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Abstract A series of UV-curable waterborne
hyperbranched polyurethane acrylate dispersions
(WHBPUADs) were prepared via a three-step proce-
dure based on isophorone diisocyanate (IPDI), hyper-
branched polyester (HBP), maleic anhydride (MA),
and hydroxy-ethyl acrylate (HEA). The structure of
WHBPUADs was characterized by Fourier transform
infrared spectroscopy (FTIR) and 1H nuclear magnetic
resonance spectroscopy (1H NMR). FTIR was also
applied to research the effect of double bond concen-
tration on the kinetics of photopolymerization. The
heat resistance of the cured films was characterized by
thermogravimetric analysis (TGA), and their mechan-
ical properties were also measured. The results showed
that the double bond conversion (s) and photopoly-
merization rate (Rp) were affected by the concentra-
tion of double bond and viscosity of WHBPUADs. The
UV-curable systems with higher double bond concen-
tration and lower viscosity led to higher s and Rp. The
maximum s and Rp reached 93% and 71 mmol g�1 s�1,
respectively. The WHBPUADs films possessed better
heat resistance and mechanical properties, and with the
increase of crosslink density, the heat resistance and
hardnesses were further improved.

Keywords UV-curable, Waterborne, Hyperbranched
polyurethane acrylate, FTIR, Photopolymerization
kinetics

Introduction

With ever-increasing environmental awareness, more
and more countries have issued a series of related laws
and regulations to limit the emissions of volatile
organic compound (VOC). Therefore, research on
the development of new coating systems such as
waterborne, radiation curable, and powder coatings
has increased dramatically in recent years.

Waterborne UV-curable technology, which com-
bines the environmental friendliness and the versatil-
ity of waterborne polymers with the rapid curing and
low energy consumption of UV-curable systems, has
generated wide interest due to its extensive applica-
tion in coatings and adhesives for various sub-
strates.1,2 Acrylic, epoxy, and polyurethane acrylate
are the three typical UV-curable matrix resins.
Among the resins, polyurethane acrylate has been
most widely applied because of its comprehensive
properties, such as superior resistance to abrasion and
scratch, and high impact and tensile strength of the
cured polymer, especially when hyperbranched groups
have been introduced into the backbone of polyure-
thane acrylate polymer.3–5 Whether in industrial
production or academic research, the photopolymer-
ization kinetics are worth studying along with the
mechanical properties of the UV-curable system.
However, there are few pioneering investigations of
the photopolymerization kinetics of UV-curable
waterborne hyperbranched polyurethane acrylate sys-
tem. Photo-DSC has been extensively applied to
monitor the UV-curing reactions.6,7 However, it is
impossible to follow reactions which occur in <1 min
due to the rather long response time of a calorimeter
device and a low thermal conductivity of most of the
samples under the common irradiation conditions.8,9

Fourier transform infrared spectroscopy (FTIR) has a
wide range of applications in structural identifica-
tion and the monitoring of reactions without such
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limitations. In comparison to photo-DSC, this tech-
nique is convenient and can provide sufficient time
resolution and relatively more accurate results in a
quantitative determination.10,11

In our previous studies, a type of UV-curable
solventborne hyperbranched polyurethane acrylate
coatings system was prepared, and the UV-curing
behavior, the mechanical properties and the heat
resistance of the UV-cured films had been dis-
cussed.12,13 This article describes the preparation
and properties of the UV-curable waterborne
hyperbranched polyurethane acrylate dispersions
(WHBPUADs). For this purpose, NCO terminal
prepolymer (prepolymer I) and COOH terminal pre-
polymer (prepolymer II) were first produced by addi-
tion and monoesterification reaction, respectively.
Then, the two prepolymers were mixed for further
reaction to obtain WHBPUADs. FTIR was used to
characterize the structure and study the kinetics of
photopolymerization of WHBPUADs. The mechanical
properties and the heat resistance of the cured films
were also investigated.

Experimental

Materials

The hyperbranched polyester (HBP), Boltorn�H20, is
an ideal second generation hyperbranched aliphatic
polyester and was purchased from Perstorp Specialty
Chemicals AB, Sweden, with a molecular weight of
1748 g mol�1 and theoretically 16 primary end hydro-
xyl groups. The ideal structure of HBP is shown in
Fig. 1. Maleic anhydride (MA) was purchased from
Tianjin No. 1 Chemical Reagent Factory, China.

Isophorone diisocyanate (IPDI) was supplied by
Degussa-Huels Pacific Ltd., Germany and used with-
out any further purification. 2-Hydroxyethyl acrylate
(HEA), tetrahydrofuran (THF), and triethylamine
(TEA) were purchased from Shanghai Chemical Co.,
China, and used after drying over 4 Å molecular
sieves. 4-Dimethylaminopyridine (DMAP) and dibu-
tyltin dilaurate (DBTDL) were purchased from GE
Co., USA. 2-Hydroxyl-2-methyl-1-phenyl-1-propanone
(Darocur 1173) acted as a photoinitiator and was
supplied by Ciba, Switzerland.

Synthesis of WHBPUADs

Synthesis of prepolymer

The prepolymer was synthesized via a three-step
procedure in a 250 mL four-necked, round-bottomed
flask equipped with a mechanical stirrer, a thermom-
eter, a dropping funnel, an inlet of dry nitrogen, and a
reflux condenser with a drying tube. The reaction
scheme is shown in Fig. 2. Taking WHBPUAD 8-8, for
example, the process of synthesis is described in the
following paragraphs.

In the first step, the prepolymer I was synthesized
under a nitrogen atmosphere by reacting IPDI
(10.18 g, 45.79 mmol) with HEA (5.32 g, 45.79 mmol)
at 40�C with continuous stirring in the presence of
DBTDL (ca. 0.05 g). The isocyanate (NCO) content in
the prepolymer reached a constant value at about 4 h.
The NCO content in the prepolymer was 12.4%, which
was determined by the standard dibutylamine back
titration method (ASTM D2572).

In the second step, to a solution of HBP (10.0 g,
5.72 mmol) in THF (50 mL) were added MA (4.49 g,
45.79 mmol) and a catalytic amount of DMAP (ca.
100 mg), and the mixture was stirred for 10 h at 50�C
until the anhydride peak at 1784 cm�1 in the FTIR
spectrum disappeared. The obtained resin (prepoly-
mer II) was a transparent yellow liquid that theoret-
ically has eight hydroxyl groups modified to –COOH
groups.

In the third step, the WHBPUA was synthesized by
adding dropwise prepolymer I into prepolymer II at
50�C for about 5 h until the peak at 2270 cm�1 for
–NCO groups completely disappeared.

Neutralization and dispersion

The WHBPUA was cooled to 40�C, and the carboxylic
groups were neutralized with TEA (4.63 g, 45.79 mmol)
for 30 min. Finally, the WHBPUAD was obtained after
solvent was evaporated under vacuum and deionized
water was added to the reaction mixture with vigorous
stirring (750–1200 rpm). The final solid content was
40 wt%.

Five types of WHBPUADs were synthesized and
named as WHBPUAD 4-12, WHBPUAD 6-10,
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Fig. 1: Molecular architecture of HBP
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WHBPUAD 8-8, WHBPUAD 10-6, and WHBPUAD
12-4, respectively. The sample designations, composi-
tions, end group types, initial acrylate double bond con-
centrations ([M0]), and the viscosities of WHBPUADs
are listed in Table 1.

Preparation of WHBPUAD films

The WHBPUADs were mixed with 2 wt% of Darocur
1173, and the films were prepared by a doctor blade
technique on cleaned glass substrates at a typical
thickness of 60 lm. The samples were dried at 50�C
under vacuum, and then the UV-cured WHBPUAD
films were obtained by exposing the sample under the
UV radiation of a medium pressure mercury lamp
(365 nm, 2 kW, 80 W cm�1) which was made by
Shenzhen Nengjia Automation Equipment Co., China.
The maximum UV dose received by the irradiated
sample was measured by radiometry to be on the order
of 350 mJ cm�2 per 10 s.

Characterization

FTIR were recorded on a VECTOR 70 FTIR Spec-
trometer (Bruker, Germany) by scanning 32 times with
a resolution of 4 cm�1, within a spectral range of 400–
4000 cm�1. Samples for FTIR analysis were prepared
by drying dispersions directly on KBr pellet. The
nuclear magnetic resonance (1H NMR) measurement
was performed with an AVANCE 400 NMR Spec-
trometer (Bruker, Germany) at 25�C, CDCl3 and TMS
were used as solvent and internal standard substance,
respectively.

The pendulum hardness of films was measured with
a QBY pendulum damping tester (Tianjin Materials
Laboratory Equipment Co, China) according to GB/
T1730-1993 standards of China. The values, expressed
in the time ratio with sample to glass, typically range
from 0.07 for soft elastomeric materials up to 0.9 for
very hard and glassy polymers. The flexibility of films
was determined with YZQ-II cylindrical mandrel bend
tester (Shanghai Pushen Chemical Industry Machinery
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Co., China) in accordance with GB 6742-86 standard.
Impact resistance was performed on a CJQ-II paint
film impact tester (Shanghai Pushen Chemical Industry
Machinery Co., China), and adhesion was tested
according to GB 1720-79(89) standard. Thermogravi-
metric analysis (TGA) was carried out with a TGA-60
thermoanalyzer (Schimadu Co., Japan). Approxi-
mately 5 mg of each sample was used at a heating rate
of 20�C min�1 under N2 from 30 to 650�C.

Study of the kinetics of photopolymerization

FTIR spectroscopy is applied to study the kinetics of
photopolymerization reactions by recording the spec-
trum for every 10 s. Figure 3 shows a typical tridimen-
sional representation of the variation of the FTIR
spectrum in the 810 cm�1 region under UV exposure.

The kinetic conversion profiles are calculated from
the decay of the absorption bands of the double bond
group (CH=CH2) twisting vibration at 810 cm�1, and
the characteristic absorption peak of carbonyl group
(C=O) stretching mode at 1720 cm�1 is used as the
internal standard peak by integration of the peak

areas.14 Hence, the double bond conversion (s) after a
given exposure time (t) of CH=CH2 can be readily
obtained from the ratio of the FTIR absorbance areas
before (A0) and after UV irradiation (At) by equation 1.

sð%Þ ¼ ðA810=A1720Þ0 � ðA810=A1720Þt
ðA810=A1720Þ0

� 100 ð1Þ

Results and discussion

FTIR of WHBPUAD

FTIR spectra of the prepolymers and WHBPUAD are
shown in Fig. 4, traces a–d. A typical FTIR spectrum
for prepolymer I shows the NCO group at 2267 cm�1,
carbonyl stretching band at 1730 cm�1, N–H bending
vibration at 1538 cm�1, and the N–H stretching vibra-
tion at 3342 cm�1 from trace a in Fig. 4. The peaks at
1637, 1409, and 810 cm�1 associated with double bond
indicate the existence of an acrylate group. The two
peaks of 2956 and 2891 cm�1 are attributed to C–H
stretching vibration of alkane. The FTIR spectra of the
prepolymer II recorded before and after the synthesis

Table 1: Sample designation and composition of WHBPUADs

Samples Molar ratio of raw material Number of end group [M0] (mmol g�1) Viscosity
(Pa s)

IPDI HEA Boltorn�H20 MA –C=C –COOH

WHBPUAD 4-12 4 4 1 12 4 12 0.94 0.7
WHBPUAD 6-10 6 6 1 10 6 10 1.26 0.9
WHBPUAD 8-8 8 8 1 8 8 8 1.53 3.9
WHBPUAD 10-6 10 10 1 6 10 6 1.75 9.6
WHBPUAD 12-4 12 12 1 4 12 4 1.94 16.9
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process are shown in traces b and c, respectively. The
two peaks at 1849 and 1780 cm�1 due to the charac-
teristic peaks of anhydride are prominent in trace b,
but disappeared in trace c, indicating the anhydride
groups of MA have totally taken part in the reaction.
Furthermore, the decrease of peak intensity of termi-
nal hydroxyl group in HBP at 3455 cm�1 illustrates
that part of those hydroxyl groups have been involved
in the half etherification reaction with MA. Finally, the
disappearance of the peak at 2267 cm�1 due to NCO
group in trace d indicates the reaction between
prepolymer I and prepolymer II is completed.

1H NMR spectrum of WHBPUAD

The 1H NMR spectrum of the WHBPUAD is mea-
sured, and Fig. 5 shows a typical 1H NMR spectrum.
The peaks at d = 6.5 ppm (a) and 6.15 ppm (b) are
assigned to protons of double bonds in MA unit.15

Meanwhile, the peaks at d = 6.28, 6.15 and 5.88 ppm
(a, b, and c) confirm the existence of acrylate groups in
WHBPUAD molecular structure.16 The single peaks at
d = 3.71 ppm (f) and 1.34 ppm (i) are attributed to the
methylene groups adjacent to the hydroxyl end groups
and methyl protons in the structure of HBP, respec-
tively.17 In addition, the peaks at d = 1.86 (h), 1.18 (j),
1.07 (k), and 0.94 ppm (l) corresponding to the o-, p-,
and methyl protons are relative to the hexatomic ring
of IPDI, respectively. Therefore, the above results
obtained using 1H NMR confirm the formation of
WHBPUAD, which is in accordance with the results of
FTIR.

Photopolymerization kinetics

UV radiation curing has become a well-accepted
technology, which can rapidly transfer liquid multi-
functional monomers and oligomers into solid polymer
coatings simply by exposure to UV radiation in the
presence of a photoinitiator. Besides final degree of
double bond conversion (sf), the maximum photopo-
lymerization rate Rmax

P

� �
is one of the important

parameters for the efficiency of the process.
The double bond conversion (s) as a function of

polymerization time for WHBPUADs is shown in
Fig. 6. From the conversion curves, the photopoly-
merization rates (Rp) are calculated according to
equation 2.

Rp ¼ ½M0� �
ds
dt
; ð2Þ

where [M0] is the initial acrylate double bond concen-
tration.14 The results are shown in Fig. 7.

As shown in Fig. 6, five types of WHBPUADs s all
increase with the increase of irradiation time, and follow
the order of WHBPUAD 8-8 > WHBPUAD 12-4 >
WHBPUAD 10-6 > WHBPUAD 4-12 > WHBPUAD
6-10 within first 200 s. After then, except for
WHBPUAD 6-10, the reaction rates slow down.
Because of vitrification, crosslinking is restricted and
full conversion is not achieved. A certain amount of
unreacted acrylate double bonds remained in the
crosslinked polymer, which may ultimately affect
the long-term properties of the UV-cured material.18

The sf of WHBPUAD 8-8 reached a maximum value
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of 93%, compared to 81, 62, 58, and 49% of
WHBPUAD 12-4, WHBPUAD 6-10, WHBPUAD
10-6, and WHBPUAD 4-12, respectively.

In Figs. 6 and 7, some typical features of the curing
process are represented, such as autoacceleration and
autodeceleration, which are in agreement with theo-
retical predictions.14,19 The photopolymerization rate
strongly depends on the mobility of the reactive chain
ends, whereas the termination reaction is affected by
the reduced mobility of the radical sites bound to the
developing network.20 At the low conversion, this leads
to autoacceleration. In our study, as shown in Fig. 7,
the photopolymerization rates of all five types increase
sharply at the beginning, in the relatively low conver-
sion, below about 30%, and the autoacceleration
occurs until it reaches to the Rmax

P : After the Rmax
P ;

the photopolymerization rate decreases sharply, which
is related the phenomena of autodeceleration. The
Rmax

P order of five types of WHBPUADs is as follows:

WHBPUAD 8-8 > WHBPUAD 10-6 > WHBPUAD
12-4 > WHBPUAD 4-12 > WHBPUAD 6-10.

The results can be explained with the double bond
concentration and the viscosity of the UV-curable
system.21,22 In general, the higher concentration of
double bonds of the acrylic end group located at the
outer layer of the sphere-like structure may lead to
higher Rp and s. As a result, higher concentration of
double bonds can obtain the higher Rp after irradiation
for about 3 min as clearly seen in Fig. 6, and
WHBPUAD 4-12 and WHBPUAD 6-10 with lower
[M0] give lower Rp and s in contrast to other
WHBPUADs. In addition, the sequence of Rp and s
may be affected obviously by the viscosity of the UV-
curable system. In the same radiation condition, the
lower the viscosity of the UV-curable system, the more
mobile and accessible are the reactive groups with
unreacted acrylate double bonds, leading to higher Rp.
For this reason, the Rp or s of WHBPUAD 4-12 with
lowest viscosity is higher than the Rp or s of
WHBPUAD 6-10 within first 200 s. After 200 s, the
Rp or s of WHBPUAD 4-12 is almost unchangeable
since the [M0] is too low to keep the photopolymer-
ization reaction. In the other side, with the polymer-
ization proceeding, the viscosity of the irradiated
system increases rapidly, the diffusion and mobility of
both radicals and pendant double bonds are severely
restricted in the vitrification network, leading to the fact
that uncured double bonds trapped in the polymeric
networks cannot keep the reaction. Accordingly,
although WHBPUAD 12-4 has the highest [M0], the
Rmax

P and the sf are not the highest. Compared with the
others, the WHBPUAD 8-8 has distinctly higher Rp and
s, and the Rmax

P , the corresponding s, as well as the time
are 71 mmol g�1 s�1, 43%, and 20 s, respectively.

Film mechanical properties of WHBPUADs

The mechanical properties of WHBPUADs film are
listed in Table 2. It shows that all of the coating
formulations passed adhesion, impact, and flexibility
tests at levels of 0 grade, 50 kg cm and 2 mm mandrel,
respectively. The pendulum hardness follows the
order of WHBPUAD 12-4 > WHBPUAD 10-6 >
WHBPUAD 8-8 > WHBPUAD 6-10 > WHBPUAD
4-12, which are improved with the double bond
concentration due to the crosslinking density after
the UV irradiation. WHBPUAD 12-4 has the best
mechanical properties with the maximum pendulum
harnesses of 0.70%.

TGA of cured films of WHBPUADs

The TGA curves of UV-cured WHBPUADs films and
their corresponding derivative weight loss curves
(DTG) are shown in Figs. 8 and 9, respectively. As
seen in the figures, all samples have a similar process
of thermal decomposition, which appears as three
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obvious weight loss regions with peak maxima around
195, 335, and 415�C, respectively. Region I may be
assigned to the decomposition of the ester of carbox-
ylic acids terminal (H20-MA) and the urethane of the
hard segment (IPDI-HEA). Region II which has lost
the most weight may correspond to the decomposition
of the soft segment.23,24 Region III may be related to
the core degradation of Boltorn�H20.

As is well known, the degradation in the early stage
plays an important role among the overall thermal
stability of a polymer. In order to validate the
decomposition of region I, the weight percentage of
carboxylic acids terminal (H20-MA) and hard segment
(IPDI-HEA) group are calculated and compared with
the measured values. The initial decomposition tem-
perature corresponding to region I, region II, region
III, as well as calculated and measured weight loss at
region I are summarized in Table 3. The experimental
results show that the values of calculated and measured
are in agreement suggesting that carboxylic acids
terminal (H20-MA) and hard segment (IPDI-HEA)
groups decompose first. In addition, below about
330�C, the thermal decomposition rate sequence is
WHBPUAD 4-12 > WHBPUAD 6-10 > WHBPUAD
8-8 > WHBPUAD 10-6 > WHBPUAD 12-4.

The heat resistance of the cured films is improved
with the increase in double bond concentration ([M0]).
For instance, with the increase of [M0] from 0.94 mmol g�1

(WHBPUAD 4-12) to 1.94 mmol g�1 (WHBPUAD
12-4), the initial decomposition temperature (Ti) which

is represented by 5% weight loss temperature rises to
202.7�C from 173.9�C. The improvements of heat
resistance are attributed to the increasing of crosslink-
ing density of the cured films. Samples with higher
double bond concentration are sure to obtain films
with higher crosslinking density after being cured by
UV, which possess better heat resistance. These
results are coincident with those reported by Asif
et al.25 Moreover, after region I (over 330�C), the
thermal decomposition rate order is opposite, which is
WHBPUAD 4-12 < WHBPUAD 6-10 < WHBPUAD
8-8 < WHBPUAD 10-6 < WHBPUAD 12-4, with the
final weight residues at 650�C of the cured films being
11.1, 8.9, 7.9, 7.1, and 5.2%, respectively.

Conclusions

In the present work, five types of UV-curable
WHBPUADs with different double bond concentra-
tion were successfully prepared and their structure was
confirmed by FTIR and 1H NMR. The investigation of
the photopolymerization kinetics indicated that the
photopolymerization rate and the double bond con-
version were co-affected by the double bond concen-
tration and the viscosity. The higher double bond
concentration or lower viscosity could result in higher s
and Rp. According to this, WHBPUAD 8-8 had the
highest photopolymerization rate (71 mmol g�1 s�1)
and the maximum final double bond conversion (93%).

Table 2: Mechanical properties of the UV-cured film of WHBPUADs

Samples Adhesion (grade) Impact strength (kg cm) Flexibility (mm) Pendulum hardness (%)

WHBPUAD 4-12 0 50 1 0.08
WHBPUAD 6-10 0 50 1 0.17
WHBPUAD 8-8 0 50 1 0.55
WHBPUAD 10-6 0 50 1 0.62
WHBPUAD 12-4 0 50 1 0.70
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UV-cured films were found to exhibit superior
mechanical properties, and the pendulum hardnesses
were improved with the increase in double bond
concentration. The UV-cured film of WHBPUAD
12-4 had the highest pendulum hardnesses at the value
of 0.70%. All the WHBPUAD samples showed three
obvious decomposition regions represented by the
carboxylic acids terminal (H20-MA) and hard segment
(IPDI-HEA), the soft segment and the core degrada-
tion of the HBP, respectively.
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