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B Introduction

Researches on temperature-sensitive pol-
yurethanes (TS-PU) have been of great
interest due to their wide application in
the textile industry [1-3], medicine [4-5],
environmental fields [6-8], packaging [9-
10] and so on. For example, combining
ordinary fabrics with TSPU membranes
can lead to the development of a type of
smart textiles which would not only be
waterproof at any temperature because of
the dense polymer film, but also present
variable water vapour permeability in
response to the surrounding temperature

[11].

In 1992, Horii et al.claimed to have pre-
pared a polyurethane with T, at 0-60 °C,
which can be used on fabrics, with the
evaporation of body sweat to the outside
world controlled by adjusting the T, area
of the polyurethane;this may be the first
report on TS-PU used to develop smart
textiles [12]. In 2006, X.M. Ding et al.
reported that the crystalline properties of
PUs, including the degree of crystallinity
and crystal melting temperature, depend
on the chemical structure of the polyol
and hard segment concentration. With
the temperature range of crystal melting
from 10 °C to 40 °C, the water vapour
permeability of the PU membranes in-
creased significantly with increasing
temperature [13]. In 2010, Shi Huanhuan
et al compared the properties of two types
of thermosensitive polyurethane (TSPU)
and a polyurethane elastomer (EPU).
They found that the TSPU showed a sep-
arate phase behavior and a phase transi-
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Abstract

A series of temperature-sensitive polyurethanes (TSPUs) with polytetrahydrofuran glycol
(PTMG), poly(ethylene glycol) (PEG) and maleic anhydride modified castor oil (MCO) as
soft segments were prepared in this paper. The morphology of the temperature-sensitive
polyurethane films was characterised by SEM, DSC and WAXD. SEM studies were also
carried out to investigate the surface structure of coated and uncoated fabrics. The water
vapour permeability of the coated and uncoated fabrics were measured as well. The results
showed that a nonporous TSPU layer was formed on the coated fabric surface. The tailor
-made TSPUs had one to three soft segment crystal melting point temperatures, with the
the lower peak temperature T,,, belonging to the soft segment PTMG and the higher peak
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temperature T,,, to the hydroﬁ)ilic soft segment PEG2000. The water vapour permeability
of TSPUs coated fabrics increased with an increase in PEG2000 concentration and PEG
molecular weight, but decreased with an increase in the hard segment content, and triggered

around the soft segment crystal melting point temperature of TSPUs.
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breathable fabrics.

tion temperature in the normal wearing
temperature range, and the free volume
holes of TSPU showed dramatic changes
when the temperature exceeded the phase
transition temperature. While for EPU
no phase transition could be observed.
Leathers finished with TSPU had low-
er water vapour permeability (WVP) at
low temperature and higher WVP at high
temperature [14]. Some other researches
have also been carried out regarding the
preparation, properties and water vapour
permeability of TSPUs and their coated
fabrics [15-18]. Furthermore we seldom
see such PUs made from natural materi-
als.

Castor oil is a natural triglyceride of rici-
noleic acid. It has an effective hydroxyl
functionality of 2.7. Once polymerised,
the long pendant chains of the fatty acids
impart flexibility and hydrolysis resis-
tance to the polymer. Urethane polymers
prepared from castor oil exhibit excellent
abrasion resistance [19]. Therefore the
object of the present study was to syn-
thesise a series of TSPUs used as fabric
coatings with modified natural castor
oil, and then investigate the relationship
between the composition and properties
of TSPUs. For this purpose, in the work
reported here, three series of TSPUs were
synthesised by means of molecular de-
sign, and then their microstructures were
investigated using differential scanning
calorimetry (DSC), wide-angle X-ray
(WAXD) and a scanning electron micro-
scope (SEM). The water vapour permea-
bility of the TSPU membrane was mea-
sured according to GB/T 12704.1-2009.

B Experimental

Materials

Polytetrahydrofuran glycol (PTMG;Alad-
din) with M, =2000 g mol"! and Poly(eth-
ylene glycol) (PEG, M,=400, 600, 800,
1000, 2000, respectively) were dried and
degassed for 5 h at 80 °C, 1~2 mmHg,
before use. 4,4’-methylenediphenyl di-
isocyanate (MDI; Aladdin) was used to
synthesise TSPU samples without fur-
ther treatment, and Dimethylformamide
(DMF; Fuchen Chemical Reagents Fac-
tory, Tianjin, China), 1,4-butanenediol
(BDO; Fuchen Chemical Reagents Fac-
tory, Tianjin, China) and maleic anhy-
dride modified castor oil (MCO prepared
as in our previous work) [20] were dried
with molecular sieves for several days
before use.

In this study, three series of thermoplas-
tic polyurethanes with the crystal melting
transition as the switching temperature
were synthesised. The formula of the
preparation of TSPU samples is shown
in Table 1.

Synthesis of TSPU

The reaction was carried out in
a 250 ml conical flask equipped with
a mechanical stirrer. PTMG and PEG
were mixed at 35 °C, MCO and MDI
dissolved in DMF were placed in a re-
actor, and the mixture kept at 35 °C
until the theoretical NCO value, as
determined by the di-n-butylamine
titration method, was reached. After
that, BDO was added to the mixture as
a chain extender and the reaction pro-
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ceeded at 85 °C until no NCO groups
were detected. The reaction was kept in
a nitrogen gas atmosphere to avoid the
influence of moisture during the syn-
thesis process.

TSPU film preparation

The PU solution was cast onto a Teflon
pan and kept at 65 °C for 24 h.Then the
DMF was removed under a vacuum at
80 °C for 10 h. The thickness of the
films were about 1 mm.

Coating of fabrics

Scoured and bleached white polyes-
ter fabrics of 120 g/m? weight (Jian Ai
Textile Co., Ltd. Shaoxing city, China)
were coated by a knife over a roller ma-
chine (Werner Mathis AG, Switzerland).
The thickness of the coating was con-
trolled at 0.10 mm.The coated fabrics
were dried at 90 °C for 20 min in order
to remove the DMF and then cured at
140 °C for 3 min.

Equipments and measurements

The surface and cross section of TSPU
film and the surface of the coated and un-
coated fabrics were observed by a Scan-
ning Electron Microscope (SEM) (JSM-
63601V JEOL LTD., Japan).

Differential scanning calorimetry data
for TSPUs were obtained by DSC 6200
(Seiko Instruments Inc. Japan). Each
sample was scanned from -50°C to
120 °C at a scanning rate of 10 °C/min
under a dry nitrogen purge. All runs were
carried out with a sample weight of 5-10
mg.

Wide-angle X-ray diffraction (WAXD)
patterns of the TSPU films were recorded
on a D/max-1200 X-ray diffractometer
with Cu Ka radiation (A=1.5405%10""m,
and the samples were examined with 20
ranging from 5° to 50° at a scanning rate
of 5°/min.

The mass transfer of the coated and un-
coated fabrics was measured from the
water vapor permeability (WVP), mea-
sured according to GB/T 12704.1-2009.
Round mouth conical plastic cups with
a diameter of 60 mm and height of 19 mm
were filled with anhydrous calcium chlo-
ride. The uncoated and coated fabrics
were placed over the top of the cups,
ensuring perfect sealing between the cup
and fabric sample. The gap between the
fabric and desiccant surface was about
4 mm. Cups were placed in a constant
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Figure 1. SEM image of: a) surface section of TSPU-3-4 film, b) cross section of TSPU-3-4
film, ¢) uncoated fabric, d) coated fabric with TSPU-3-4.

temperature chamber at the desired tem-
perature (10, 16,20,26,32,38,44,54 °C).
During all WVP measurements, air sur-
rounding the fabric had a constant tem-
perature and 90% relative humidity. An
average of 3 different samples was used
for each WVP measurement, calculat-

ed using the following formula and ex-
pressed in units of g m2d", where d is
a day (24 h).

wvP G

" Aot
Where G = weight change in gm, t = dura-
tion test in hours, and A = test area in m?.

Table 1. Data relating to polyurethanes prepared. Note: “Hard segment content. Calculated
Jorm (Mypy + Mypo)/(Mypr + Mypo + Mppyg + Mppg +Myco) % 100%.

Feed molar ratio

Sample No | PTMG/MCO/PEG | MDI
TSPU-1-1 0.48/0.40/0.12 23 1.3
TSPU-1-2 0.43/0.40/0.17 23 1.3
TSPU-1-3 0.36/0.41/0.23 23 1.3
TSPU-1-4 0.32/0.40/0.28 23 1.3
TSPU-1-5 0.26/0.40/0.34 23 1.3
TSPU-2-1 0.40/0.40/0.16 1.5 0.5
TSPU-2-2 0.40/0.40/0.16 1.8 0.8
TSPU-2-3 0.42/0.41/0.16 2.0 1.0
TSPU-2-4 0.40/0.40/0.17 23 1.3
TSPU-2-5 0.37/0.40/0.18 2.6 1.6
TSPU-3-1 0.10/0.40/0.50 2.0 1.0
TSPU-3-2 0.16/0.44/0.40 2.0 1.0
TSPU-3-3 0.33/0.32/0.35 2.0 1.0
TSPU-3-4 0.40/0.30/0.30 2.0 1.0

BDO | HSS?, %

PEG content, % | PEG composition

30.1 10.4 PEG2000
30.1 14.7 PEG2000
30.2 19.9 PEG2000
30.1 243 PEG2000
30.1 29.5 PEG2000
21.2 15.0 PEG2000
24.9 15.0 PEG2000
27.0 15.0 PEG2000
30.4 15.0 PEG2000
34.4 15.0 PEG2000
44.2 15.0 PEG400
36.8 15.0 PEG600
30.9 15.0 PEG800
29.5 15.0 PEG1000
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Figure 2. DSC curves of PEG2000 and PTMG2000.
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Figure 3. DSC curves of TSPUs with varied PEG2000 contents.
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Figure 4. DSC curves of TSPUs with different hard segment contents.

B Results and discussion

SEM micrograph

SEM pictures of the surface section and
cross section of the TSPU film are shown
in Figures l.a and 1.b. We could ob-
serve that the polymer film has a smooth
surface, no clear contrast and a channel
through the film. Hence we can conclude
that the TSPU film was dense and with
no pores in it.

Observation of the uncoated polyes-
ter fabrics Figure 1.c by SEM revealed
that the surfaces are porous. In contrast,
most of the fiber apertures are filled up
by polymer after coating Figure I.d.
The nonporous TSPU layer was formed
continuously over the surface of the coat-
ed fabric. The presence of the nonporous
TSPU layer suggested that the water va-
pour permeability of the coated fabrics
originates from the properties of TSPU
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soft segment.

itself. Therefore the chemical structure of
TSPU plays a major role in the breatha-
bility of coated fabrics.

Differential scanning calorimetry

Figures 2-5 shows the DSC curves of
pure polyol and the resulting TSPUs, and
Table 2 lists the peak temperatures (T,,)
and heat of fusion (AH,) of the crystalline
peaks. From Figure 2, it is observed that
pure polyols PEG2000 and PTMG2000
were crystalline with sharp endothermic
peaks. Figure 3 to Figure 5 show that
there were one to three peaks in these
series of TSPUs, with the lower peak
temperature T, , at 14.24~17.57 °C be-
longing to the soft segment PTMG 2000
and the higher peak temperature T, , at
40.99~48.11 °C belonging to the hydro-
pilic soft segment PEG2000. That is, in
a mixed soft segment block TSPU, each
soft block forms a crystalline structure
separately. Therefore separate endother-

Temperature, °C

Figure 5. DSC curves of TSPUs with different PEG as hydrophilic

mic peaks were appeared for subsequent
blocks [21]. It can be observed that T, ,
and T, were both lower than for the
pure polyols. From Figure 3 we can see
that with an increase in PEG2000 con-
tent, with T, increasing, T, decreas-
ing, the crystalline peaks for PTMG2000
decreasing, and the total AH, decreasing,
which implies that the crystallinity of
TSPU decreases, as proved by WAXD,
which may be due to the hindrance of
more polyether groups in PEG2000.

DSC curves of the TSPUs with different
hard segment contents are shown in Fig-
ure 4. It is observed that an increase in the
hard segment content led to a decrease in
AH; of the TSPUs. As we know, the hard
segments act as a reinforcing filler in soft
matrices and hinder the crystallisation
process of the soft domains [21-22]. Fig-
ure 5 indicates that as the M, of the hydro-
philic segment PEG increased from 800 to
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Figure 6. WAXD curves of TSPUs with varied PEG2000 contents.

Figure 7. WAXD curves of TSPUs with different hard segment contents.
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Figure 8. WAXD curves of TSPUs with different PEG as hydrophilic

soft segment.

2000, it enhanced the shifting of the pri-
mary endothermic peak due to the order-
ing of the crystalline PEG domain. When
the M, of PEG was lower than 2000, no
crystalline peak was seen for PEG. When
the M, of PEG was lower than 800, the
PU behaved rather as amorphous materi-
al almost without any crystalline melting
peak. These results are supported by the
measurements of WAXD.

Results from WAXD

Figures 6-8 show typical X-ray diffrac-
tion profiles obtained for the TSPUs.
Most of the diffraction profiles showed an
amorphous, diffused diffraction. It is like-
ly that some soft segment-hard segment
phase mixing in the system disturbed the
soft segment crystallisation, which may
account for the broader diffraction. As the
WAXD were performed at a temperature
quite near or above the crystal melting
temperature of TSPUs, the X-ray diffrac-
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3-4 coated fabric.

Table 2. Thermal properties of TSPUs.

Figure 9. Water vapour permeability of control fabric and TSPU-

No Tomt» °C Toma» °C AH,, mJimg
PTMG2000 20.3 35.7 58.7
PEG2000 - 54.1 179
TSPU-1-1 14.24 48.11 413
TSPU-1-2 15.66 47.41 32.7
TSPU-1-3 17.11 44.50 305
TSPU-1-4 17.25 43.92 24.8
TSPU-1-5 17.57 41.39 20.1
TSPU-2-1 17.53 44.43 455
TSPU-2-2 17.28 44.48 426
TSPU-2-3 17.54 43.04 36.2
TSPU-2-4 17.05 42.56 324
TSPU-2-5 16.17 40.99 28.9
TSPU-3-1 - - -
TSPU-3-2 - - -
TSPU-3-3 18.53 - 18.0
TSPU-3-4 18.38 - 30.6
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Table 3. Water vapour permeability results
of coated and uncoated fabrics.

No WVP, g/(m?-d)
Control fiber 9475
TSPU-1-1 7932
TSPU-1-2 8224
TSPU-1-3 8400
TSPU-1-4 8751
TSPU-1-5 9097
TSPU-2-1 9240
TSPU-2-2 9154
TSPU-2-3 9036
TSPU-2-4 8846
TSPU-2-5 8630
TSPU-3-1 7910
TSPU-3-2 8482
TSPU-3-3 8460
TSPU-3-4 8527

tions could not detect all characteristic
diffractions arising from the crystallites
of PTMG and PEG. A small number of
weak, sharp peaks observed is the propor-
tion of residual crystallites [23]. In Fig-
ure 6 all diffraction profiles showed small
peaks at 20 = 19.2° and 23.2°, except
TSPU-1-5, which became smaller with
an increase in PEG2000 concentration. In
Figure 7, TSPU-2-1 with the least hard
segment content shows small diffraction
peaks, and with an increase in the hard
segment content the diffraction became
broader and smoother, with the aggrega-
tion of hard segments in the TSPU sys-
tem significantly disturbing the ordered
packing of soft segments, which leads to
imperfect crystallisation of the segments
[24]. In Figure 8, no small diffraction
peaks are seen. The absence of crystalline
diffraction in samples analysed at ambi-
ent temperature is the consequence of the
melting of the crystallines at the analysis
temperature. Notwithstanding the tem-
perature effect, the WAXD pattern is gen-
erally in line with the DSC profiles.

Water vapour permeability

Water vapor permeability results of the
coated and uncoated fabrics at 38 °C are
shown in Table 3. SEM pictures show
that the polymeric films on the coated
fabric are nonporous, therefore the TSPU
film’s properties will play a major role in
the permeability of water vapour. In these
cases, water vapour transmission would
occur through the nonporous membrane
in three stages i.e., sorption-diffusion-de-
sorption. The water vapour permeability
study results show that with an increase in
hydrophilic PEG2000 content, the WVP
increases, and as the TSPU hard-segment
content increases, WVP tends to slightly
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decrease. When PEG contents were kept
at 15%, the WVP increases with an in-
crease in PEG molecular weight.

Take TSPU-3-4 as an example, where the
thermo-sensitive properties of TSPU was
studied. Figure 9 shows the relationships
between the water vapour permeability of
the control fabric and TSPU-3-4 coated
fabric with temperature. When the tem-
perature rises from 10 °C to 54 °C, WVP
increased significantly. The increase in
temperature will increase the difference
in saturation vapour pressure between
the cup and surroundings, which will
enhance permeability through the coated
and uncoated fabrics. The water vapour
permeability of TSPU-3-4 coated fabrics
increased abruptly at the soft segment
crystal melting point, due to the increas-
ing mobility of the soft segment (polyol)
phase, which is enhanced at the melting
temperature of the soft domain. The mi-
cro-Brownian motion of the soft segment
at the crystal melting point temperature
would increase the inter-molecular gap
large enough to allow more water vapour
molecules to pass through the polymer
films [25]. While the WVP of the control
fabric increased gradually with an in-
crease in temperature.

B Conclusions

Crystal melting properties and water
vapor permeability were presented for
a series of temperature sensitive polyure-
thanes based on PTMG, MCO as soft seg-
ments and PEG as a hydrophilic group.
The crystallinity of TSPU decreases with
an increase in PEG2000 content. An in-
crease in hard segment content led to
a decrease in AH;of the TSPUs. When the
M, of PEG was lower than 2000, no crys-
talline peak was detected for PEG. XRD
analysis showed TSPUs to possess both
defined and diffused crystallinity at ambi-
ent temperatures. Crystallinity decreased
with an increase in PEG2000 concen-
tration and hard segment content. SEM
studies showed that the TSPU film has
a smooth surface, with no pores in it, and
that the coated fabric surface was covered
by anonporous TSPU layer. The wa-
ter vapour permeability of TSPU coated
fabrics was influenced by the primary
chemical structure of TSPU. The wa-
ter vapour permeability of TSPU coated
fabric increased significantly around the
soft segment crystal melting point tem-
perature, when the chain mobility of the
soft segment was enhanced by the phase
transition. The temperature sensitive wa-

ter vapour permeability of the tailor-made
TSPUs coated fabrics would be applica-
ble in developing smart clothing.
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