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ABSTRACT: Water-reducible acrylate copolymer is ob-
tained from a free-radical copolymerization of n-butyl acry-
late, acrylic acid, and methacrylic acid. Self-emulsified aque-
ous-based polyurethane (PU) anionomer is prepared by the
conventional method. The latent curing agents (di- and tria-
ziridinyl compounds, HDDA-AZ and TMPTA-AZ) are syn-
thesized from the reaction of aziridine with hexandiol dia-
crylate and trimethylolpropane triacrylate, respectively.
These two polymers and the latent curing agent are miscible
in each other and become a single component and self-
curable polymer dispersion. The carboxyl ions of polymers

not only stabilize the aqueous polymer dispersions but also
serve the curing site toward latent curing agent in the drying
process. These two polymers blend with a curing agent,
which results in new polymer hybrid formation. These poly-
mer hybrids have the improvements on performance prop-
erties and the cost/performance benefits. © 2003 Wiley Peri-
odicals, Inc. J Appl Polym Sci 90: 3578–3587, 2003
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INTRODUCTION

The widespread applications of aqueous-based poly-
urethane (PU) are gradually becoming the world mar-
ket trend because of the increasing importance of eco-
nomical and safety requirements as well as environ-
mental regulations. However, the current aqueous-
based PU does not readily dominate the traditional PU
application market because of its inferior performance
and high cost.

The self-emulsified PU anionomer is prepared from
the conventional process.1,2 The performance proper-
ties of aqueous-based PU resin can be modified by an
aziridinyl postcuring agent,3–9 an internal curing
agent of uretedione derivative,10 or a hybridization
process with epoxy resin.11–13

A postcuring reaction of aqueous-based PU aniono-
mer is mainly based on its carboxyl group reacting
with an aziridinyl curing agent when its pH value
drops below 6.0 or on air drying.2,3 The resulting
self-cured aqueous-based PU has the properties im-
proved according to its curing dosage.

One of the PU hybrids is obtained from a reactive
blending of aqueous-based PU dispersion with glycidyl
methacrylate (GMA) copolymer emulsion.7 The reaction
takes place between the terminal amino group and ep-
oxide side group of PU and GMA copolymer, respec-
tively, and results in a toughened PU hybrid film.

Properties of acrylate copolymers can be tailor-made
according to the compositions of acrylate monomers.
Most importantly, these acrylate copolymers can be
modified from less expensive acrylate monomers with
an easy free-radical copolymerization process. A water-
reducible acrylate copolymer emulsion is prepared from
copolymerization of butyl acrylate, acrylic acid, and
methacrylic acid and then neutralized with triethyl-
amine and followed by water dispersion.

Latent curing agents (HDDA-AZ and TMPTA-AZ)
are synthesized from the reaction of aziridine with
hexandiol diacrylate (HDDA) and trimethylolpropane
triacrylate (TMPTA), respectively. Both are water sol-
uble and stable at high pH (�8.0) environment.

Both water-reducible acrylate copolymer emulsion
and self-emulsified aqueous-based PU dispersions
consist of the internal ionic center, carboxyl groups.
No critical micelle concentration (CMC) existed and
can be blended in any ratio without disturbing the
stability of aqueous polymer dispersion. Equal
weights of these polymers are blended, respectively,
with various dosages of latent curing agent (HDDA-
AZ or TMPTA-AZ), and become single-component
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self-curable polymer dispersion. The carboxyl groups
of these blended polymers are reactive toward the
curing agent on drying and result in new polymer
hybrid formations. The investigation of these polymer
hybrids will be discussed in this article.

EXPERIMENTAL

Materials

Triethylamine (TEA), ethylenediamine (EDA), and 2,2-
dimethylolpropanic acid (DMPA) were supplied by Al-
drich Chemical Co., Inc. Acetone, methanol, and other

solvents were dried and distilled over anhydrous cal-
cium chloride before use. Isophorone diisocyanate (IPDI)
was supplied by Hul Chemical Co. Polypropylene gly-
col-1000 (PPG-1000) was supplied by Arco Chemical Co.
Acrylic acid, methacrylic acid, n-butyl acrylate, TMPTA,
and 1,6-hexandiol diacrylate (HDDA) were obtained
from Rohm and Haas Co. All the materials were used as
received without further purification.

Instruments

Dynamic mechanical thermal behavior of polymer
film was performed with a dynamic mechanical ther-

Scheme 1 Preparation of aqueous-based PU anionomers.
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mal analyzer (MK-II, Polymer Laboratories). Thermo-
gravimetric data were measured by a Hi-Resolution
TGA 2950 thermogravimetric analyzer (TA). Stress
and strain curves of PU films were taken with Shi-
madzu Autograph S-100-C. NMR spectra were mea-
sured by a Brucker 300 MHz.

Preparation of latent aziridinyl curing agents

Ethyleneimine (or aziridine) was prepared from etha-
nolamine according to the published method.14 Aziri-
dine (1.2 mol) was added dropwise to HDDA (1.0 mol)
or TMPTA (1.0 mol) through an additional funnel. The
reaction mixture was kept at 50°C for another hour
until the acrylate stretching vibration frequency at
1634 cm�1 disappeared in IR spectrum. The excess
amount of aziridine was removed under vacuum
(Scheme I).

Preparation of anionic aqueous-based PU
dispersion3

PPG-2000 (0.1 mol) and DMPA (0.1 mol) were dried at
110°C overnight before being mixed with IPDI (0.3
mol) in a 500-mL four-necked resin flask. The resin
flask was equipped with a mechanical stirrer, a ther-
mometer, a nitrogen inlet, and a condenser with CaCl2

drying tube. The reaction mixture was kept at 110°C
for about 4 h, until the NCO percentage drops below
3.0 (ASTM D-1638 NCO determination method) and
remained constant for another half-hour. Then, freshly
dried acetone (230 mL) was added into the reaction
flask (when it is cooled down below 50°C) to adjust
the viscosity of PU prepolymer. Aqueous-based PU
dispersion was obtained from a high shear rate mixing
of PU prepolymer with 450 mL aqueous solution of
ethylenediamine (0.08 mol) and triethylamine (0.10
mol). Anionic PU dispersion contains 30% solid con-
tents with a pH value at 8.5 after acetone is removed
under vacuum (Scheme II).

Preparation of water-reducible acrylate copolymer
emulsion

A free-radical solution copolymerization of n-butyl
acrylate, methylmethacrylic acid, and acrylic acid
(molar ratios: 4.0/0.7/0.7) was carried out in butyl
cellusolve (BCS, 400 mL) with a free-radical initiator,
AIBN (1.2 g). The copolymerization was kept at
around 80°C for 3 h. The acid fraction of acrylate
copolymer was neutralized with aqueous triethyl-
amine solution and resulted in the formation of water-
reducible acrylate copolymer emulsion. It comprised
30% (w/w) solid content (Scheme III).

Polymer hybrids from PU anionomer and acrylate
copolymer

An equal weight of water-reducible acrylate copoly-
mer emulsion and self-emulsified aqueous-based PU
dispersion was blended. The polymer blend was
treated further with various dosages of latent curing
agent (HDDA-AZ or TMPTA-AZ) at room tempera-
ture and resulted in the formation of a stable single

Scheme 2 Preparation of aziridinyl curing agents.

Scheme 3 Preparation of acrylate copolymers.
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component and self-curable polymer dispersion at a
higher pH (�8.0) condition. Polymer hybrids were
obtained from this polymer dispersion after film cast-
ing and air drying.

Properties of the polymer hybrids

Tensile strength and elongation

The cast films were air dried at room temperature and
then at 50°C for 24 h. They were conditioned in a 75%
relative humidity chamber at 25°C for 72 h before the
measurements. Each specimen was cut in a dumbbell
shape of 1.2 � 0.1 mm thickness. The gauge length
was 40 mm and the measurement was performed at a
cross-head speed of 40 mm/min. Six specimens for
each sample were taken, and the three measurements
that showed the highest tensile strength were selected
for calculating the mean value.

Gel content

A known weight of oven-dried film was put into a
Soxhlet extractor for continuous extraction with tetra-
hydrofuran (THF) for 24 h. Polymer gel remaining
after extraction was dried and calculated according to
the test results. Three tests were carried out and aver-
aged for each sample.

Ethanol uptake and ethanol absorption

A known weight (W0) of 60 � 60 � 1 mm dried
polymer film was immersed in a distilled water bath
for 8 days for water uptake. It was also immersed in an
ethanol (95%) bath for 48 h for ethanol absorption. The

towel-dried sample weight (W1) and the oven-dried
film weight (W2) were obtained. Three measurements
were averaged for each sample. The percentage of
water uptake (WA), ethanol absorption (WE), and
weight losses (Wx, Wy) of the polymer films in water
and in ethanol were calculated according to the fol-
lowing equations, respectively:

WA% �
W1 � W2

W2
� 100%

Wx% �
W0 � W2

W0
� 100%

where WA and Wx are the amount of water uptake by
the polymer film and the amount of polymer dis-
solved into water, respectively, and

WE% �
W1 � W2

W2
� 100%

Wy% �
W0 � W2

W0
� 100%

where WE and Wy are the amount of ethanol absorp-
tion by the polymer film and the amount of polymer
dissolved into ethanol, respectively.

Dynamic mechanical thermal analysis (DMTA)

Air-dried PU films were dried further in a 50°C oven
for 24 h and then conditioned in a 75% relative hu-
midity chamber at 25°C for 72 h before testing. Dy-

TABLE I
Properties of Polymer Hybrids with Aziridinyl Curing Agent

PU PU/Acrylateb

Polymer hybrids

TMPTA-AZ (phr)a HDDA-AZ (phr)

7.7 9.2 11.5 15.3 8.4 10.0 12.7 16.9

AZ/COOHc 0.7 0.9 1.1 1.5 0.8 1.0 1.2 1.6
Elongation (%) Tensile stress (kg/cm2)

100 4.0 5.5 6.4 7.2 9.4 11.4 6.0 7.5 8.5 —
200 6.2 7.8 10.1 — — — 10.1 — — —
300 8.7 11.4 — — — — — — — —
400 11.9 15.9 — — — — — — — —
500 16.3 21.5 — — — — — — — —

Elongation at break
(kg/cm2/%) 20.0/559 22.5/515 10.3/206 11.4/196 12.2/152 11.9/108 10.3/206 9.5/138 9.6/114 8.0/91

Gel content (%) 85.4 80.1 90.6 90.8 91.2 91.7 92.8 94.0 94.3 95.8
Ethanol uptake (%) 2705 2269 412 366 299 250 332 287 280 211
Weight loss in ethanol 8.6 8.3 8.2 7.5 6.6 5.8 6.6 5.5 5.5 4.6

a Curing dosage based on 100 phr solid aqueous-based polymers.
b Blend of PU and acrylate copolymer without curing; the total COOH content is 7.2 � 10�2 equivalents per 100 g solid

polymer blend.
c The equivalent ratio of aziridinyl group and carboxyl group in polymer hybrid curing system.
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Figure 1 IR spectrum of HDDA-AZ.

Figure 2 IR spectrum of TMPTA-AZ.
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Figure 3 13C-NMR spectrum of HDDA-AZ.

Figure 4 13C-NMR spectrum of TMPTA-AZ.
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namic mechanical analysis measurements were car-
ried out in bending mode with a heating rate of 3°C/
min from �80 to 150°C at 1.0 Hz frequency for each
sample.

Thermogravimetric analysis (TGA)

The conditioned samples were measured by a thermo-
gravimetric analyzer with a heating rate at 20°C per
minute from ambient temperature to 500°C. These
were carried out under a nitrogen or air atmosphere
for the measurements of polymer thermal and ther-
mooxidative stabilities, respectively.

RESULTS AND DISCUSSION

The posttreatments of aqueous-based PU have proven
to be the effective method for improving PU proper-
ties, such as the postcuring reaction of aqueous-based
PU carboxyl groups with an aziridinyl curing agent1–5

and a bivalent metallic ion (e.g., Ca2�, Zn2�, Cu2�,
etc.) results in the formation of crosslinked polymer

networks,11,12 respectively. The phosphorus contain-
ing aziridinyl curing agents also serve as the reactive
flame retardant.8,9 PU properties were modified fur-
ther by the polymer hybridization of GMA–copoly-
mer emulsion11 and of aqueous-based epoxy resins,13

respectively. This polymer hybridization process pro-
vides an alternative for modifying aqueous-based per-
formance properties.

The self-emulsified aqueous-based PU dispersion
was prepared from a conventional PU prepolymer
process.1,2 PU carboxyl group is the ionic center and
the curing site that comes from one of PU ingredients,
DMPA. The resulting PU dispersion with 30% solid
content comprises 3.5 � 10�2 equivalents of carboxyl
group per 100 g of solid PU resin.

Water-reducible acrylate copolymer emulsion is
prepared from a free-radical copolymerization of
acrylic acid, methacrylic acid, and butyl acrylate and
then neutralized by triethylamine. The resulting acry-
late copolymer emulsion with 30% solid content and
consists of 1.1 � 10�1 equivalents of carboxyl group
per 100 g solid acrylate copolymer.

These two polymer dispersions are miscible with
the latent curing agent (TMPTA-AZ or HDDA-AZ)
because of their hydrophilic characters. The polymer
carboxyl group is reactive toward the aziridinyl group
of latent curing agent on drying and no visible phase
separation was found in their final hybridized poly-
mer films.

An equal solid weight of self-emulsified aqueous-
based PU dispersion and water-reducible acrylate co-
polymer emulsion was blended and formulated with
various dosages of prepared curing agent (HDDA-AZ
or TMPTA-AZ) (Table I). A new polymer hybrid was
obtained from this polymer hybridization on drying
and the performance properties of these polymer hy-
brids will be evaluated.

Scheme 4 Polymer hybrids from PU anionomer and acry-
late copolymer with aziridinyl curing agent HDDA-AZ.

TABLE II
Thermogravimetric Analyses of Polymer Hybrids

PU/Acrylateb

Polymer hybrids

TMPTA-AZ (phr)a HDDA-AZ (phr)

7.7 11.5 15.3 8.4 12.7 16.9

AZ/COOHc 0.7 1.1 1.4 0.8 1.2 1.6
TGA Decomposition Tempd

1st decomposition (°C) 248 248 248 248 248 248 243
2nd decomposition (°C) 313 — — — — — —
3rd decomposition (°C) 389 406 399 391 395 399 392

Temperature (°C) at 80%
weight left

N2 air N2 air N2 air N2 air N2 air N2 air N2 air

305 270 327 298 331 302 336 302 313 292 318 303 309 296

a Curing dosage based on 100 phr solid aqueous-based polymers.
b Blend of PU and acrylate copolymer without curing.
c The equivalent ratio of aziridinyl group and carboxyl group in polymer hybrid curing system.
d Thermal decomposition temperature of each polymer is measured under nitrogen atmosphere.
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Aziridinyl latent curing agent

The latent curing agents were prepared from the Mi-
chael addition reaction of aziridine with diacrylate
(HDDA) or triacrylate (TMPTA) (Scheme III). The dis-
appearance of acrylate double bond stretching vibra-
tion frequency at 1634 cm�1 in IR (Figs. 1 and 2) and
the chemical shifts at 128 and 132 ppm in 13C-NMR
(Figs. 3 and 4) indicate the completion of the addition
reaction. The resulting aziridinyl latent curing agent,

HDDA-AZ or TMPTA-AZ, is water soluble and mis-
cible with these aqueous polymer dispersions.

Monitoring polymer curing by infrared spectra

The curing reaction of aqueous-based PU with TMPTA-
AZ is proved by infrared (IR) spectroscopy.3–5 The ab-
sorption peaks at 1654 and 1723 cm�1 belong to the
carbonyl (CAO) stretching of carboxylic ion and ure-
thane group of PU anionomer, respectively.

Figure 5 Differential thermogravimetric analyses of polymer hybrids with various curing dosages of TMPTA-AZ.

Figure 6 Differential thermogravimetric analyses of polymer hybrids with various curing dosages of HDDA-AZ.
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The blending of aqueous-based PU anionomer and
water-reducible acrylate copolymer both contain car-
boxylic ions at high pH (e.g., pH � 8.0). These ionic
centers stabilize the aqueous polymer dispersion and
serve as the curing sites of these two blended poly-
mers on drying.

The intensity of carboxylic ion carbonyl stretching
on 1654 cm�1 weakens ester and urethane carbonyl
stretching frequencies centered at 1723 cm�1 increase
in IR spectra of polymer hybrids. These indicate that
the curing reaction takes place among the polymer
carboxyl groups with aziridinyl curing agent and re-
sults in the formation of amino ester linkage3 on final
polymer hybrids (Scheme IV).

Physical and mechanical properties

The gel content and ethanol uptake of polymer hybrid
also demonstrate the relative degree of polymer
crosslinking density. The gel content of original PU
anionomer is 85.4%, and the gel content of polymer
hybrid increases with increasing curing dosage. For
example, their gel contents are 90.6 and 91.7% cured
with 7.7 and 15.3 phr TMPTA-AZ, respectively; their
aziridinyl group and carboxyl group ratios are 0.7 and
1.5. In HDDA-AZ curing system, their gel contents are
92.8 and 95.8% with 8.4 and 16.9 phr HDDA-AZ (Ta-
ble I). HDDA-AZ curing system has a higher gel con-
tent with a similar equivalent ratio of aziridinyl and

Figure 7 Dynamic mechanical thermal analyses of polymer hybrids with various curing dosages of TMPTA-AZ.

Figure 8 Dynamic mechanical thermal analyses of polymer hybrids with various curing dosages of HDDA-AZ.

3586 LAI ET AL.



carboxyl groups (AZ/COOH) because of the trifunc-
tional TMPTA-AZ, causing the steric hindrance from
further crosslinking reaction. The increasing gel con-
tent and the decreasing ethanol uptake of polymer
hybrids with curing agent (Table I) are also evidence
that crosslinking reaction of HDDA-AZ is better than
TMPTA-AZ.

The tensile stress at 4.0 kg/cm2 with 100% elonga-
tion of original PU and its value of polymer hybrid-
ization increases with the curing dosage increase. The
tensile strength changes from original 20.0 kg/cm2 at
559% elongation to 22.5 kg/cm2 at 515% elongation of
PU/acrylate copolymer blend (without curing). This
physical blend of these two polymers has no crosslink-
ing reaction between these two. However, the final
polymer hybrid becomes 10.3 kg/cm2/206% after the
treatment with 7.7 phr TMPTA-AZ or 8.4 phr HDDA-
AZ and the tensile stress at 7.2, 9.4, and 11.4 kg/cm2

with 100% elongation of polymer hybrids with 9.2,
11.5, and 15.3 phr TMPTA-AZ dosages, respectively.
The similar results of polymer hybrids were obtained
from curing with various HDDA-AZ curing dosages
(Table I).

Thermal behavior

The thermal decomposition temperature under nitro-
gen of two polymers blends without curing has three
decomposition temperatures at 248, 313, and 389°C
(Table II). The second decomposition temperature
does not show up on the polymer hybrids because of
the crosslinking reaction. The third decomposition
temperature increases from the original 389°C of poly-
mer blend to 406 or 399°C of polymer hybrids with 7.6
and 11.5 phr TMPTA-AZ, respectively (Table II and
Fig. 5). For the HDDA-AZ curing system, its third
decomposition temperature of polymer hybrid in-
creases to 395 or 399°C after the treatment of 8.4 or
12.7 phr HDDA-AZ (Table II and Fig. 6). The
crosslinking reaction occurred between PU and acry-
late copolymer via the curing agent and these two
types of polymers hybridized into a new polymer
hybrid. However, the curing dosage increases to their
equivalent AZ/COOH ratio well over 1.0 and their
thermal stability decreases to 391 and 392°C for 15.3
phr TMPTA-AZ and 16.9 phr HDDA-AZ, respectively
(Table II), due to the addition of excess curing agent,
but lacks available polymer carboxyl group to react
with completely.

The DMTA curves of the two-polymer blend (with-
out curing) has a low temperature damping peak at
�40°C, and this peak intensity decreases as increasing
TMPTA-AZ or HDDA-AZ curing dosage. The poly-
mer blend softens around 120°C and the resulted
polymer hybrids remain rubbery up to 150°C on their
DMTA curves. A broad damping peak centered at

70°C and its intensity increases as the increasing cur-
ing dosage, possibly due to the amino ester bond
formation between polymers. As this peak intensity
sharply increases with 15.3 phr TMPTA-AZ or 16.9
phr HDDA, it may be caused partially by the ho-
mopolymer formation from excess curing agent (Figs.
7 and 8).

CONCLUSION

Self-emulsified PU dispersion and water-reducible ac-
rylate copolymer emulsion are compatible with each
other in the water phase. These two polymers are
blended with an equal weight ratio and various dos-
ages of the latent curing agent, TMPTA-AZ and
HDDA-AZ, respectively, as the self-curable single
component polymer hybrid. Properties of these poly-
mer hybrids are modified according to the curing
dosage. For example, the gel content increases from
80.1% of polymer blend to 95.8% of polymer hybrid
with HDDA-AZ (16.9 phr); ethanol uptake decreases
from 2269% of polymer blend down to 250% of poly-
mer hybrid with TMPTA-AZ (15.3 phr). The thermal
properties of the polymer hybrids are better than any
of these original polymers. These improvements show
the benefits of new polymer hybrid formation. This
polymer hybridization process of self-emulsified PU
and water-reducible acrylate copolymer via a postcur-
ing reaction offers an alternative for polymer modifi-
cation and cost effectiveness of more expensive aque-
ous-based PU.

K.-N. Chen is indebted to the National Science Council of
the Republic of China for financial support.
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