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ABSTRACT: This article was focused on the effects of the NCO/OH molar ratio and 2,2-
bis(hydroxyl methyl) propionic acid (DMPA) content during prepolymerization on the
physical properties of synthesized waterborne polyurethane (WBPU) by using the poly-
caprolactone–poly(ethyl glycol) –polycaprolactone triblock copolydiol (PCL–PEG–
PCL) as the soft segment. The results showed that the particle size of the WBPUs’
dispersion decreased with a decreasing NCO/OH molar ratio or increasing DMPA
content. Regarding thermal and mechanical properties, the WBPUs had a higher Tg’s
and lower Tm’s and a higher breaking stress and a lower breaking strain of film with the
NCO/OH molar ratio or DMPA content increase. The increasing NCO/OH molar ratio
was advantageous to the water vapor permeability (WVP)-breaking stress balance, but
the effect of the DMPA content on the WVP was not significant. The WBPU with PCL–
PEG–PCL as the soft segment had a smaller particle size in dispersion and a better WVP-
breaking stress balance than those of WBPU with the blending PCL and PEG as the soft
segment. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 67: 1301–1311, 1998

Key words: waterborne polyurethane; ester–ether copolydiol; hydrophilic segment;
water vapor permeability

INTRODUCTION (ethyl glycol) –polycaprolactone diol (PCL–PEG–
PCL) triblock ester–ether copolydiol as the soft seg-
ment in the preparation of the WBPU. We foundWaterborne polyurethane (WBPU) dispersions

have been widely used in the textile industry for that the PCL–PEG–PCL-based WBPU had better
film softness and fabric WVP properties than didsueding, water vapor permeability (WVP), anti-

static, and nonformaldehyde durable press applica- the WBPU synthesized by blending the PCL poly-
diol and the PEG polydiol as the soft segment.16,17tions.1–8 The physical properties of WBPU are

greatly affected by the composition and molecular We also found that the higher the soft-segment
chain of the soft segment.7–13 To enhance its physi- content (the higher the end cap of the PCL content
cal properties, recently, WBPU was prepared by us- on PEG) or the higher the PEG molecular weight
ing mixed polydiols as the soft segment and the in the soft-segment composition, the greater the
effects have been widely studied.12–15 In an effort to improvements in the fabric WVP. However, the
improve the mechanical properties and the WVP of mechanical property of cast film decreased with
WBPU, we used the polycaprolactone diol–poly- increasing PEG molecular weight. The balance in

physical properties between the WVP and the me-
chanical properties require further improve-
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q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/071301-11 The mechanical properties of the WBPU cast
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1302 YEN AND KUO

film is influenced not only by the soft-segment OH mol ratio and DMPA content in the prepolymer-
composition but also by the hard-segment compo- ization on the physical properties of the synthesized
sition and the hydrophilic segment. Past re- WBPU by using the PCL–PEG–PCL triblock es-
ports18–24 showed that the type and content of the ter–ether copolydiol as the soft segment.
hydrophilic segment largely influenced the stabil-
ity of the WBPU dispersion and hardness and ten-
sile-stress properties. For anionic WBPU disper- EXPERIMENTAL
sion, it was generally observed that when the Cou-
lombic force in the PU intermolecular structure Materials
increased the particle size of the PU dispersion

The PCL–PEG–PCL triblock ester–ether copo-decreased and the hardness and tensile stress of
lydiol (Mn about 2000), used as the soft segmentthe cast film improved due to the increasing
for the WBPU was synthesized from a PEG (Mnamount of hydrophilicity.23,24 It was generally ob-
600) end-capped with 1-caprolactone (1-CL) ac-served that the hardness and breaking stress in-
cording to the synthesis method of Piero et al.28creased as the NCO/OH mol ratio increased.25–27

This article was focused on the effects of the NCO/ The reaction equation is listed as follows:

HO[CH¤CH¤CH¤CH¤CH¤C]fl©[O©CH¤CH¤]⁄‹©[O©CCH¤CH¤CH¤CH¤)fi]flOH

1-CL
(Mn 5 114)

PEG
(Mn ' 600)

PCL-PEG-PCL (Mn ' 2000)

O 1 1 HO[CH¤CH¤O]⁄¤CH¤CH¤OH 1 66

O

O O

O

O

180ƒC 3 48 hrs

Methylene bis(cyclohexyl–diisocyanate) (H12MDI, by adding water drop by drop and the chain-exten-
sion process with EDA/water was continued forfrom Bayer) was dried at 807C for 2 h in a vacuum.

2,2-Bis(hydroxyl methyl)propionic acid (DMPA, 2 h. The final dispersion solution was diluted to
30% with water. For comparison, another type offrom Tokyo Chemical, reagent grade) was used as

the potential ionic center. Triethylamine (TEA) WBPU (CEB series WBPU) was prepared by
blending PEG polydiol and PCL polydiol as theand ethylene diamine (EDA) (both from Hanawa,

Japan, reagent grade) and 1-methyl-2-pyrrolidone soft segment.
(NMP, Ferak, reagent grade) were used as the neu-
tralization agent, chain extender, and solvent, re- Film Casting and Nylon Fabric Coating
spectively. They were dried with 4 Å molecular

Films were prepared by casting WBPU on a Teflonsieves.
plate, followed by drying at 507C for 72 h. The
films were then removed and placed in a desicca-
tor before testing. A 2% melamine resin, thick-Synthesis
ening agent [NH4OH(aq) ] , and 0.5% catalyst were

The CET series anionic waterborne polyurethane added to the WBPU and this solution was used
(CET series WBPU) was prepared with the PCL– to coat the nylon fabrics. A 50 g/sq m piece of
PEG–PCL triblock copolydiol as the soft segment nylon taffeta fabric was coated with the solution.
by the prepolymer mixing method.29 The polydiol After coating, the fabric was predried at 1007C for
and DMPA were dissolved in NMP and added to 3 min and cured at 1307C for 5 min.
the reactor and heated to 807C. H12MDI and di-n -
butyltin dilaurate were then added to the mixture

Characterizationand the reaction was kept at 907C for 3.5 h. The
mixture was then cooled to 707C and neutralized The molecular weights of the WBPUs were deter-

mined by a Waters RI-6000 gel permeation chro-with TEA. An aqueous dispersion was obtained
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Table I The Molecular Weight and its Distribution of the Synthesized WBPUs

DMPAb Molecular Weights of
WBPU

WBPU NCO/OHa Wt H12MDI Polydiol
Code Molar Ratio % g (g) (g) Mn 1 1004 Mw 1 1004 Mw/Mn

CETc-1 1.37 4.50 1.34 7.39 20.66 3.9 9.8 2.51
CET-2 1.60 3.56 1.05 7.67 20.66 6.9 14.3 2.06
CET-3 1.60 4.50 1.34 8.38 19.68 6.9 12.7 1.85
CET-4 1.60 5.51 1.63 9.14 18.89 8.4 18.1 2.10
CET-5 1.83 4.50 1.34 9.36 18.70 9.2 16.4 1.78
CET-6 2.07 4.50 1.34 10.32 17.71 9.4 16.5 1.74

CEBd-1 1.37 4.50 1.34 7.39 20.66 2.3 6.9 3.3
CEB-2 1.60 3.56 1.05 7.67 20.66 6.9 17.2 2.50
CEB-3 1.60 4.50 1.34 8.38 19.68 6.8 14.9 2.19
CEB-4 1.60 5.51 1.63 9.14 18.89 6.0 14.5 2.41
CEB-5 1.83 4.50 1.34 9.36 18.70 8.5 17.0 2.00
CEB-6 2.07 4.50 1.34 10.32 17.71 8.7 16.9 1.94

a The NCO/OH molar ratio represents the molar ratio of H12MDI(polydiol / DMPA) in the prepolymerization.
b The DMPA wt % represents the weight percent of DMPA weight/total prepolymer weight 1 100%.
c The CET series’ WBPU was synthesized with the PCL–PEG–PCL triblock copolydiol (Mn Å 2000) as the soft segment.
d The CEB series’ WBPU was synthesized by blending PCL and PEG (Mn Å 2000) as the soft segment.

matograph using polystyrene standards. The par- was used). The sample was first diluted with de-
ionized water to 0.5%, followed by ultrasonic waveticle size and its distribution of the WBPUs were

measured by light scattering (MALVERN, a treatment. The differential scanning calorimeter
analyzer (DSC, DuPont thermal analyzer 2000)He{Ne-type laser with wavelength of 633 nm

Figure 1 The influence of DMPA contents on the particle size and its distribution of
the WBPU dispersion: (l ) CET series; (s ) CEB series.
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1304 YEN AND KUO

Figure 2 The influence of the NCO/OH molar ratio on the particle size and its
distribution of the WBPU dispersion: (l ) CET series; (s ) CEB series.

was used with liquid nitrogen for cooling and the PCL, Mn Å 2000) and with blending PEG polydiol
and PCL polydiol (Mn Å 2000), respectively. Theheating rate was 207C/min. PU film with a thick-

ness of 0.1 mm and 2 1 2 sq cm was used for the number-average molecular weight (Mn ) increases
and the molecular weight distribution (Mw /Mn )solvent absorption study. The polymer strips were

immersed in toluene at 25 { 0.17C and the weight becomes narrower with an increasing NCO/OH
molar ratio in the prepolymerization in the CETof the strips was monitored at regular time inter-

vals to a constant weight. The extent of absorption series and CEB series of WBPUs. This is due to
increase of the {NCO residue groups in the pre-was estimated from the equation {(W 0 W0) /W0}

1 100. The value was taken as the percentage polymer, which is favorable for the chain-exten-
sion reaction as the NCO/OH molar ratio in-equilibrium absorption, and W and W0 are the

final weight and the initial weight, respectively. creases. The effect of DMPA content on the molec-
ular weight and its distribution of WBPU was notThe mechanical properties of the cast film were

determined using an Instron tensile tester, ac- significant.
Comparison of the two WBPU series shows thatcording to ASTM D-412 Die C. The WVP study

for the coated fabrics was based on the JIS-1099 the CET series has a higher Mn and a narrower
Mw /Mn than those of the CEB series. This is be-CaCl2 method at 407C and 90% RH.
cause the soft segment of the CET series has bet-
ter reactivity of the {OH group with the NCO
group. In general, the ester–polydiol (PCL) hasRESULTS AND DISCUSSION
a higher reactivity than that of the ether–
polydiol (PEG).Molecular Weight and Molecular Weight

Distribution of WBPU

Table I shows the molecular weight and molecular Particle-Size Analysis
weight distribution of the synthesized WBPUs.
Here, the CET series and the CEB series WBPUs Figure 1 shows the particle size and its distribu-

tion of the WBPU dispersion influenced by thewere synthesized by using the soft segment with
the triblock ester–ether copolydiol (PCL–PEG– DMPA content. The WBPU particle size de-
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PCL–PEG–PCL TRIBLOCK WATERBORNE POLYURETHANE. II 1305

Figure 3 DSC thermographs of the WBPU with various NCO/OH molar ratios.

creased and its distribution became narrower gregation of the WBPU in the water to form a
larger particle size.with increasing DMPA content. This is because

the particle size of the WBPU dispersion is af-
fected by the hydrophilicity of the PU ionomer.

Thermal PropertyWater enters more easily into the hard-segment
domains to disperse the WBPU molecules as the Figures 3 and 4 show the differential scanning
ionic character (DMPA) of the hard segment is calorimeter (DSC) diagrams of the cast films from
increased.29,30 Figure 2 shows the effect of the the WBPU, with the thermal properties listed in
NCO/OH molar ratio on the particle size and its Table II. In terms of the NCO/OH molar ratio
distribution of the WBPU. The WBPU particle (Fig. 3), the glass transition temperature of the
size increases slightly and its distribution be- soft segment (Tg’s ) shifts to a higher temperature
comes slightly broader with an increasing NCO/ (044.3 to 037.77C) with an increasing NCO/OH
OH molar ratio. As the NCO/OH mol ratio in- molar ratio. This can be explained by Fox’s law
creases, the formation of urea groups in the PU (1/Tg Å Wa /Tg ,a / Wb /Tg ,b , where Wa and Wb are
molecule is also increased. The presence of hydro- the weight percentage of the hard- and soft-seg-
gen bonding results in the aggregation of the PU ment components, respectively; Tg is the glass
molecules. As a result, the free volume of WBPU transition temperature of the polymer; and Tg ,a

will increase. The higher Mn of WBPU from the and Tg ,b are the glass transition temperature of
higher NCO/OH molar ratio is also a reason for the pure hard- and soft-segment components, re-
the formation of a larger particle size. spectively). In general, the Tg of the hard-seg-

For the WBPUs prepared, the CET series has ment component is far higher than that of the
a far smaller particle size and a narrower particle soft-segment component, so the Tg of the polymer
distribution than those of the CEB series. In the increases with the hard-segment content. In addi-
CET series, the hydrophilic soft segment (PEG) tion, in urea-forming-type reactions, more chain
is evenly distributed, which allows a favorable extender (EDA) for the higher NCO/OH molar
dispersion of water. The CEB series possesses a ratio will produce more urea linkages, which will
hydrophobic component (a long-chain PCL) in result in more intermolecular force to increase the

Tg’s. The results in Table II and Figure 3 alsosome soft segments, which will result in the ag-
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Figure 4 DSC thermographs of the WBPU with various DMPA contents.

show that the melting temperature (Tm ) shifts to ular forces between hard and soft segments. Un-
der this condition, the crystallization of the softa lower temperature and the melt enthalpy (DH )

becomes smaller with an increasing NCO/OH mo- segment and the phase separation can easily be
formed. Figure 4 shows DSC diagrams of the syn-lar ratio and disappears when the NCO/OH molar

ratio is above 1.8. The higher Tm’s and larger DH’s thesized WBPU with various DMPA contents.
The Tg’s shift to higher temperatures (042.6 tofor the lower NCO/OH molar ratio is because the

cohesive forces among the soft segments increase 036.07C), the Tm’s shift to lower temperature, and
the DH’s become smaller with increasing DMPAin accordance with the decrease of the intermolec-

Table II The Thermal Properties of the CET Series’ WBPU with Various NCO/OH Molar Ratios and
DMPA Contents

Thermal Properties
WBPU
Code Tg (7C) DTg (7C) Tm (7C) DH (W/g) DTm (7C)

CET-1 044.3 14 50.1 34 41
CET-2 042.6 9 50.4 36 40
CET-3 042.1 13 47.5 13 25
CET-4 036.0 16 — — —
CET-5 039.3 12 — — —
CET-6 037.7 9 — — —

CEB-1 045.1 16 40.2 24 45
CEB-2 043.6 9 39.4 18 42
CEB-3 043.1 15 38.7 12 30
CEB-4 037.9 19 — — —
CEB-5 040.2 12 — — —
CEB-6 039.1 10 — — —
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Figure 5 The equilibrium absorption of the CET series WBPU cast films with various
NCO/OH molar ratios and DMPA contents.

content. This is because the ionic groups in the intermolecular force between the soft segments
and the phase separation for the CET series isPU molecular chains bring more intermolecular

Coulombic force and results in phase mixing be- larger than for those of the CEB series. This, in
turn, may be due to the more regular and homoge-tween the hard and soft segments, whereby the

movement of the PU molecular chain is limited. neous arrangement of the soft segment in the PU
molecular chains for the CET series.Comparing the CET and CEB series of the

WBPU prepared, we found that the CET series
show a little lower Tg than that of the CEB series.

Solvent AbsorptionHowever, the CET series possesses a higher Tm ,
a larger DH , and a narrower DTg and DTm than Figure 5 shows the equilibrium absorption vs. the

NCO/OH molar ratio and the DMPA content ofthose of the CEB series. This indicates that the

Figure 6 The stress–strain curves of the WBPU cast films.
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Table III The Mechanical Properties of the WBPU with Various NCO/OH Molar Ratios and DMPA
Contents

Young’s Modulus 100% Modulus Breaking Stress Breaking Strain
WBPU Code (MPa) (MPa) (MPa) (%)

CET-1 6.7 2.2 6.3 873
CET-2 4.9 2.6 6.3 650
CET-3 5.9 3.2 6.5 633
CET-4 14.1 4.9 14.5 392
CET-5 20.1 5.9 22.8 547
CET-6 69.5 12.3 32.7 340

CEB-1 0.6 0.8 5.5 867
CEB-2 7.9 2.2 13.8 573
CEB-3 8.2 2.6 14.8 477
CEB-4 32.7 4.7 19.6 316
CEB-5 30.1 6.0 24.1 406
CEB-6 31.5 8.2 25.6 300

a The WBPU cast film thickness is 120 { 10 mm.

the cast films of the WBPU of the CET series. The molecules increases with the DMPA content, the
mobility of the soft segment is restricted and thesolvent absorption decreases with the NCO/OH

molar ratio and the DMPA content. Sreenivasan31 solvent absorption is decreased.
suggested that the lack of segment mobility in the
hard-segment domain at the experimental tem-

Mechanical Propertiesperature was the factor leading to the imperme-
ability and that the soft segments possessed sub- Figure 6 shows the stress–strain curves of the

WBPU cast films; the mechanical data are furtherstantial chain mobility to facilitate the diffusion.
Since the intermolecular forces between the hard listed in Table III. The Young’s modulus and the

breaking stress increase while the breaking strainand soft domains increase with the NCO/OH mo-
lar ratio, and the Coulombic force among the PU decreases for the intermolecular force and the

Figure 7 The WVP of the coated fabrics with various NCO/OH molar ratios of the
WBPU: (l ) CET series; (s ) CEB series.
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Figure 8 The WVP of the coated fabrics with various DMPA contents of the WBPU:
(l ) CET series; (s ) CEB series.

phase mixing increases with the NCO/OH molar than those of the CEB series, while the Young’s
modulus and breaking stress was lower for vari-ratio. The Young’s modulus and breaking stress

also increase while the breaking strain decreases ous DMPA contents (3.56–5.51 wt %) and at a
lower NCO/OH molar ratio (1.60–1.83). How-with increase in the DMPA content. This is due

to the presence of the Coulombic force and the ever, as the NCO/OH molar ratio was increased to
2.07 (CET-6), the Young’s modulus and breakinghydrogen-bond interaction between the molecular

chains.18,29 stress of the CET series became higher than those
of the CEB series. Again, this may be due to theA comparison of the mechanical properties be-

tween the CET series and the CEB series of the more regular molecular arrangement of the soft
segments and good phase separation in the CETWBPU cast film showed that, in general, the CET

series had a higher modulus and breaking strain series, which resulted in the higher modulus and

Figure 9 The relationship between the WVP of coated fabrics and the breaking stress
of the WBPU films.
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breaking strain. On the other hand, the CEB se- larger particle size for the WBPU disper-
sion and better mechanical properties andries possessed two different classes of soft seg-

ment. The PU molecular chains do not easily slip WVP for the WBPU cast film. This is be-
cause the PU molecular aggregation andat the initial elongation and the soft-segment mo-

lecular arrangements became disordered after the intermolecular force increases with the
NCO/OH molar ratio.yield point. Therefore, the Young’s modulus and

breaking stress were higher. The better mechani- 2. A higher DMPA content yields a smaller
particle size for the WBPU dispersion andcal properties of the CET series at a higher NCO/

OH molar ratio may be because the WBPU in better mechanical properties for the
WBPU cast film. This is because the higherthe CET series had better polymerization and had

urea linkages to enter into the soft-segment re- DMPA increases the hydrophilicity and
Coulombic force of the WBPU.gion to support the domain.

3. A higher NCO/OH molar ratio is advanta-
geous to the WVP–breaking stress bal-WVP
ance, but the effect of the DMPA content

Figure 7 shows the WVP of the coated fabrics with on the WVP is not significant. Comparing
various NCO/OH molar ratios of WBPUs. The the CET series and CEB series of the
WVP increases with increasing of the NCO/OH WBPU, the CET series yields a smaller
molar ratio. Earlier theories suggest that the particle size for the WBPU dispersion and
WVP becomes lower at a higher NCO/OH molar better WVP–breaking stress for the
ratio. However, the partial dispersion of the hard- WBPU cast film.
segment to the soft-segment domain retards the
formation of the soft-segment crystal or may
cause separation of the partial domains and sup-
port the soft-segment domains as the NCO/OH REFERENCES
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