)ethanol
(α-OH) was prepared according to the previously re-
ported method.25 Phenol was used as received from
Kishida Chemical Co. N-Methyl-2-pyrrolidone (NMP)
and N,N-dimethylacetamide (DMAc) obtained from
Kishida Chemical Co., were purified by distillation un-
der reduced pressure.

Scheme 1. Preparation of PU prepolymer.

Scheme 2. Preparation of PA (α-OH/ODB).

Preparation of PU Prepolymer
PU prepolymer was prepared following the

Scheme 1. TDI (20 mmol, 3.58 g) was added into
dehydrated polyethylene adipate (10 mmol, 10.00 g),
and reacted at 80◦C for 2 h under nitrogen atmosphere
to give PU prepolymer as a viscous liquid. Phenol
(20.4 mmol, 1.92 g) was then added into the liquid
and reacted at 80◦C for 3 h to give PU prepolymer
end-capped with phenol. The liquid was diluted with
16.35 g of NMP to give a 50% PU prepolymer solution.

Preparation of PA(α-OH/ODB)
PA was prepared by the reaction of an equimo-

lar amount of α-OH and ODB in NMP as shown in
Scheme 2. α-OH (10.00 mmol, 2.283 g) was dissolved
in DMAc (10%, 38.82 g) under a nitrogen atmosphere.
An equimolar amount of ODB (10.00 mmol, 2.790 g)
was added, followed by stirring at 0◦C for 3 h, and then
the reaction mixture was poured into 1.2 L of water.
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The obtained white PA flake powder was vacuum fil-
tered, washed with 5 L of water, and then dried in vacuo
for one night. The yield of the PA was 97–98%. Vis-
cosity of the PA was 0.490–0.520 dL g−1 at the concen-
tration of 0.5 g dL−1 in DMAc.

Preparation of Poly(urethane-amide)
PA(α-OH/ODB) was dissolved in NMP to give a

10% solution. Then, PA solution and PU prepolymer
solution were mixed at various weight ratios (PU/PA =
0/100, 20/80, 50/50, 80/20, 85/15, 90/10). The blend
solutions were cast on glass plates, and solvent was
evaporated under vacuum at 50◦C for 16 h. The cast
films were then thermally treated at 100◦C and 200◦C
for 1 h each.

Measurements
Viscosity of PA was measured using Ubbelohde vis-

cometer at a concentration of 0.5 g dL−1 in DMAc
at 30◦C. IR was measured using JEOL Model IR
810. Differential scanning calorimetry (DSC) was per-
formed with a Rigaku Thermo Plus 2 DSC8230. Sam-
ples of ca. 10 mg in weight were heated from 30 to
500◦C at a heating rate of 10◦C min−1 under nitro-
gen. Thermogravimetric analyses (TGA) were carried
out with a Rigaku Thermo Plus 2 TG-DTA TG8120.
Samples of ca. 10 mg in weight were heated from 30 to
850◦C at a heating rate of 5◦C min−1 under Ar. Dy-
namic viscoelastic measurements were performed us-
ing Orientec Automatic Viscoelastometer Rheovibron
Model DDV-01FP from −80 to 400◦C at 35 Hz at a
heating rate of 4◦C min−1. Tensile properties were in-
vestigated using an IMADA Seisaku-sho Model SV-3
at room temperature. Sample lengths were ca. 2 cm,
widths were ca. 3 mm and crosshead speed was 1 cm
min−1.

RESULTS AND DISCUSSION

Preparation of Poly(urethane-amide) Films
We intended to prepare a series of novel

poly(urethane-amide)s by a simple reaction be-
tween aliphatic hydroxyl groups in a PA and terminal
isocyanates in a PU prepolymer. For that propose,
we prepared a soluble PA having aliphatic hydroxyl
groups from the reaction between α-OH, a diamine that
contains aliphatic hydroxyl group, and ODB, a diacid
chloride that contains flexible ether. PA(α-OH/ODB)
was readily soluble in various organic solvents such as
DMF and NMP as shown in Table I. PA(α-OH/ODB)
gave pale-yellow, transparent tough films.

PU prepolymer solution and PA solution were mixed
in various weight ratios according to the formula-

Table I. Solubility of PA(α-OH/ODB)

Solvent Solubilitya

N,N-Dimethylacetamide +++
N,N-Dimethylformamide +++
N-Methyl-2-pyrrolidone +++
Dimethyl sulfoxide +++
Pyridine +++
m-Cresol ++
Methanesulfonic acid +++
Sulfuric acid +
Tetrahydrofuran +
Formic acid −
Chloroform −
Ethanol −
a +++, readily soluble at room temperature; ++, soluble at

room temperature; +, partially soluble or swelling; −, insoluble.

Table II. Formulation of Poly(urethane-amide)s

PU/PA ratio
wt%

PU/PA ratio
g

Film
characteristics

100/0 1.000/0.000 Elastic
90/10 0.450/0.050 Elastic
85/15 0.283/0.050 Elastic
80/20 0.200/0.050 Elastic
50/50 0.050/0.050 Plastic
20/80 0.013/0.050 Plastic
0/100 0.000/0.050 Plastic

tion shown in Table II. The addition of isocyanate-
terminated PU prepolymer into soluble PA caused gela-
tion as a result of the formation of network. In order to
prevent gelation during mixing, isocyanate groups were
protected with phenol. All the blend solutions were
clear and transparent at any weight ratios. Films were
cast on glass plates from the solution. After drying, the
cast films became opaque, which indicates that phase
separation occurred between the two components. Dur-
ing the heat treatment of the cast films at 200◦C in
vacuo, end-capped phenol was released to regenerate
NCO. The splitting reaction of phenol from PU pre-
polymer was confirmed to occur at 120◦C by DSC and
TGA.20 The isocyanate groups that were generated by
the removal of phenol reacted with hydroxyl groups
in the PA, giving poly(urethane-amide). The reaction
between PU prepolymer and hydroxyl groups in the
PA occurs at the interface of separated phase. All the
PU/PA films were white colored and opaque, and the
transparency decreased with the increase of PU con-
tent. The films with less than 50% of PU content were
plastic, and the films with more than 80% of PU were
elastic.

The progress of the reaction was followed using IR.
As shown in Figure 1a, IR spectrum for the pure PA
showed a broad absorption at 3100–3500 cm−1 based
on the stretching modes of O–H and of N–H. Ab-
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Figure 1. IR spectra of PA(α-OH/ODB) and poly(urethane-
amide), PU/PA = 50/50, treated at various temperatures. PA(α-
OH/ODB) a), poly(urethane-amide) treated at 50◦C b), 100◦C c),
and 200◦C d).

sorptions due to the C–H, carbonyl of amide I, and
aromatic ring appeared at 2900 cm−1, 1654 cm−1, and
1600 cm−1, respectively. Figure 1 also shows the
change of IR of poly(urethane-amide) after various
heat treatments. In Figure 1b, the absorption of es-
ter group is observed at 1750 cm−1, and of methylene
at 2950 cm−1. After the heat treatment at 100◦C (Fig-
ure 1c), the characteristic absorption of NCO appeared
slightly at 2270 cm−1. It indicates that phenol splitted
from PU prepolymer, regenerating reactive NCO which
react with hydroxyl group in the PA. The absorption
disappeared completely after the 200◦C treatment (Fig-
ure 1d), showing that the reaction was completed to af-
ford poly(urethane-amide).

Viscoelastic Properties of Poly(urethane-amide) Films
Dynamic mechanical analysis of poly(urethane-

amide) films are shown in Figures 2 and 3. Two glass
transition temperatures (Tg) appeared for the films of
PU/PA = 20/80 and 50/50. The lower Tg is due to the
PU component and the higher Tg to the PA component,
suggesting that the polymer components are phase sep-
arated. Alloying with PU shifted the Tg value of PA
to lower temperature range from 241◦C of pristine PA
to 181–186◦C. This suggests some miscibility between
PU and PA components. In the elastomer films, as
shown in Figure 3, a wide rubbery plateau region ap-
peared for storage modulus up to ca. 180◦C at which Tg

of PA appeared. In the previous poly(urethane-imide)
films prepared from phenolic hydroxyl group and PU
prepolymer, the rubbery plateau region continued up to
ca. 150◦C.22 Thus it was clearly shown that, by form-
ing urethane linkage between the PU prepolymer and

Figure 2. Viscoelastic properties of poly(urethane-amide)
films.

Figure 3. Viscoelastic properties of poly(urethane-amide)
films.

aliphatic hydroxyl group, the use temperature of PU
elastomers was enhanced up to higher temperature than
the urethane linkage between the PU prepolymer and
phenolic hydroxyl group. Though remarkable increase
of use temperature of PU was not achieved by the alloy-
ing with the PA used in this study, it was clearly shown
that the use temperature was limited by the Tg of PA.
The results lead to the conclusion that the use of PA
with higher Tg should afford modified PU with much
increased use temperature.

Tensile Properties of Poly(urethane-amide) Films
Tensile properties of poly(urethane-amide) films are

summarized in Table III. The tensile modulus, ten-
sile strength, and elongation at break of the pristine
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Table III. Tensile Properties of Poly(urethane-amide) films

PU/PA ratio
wt%

E

GPa
σ

MPa
Elongation

%
0/100 1.93 51.4 7.8
20/80 0.88 20.2 6.4
50/50 0.78 17.7 4.4
80/20 48 × 10−3 0.96 75
90/10 2.2 × 10−3 2.25 326

S

S

Figure 4. Typical stress–strain curves for the plastic films of
poly(urethane-amide).

PA were 1.9 GPa, 48 MPa, and 8%, respectively. The
poly(urethane-amide) films showed various properties
depending on the ratio of PU and PA components.
When PU component was less than 50 wt%, the films
had the properties of plastics. Typical stress–strain
curves for the plastic films are shown in Figure 4. The
initial tensile modulus of these plastic films was low-
ered to ca. 0.8 GPa from the 1.9 GPa of pristine PA.
Tensile strength for plastic films was ca. 20 MPa, and
elongation was ca. under 10%.

Typical stress–strain curves for the elastomer films
are shown in Figure 5. The elongation was 326% for
the film of PU/PA = 90/10. The initial modulus and ten-
sile strength for the film were 2.21 MPa and 2.25 MPa,
respectively, and the stress–strain curve showed typi-
cal pattern of elastomer. Though the films of PU/PA
= 80/20 was elastomer, elongation at break was not so
high, probably due to the heterogeneity apparent in the
film. From the similarity of morphology previously
studied in the case of poly(urethane-imide) films,26 it
is considered that PA forms continuous phase with PU
domains in the plastic films, and PU forms continu-
ous phase in the elastomer films. Poor performance of
the elastomeric poly(urethane-amide) films of PU/PA =
80/20 suggests that phase inversion is taking place at
the ratio very near to PU/PA = 80/20.

Thermal Stability of Poly(urethane-amide)s
Thermogravimetric analyses (TGA) of poly(urethane-

amide)s along with pristine PA are shown in Figure 6.

S

S

Figure 5. Typical stress–strain curves for the elastic films of
poly(urethane-amide).

Figure 6. TGA of poly(urethane-amide)s. 1. PU/PA = 0/100;
2. PU/PA = 20/80; 3. PU/PA = 50/50; 4. PU/PA = 80/20; 5. PU/PA
= 85/15; 6. PU/PA = 90/10; 7. PU/PA = 100/0.

For the pure PA containing aliphatic alcohol, degrada-
tion occurred in two stages. The initial decomposi-
tion temperature as 5% weight loss was 359◦C which
is considered to result from the degradation of hy-
droxyl groups, and the second stage appeared above
420◦C due to the degradation of amide backbone. TGA
for poly(urethane-amide)s also showed two degrada-
tion stages, and the initial decomposition temperatures
as 5% weight loss was about 280◦C. The introduction
of relatively thermally labile PA component did not en-
hance the thermal stability of PU so much, but thermal
stability was high enough to keep the rubber property
up to ca. 200◦C.

CONCLUSIONS

A series of poly(urethane-amide) films were suc-
cessfully prepared by the reaction of PU prepolymer
and aromatic PA which have aliphatic hydroxyl group.
By changing the ratio of PU and PA components,
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Table IV. TGA of Poly(urethane-amide)s

PU/PA
wt%

5% loss
◦C

10% loss
◦C

0/100 359 430
20/80 304 345
50/50 262 292
80/20 275 301
90/10 277 301
100/0 278 299

poly(urethane-amide) films having various properties
from plastic to elastomer were prepared. The PU and
PA components were phase separated. When PU com-
ponent was more than 80 wt%, the films had the proper-
ties of elastomer. The wide rubbery plateaus region of
the storage modulus of the elastomer films were contin-
ued up to ca. 200◦C. Tensile measurement of the elas-
tic films showed that the elongation was 326% in the
case of PU/PA = 90/10. TGA indicated that the ther-
mal degradation of poly(urethane-amide) occurred at
ca. 280◦C. These indicated that the urethane linkage
formed from aliphatic hydroxyl group in the PA back-
bone and NCO in PU prepolymer enhanced the use
temperature of PU than that from phenolic hydroxyl
group in the aromatic polymer and NCO of PU pre-
polymer. Since the use temperature is limited by the
glass transition temperature of the PA employed for the
alloying, the use of PA or other reactive polymers hav-
ing higher glass transition temperatures should further
enhance the use temperature of PU. The research is cur-
rently under way.
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