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ABSTRACT: A series of segmented polyurethanes (PUs)
were prepared, in which five different polyols and hexam-
ethylene diisocyanate were used as soft segments, and 4,40-
diphenylmethane diisocyanate, hydrophilic segment poly
(ethylene glycol) 200 (PEG 200), and chain extender 1,4-
butanediol were used as hard segment. Morphology of the
PUs was investigated using differential scanning calorime-
try, wide angle X-ray diffraction, polarizing microscopy,
and transmission electron microscopy. Water vapor perme-
ability of the membranes as a function of temperature was
tested accordingly. Results show that the presence of
PEG200 interferes the crystallization of hard segment in
these PUs, and at the same time, increases phase compati-
bility between soft and hard segment in the PET-PU. It
leads to a lower crystal melting temperature and degree of

crystallinity of soft segment in the segmented PU than those
of pure polyols, and no crystallization existing in hard seg-
ment. A morphological model is proposed, that is, aggre-
gated soft-segment-rich domains can be observed clearly in
the PUs with high crystallinity in soft segment, while identi-
fiable hard domains are well-distributed in the soft segment
domains in the PU with low crystallinity. Within the tem-
perature range of crystal melting, water vapor permeability
of the PU membranes increases significantly with increase
of temperature. Such temperature-sensitive property is
triggered by crystal melting of soft segment. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 107: 4061–4069, 2008
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INTRODUCTION

Temperature-sensitive polyurethane (TS-PU) is one
novel type of smart polymers. The water vapor per-
meability (WVP) of its membrane can undergo a sig-
nificant increase as temperature increases within a
predetermined temperature range.1–6 Such smart
property enables this material to have a broad range
of applications in textile industry, medicine, environ-
mental fields, and so on.7 For example, the clothing
materials, laminated/coated with TS-PU membranes,
can be used to produce an amphibious diving suit,
which enabled wearers to be comfortable both in
and out of the water.8

It is well known that many properties of a polymer,
such as volume, enthalpy, modulus, heat conductivity,
and so on, will take a sharp jump at phase transition
temperatures, that is, at the glass–rubber transition
temperature (Tg) and the crystalline melting tempera-
ture (Tm).

9–11 On the other hand, according to Fujita’s
theory,12 the diffusion coefficient varies exponentially
with the free volume of a polymer at constant tempera-
ture that can mathematically be expressed as eq. (1)

D ¼ Ad exp �Bd=Fvð Þ (1)

Here, the parameter Ad depends mainly on the size
and shape of the diffusive molecules and Bd on
the minimum volume required for the displace-
ment if diffusive molecules in the system. Exten-
sive work has also shown the following expression
[eq. (2)]13:

P ¼ A exp �B=Fvð Þ (2)

where A and B are constants for a particular gas.
It is clear from equations that D and P increase with
increasing free volume of the polymeric membrane.

As a result, the smart water vapor permeability of
the TS-PU membranes mainly depends on the
increase in the free volume in the transition tempera-
ture range, that is, depends on the microstructure
and morphology of the materials. However,
although some researchers started their research on
the preparation of TS-PU, no morphological model
was proposed to interpret such smart property till
now.14–17 Moreover, contradicting results were found
on some research reports as concerned.18 So, it is
extremely desired to investigate the relationship
between the morphology and water vapor perme-
ability of TS-PU for preparing new tailor-made poly-
meric materials with specified properties.
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TABLE I
Notation and Composition of the Pus

PEG200 PBA2000 PCL2000 PHA2500 PEA2200 PTMG2000 MDI HDI 1,4-BDO

Content in feed (mol)
PBA-15-PU 5.4 2.0 7.3 1.0 0.9
PCL-15-PU 5.4 2.0 7.3 1.0 0.9
PHA-15-PU 6.6 2.0 8.6 1.0 1.0
PEA-15-PU 5.8 2.0 7.7 1.0 0.9
PTMG-15-PU 5.4 2.0 7.3 1.0 0.9
PBA-20-PU 8.6 2.0 10.6 1.0 1.0
PBA-10-PU 3.0 2.0 4.8 1.0 0.8

Content in feed (wt %)
PBA-15-PU 15.10 55.91 25.51 2.35 1.13
PCL-15-PU 15.10 55.91 25.51 2.35 1.13
PHA-15-PU 15.10 57.34 24.61 1.93 1.03
PEA-15-PU 15.00 56.96 24.83 2.18 1.02
PTMG-15-PU 15.10 55.91 25.51 2.35 1.13
PBA-20-PU 20.02 46.20 30.80 1.94 1.04
PBA-10-PU 10.08 65.95 20.02 2.77 1.19

For this purpose, in the present article, a series of
PUs were prepared based on five different polyols
and hexamethylene diisocyanate (HDI) as soft
segments, and 4,40-diphenylmethane diisocyanate
(MDI), hydrophilic segment poly(ethylene glycol)
200 (PEG 200), and chain extender 1,4-butanediol
(1,4-BDO) as blocked hard segment. Morphology of
the PUs was characterized by differential scanning
calorimetry (DSC), wide angle X-ray diffraction
(WAXD), polarizing microscopy (POM), and trans-
mission electron microscopy (TEM). Water vapor per-
meability of the membranes was measured at the tem-
perature of 10, 15, 20, 30, and 408C referring to ASTM
E96-00. The relationship between the morphology and
WVP of the TS-PUs was discussed accordingly.

EXPERIMENTAL

Materials

Five types of polyols, i.e., poly(butylenes adipate)
2000 (PBA 2000), polycaprolactone 2000 (PCL2000),
poly(hexylene adipate) 2500 (PHA2500), poly(eth-
ylene adipate) 2200 (PEA2200), and poly(tetra-
methylene glycol) 2000 (PTMG2000), were dried
under vacuum at 1108C for 3 h. Poly(ethylene gly-
col) 200 (PEG 200) was dried at 808C under vac-
uum for 4 h. The purified PEG 200 was dried

further using 4 Å molecular sieve. 1,4-Butanediol
(1,4-BDO) was distilled at 1088C under vacuum
and dried further using 4 Å molecular sieve. N,N-
Dimethylformamide (DMF) was distilled at 288C
under vacuum after dried using MgSO4 for 24 h.
Diphenyl methane 4,40-diisocyanate (MDI) was fil-
tered under vacuum and the fraction was received.
Hexamethylene diisocyanate (HDI) was used as
received.

Polyurethane synthesis

A series of segmented PU samples were synthe-
sized using five different polyols. The formulas
were listed in Table I. In a 500-mL four-necked
flask, the polyol was reacted with HDI at 808C for
2 h in the presence of dibutyl tin dilaurate (DBTDI)
as a catalyst under nitrogen atmosphere. DMF was
added to the reactor when necessary. Then PEG 200
and MDI were fed into the reactor sequentially and
reacted for another 1 h at 808C. Finally, 1,4-BDO
was fed dropwise into the reactor at 608C and
reacted for 1 h. The PU solution was put into a
PTFE model and kept for 16 h at 508C, then for
24 h at 808C, and finally for 8 h at 1008C under
vacuum to make a film.

The structural formula of the PUs was shown as
below:
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Polyurethane characterization

The thermal properties of the five types of polyols
were measured using a Perkin–Elmer DSC7 and
purged with nitrogen gas. The specimens were
scanned from 250 to 1508C at a heating rate of 108C/
min. The weight of the specimens was 10.5–12.0 mg.
The thermal properties of the resulting PUs were
measured by a TA DSC 2910, modulated and purged
with nitrogen gas. The specimens were scanned from
2150 to 2008C at a heating rate of 108C/min. The
weight of the specimens was 6.5–9.0 mg.

Wide-angle X-ray diffraction (WAXD) traces were
recorded in a D8 discover X-ray diffractometer
(Bruker Axs GmbH Karisruhe, West Germany) at
40 kV and 40 mA, which was equipped with Goebel
mirror and Cu Ka radiation with a wavelength of
1.542 Å. Diffraction patterns were obtained in the
range of Bragg’s angle 2y 5 5–408.

A polarizing microscopy (POM) (Leitz Wetzlar)
was used to observe the morphology of the PUs.
Transmission electron micrographs (TEMs) were
observed on a Hitachi H-800 Electron Microscope.
The PU stick held by epoxy resin was cut by an
ultra microtome. These specimens with about 50
nm in thickness were exposed on the vapor of the
solution of RuO4 at room temperature for 1 h.
Then the stained specimens were observed with
TEM.

Water vapor permeability of the membranes was
measured referring to ASTM E96-00. That is, an
open cup containing water was sealed with the spec-
imen membrane, and the assembly was placed in a
test chamber at the different temperature of 10, 15,
20, 30, and 408C with a constant relative humidity of
50%. After sorption equilibrium was attained, the
water lost within next 12 h was recorded.

RESULTS AND DISCUSSION

Morphology of the PUs

Figures 1–3 show the DSC curves of pure polyols
and the resulting PUs, while Table II lists the ther-
mal values of onset temperature (Tim), peak tempera-
ture (Tpm), end temperature (Tem), and heat of fusion
(DHf). It is evident that the five pure polyols are
crystalline with sharp endothermic peaks. The dou-
ble melting peaks in PEA2200 and PTMG2000 could
be ascribed to different degree of ordering or size in
the crystallites.19 For the corresponding PUs, melting
temperatures, particularly Tpms, shift to lower tem-
perature with a sharp decrease in DHf. The shift fac-
tor of peak temperature (DTpm) is obtained through
the following equation.

DTpm ¼ Tpm�polyol � Tpm�PU (3)

Figure 2 DSC scan plots for the PUs with different poly-
ols as soft segment and 15% PEG content.

Figure 1 DSC results of five polyols.

Figure 3 DSC scan plots for the PUs with PBA 2000 as
soft segment and varied PEG contents.
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where Tpm�polyol is the peak temperature of polyol
and Tpm�PU is the peak temperature of the resulting
PU. The result of DTpm is also listed in Table II. So, it
is clear that Tpm�PU is 108C lower than Tpm�polyol.
With the increase in MDI1PEG content, DHf of PBA-
PUs decreases gradually, while their Tpm and DTpm

are very close.
WAXD results were shown in Figures 4–8 and

Table III. Distances between parallel lattice planes of
PUs are very similar to those of the corresponding
pure polyols, while no crystalline peaks could be
observed in the segmented PUs. It indicates that the
crystallization was formed by polyols, while hard
segment does not form crystallites in the segmented
PU.20 Degree of crystallinity (xc) of the PUs
decreases sharply comparing to the corresponding
pure polyols. Increase of the hard segment content
(HSC) results in the decrease of xc of PBA-PUs.
However, the presence of hard segment does not
change the prominent peaks of crystalline polyols

except that some secondary peaks disappeared. That
is, effect of hard segment on crystallization of soft
segment is selective. Only those crystallites growing
in some special directions will be depressed sharply
by hard segment until they disappear completely.
For example, for PBA-based PUs (PBA-PUs), the
introduction of hard segment depresses the crystalli-
zation of PBA2000 and makes two secondary peaks
disappear. However, it does not change the distance
at 0.370 and 0.410 nm of main crystalline planes.

As usual, an endothermic peak of hard segment
(MDI/BDO) could be observed in PUs when HSC
was more than 30 wt %.21–25 Only when HSC is less
than 30 wt %, the endothermic peak of hard segment
will disappear.21,26–28 In this study, although HSC of
all PUs is more than 30 wt %, no endothermic peak
of hard segment can be observed. It can be ascribed
to the presence of the small molecular weight
PEG200. The introduction of PEG200 interferes obvi-
ously the aggregation of MDI/1,4-BDO, which
depresses the crystallization of hard segment accord-
ingly.

POM micrographs shown in Figure 9 illustrate the
morphology for these PUs. Well-formed spherulitic
crystallites could be observed in the PUs except
PTMG-15-PU. Among these crystalline PUs, PHA-

TABLE II
Thermal Properties of the Polyurethanes

Samples HSC (wt %) Tim (8C) Tem (8C) Tpm1 (8C) Tpm2 (8C) DHf (J/g) DTpm (8C)

PBA2000 29 59 55 81.30
PCL2000 27 60 56 115.99
PHA2500 37 67 61 106.97
PEA2200 27 57 40 52 85.87
PTMG2000 4 42 15 31 115.63
PBA-10-PU 31 31 59 43 39.19 12
PBA-15-PU 42 11 66 32 41 26.81 14
PBA-20-PU 52 37 59 43 8.28 12
PCL-15-PU 42 18 50 35 26.46 21
PHA-15-PU 41 30 59 47 35.82 14
PEA-15-PU 41 N/A N/A N/A N/A N/A
PTMG-15-PU 42 7 27 16 1.48 15

Figure 5 WAXD curves of PCL 2000 and PCL-15-PU.Figure 4 WAXD curves of PBA 2000 and PBA-PUs.
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15-PU and PBA-10-PU have larger spherulites about
20–40 lm in diameter, while PEA-15-PU and PBA-
20-PU have smaller spherulites about 5–10 lm or
less in diameter. PBA-15-PU has diameter of about
5–15 lm, and PCL-15-PU has diameter of about 10–
30 lm. The increased HSC for PBA-PUs results in
the decreased spherulites size, which can also be
ascribed to the presence of small molecular PEG200.

Two-phase structure of these PUs is observed using
TEM photos shown in Figure 10. After stained using
RuO4, the TEM micrographs reveal dark and white
regions. The dark regions are ascribed to the hard seg-
ment due to the preferential attachment of RuO4 to
the urethane bonds in the hard segment.29 The aggre-
gation of soft/hard segments is distinct in PBA-15-PU
and PHA-15-PU. The dark regions in the morphology
of PBA-15-PU are smaller and more uniform than
those in PHA-15-PU. It is probably related to the dif-
ferent xc, that is, the higher xc leads to the greater
aggregation. For PTMG-15-PU, small domain mor-
phology is distinct, which is ascribed to the aggrega-
tion of hard segment. In this PU, the white soft seg-
ment is assigned to continuous phase, while the dark
hard segment is assigned to dispersed phase with an
average diameter about 20–50 nm.

As reported, hydrogen bonding in polyester-based
PU (PES-PU) is formed mainly between soft and

hard segments, while hydrogen bonding in poly-
ether-based PU (PET-PU) is formed mainly between
hard segments. So the PES-PU presents greater
phase miscibility than the PET-PU due to the stron-
ger hydrogen bonding between the hard and soft
segment.30–32 However, in these PUs used in this ar-
ticle, it is obvious that the PES-PUs present greater
phase separation than PET-PU. So it can be deduced
that the additional hydrogen bonding in PET-PU is
formed between polyether polyol (PTMG) and
PEG200 due to the similar chemical structure. So the
enhanced chemical linkage (connectivity) between
hard and soft segment restricts the motion of crystal-
line polyols in the resulting PUs, which leads to the
decrease in crystallinity of soft segment and pro-
motes greater phase compatibility. By contrary, in
PET-PU, some polar groups in MDI1BDO are used
to compose hydrogen bonding with PEG200, which
provides much chance for PES polyols to aggregate
and results in phase separation, accordingly. DSC
and WAXD results as above can support this deduc-
tion as well.

Figure 7 WAXD curves of PEA 2200 and PEA-15-PU.

Figure 6 WAXD curves of PHA 2500 and PHA-15-PU.
Figure 8 WAXD curves of PTMG 2000 and PTMG-15-PU.

TABLE III
Distance of Parallel Lattice Planes of Various

Polyols and the Pus

Sample no.

Distance between parallel lattice
planes (nm)

xc (%)1 2 3 4

PBA 2000 0.410 0.398 0.370 0.306 68.5
PBA-10-PU 0.419 0.368 27.6
PBA-15-PU 0.418 0.368 24.8
PBA-20-PU 0.417 0.367 16.8
PCL 2000 0.416 0.404 0.375 0.366 65.4
PCL-15-PU 0.416 0.405 0.377 19.7
PHA 2500 0.416 0.405 0.368 0.297 75.1
PHA-15-PU 0.418 0.371 25.8
PEA 2200 0.409 0.362 0.210 48.0
PEA-15-PU 0.412 0.366 0.435 8.6
PTMG 2000 0.447 0.366 0.239 52.0
PTMG-15-PU N/A N/A N/A N/A N/A
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Figure 9 POM images: (a) PBA-15-PU; (b) PCL-15-PU; (c) PHA-15-PU; (d) PEA-15-PU; (e) PBA-20-PU; (f) PBA-10-PU; (g)
PTMG-15-PU. Ruler: 30 lm.
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Water vapor permeability

Water vapor permeability (WVP) can be calculated
using eq. (4) as follows.

WVP ¼ G

tAS R1 � R2ð Þ 3 l (4)

where G 5 weight change; t 5 time during which G
occurred; A 5 test area; S 5 saturation vapor pres-
sure at test temperature; R1 5 relative humidity at
the source expressed as a fraction; R2 5 relative
humidity at the vapor sink expressed as a fraction;
l 5 thickness of the membrane.

So the WVP of the PU membranes as a function of
temperature is calculated and plotted on Figures 11
and 12. It is obvious that the WVP of these mem-
branes except PTMG-15-PU increases significantly as
temperature increases, while the WVP of PTMG-15-
PU decreases in the same temperature range. There-
fore, it is evident that PBA-PUs, PCL-15-PU, PHA-
15-PU, and PEA-15-PU are temperature-sensitive in
the measured temperature range from 10 to 408C,
while PTMG-PU is not.

It is well known that small penetrants pass a
dense membrane through free volume between poly-
mer molecules, mainly on soft segment region.33

Therefore, the rate of permeation depends to a large
extent on the size of penetrant and the free volume
available. When the temperature is lower than Tim,
the dense aggregation of soft segment in the crystal-
line PU leads to few water molecules through the
membrane. With the increase in the temperature, the

motion of soft-segment molecular chain triggered by
crystal melting results in the significant increase in
the free volume. Such significant increase in free

Figure 10 TEM microscopy: (a) PBA-15-PU; (b) PHA-15-PU; (c) PTMG-15-PU.

Figure 11 Water vapor permeability as a function of tem-
perature of PUs with the similar HSC.
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volume can provide more paths for water vapor to
pass through the membranes. That is, WVP increase
significantly with the increase of temperature. For
noncrystalline PU, the increased temperature does
not trigger such significant increase in the free vol-
ume. So this type of PU cannot exhibit such smart
behaviors. Based on the morphological study, these
PES-PUs, such as PBA-PUs, PCL-15-PU, PHA-15-PU,
and PEA-15-PU, are crystalline, while PTMG-15-PU
is noncrystalline in the measured temperature range
from 10 to 408C. So in the predetermined tempera-
ture range, these PES-PUs exhibit smart behaviors in
permeation of water vapor though the membrane,
while PTMG-15-PU does not. In comparison with
crystalline PES-PUs, the loose molecule structure in
PTMG-15-PU provides more paths for water vapor
transmission, which leads to large water vapor per-
meability.

CONCLUSIONS

Morphology of temperature-sensitive polyurethanes
was investigated by DSC, WAXD, POM, and TEM.
Water vapor permeability of the TS-PU membranes
as a function of temperature was measured in the
temperature range of crystal melting. The results

show that the presence of PEG200 interferes the
crystallization of hard segment in these PUs, and at
the same time, increases phase compatibility
between soft and hard segment in the PET-PU. It
leads to a lower crystal melting temperature and
lower degree of crystallinity of soft segment in the
segmented PU than pure polyols, and no crystalliza-
tion can be observed in hard segment. A morpholog-
ical model is proposed, that is, aggregated soft-
segment-rich domains can be observed clearly in the
PUs with high crystallinity in soft segment, while
identifiable hard domains are well-distributed in the
soft segment domains in the PU with low crystallin-
ity. Within the temperature range of crystal melting,
water vapor permeability of the PU membranes
increases significantly with increase in temperature.
Such temperature-sensitive property is triggered by
crystal melting of soft segment.

One of the authors, namely, Xuemei Ding would like to
acknowledge a postgraduate scholarship from The Hong
Kong Polytechnic University for this project.
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