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ABSTRACT: The curable formulations containing mono-
mer-diacrylate, photoinitiator-p-methoxybenzoyldiphenyl-
phosphine oxide/benzyldimethylketal, additive reactive-trie-
thylamine, and inorganic thermoresistant pigments-white,
red, green, and blue were cured by UV exposure films. A
series of experiments was carried out to investigate the rela-
tionship between the particle size distribution of the inor-
ganic pigment and the colorimetric and mechanical proper-
ties of the UV acrylic curable coatings. Pendulum hardness

and appearance of the films depend on the content and par-
ticle size distribution of the pigment. Optimal particle size
distribution and pigment content were established to obtain
the best films concerning their pendulum hardness and
chromatic parameters. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 104: 247–252, 2007
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INTRODUCTION

For more than 20 years, photoinitiators for UV-cura-
ble coatings have been successfully used in the coat-
ings industry for varied applications such as coat-
ings for furniture and flooring, inks, plastic decora-
tion, optical fiber coating, adhesives, and electronics.

This expansion into applications is due to some
basic advantages such as high speed process, low
energy consumption, reduction of pollution (absence
of the solvent), good cost/performance relation, and
high chemical and mechanical strength.

Organophosphorus compounds, such as acylphosph-
onates and acylphosphine oxides, were developed as a
new class of photoinitiators. They are very effective in
radical polymerization of unsaturatedmonomers (acryl-
ates, styrene, epoxy resins, and unsaturated polyesters)
to obtain both transparent and colored coatings.1,2 Acyl-
phosphonates and acylphosphine oxides can be im-
proved through cure.3 These photoinitiators can be used
either alone or in combination with other photoinitia-
tors, i.e., a-hydroxy ketones (HK) or benzyldimethyl
ketal,4 which give a good surface cure.5

In the area of coloring materials, organic dyes and
inorganic pigments are used.

The appearance of the coated object (e.g., color,
gloss) is a complex function of the light incident on
the object, the optical scattering characteristic of the
material, and human perception. Pigments are very
fine powders being nearly insoluble in binders and

solvents, but provide color and the ability to hide
the underlying surface.

The mechanical properties of the coatings [i.e.,
pendulum hardness (PH)] may be affected by the
presence of the inorganic pigment and by its physi-
cal properties. Pigment will affect the photoinitiator
absorption characteristics by competing with the lat-
ter for the incident radiation. This can be understood
in terms of scattering effects, film thickness, sub-
strate type, and pigment color characteristics. How-
ever, the inorganic pigments imply certain advan-
tages versus organic dyes, such as intensity of color,
hiding power, thermal and chemical resistance, and
absence of migration effect.6

Moreover, using formulation based on acrylic
monomers are obtained UV-cured coatings with some
performance characteristics such as reactivity, gloss,
adhesion, chemical resistance, scratch resistance, abra-
sion resistance, and nonyellowing.7

In this article is reported the influence of the pig-
ment on the appearance and mechanical properties
of the UV-cured acrylic coatings, using 4-methoxyben-
zoyl diphenylphosphine oxide, previously reported as
a new effective photoinitiator.8 The particle size, con-
tent, and natural color of the pigment were the stud-
ied parameters.

EXPERIMENTAL

The base curable formulation contains

• Monomer: Photomer 3016 40T (Henkel)—Bisphe-
nol-A epoxydiacrylate—commercial product for
coatings.

Correspondence to: G. Ilia (ilia@acad-icht.tm.edu.ro).

Journal of Applied Polymer Science, Vol. 104, 247–252 (2007)
VVC 2007 Wiley Periodicals, Inc.



• Photoinitiator: p-Methoxybenzoyldiphenylphos-
phine oxide (MBDPPO) 2.5 wt % versus mono-
mer (Fig. 1) and 2,2-dimethoxy-2-phenylacetophe-
none (Irgacure 651, Ciba-Geigy) 0.5 wt % versus
monomer.

• Additives: Triethylamine as synergist additive at
3 wt % versus monomer.9

• The following pigments samples were chosen;
white: TiO2, red: cadmium sulfoselenide, green:
TiO2-NiO-ZnO, blue: Al2O3-Cr2O3. The pigment
particle size (d) distribution ranged in: d < 5 mm,
5 mm < d < 50 mm, and 50 mm < d < 90 mm
domains.

To provide adequate hiding power of the pig-
mented formulation, the pigment content has been
chosen in the range of 5–15%. Up to 15% pigment
content may affect the efficiency of photoinitiator.
The hardness of the pigment powder may influence
the PH of the cured coating. Hence, it was deter-
mined that the hardness of the pigment powder
increases, qualitatively, in the following order: white,
red, green, and blue.

The formulation was laid on glass panel with a
film applicator to obtain films of thickness 120 mm.

UV-curing was carried out with a medium pressure
mercury vapor lamp (80 W cm�2, belt speed 3 m
min�1).

The polymerization efficiency/conversion and po-
lymerization rates of UV-curing systems containing
pigments were performed by differential scanning
photocalorimetry (photo-DSC) in comparison with
the original systems without pigments. Photo-DSC
was performed using a DuPont 930 irradiation unit
with a double head differential calorimeter 912 cali-
brated with indium metal standard. A standard high
pressure Hg lamp with 3 mW cm�2 light intensity
was used for sample UV exposure. The experiments
were carried out under inert atmosphere N2.

PH was determined with Koenig pendulum (DIN
53157).

Color measurements of the cured films were carried
out by trichromatic colorimetricmethods CIE andHunt-
erLAB. The color is obtained by additive combination of
three basic trichromatic componentsX,Y,Z, experimen-
tally determined using colorimeter, in accordance with
CIE system. The sample (pigmented film) is directly illu-
minated by a single wave length of light.

The selected parameters to characterize chromatic
appearance are10,11

• color brightness, L [eq. (1)]:

L ¼ 10Y1=2 (1)

• a, red hue for positive values or green degree for
negative values [eq. (2)];

a ¼ ½17:5ðX=0:98041Þ � Y�=Y1=2 (2)

• b, yellow hue for positive values or blue degree
for negative values [eq. (3)].

b ¼ ½7:0Y� ðZ=1:18103Þ�=Y1=2 (3)

Figure 1 Photoinitiator p-methoxybenzoyldiphenylphos-
phine oxide (MBDPPO).

Figure 2 Absorption spectra of MBDPPO and Irgacure
651 (c ¼ 1 � 10�4M in acetonitrile).

Figure 3 Conversion versus exposure time for different
pigment (pigment content 5%, particle size d < 5 mm) in
comparison with the system without pigment.
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RESULTS AND DISCUSSION

Absorption characteristics of photoinitiators

In Figure 2 are shown the absorption spectra of the
photoinitiator MBDPPO and Irgacure 651. Acylphos-
phine oxide (MBDPPO) appears to be efficient, mainly
because of its superior absorbance in the near-UV
range. This class of photoinitiators proved to be partic-
ularly well suited for the UV-curing of pigmented sys-
tems, in comparison with Irgacure 651. A mixture of
photoinitiators MBDPPO and Irgacure 651 was used
to obtain both through cure and surface cure.

Photo-DSC measurements

Conversion and rate of polymerization versus expo-
sure time are presented in Figures 3 and 4, respec-
tively.

The presence of the pigment in photopolymerizable
formulation led to an expected effect: the decrease of
monomer conversion and polymerization rate in com-
parison with the formulation without pigment. How-
ever, good values for conversion are obtained after
less than 3 min of exposure.

Mechanical properties of the films

If MBDPPO is used as photoinitiator, the PH of the
clear coating is 235 s.8 Figures 5–8 summarize the
UV-curing results considering different particle size
distribution of pigment and various pigment content.

Film PH depends both on pigment content and
particle size. A comparison between PH of pigmented
films for all color leads to the conclusion that film PH
is in accordance with pigment powder hardness, the
hardest films are those that are blue in color.

Generally, for each color and pigment content,
granulation d < 5 microns induced lower values of
PH of pigmented films versus transparent films
(without pigment). In case of blue pigment the val-
ues of PH were higher due to higher hardness of
pigment powder. It can be explained in terms of the
high homogeneity of the low size particle system
and, probably, the presence of the particles of the
pigment have the tendency to interrupt the increas-
ing of polymer chain and, hence, leading to the
decreasing of molar weight of the polymer.

Granulation 5 mm < d < 50 mm induced moderate
values of PH and their variation is likewise in the
case when granulation d < 5 mm. Granulation 50 mm
< d < 90 mm led to higher values of PH at 5 and 8%
pigment content and low values at 12 and 15%. In
the latter case, the scattering effects are more impor-
tant due to great dimension of the particle size.
Therefore, the photoinitiator efficiency is diminished
and conversion decreased. The dependence of PH-
pigment content at granulations d < 5 mm (Fig. 9)
and 5 mm < d < 50 mm (Fig. 10) is an expression of
second order equations.

Figure 4 Rate of polymerization versus exposure time for
different pigments (pigment content 5%, particle size d < 5
mm) in comparison with the system without pigment.

Figure 5 Pendulum hardness functions of white pigment
particle size at different pigment content.

Figure 6 Pendulum hardness functions of red pigment
particle size at different pigment content.

Figure 7 Pendulum hardness functions of green pigment
particle size at different pigment content.
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For granulation greater than 50 mm, the extended
dispersion of points does not allow a suitable corre-
lation due to inadequate textural effect caused by
higher granulation.

Although at granulation 50 mm < d < 90 mm films,
good mechanical properties were obtained, a granu-
lation d < 5 mm is used in practice because at this
granulation the films have the best appearance, i.e.,
smooth and gloss. Small particle size distribution
leads to a satin effect, while large particle size distri-
bution leads to a sparkle effect.

Solvent resistance

Solvent rub technique (ASTM 5402) was used to
assess the solvent (MEK) resistance of the UV-cured
pigmented films. The results are presented in
Table I.

Good results are obtained for blue pigmented films.
The white pigment leads to lower solvent resistance.

Color measurements

Low content pigmented films present a certain degree
of transparency. From this reason the measurements
were carried out using two opaque backgrounds:
white and colored standard corresponding to color.

Figure 11 depicts, for example, the brightness L—
complementary parameter of color intensity—of red
pigmented films as a function of pigment content at
different granulations.

The color brightness of red film samples decreases
with the increase of pigment content. This parameter
becomes important at granulation d < 5 mm due to
the homogeneity of monomer-pigment system. At a
granulation d > 5 mm, the contribution of the surface
effect to the entire brightness is lower due to low ho-
mogeneity of the system. From this reason, it was
established that a granulation d < 5 mm is optimal
for pigmented films.

The chromatic parameters, a and b (in HunterLAB
system) were rectified by elimination of the back-
ground contribution and were calculated with eqs.
(4) and (5):

ar ¼ a½1� ðY� YwhiteÞ=Y� (4)

br ¼ b½1� ðY� YwhiteÞ=Y� (5)

where ar and br are the parameters a and b rectified
and Ywhite is the experimental value determined
using white background.

Figure 8 Pendulum hardness functions of blue pigment
particle size at different pigment content.

Figure 9 Dependence of film pendulum hardness on pig-
ment content at a granulation d < 5 mm.

Figure 10 Dependence of film pendulum hardness on
pigment content at a granulation 5 mm < d < 50 mm.

TABLE I
Solvent Resistance of the Films

Pigment
(d < 5 mm) color

Content
(%)

MEK double
rub resistance

White 5 138
8 136

12 134
15 132

Red 5 146
8 146

12 144
15 142

Green 5 158
8 156

12 156
15 154

Blue 5 186
8 186

12 184
15 184

Without pigment – 198
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To characterize fairly and eloquently the pig-
mented films, those parameters from Hunter scale
were selected corresponding to represented color

• Red color content for red films þa
• Blue color content for blue films �b
• Green color content for green films �a.

These parameters are useful to correlate the color
intensity with the pigment content (at a constant
granulation) or with mechanical properties (PH). In
Figures 12–14 are represented ar and br at granula-
tion d < 5 mm, to obtain chromatic appearance in
association with real color of the film, as a function
of pigment content.

Figures 12–14 show a linear observed dependence
between pigment content and chromatic appearance.
In the case of red films, it was observed that the
films containing 12 and 15% pigment have the close
values of chromatic appearance, but in the first case
the film has higher value of PH. In the case of green
films, the similar situation appears when the films
contain 8 and 12% pigment. The best chromatic
appearance for blue film samples is obtained for

15% pigment content, because the hiding power of
blue pigment is lower than red or green.

As a general rule, it can assert that these correla-
tions can facilitate to find optimal condition for
obtaining the acrylic colored films, related to desired
characteristics: mechanical and chromatic. Also, these
correlations can limit to minimize the number of
experiments with economical advantages (reagents,
energy and time consumption).

CONCLUSIONS

Photoinitiating system containing organophosphorus
compound p-methoxybenzoyldiphenylphosphine ox-
ide, previously synthesized, and 2,2-dimethoxy-2-
phenylacetophenone was applied successfully to
obtain pigmented acrylic films by UV exposure.

Inorganic pigments white, red, green, and blue at
various size distribution d (d < 5 mm, 5 mm < d < 50
mm and 50 mm < d < 90 mm) and content (5–15%)
were used to obtain acrylic colored films.

The mechanical characteristic (PH) and appearance
(chromatic parameters) were correlated. The best
results for PH were obtained for granulation 50 mm
< d < 90 mm and pigment content 5 and 8%. The
best appearance (smooth glossy films) was obtained
for granulation d < 5 mm and 8–15% pigment content.
In this case, correlations among pigment content, PH,
and chromatic parameters were established.

Figure 11 Brightness of red pigmented films.

Figure 12 Red hue intensity (þa) of red film.

Figure 13 Green hue intensity (�a) of green film.

Figure 14 Blue hue intensity (�b) of blue film.
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