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ABSTRACT

Photocurable resins, bisphenol A propoxylate glycerolate diacrylate (BPA-PGDA, containing two
hydroxyl) and bisphenol A propoxylate diacrylate (BPA-PDA), with fixed photoinitiator (Irgacure 907)
concentration and various contents of methacrylisobutyl polyhedral oligomeric silsesquioxane (MI-POSS)
were prepared and characterized by FTIR spectroscopy, scanning electron microscope and differential
photocalorimetry. The MI-POSS molecules form crystals or aggregated particles in the cured resin matrix.
The BPA-PGDA series photocurable resins show higher viscosity and lower photo-polymerization reactiv-
ity than the BPA-PDA series resins. The photo-polymerization rate and conversion of BPA-PGDA series are
improved with increasing MI-POSS content. On the contrary, the photo-polymerization behavior of BPA-
PDA series photocurable resins remains nearly unchanged by the addition of MI-POSS. Hydrogen-bonding
interaction between the hydroxyl of BPA-PGDA and the siloxane of MI-POSS tends to attract and concen-
trate these acrylate double bonds around MI-POSS particles and thus enhances the photo-polymerization

rate and conversion.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Photocurable resins have been utilized since 1960s, and
are extensively applied in coatings, adhesives, inks, electronics,
optics, microfabrications, and biomedical materials [1-8]. Reactive
(meth)acrylate monomers and free radical type photo-initiators
are the main components of general photocurable resins. For pro-
cessing efficiency, several approaches have been used to raise
curing rate, such as adding photosensitizer or using highly reac-
tive monomers. The mechanistic theories to account for the
enhanced reactivity of (meth)acrylate monomers have also been
widely discussed such as hydrogen abstraction [9], hydrogen bond-
ing [10-13], dipole moment [14], and ionic contribution [15].
Hydrogen abstraction has the profound influence on the photo-
polymerization rate via the substitution at the o carbon. Hydrogen
bonding is able to promote double bond pre-aligned to increase
radical propagation rate. Dipole moment increases monomer reac-
tivity by influencing the termination rate constant and partial ionic
contribution enhances the reactivity of propagation active center.

Polyhedral oligomeric silsesquioxanes (POSSs) contain inner
inorganic cage made up of silicone and oxygen where outer sur-
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face is substituted by organic groups. The POSS organic-inorganic
hybrid nanocomposites can be easily achieved by being copolymer-
ized with various monomers or blended with other common poly-
mers. Polymers incorporating POSS generally possess improved
thermal stability [16], dimensional stability [17], high glass tran-
sition temperature [18] and low dielectric constant [19,20] that
have attracted considerable interest in several applications. Sev-
eral POSS-based photocurable resins have also been studied, such
as epoxy [21], cinnamate [22], methacrylate [23], coumarin [24],
and thiol-ene [25] functionalized POSS systems. In our previous
study [26-29], we have observed the existence of hydrogen bond-
ing interaction between the siloxane of the POSS moiety and
the hydroxyl groups. Accordingly, we developed POSS-containing
negative-type photoresist materials for UV-lithography and indi-
cated that even small amount of POSS is able to substantially
enhance the photo-polymerization [30a]. However, the composi-
tion of negative-type photoresist is too complicated to investigate
the relationship between the molecular structure and photo-
polymerization.

In this study, we prepare two series of photocurable resins,
bisphenol A propoxylate glycerolate diacrylate series and bisphenol
A propoxylate diacrylate series, containing various POSS contents
but fixed photo-initiator concentration [30b]. The investigation
of hydrogen bond interaction was carried out by Fourier trans-
form infrared spectroscopy (FT-IR). The morphology of the cured
resin was observed using scanning electron microscope (SEM).


dx.doi.org/10.1016/j.matchemphys.2011.09.061
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:LillianHMLin@itri.org.tw
dx.doi.org/10.1016/j.matchemphys.2011.09.061

394 H.-M. Lin et al. / Materials Chemistry and Physics 131 (2011) 393-399

The exotherm and conversion for the photo-polymerization of
photocurable resins were studied by photo-differential scanning
calorimetry (photo-DSC).

2. Experimental
2.1. Chemicals

Bisphenol A propoxylate diacrylate (BPA-PDA, Aldrich), bisphe-
nol A propoxylate glycerolate diacrylate (BPA-PGDA, Aldrich),
methacrylisobutyl polyhedral oligomeric silsesquioxane (MI-
POSS, Hybrid Plastics), 2-methyl-1-[4-(methylthio) phenyl]-2-(4-
morpholinyl)-1-propanone (Irgacure 907, Ciba), tetrahydrofuran
(THF, TEDIA), and hydroquinone monomethyl ether (HQME, TCI)
were used as received.

2.2. Characterizations

MI-POSS/BPA-PDA and MI-POSS/BPA-PGDA blends were dis-
solved in THF, coated on potassium bromide plate, heated at 800 °C
for 30 min to remove the THF, and then the corresponding IR spectra
were recorded on a Bio-Rad FTS 3000 FT-IR Spectrometer.

Two series of photocurable resins, BPA-PDA/MI-POSS/Irgacure
907 and BPA-PGDA/MI-POSS/Irgacure 907, were prepared with
weight ratios (100-X)/X/10 (where X=0, 5, 10, 20, 30, and
40, respectively) by dissolving in a proper amount of THF.
Approximately 2 mg of photocurable resin was placed in the alu-
minum DSC pan after removing THF at 80°C for 30 min. The
photo-polymerization exotherm was detected by a photo-DSC
[Perkin-Elmer DSC 7 with Perkin-Elmer DPA 7 Photocalorimeter, a
100 W mercury lamp (wavelength from 250 to 600 nm) was used]
under a nitrogen flow at 30°C. Morphologies of the cross sections
of cured resin films were observed by a Hitachi S-4200 scanning
electron microscope.

3. Results and discussion

The chemical structures of monomers are illustrated in
Scheme 1. BPA-PDA and BPA-PGDA are structurally similar, both
monomers contain bisphenol A in the molecular center and two
acryloyl group ends. However, the BPA-PGDA has two hydroxyl
groups while BPA-PDA contains no hydroxyl groups. MI-POSS has
a methacrylate group attached on the POSS cage as illustrated in
Scheme 1.

Basic properties of these three monomers are listed in Table 1.
The BPA-PGDA possesses significantly higher viscosity (59,900 cP)
than the BPA-PDA (2100cP) due to the presence of hydrogen
bonding interaction even their molecular weight and chemical
structure are fairly comparable. In addition, the inhibitor con-
tent employed in BPA-PGDA (1000 ppm) is higher than BPA-PDA
(300 ppm). Cook indicated that the curing behaviors of monomers
are nearly identical whether the monomer is purified or not
[31]. Thus, all monomers employed in this study were directly
used without further purification. The MI-POSS exhibits signifi-
cantly lower theoretical heat of polymerization (58.1Jg~!) than
BPA-PDA (303.1Jg!) and BPA-PGDA (287.0Jg~!) due to the
relatively higher molecular weight with only one methacryloyl
group.

Fig. 1 displays the FT-IR spectra in the 1250-1000cm~! region
for various compositions of MI-POSS/BPA-PDA and MI-POSS/BPA-
PGDA blends. The absorption at 1107 cm~! is assigned to the free
Si-0-Si stretch vibration of MI-POSS/diacrylate blends [27]. In both
Fig. 1(a) and (b), the intensity of Si-O-Si absorption peak dramati-
cally decreases with the increase in the diacrylate concentration.
Furthermore, a shoulder centered at 1070cm~! occurred in the
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Scheme 1. Chemical structures of monomers.

spectrum of MI-POSS/BPA-PGDA blend (Fig. 1(b) and (c)), indi-
cating the presence of the hydrogen bonding interaction between
MI-POSS siloxane and BPA-PGDA hydroxyl [27].

Fig. 2 shows the FT-IR spectra in the 1780-1660cm~! region
for various compositions of these MI-POSS/BPA-PDA and MI-
POSS/BPA-PGDA blends. Pure MI-POSS possesses a weak absorption
peak at 1724 cm~! corresponding to the C=O0 stretch vibration. This
absorption peak intensity progressively increases with the increase
of the diacrylate content. As compared with MI-POSS/BPA-PDA
blends, the C=0 absorption peak of MI-POSS/BPA-PGDA blends is
wider and shifts toward lower wavenumber. These results reveal
that the hydrogen bonding interaction is formed between MI-POSS
carbonyl and BPA-PGDA hydroxyl.

Fig. 3 shows SEM micrographs of cured BPA-PDA series and
BPA-PGDA series resins with MI-POSS contents of X=5 and X=40
(SEM micrographs of samples with X=10, 20, and 30 are shown
in Supporting information). The cured resin does not contain MI-
POSS showing smooth sections. Single or/and aggregated particles
are dispersed in the cured resins containing MI-POSS. The size of the
aggregated particles increases with increasing MI-POSS content.
The size of the aggregated particles of the cured BPA-PDA series
resins is larger than that of the cured BPA-PGDA series resins. The
methacryloyl group of MI-POSS is able to react with BPA-PDA or
PBA-PGDA and the organic-inorganic compatibility is improved by
the i-butyl substitutents of MI-POSS. In this organic-inorganic pho-
tocurable resin, MI-POSS molecules tend to form their own single
or aggregated particle domains [32].

Fig. 4 depicts photo-DSC exothermal curves and plots of C=C
bond conversion versus time for the photo-polymerization of these
POSS free photocurable resins. DSC heat flux is directly related
to the rate and extent of photo-polymerization [12]. The reaction
heat, AH, is derived from integrating the exothermal curve. The
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Fig. 1. FT-IR spectra in the 1250-1000 cm~! region for various compositions of (a) MI-POSS/BPA-PDA blends, (b) MI-POSS/BPA-PGDA blends, and (c) MI-POSS/BPA-PDA 20/80
and MI-POSS/BPA-PGDA 20/80 blends.

AH divided by theoretical reaction heat, AHpeor, gives C=C bond

reaction conversion.

C=Cbond reaction conversion (%) =

AH
AH theor

(1)

According to these photo-DSC results, the BPA-PDA photocur-
able resin exhibits faster photo-polymerization, larger exothermal
heat, and higher conversion than the BPA-PGDA photocurable
resin. These properties, including chemical structure, the pres-
ence of hydrogen bonding interaction, and viscosity of monomer
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Fig. 2. FT-IR spectra in the 1780-1660cm~" region for various compositions of (a) MI-POSS/BPA-PDA and (b) MI-POSS/BPA-PGDA blends.
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Fig. 3. SEM micrographs of (a) BPA-PDA/MI-POSS/Irgacure 907 = 95/5/10, (b) BPA-PDGA/MI-POSS/Irgacure 907 = 95/5/10 (c) BPA-PDA/MI-POSS/Irgacure 907 = 60/40/10, and
(d) BPA-PGDA/MI-POSS/Irgacure 907 = 60/40/10.
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Table 1
Properties of monomers studied.

397

Monomer Molecular weight (g mol-') Inhibitor? content (ppm) Viscosity (cP) np20d Theoretical heat of polymerization® (Jg=')
BPA-PDA 568.71 300 2100P 1.521 303.1
BPA-PGDA 600.70 1000 59,900¢ 1.476 287.0
MI-POSS 943.64 - White powder - 58.1

2 Hydroquinone monomethyl ether.
b Observed with Brookfield DV-II + Pro viscometer, spindle No. 63, 20 rpm at 25 °C.
¢ Observed with Brookfield DV-II + Pro viscometer, spindle No. 64, 2 rpm at 25°C.
d Refractive index for the sodium D line (589.3 nm) at 20°C.
¢ Heat of polymerization for methacrylates =54.8 kJ mol-! (13.1 kcal mol-1).

Heat of polymerization for acrylates = 86.2 k] mol~' (20.6 kcal mol~') [12].

dramatically influence the photo-polymerization and conversion
[33]. The presence of hydrogen bonding interaction between
BPA-PGDA monomers results in relatively higher viscosity, lower
photo-polymerization rate, and lower conversion. Though hydro-
gen bonding is able to accelerate photo-polymerization rate of
small monomer with monofunctional group [10-13]. In this study,
we obtained different results because the BPA-PGDA molecular
structure is larger and contains two acryloyl groups to form hydro-
gen bonding and thus retards its mobility.

Fig. 5 illustrates the exothermal curves of photo-
polymerizations for these two series of MI-POSS containing
photocurable resins. For these MI-POSS/BPA-PDA photocurable
resins, the peak height of heat flux decreases with increasing
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Fig. 4. (a) Photo-DSC exothermal curves and (b) C=C bond conversion versus time
curves for the photo-polymerization of POSS free photocurable resins.

MI-POSS content due to dilution effect and results in C=C double
bond concentration decrease. For MI-POSS/BPA-PGDA series
photocurable resins, the peak height of heat flux increases and
then decreases (X>20) as the MI-POSS content is increased.
Conversion-time curves for the photo-polymerization of these
photocurable resins based on Eq. (1) are shown in Fig. 6. The
initial conversions of MI-POSS/BPA-PGDA series photocurable
resins are obviously raised by adding MI-POSS while the MI-
POSS/BPA-PDA photocurable resins remain nearly unchanged. It
is reasonable to interpret that increase in photo-polymerization
rate and conversion of these MI-POSS/BPA-PGDA photocurable
resins are come from the hydroxyl-siloxane hydrogen bonding
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Fig. 5. Photo-DSC exothermal curves for the photo-polymerization of photocur-
able resins [(a) BPA-PDA/MI-POSS/Irgacure 907 or (b) BPA-PGDA/MI-POSS/Irgacure
907 =(100 — X)/X/10 (weight ratio)].
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interaction between the POSS siloxane and hydroxyl group in local concentration of these acrylate double bonds around POSS
the double bond side chain of the BPA-PGDA monomer. The particles and thus enhances the rate of photo-polymerization.
hydrogen bonding interaction tends to dense these acrylate double The proposed schematic microstructure via hydrogen bonding
bonds near the vicinity of POSS particles and results in higher interaction between POSS particles and hydroxyl groups resulting
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POSS particles is shown in Scheme 2. POSS molecules tend to
aggregate and form particles [34-37]. We also suspect that the
photo-polymerization can be more efficient by using small parti-
cles through scattering light. However, the photo-polymerization
rate of BPA-PDA series photocurable resins is not increased by the
increase in the MI-POSS content. The light scattering assumption
is not tenable.

For further confirming the effect of the inhibitor on photo-
polymerization, more amount of inhibitor was added to the
photocurable resin. Fig. 7 shows the photo-DSC exothermal curves
and conversion-time curves for the photo-polymerization of MI-
POSS/BPA-PDA (X=10) and MI-POSS/BPA-PDA resins (X=10) with
900 ppm HQME as inhibitor. Essentially no difference was observed
between these two resins, implying that the presence of several
hundred ppm (general adding amount) variation of inhibitor does
not alter the photo-polymerization rate and conversion.

4. Conclusions

This study investigated the rate and conversion of photo-
polymerizations of two series of photocurable resins comprising
acrylate monomer, BPA-PDA or BPA-PGDA, MI-POSS macromer,
and photoinitiator. Hydrogen bonding interaction within BPA-
PGDA monomer causes higher viscosity dramatically, and thus
limits its molecular chain motion and reduces its photo-
polymerization rate. Photo-polymerization rate and conversion of
MI-POSS/BPA-PGDA photocurable resins are increased by the addi-
tion of MI-POSS because the siloxane of MI-POSS tends to attract
the hydroxyl of BPA-PGDA by hydrogen bonding interaction and
thus concentrates acrylate double bonds around MI-POSS moieties
to enhance the photo-polymerization rate and conversion. Similar
phenomenon does not occur for these MI-POSS/BPA-PDA photocur-
able resins due to absence of hydroxyl group.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.matchemphys.2011.09.061.
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