
Thermal and Crystalline Properties of Water-borne
Polyurethanes Based on IPDI, DMPA,
and PEBA/HNA

Shubiao Zhang,1 Huiming Jiang,1 Yingmei Xu,1 Donghui Zhang2

1Department of Chemical Engineering, College of Life Science, Dalian Nationalities University, Dalian,
Liaoning 116600, People’s Republic of China
2Chemical Research Center, State Key Laboratory of Chemical Engineering, School of Chemical Engineering,
Tianjin University, Tianjin 300072, People’s Republic of China

Received 18 February 2006; accepted 6 April 2006
DOI 10.1002/app.25129
Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: A series of water-borne polyurethanes (WPUs)
with different soft segments, various COOH contents, and
various hard segment contents were prepared through a pre-
polymerization process. Thermal and crystalline properties
of their films were studied by the measurement of differen-
tial scanning calorimetry (DSC), X-ray diffraction (XRD), and
thermogravimetry (TG), respectively. Two Tg areas in DSC of
WPUs with polyethylene-butylene adipate glycol (PEBA) as
the soft segment were found; an endothermic peak at � 338C
was also found with polyhexane neopentyl adipate glycol
(HNA) as the soft segment. The DSC of WPUs with the mix-
ture of PEBA/HNA as soft segment was investigated to
show similarity to those from HNA, but with a relatively

smaller endothermic peak at � 348C. Three sharp diffraction
peaks at 2y ¼ 20.508, 21.728, and 24.548 in XRD of water-
borne PUs from HNA were found to indicate the crystalliza-
tion of soft segments, which was disrupted by the addition of
polyacrylate (PA), as evidenced by the amorphous shoulder
at � 2y ¼ 208. TG analysis and differential thermogravimetric
(DTG) analysis were measured to indicate that the films lost
weight in two stages, and the decomposition temperatures
of the films depended on the COOH content. � 2006 Wiley
Periodicals, Inc. J Appl Polym Sci 103: 1936–1941, 2007
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INTRODUCTION

Since Schlack1 first reported the formation of water-
based PUs in 1942, the study in ionic polyurethanes
became popular. Until 1970, potentially more industri-
ally significant segmented polyurethane ionomers
were synthesized by Dieterich et al.2 WPUs can be
defined as binary colloidal systems in which PU par-
ticles are dispersed in continuous aqueous media.3

WPUs have been given great importance, due to envi-
ronmental and legislative pressures.3–5 The polymer
can be tailored for a specific application by varying
the chemical structure of the soft segments, the distri-
bution and length of the hard segments or the molecu-
lar weight and degree of branching of the chains. In
contrast to the solvent-borne polyurethanes, where
the PUs form solutions in solvents, the WPUs exist as
aqueous dispersions, and these have found applica-

tions in the automobile, construction, furniture, adhe-
sive, and textile industries. The preparation and prop-
erties of anionic polyurethane dispersions have been
fully researched.6–13 The increasing acceptance of WPU
is motivated by more stringent environmental re-
quirements.14,15 In addition, the superior quality of
WPUs over solvent-bornes is also a cause.6,8

Phase segregation of linear block polyurethanes due
to thermodynamic incompatibility between the hard
and soft segments is a common phenomenon, which
contributes in part to the excellent physical properties
of PUs. It has been shown that the hard segments gov-
ern the hardness, strength and toughness of the poly-
mers, the soft segments determine the flexibility and
glass transition temperature.16–18 Although many
papers have dealt with the study of phase separation
of PUs, many have been related to solvent-borne
PUs19–21; for water-based PUs, an undiscovered area
remains to be explored. In our previous article,22 par-
tial crystallization of water-borne was proved by IR.
This article is a continuing study that focuses on the
thermal and crystalline properties of WPUs through
differential scanning calorimetry (DSC), X-ray diffrac-
tion (XRD), and thermogravimetry (TG) methods. We
hope to provide some findings and explanation thereof
for advancing the research ofWPU science.
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EXPERIMENTAL

Materials

Isophorone diisocyanate (IPDI) (Degussa, Germany)
was used as received. Dimethylolpropionic acid
(DMPA) (Bayer AG, Germany) was dried at 1058C,
and HNA (MW ¼ 2,000) and PEBA (MW ¼ 2,000)
(Yantai Huada Chemicals, People’s Republic of
China) was dehydrated at 1208C under vacuum
before use. N-Methylpyrrolidone (NMP) was dried
over 4 Å sieves before use. All percentages are by
weight throughout the present work, unless otherwise
indicated.

Preparation of prepolymers

Polyester diol was dehydrated in a reaction kettle
equipped with a thermometer, stirrer, inlet, and outlet
of dry nitrogen, and heating jacket at 1208C under
vacuum for 2 hours. After cooled to 808C, IPDI, 0.1%
dibutyl tin dilaurate (DBTDL), and DMPA dissolved
in NMP were placed simultaneously in the kettle with
stirring. The reaction was carried out under the pro-
tection of a dry nitrogen atmosphere in a constant
temperature of 808C for � 5 h to obtain NCO-termi-
nated prepolymer. The NCO group content by weight
was measured by titration with dibutylamine.

Chain extension of prepolymers

On achieving the theoretical NCO value, the prepoly-
mer was neutralized with triethylamine at the same
temperature for 10 min, followed by cooling to 508C;
an emulsion was obtained on the addition of deion-
ized water to the reaction mixture under rapid stirring
for 5 min. Ethane diamine dissolved in water was
added dropwise for 5 min. This reaction kettle was
kept at 508C for another 2 h to finish the chain exten-
sion. The milky-white product was a PU anionomer
dispersion with a solid content of � 35%. Films from

the samples were prepared by pouring the dispersion
into an aluminum mold coated with a release agent.
The films were allowed to dry at room temperature
for 2 days. The residual solvent was removed by plac-
ing the films overnight into a vacuum oven at 408C.
These films were then used for DSC, XRD, and TG
analysis.

Differential scanning calorimetry

DSC thermograms, under nitrogen and over the tem-
perature range �70–2008C were obtained using a
Diamond DSC (Perkin-Elmer) apparatus at a heating
rate of 108C min�1 and ambient loading temperature,
with sample weights of 10–15 mg.

X-ray diffraction

The crystalline properties of samples were examined
with a D/Max 2400 automatic X-ray diffractometer
(Rigaku) using Cu Ka radiation (40 kV, 100 mA).

Thermogravimetric analysis

TG was carried out using a TGA/SDTA851e thermog-
ravimetric analyzer (Mettler-Toledo), with sample
weights of 5–10 mg. Runs were performed from 50 to
6008C, at a heating rate of 58C min�1 in a nitrogen
atmosphere. Before thermal analysis, the samples were
well dried in a vacuum oven at room temperature.

RESULTS AND DISCUSSION

DSC of HNA and PEBA

The DSC of raw materials, HNA and PEBA, were
measured to show there was an endothermic peak at
� 138C for PEBA as shown in Figure 1, while there
were two endothermic peaks for HNA 208C and 408C,
respectively, as shown in Figure 2. It was suggested

Figure 1 Differential scanning calorimetry of PEBA.

Figure 2 Differential scanning calorimetry of HNA.
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that these endotherms reflected the melting behavior
that was associated with the disappearance of the
long-range order.23 Therefore, the melting point of
PEBA was � 138C, whereas HNA had two melting
points, indicating that this compound was not homo-
geneous, and partial crystallization in the DSC could
also give different crystal size populations. The DSC
difference between PEBA and HNA may be one of
the reasons for the different properties of products
therefrom. The Tgs of PEBA and HNA are believed
lower than�508C, so their Tgs do not show in Figures 1
and 2.

DSC of WPUs

The DSC of WPUs from PEBA showed typical charac-
teristics of PU DSC with two Tgs: soft segments at a

lower temperature of��408C, and hard segments at a
higher temperature of � 1508C, as shown in Figure 3.
It has been suggested that two phases exist in PUs:
hard microdomains and soft microdomains with
some trapped hard segments.24,25 The hard segments
are often composed of a diisocyanate reacted with a
diol or a diamine chain extender or DMPA. The soft
segments are a low-molecular-weight a–o hydroxyl-
terminated polymer. The Tg of soft segment was
� �408C higher than that of PEBA itself. The increase
suggested that hard segments were dispersed in soft
segments, and the chain mobility of the soft segments
was restricted by the trapped hard segments, bringing
about an elevated Tg of the soft segments. It has been
proved that a higher extent of phase mixing could
cause shifts of Tg to higher temperatures, and the
extent of mixing of hard and soft segments in PUs
was reflected, at least qualitatively, by the Tg of the
soft segments.26

The curve of WPUs from HNA also showed two
Tgs: one at �38.48C and the other at 162.58C, and a dif-
ference from PEBA with an endothermic peak at
33.48C as shown in Figure 4. It has been suggested
that the endotherms attributed to the disappearance
of long range order or the microcrystal in the hard
segment microdomain in PU DSC often occur within
the temperature range of 160–2208C.8 The endother-
mic peak appearing at 33.48C was attributed to the
crystallization of soft segments in WPUs from HNA.
The same result has been published by Phillips et al.27

Figure 3 Differential scanning calorimetry of a water-
borne polyurethane based on PEBA.

Figure 4 Differential scanning calorimetry of a water-
borne polyurethane based on HNA.

Figure 5 Differential scanning calorimetry of a water-
borne polyurethane based on the mixture of PEBA/HNA.

TABLE I
Tg of Soft Segments of PEBA PU Series at Different

COOH and Hard Segment Contents

Hard segment content 23% 26% 29%

COOH ¼ 0.8% �42.3 �41.6 �40.3
COOH ¼ 1.0% �43.5 �40.4 �39.4
COOH ¼ 1.2% �40.4 �40.7 �40.8
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and Yang et al.28 Figures 3–5 showed that the hard
segments exhibited very little crystallinity, which may
be attributed to the various configurational and con-
formational isomers possible in the hard segments,
which increased the degree of the morphological
form.

It was amazing that WPUs from PEBA did not have
the melting point of a soft segment according to
Figure 3. The reason may arise from the morphology
of soft segment from PEBA or more mixing between
hard segment and soft segment, the study about that
is being undertaken. The DSC of WPUs from the mix-
ture of PEBA/HNA (1 : 1 by weight) (Fig. 5) showed
similarity with the ones from HNA, but with a rela-
tively smaller endothermic peak at 34.38C. That indi-
cated PEBA type WPUs could reduce the degree of
crystallinity of soft segments of WPUs based on HNA.
It was suggested that the crystallization of soft seg-
ments in PUs could be adjusted through mixing dif-
ferent polydiols, and consequently resulting in the
modification of physical properties.

The Tgs of soft segments with different COOH and
hard segment contents are listed in Table I, and the
Tgs of hard segments in Table II. When COOH con-
tents were 0.8% and 1.0%, there was a slight increase
of Tg with the increase of hard segment content, this
trend was not found with 1.2% COOH content.
Cooper et al.29,30 reported that the increase of the hard
segment content increased the extent of phase mixing,
as indicating by the higher Tgs of the soft segment.

Ahn et al.31 found that when the concentration of
hard segments dissolved in soft domains decrease, Tg

of soft segments will tend to shift to its original Tg.
Frisch and colleagues8 proposed that the increased
hard segment content tended to promote irregularity
in packing of the hard segments, resulting in domains
of lower density and crystallinity because of the
increase in the concentration of the pendant salt
groups. The effect of hard segment content on Tgs
seems no a constant rule to be conformed to, though it
is generally believed that there is a slight increase of
Tg with the increase of hard segment content. As only
� 1% of COOHwas incorporated into the anionomers,
according to Tables I and II, Tgs presented irregularity
with different COOH contents. It should be pointed
out that the effects of COOH and hard segment con-
tents on Tgs are very complicated, which may closely
correlate with the systems studied.

X-ray diffraction of WPUs

The crystallization of WPUs from HNA was proved
by XRD. Figure 6 and Table III shows the XRD pattern
and the intensity of peaks. Three sharp and clear dif-
fraction peaks at 2y ¼ 20.508, 21.728, and 24.548 were
presented in Figure 6. This was due to the crystalliza-

TABLE II
Tg of Hard Segments of PEBA PU Series at Different

COOH and Hard Segment Contents

Hard segment content 23% 26% 29%

COOH ¼ 0.8% 149.7 — 166.9
COOH ¼ 1.0% 146.8 151.9 —
COOH ¼ 1.2% 158.6 — �161.0

Figure 6 X-ray diffraction of a water-borne polyurethane
based on HNA.

TABLE III
Assignment of Peaks in Figure 6

Peak no. 2y FWHM d-value Intensity I/I0

1 9.28 0.188 9.5220 886 18
2 20.50 0.424 4.3288 4876 100
3 21.72 0.188 4.0883 4336 89
4 24.54 0.212 3.6245 2663 55
5 28.42 0.282 3.1379 1357 28
6 29.20 0.165 3.0558 1056 22
7 32.44 0.212 2.7576 1312 27

Figure 7 X-ray diffraction of the mixture of PU/PA.
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tion formation resulting from the HNA component in
the soft segment. It has been suggested that the PCL
component in the soft segment showed two peaks at
2y ¼ 21.58 and 23.98.32 This was consistent with the
DSC of WPUs from HNA in which there existed an
endothermic peak at � 348C indicating the crystalliza-
tion of soft segments. These sharp peaks in Figure 6
disappeared as shown in Figure 7 when PA was
added to the PU system. The addition of PA was
believed to disrupt the order of soft segments, and an
amorphous shoulder around 2y ¼ 208 became evident;
a similar result was also reported by Kim et al.4

Thermogravimetric analysis

TG and DTG curves of the films of WPU based on
HNA are shown in Figures 8 and 9, respectively. The
curve in DTG indicated that there were different
stages of degradation, which was not perceptible in
TG curves. It has also been proved that the amount of
weight loss of the first region was well correlated with

the hard segment concentration, suggesting that the
degradation started in the hard segment.33,34 Thus, it is
generally believed that soft segments aremore thermal-
stable than hard segments in two stages of film weight
loss. The first part of the degradation corresponded to
the hard segment starting at 2508C, while the second
peak corresponded to the degradation of the soft
segment at 3508C, as shown in Figure 9. The initial
loss of films resulted from the degradation of hard
segments with the cleavage of a N��C bond33,35; thus,
the first observable weight loss occurred through
degradation of the urea or urethane groups.16

Wang and Hsieh17 reported that decomposition
temperatures increased with the increase of soft seg-
ment proportions. Ethylene diamine was used as
chain extender by us, as thermal stability is higher
when a diamine chain extender is used, in comparison
with a diol, probably because of the higher hydrogen-
bonding capacity of urea groups.18 The decomposition
temperature of PU is mostly influenced by the chemi-
cal structure of the component having the lowest
bond energy.36 It has been proposed that the decom-
position of polyurethanes generally follows a combi-
nation of two reactions.7 The two reactions can be
incorporated here for the explanation of TG. The
decomposition temperatures were correlated with the
COOH content in WPU according to Table IV, indicat-
ing that the decomposition temperatures increased
with the increase of COOH content. This may result
from the formation of salts presented in the PU struc-
ture whose content increases with increasing the
COOH content.

CONCLUSION

The synthesis, thermal property, and crystalline prop-
erty of WPUs with different soft segments, COOH
content, and hard segment content have been
described. Two Tg areas in DSC of WPUs with PEBA
as soft segment were found, whereas WPUs from
HNA not only presented two Tg areas, but also an
endothermic peak at 33.48C, which was presumed to
be due to the crystallization of soft segments. The
DSC of WPUs from the mixture of PEBA/HNA
showed similarity with those from HNA, but with a
relatively smaller endothermic peak at 34.38C. The
effects of COOH and hard segment content on Tg

were more complicated, so that no rule was found in
the study. The crystallization of soft segments was

Figure 8 Thermogravimetry of a water-borne polyur-
ethane.

Figure 9 Differential thermogravimetry of a water-borne
polyurethane.

TABLE IV
Effect of COOH Content on TG of WPUs

COOH (%) Onset (8C) T10 (8C) T50 (8C)

0.8 253.17 238.57 335.98
1.0 332.07 295.88 367.89
1.2 346.68 304.06 385.97
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proved with three sharp and clear diffraction peaks at
2y ¼ 20.508, 21.728, and 24.548 by XRD indicated the
crystallization of soft segments in WPUs, which was
disrupted by the addition of PA, this was evidenced
by the amorphous shoulder around 2y ¼ 208. Two
stages of weight loss in DTG were discovered, the first
part corresponded to the degradation of hard seg-
ments, and the second peak corresponded to the deg-
radation of the soft segment. The decomposition tem-
peratures increased with increased COOH content.
This investigation may present useful information for
further study of thermal and crystalline properties of
WPUs.
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