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Curing behavior of a UV-curable coating based on urethane acrylate oligomer:
the influence of reactive monomers
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Abstract

A hybrid organic-organic urethane acrylate oligomer was synthesized by the reaction of polypropyleneglycol (PPG),
2,4-toluene diisocyanate (TDI) and 2-hydroxyethyl methacrylate (HEMA) using dibutyltin dilaurate (DBTDL) as a catalyst.
The urethane acrylate oligomer’s structure was characterized by nuclear magnetic resonance (NMR) and Fourier transform
infrared spectroscopy (FT-IR). Two UV-curable coatings were prepared by blending the urethane acrylate oligomer, a reactive
monomer (1,6- hexanediol diacrylate (HDDA) or trimethylol propane triacrylate (TMPTA)) and a photoinitiator (2,2-di-
methoxy-2-phenyl acetophenone). The UV curing process of such coatings was monitored by FT-IR and determination of the
gel fraction. It was found that as the UV dose increased, the specific peaks at 1635 cm-1 and 810 cm-1, related to the carbon-
carbon double (C=C) bond, decreased. Gel fraction of the cured coating film was found to increase with increasing radiation
time. Thermal properties of the cured coating were also investigated using differential scanning calorimetry (DSC) and
thermal gravimetric analysis (TGA).
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1. Introduction

UV-curing  or  photo-polymerization  technique  re-
presents a major advance in the development of the coating,
adhesive and ink industries (Kayaman-Apohan et al., 2003).
UV-curing provides many advantages such as instant dry-
ing, broad formulating range, reduced energy consumption,
coating of heat sensitive substrate, high curing rate and low
space and capital requirement for curing equipment (Wang et
al., 2008; Moon et al., 2005). UV-curable coating represents
a class of coating with no or low volatile organic compounds
(Patel et al., 2009 and Srivastava et al., 2008) and has been
widely used in many industries.

The main components of UV-curable coating are an
oligomer, a monomer and a photoinitiator (Dzunuzovic et al.,

2004).  The  prepolymers  or  oligomer  are  often  complex
structures based on, for example, epoxy acrylates, urethane
acrylates, polyether urethane acrylates, polyester acrylates,
polyether  acrylates  and  acrylated  oils.  The  structures  and
formulations of diluent monomers and prepolymers may be
varied to suit a particular application and property require-
ment (Allen, 1996). UV-curable urethane acrylate oligomers
are commercially available with molecular weights ranging
from 600 to 6000 g/mol and with functionalities ranging from
2 to 6. To improve the performance of UV-curable coatings,
novel oligomers, the main component of UV-curable coatings
and adhesives, have been developed by many researchers.
Tasic et al. (2004) synthesized the hyperbranched urethane
acrylates (HB-UA), based on aliphatic hyperbranched poly-
esters and polyethyleneglycol acrylate for use in UV-curable
coatings.  UV-curing  kinetic  and  thermal  properties  of  the
HB-UA  were  studied  by  FT-IR  spectroscopy  and  DSC,
respectively. They reported that the obtained coatings have
good mechanical properties and solvent resistance. Xu et al.
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(2006) synthesized organic–inorganic hybrid urethane acry-
late  hydrolytic  condensate  (HUA-HC)  through  a  sol–gel
method with an acid catalyst of low concentration from a
hybrid  urethane  acrylate  prepolymer  (HUA),  containing
hydrolysable ethoxysilane groups (Si-OEt). They revealed
that the cured HUA-HC film showed better performance than
the cured HUA film in the investigated aspects due to more
inorganic Si–O–Si linkages in HUA-HC. Park et al. (2009)
prepared dual-curable adhesives based on various epoxy
acrylate oligomers. They found that after curing the pendu-
lum hardness and the adhesion strength of the cured films
increased.

In this research work, a hybrid organic-organic ure-
thane acrylate oligomer was synthesized and characterized
by FT-IR and NMR. Two different coatings based on such
hybrid urethane acrylate oligomer was prepared and poly-
merized by UV-irradiation. Curing behavior of the coatings
was monitored using FT-IR spectroscopy and by determina-
tion of gel fraction. The influence of functionality of mono-
mer on curing behavior of such coatings is also discussed.
The thermal properties of the cured coating were studied by
differential scanning calorimetry (DSC) and thermal gravi-
metric analysis (TGA).

2.   Experimental

2.1 Materials

2,4-Toluene diisocyanate (TDI), polypropylene glycol
(PPG), used to synthesize the urethane prepolymer, and 2,2-
dimethoxy-2-phenyl  acetophenone,  a  photoinitiator,  were
purchased  from  Fluka.  2-Hydroxyethyl  methacrylate
(HEMA),  1,6-hexanediol  diacrylate  (HDDA),  trimethylol
propane  triacrylate  (TMPTA),  monomers,  and  dibutyltin
dilaurate (DBTDL), a catalyst, were obtained from Aldrich.
N,N’-dimethylformamide (DMF), a solvent, was purchased
from Merck. All the chemicals were used as received without
further purification.

2.2 Characterization

1H NMR spectra were recorded on a NMR spectro-

meter, Bruker Avance 400 MHz, using CDCl3 as the solvent.
Differential scanning calorimetry (DSC), Perkin Elmer Pyris
Diamond 7, were performed under nitrogen atmosphere at a
heating rate of 10°C/min from room temperature to 300°C.
Thermal gravimetric analysis was carried out with Mettler
Toledo TGA/SDTA 851e at a heating rate of 10°C /min from
30 to 600°C under nitrogen atmosphere. FT-IR spectra were
recorded on FT-IR spectrometer, Perkin Elmer system 2000
FT-IR, and the percent conversion (X) of C=C bond was
calculated by the equation (Tasic et al., 2004):

810 1730 0 810 1730

810 1730 0

( / ) ( / )(%) 100%
( / )

tA A A AX
A A


 

where (A810 / A1730)0 and ( A810 / A1730) t are relative absorbance
of C=C bonds before curing and at a given curing time t,
respectively.

2.3 Synthesis of urethane acrylate oligomer

The polymerization was performed in a round-bottom
flask equipped with a mechanical stirrer, a thermometer, and
a reflux condenser under nitrogen atmosphere. The urethane
acrylate  oliglmer  was  synthesized  by  the  reaction  of  TDI
(0.02 mol equiv.) and PPG (0.01 mol equiv.) in N,N’-dimethyl-
formamide using DBTDL as the catalyst. The reaction was
performed at 60°C under a dry nitrogen atmosphere for 6 h.
The urethane prepolymer obtained was cooled to 40°C and
then HEMA (0.02 mol equiv.) was added into the mixture of
the prepolymer and the reaction was monitored for about 2 h
until the signal for -NCO groups (at 2270 cm-1) in the IR spec-
trum disappeared.

2.4 Preparation of UV-curable coating

Two  different  formulations  of  UV-curable  coating
consisting of oligomer based on urethane acrylate, monomer
and photoinitiator were prepared (Table 1). Chemical struc-
tures of the monomers and the photoinitiator used are shown
in Figure 1. In each formulation the chemicals were mixed in
a round-bottom flask equipped with a mechanical stirrer, a
thermometer, and a condenser under nitrogen atmosphere at

Table 1. Formulation used to prepare UV-cured coating.
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room temperature for 1.5 h. For further characrterization of
the coatings, the UV-cured films, with the thickness of about
50 mm, were prepared by coating such mixtures on a trans-
parent polycarbonate sheet and irradiating under 2-W UV
light source. The distance of the sample to the focal point of
the UV-lamp was 2 cm.

2.5 Gel fraction

The gel fraction was determined by immersing the
cured sample (about 0.1 g) in hexane at 50°C. After 24 h., the
sample was filtered out and dried in a vacuum oven at 50°C
until  constant  weight.  The  gel  fraction  was  calculated  by
equation (Park et al., 2009):

Gel fraction (%) =  (Wt  / W 0) 100%

where W0  is the original weight and  Wt  is the weight after
drying.

3. Results and Discussion

3.1 Synthesis  and  characterization  of  urethane  acrylate
oligomer

The urethane acrylate oligomer was synthesized by
reacting polypropyleneglycol (PPG) with 2,4-toluene diiso-
cyanate (TDI) to produce the urethane prepolymer. Then the
urethane  prepolymer  was  end-capped  by  2-hydroxyethyl
methacrylate (HEMA) (Figure 2.). The polyurethane acrylate
oligomer product was characterized by 1H NMR (CDCl3)   as
shown in Figure3:  d (ppm) 6.14 (-C(CH3)=CH2 cis), 5.59-5.60
(-C(CH3)=CH2 trans), 1.94-1.95 (-C(CH3)=CH2), 4.99 (-NH-),
4.27-4.39 (–O-CH2-CH2- of HEMA), 3.39-3.87 (broad peak–
O-CH-CH2- of PPG), 2.14-2.17 (-CH3 of TDI), 1.10 (-CH3 of
PPG).  The  results  are  in  good  accordance  with  the  results
reported by Burel et al. (1999) and Thames et al. (1996). The
urethane acrylate oligomer obtained was also characterized
by FT-IR. Figure 4 shows the FT-IR spectrum of the urethane

Figure 1. Molecular structure of the acrylate monomers and photo-
initiator.

Figure 2.  Synthesis of urethane acrylate oligomer.
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acrylate oligomer. The absorption bands at 3390, 1730 and
810 cm-1 relate to –NH stretching, C=O stretching and C=C
twisting of acrylate, respectively. From the IR spectra, the
disappearance of the characteristic absorption band at 2270
cm-1 related to isocyanate group (-NCO) indicates the com-
pletion of the reaction (Bayramoglu et al., 2006).

3.2 Curing behavior monitored by FT-IR

Figure 5 shows FT-IR spectra of AD1 and AD2 UV-
curable coatings as a function of time for 2 W UV-irradiation.
It was found that both formulations showed the absorption
band of acrylate group (C=C) at 1635 cm-1 and 810 cm-1,
which decreased with increasing UV-curing time. This is
because C=C bonds in the reactive monomers took part was
the cross-linking reaction by photopolymerization (Park et
al., 2009).

Conversion of acrylate bonds in both AD1 and AD2
versus irradiation times is shown in Figure 6. It can be seen
from  the  figure  that  as  the  UV-curing  time  increased,  the
conversion of acrylate bonds increased very fast during the
first five seconds and then became constant. However, AD1
has a slightly lower conversion than AD2. This was because
the conversion of acrylate bonds is based on the functional-
ity of the monomer, the higher functionality of monomer, the
faster increase in the conversion of acrylate bonds. The re-
action  rate  and  extent  of  UV-curing  in  AD2,  that  contains
three reactive sites per monomer molecule, were higher than

those in AD1, which contains two reactive sites per mono-
mer molecule.

3.3 Gel fraction

Figure 7 shows the gel fraction of the cured film of
AD1 and AD2 as a function of time. In the first five seconds,

Figure 3.  1H NMR spectrum of urethane acrylate oligomer.

Figure 4.  FT-IR spectra of urethane acrylate oligomer.
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Figure 5. FT-IR spectra of (a) AD1 and (b) AD2 UV-curable coating
as a function of time at 1635 cm-1 and 810 cm-1.

Figure 6. UV-curing profiles of UV-curable coating based on ure-
thane acrylate oligomer measured by FT-IR spectroscopy.

Figure 7. Gel  fraction  of  UV-curable  coating  based  on  urethane
acrylate oligomer as a function of time.

Figure 8. DSC thermogram of UV-curable coating based on ure-
thane acrylate oligomer.

the gel fraction of both AD1 and AD2 increase rapidly with
UV-irradiation and then became constant. It was also found
that  the  gel  fraction  of  AD2  was  higher  than  that  of  AD1
regardless of time. This was because the gel fraction depends
on the functionality of the monomer. The acrylate monomers
contain C=C bonds, as the reactive site. In AD2 formulation,
TMPTA with triacrylate group was used as a monomer while
in AD1 formulation, the monomer HDDA used has two re-
active sites. Therefore, AD2 with TMPTA monomer contain-
ing more C=C bonds resulted in higher crosslinked films
when incorporated into UV curable resin.

3.4 Thermal properties

The glass transition temperatures (Tg) of the cured
sample were analyzed by DSC. It was found from the DSC
thermograms that the Tg values of AD1 and AD2 were 180
and 195°C, respectively (Figure 8). An increase in monomer
functionality  accelerated  the  curing  reactions,  therefore
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AD2, containing the three-acrylate-reactive-site monomer,
produced the cured film with higher crosslink density com-
pared with the cured film produced from AD1 formulation.
It can be concluded that Tg of the cured film depends on the
functionality of the reactive monomer (Choi and Kim, 2004).

The summary of TGA results of the cured samples (2
W, 15 s) is given in Table 2 and the thermogravimetric (TG)
and differential thermogravimetric (DTG) analysis curves for
cured  films  are  shown  in  Figure  9.  The  weight  loss  at  the
temperature less than 300°C was due to the trapped volatile
materials were released (Chattopadhyay and Webster, 2009).
Then  the  thermal  decomposition  of  the  crosslinked  poly-
urethane started via the degradation of polymer side chains,
occurring at about 300°C. The next step was due to the de-
composition of aromatic structure between 350 and 450°C.
The temperatures above 450°C indicated the complete de-
crosslinking and thermal degradation of the cured films
(Kayaman-Apohan et al., 2005). In Table 2, AD2 showed
higher  thermal  stability  than  that  of  AD1  due  to  AD2
contained triacrylate monomer while AD1 contained diacry-
late monomer. Curing reaction of AD2, therefore, resulted
in highly crosslinked density polymer which exhibited better
heat-diffusion inhibition characteristics.

4. Conclusions

The  urethane  acrylate  oligomer  was  synthesized
successfully in two steps. Firstly, TDI was reacted with PPG

using DBTDL as catalyst in order to prepare urethane pre-
polymer. Then, the urethane prepolymer was reacted with
HEMA to form the urethane acrylate oligomer. The reaction
between  the  urethane  acrylate  oligomer  and  HEMA  was
monitored by both FT-IR and NMR. From the FTIR spectra,
the disappearance of the characteristic absorption band at
2270 cm-1 (-NCO) indicated the completion of the reaction.
The UV-curable coatings were prepared by mixing oligomer,
monomer and photoinitiator at room temperature. The FT-IR
spectra showed a decrease in the intensity of specific peak at
1635 cm-1 and 810 cm-1 related to C=C bond with increasing
UV-curing time indicating the proceeding of photo-polymer-
ization reaction. The conversion of both AD1 and AD2 was
increased with increasing irradiation time. However, AD2
showed slightly higher percent conversion than AD1. The
reaction rate and extent of UV-curing depended on the func-
tionality of the monomer. The monomer with higher function-
ality possessed more reactive sites and, therefore, showed
higher rate and extent of crosslink reaction. In addition, Tg
and thermal stability of cured films increased with increasing
the monomer reactive site.
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