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I. INTRODUCTION

The continued growth of UV curing as an industrial process is a driving force for the
development of new photoinitiators with improved photosensitivity and curing speed. An
example of this has been the development of N-substituted maleimides as photoinitiators for
the free-radical polymerizations of acrylate, vinyl ether and styryloxy monomers (1-5). The
high initiation efficiency of benzophenone-sensitized maleimides in the presence of a hydrogen
donor in the photopolymerization of acrylates has revealed the promising future of a new series
of maleimde photoinitiators as replacements for commercial photoinitiators currently on the
UV curing market (6,7). Our recent investigation into the role of various sensitizers for
maleimides (both aliphatic and aromatic) has led to the discovery of a high efficiency initiator
system, which consists of a malemide as the initiating species, a benzophenone derivative
sensitizer and an amine coinitiator. An exceptionally high efficiency has been found for the
initiation of the photopolymerization of 1,6-hexanedioldiacrylate using this initiating system.
This paper reports some of our recent Photo-DSC and Real-time FTIR studies of the
sensitization of photopolymerization processes, Investigations of the initiation mechanism
using instrumental analyses including Laser flash photolysis, ESR and Phosphorescence are
also summarised.

II. EXPERIMENTAL

Chemicals

1,6-hexanediol dimethacrylate (HDDA), technical grade from Aldrich, was used
without further purification as the monomer in the UV-curing process. l,l'-(methylenedi-4,l-
phenylene)-bismaleimide (M-BMI) was purchased from Aldrich and purified using a column
chromatography method followed by precipitation. Sublimation proved to be an effective
means for the purification of N-phenylmaleimide (PMI) and N-methylmaleimide (MMI). The
sensitizers including benzophenone (BP) and a benzophenone derivative (BPD) were used as
received. A commercial, cleavage type photoinitiator, 2,2-dimethoxy-2-phenyl acetophenone
(DMPA), supplied by Ciba Geigy Specialty Chemicals Co., USA, Irgacure 651®, was used for
comparison purposes. N-methyldiethanolamine (MDEA, 99%, Aldrich) was used as an
additive, and diphenylmethane (DPM, 99%, Aldrich) was used as a model compound.

367



Instruments

A Perkin Elmer DSC7 with modification which allows UV light penetration from a
450W medium-pressure Hg lamp was used to detect the isothermal heat flow changes in the
photopolymerization of HDD A at 25°C. A Bruker IFS-88 FTIR with a Hamamatsu L5662 US
lamp as the light source and an MCT detector operating under liquid nitrogen temperature was
utilized to monitor the in-situ photopolymerization. Phosphorescence spectra of the sensitizers
in a mixed solvent of ethanol and dichloromethane were collected at 77K using an Edinburgh
FS900CDT T-Geometry Fluorometer which was equipped with a 450W steady state Xenon
lamp as the radiation source. The laser flash photolysis unit, composed of a nanosecond
Continuum Surelite Nd-YAG laser as the pulsed excitation source and a xenon lamp (Applied
Photophysics) as the probe beam, was employed in the investigation of the excited state of the
sensitizer and maleimide systems. Electron spin resonance spectroscopy (ESR) experiments
were performed with a Bruker ER200D spectrometer operating in the X-band with an Oriel
1000W Xenon lamp system as the UV radiation source.

III. RESULTS AND DISCUSSION

Photo-DSC investigation of polymerization

It has been reported that BP-sensitized aliphatic maleimide demonstrated a high
efficiency for the initiation of HDD A photopolymerization in the presence of amine (1).
However, aromatic maleimides were believed to be relatively inefficient in this initiation
process. Nevertheless, in our recent
investigation of the role of both aliphatic and
aromatic maleimides (including bismaleimides)
in the photoinitiation of HDD A, we found that
the presence of a small amount of aromatic
maleimide in the company of a suitable
sensitizer could significantly enhance the
initiation efficiency. Because these
photopolymerizations are associated with
evolution of heat, Photo-DSC provides a
convenient and informative tool for the study
of the HDD A photopolymerization initiated by
the sensitized maleimde systems, where the
DSC heat flow reflects the
photopolymerization rate, and furthermore, the
initiation behaviour. Figure 1 gives the DSC
thermograms for HDDA photopolymerization
initiated by the BP-sensitized M-BMI in the

presence of MDEA as a coinitiator. The addition of M-BMI in a low percentage (within 0.1
mol%) brought about a significantly enhanced photopolymerization rate. With regard to the
mechanism of the initiation, it is believed that BP sensitizes M-BMI to form the excited triplet
state upon the absorption of UV-radiation, followed by a rapid hydrogen abstraction from
MDEA, resulting in the generation of free radicals and a fast initiation of HDDA
polymerization. A further increase in M-BMI concentration above 0.1% was found to suppress
the initiation efficiency.
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Figure 1. DSC traces for HDDA photopolymerization
(M-BMI, 1 mol%BP, 1 mol%MDEA;

light intensity: 33.7mW/cm2; N2; 25°C)
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Figure 2. DSC traces for HDDA photopolymerization
(0.1 mol%M-BMI, 1.0 mol%MDEA, sensitzers;
light intensity at 365nm. 1.7mW2/cm; N2; 25°C)

50

40 •

ro
01

10 -

o.o 0.4

Time (second)

0.6

--Irgacure 651°
a. 0.00% MMI
b. 0.05% MMI
c. 0.10% MMI
d. 0.20% MMI
e. 0.30% MMI
f. 0.40% MMI
g. 0.50% MMI
h. 1.00% MMI
i. 2.00% MMI

0.8

Figure 3. DSC traces of HDDA photopolymerization
(MMI, 1.00 mol% BP, 1.00 mol% MDEA;
light intensity: 3.4 mW/cm2; N2; 25 °C)

We have also examined a series of benzophenone derivatives as sensitizers in the
photoinitiation process and discovered that BPD showed very high sensitization efficiency. A
comparison of BPD and BP sensitization efficiencies with 0.1% M-BMI in the initiation of
HDDA photopolymerization is shown in Figure 2, together with the traditional photoinitiator,
Irgacure 651®, as a reference. In order to ensure that the same number of photons is absorbed
by different systems, a 365nm band-pass filter was used. At this wavelength, the UV radiation
source has an emission line, and the amounts of BPD, BP and Irgacure 651® in the HDDA
systems were adjusted according to their molar absorptivities at 365nm. Compared with BP,
the BPD system exhibited a much higher sensitization effect on the M-BMI, and its
polymerization rate even exceeded that for Irgacure 651®. This implied a higher quantum yield
in the photoinitiation process than Irgacure 651® and BP/M-BMI, indicating the great potential
of the BPD system as an advanced photoinitiator. To further investigate the sensitization effect
for other maleimides, BPD was applied on MMI system in combination with MDEA (Figure3).
A similar conclusion to that found for the M-BMI system was drawn, with 0.05-0.10% MMI
being the most efficient initiation formulation. Again Irgacure 651® demonstrated a reduced
efficiency in HDDA photoinitiation compared with the BPD sensitized system. The greater
molar absorptivity of BPD over a broad range of wavelengths and the higher quantum yield in
the process of maleimide sensitization are among the main factors which account for the
improvement in the initiation efficiency of this sensitizer.

Real-Time FTIR investigation of photopolymerization

Real-time FTIR was utilized to investigate the in-situ photopolymerization of the above
systems. The conversion of HDDA monomer was calculated by monitoring the absorption
bands of the unsaturated acrylate carbon-carbon double bond at 813cm"1. HDDA conversion
profiles with different initiating systems are compared in Figure 4. The high initiation rate of
the BPD-maleimide system was confirmed. Furthermore, an increase in the cure conversion
was also observed which indicated an increased crosslink density in the cured coating. Herein
the promising photo response characteristics of this initiator system were clearly verified again.
A higher population of triplet maleimide species in the BPD system would be associated with
an increase in the cure conversion.
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Figure 4. In-situ conversion profiles of HDDA
photopolymerization by real-time FTIR
(Light intensity: 2.3 mW/cm2; 25°C)
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Figure 5. Phosphorescence spectra of BP and BPD
(Dichloromethane/ethanol glass at 77K)

Phosphorescence investigation of triplet state sensitizers

Being a luminescence from a forbidden transition from triplet species of most organic
molecules with singlet ground states, phosphorescence provides information about the triplet
state of an excited species, including the triplet energy level, the triplet state population and the
efficiency of the intersystem crossing process. The phosphorescence spectra of BP and BPD at
liquid nitrogen temperature are shown in Figure 5. Upon excitation at 340 nm, BPD emits
phosphorescence in a much higher intensity than BP. This suggests not only a high efficiency in
the excitation and intersystem crossing, but also a favourable competition with existing
deactivation paths such as intermolecular and intramolecular energy-loss processes, collisional
quenching of triplet molecules and intersystem crossing from the triplet to ground state. Due to
the high triplet population observed for BPD phosphorescence, a high quantum yield close to
unity must be associated with the intersystem crossing process, since BP reportedly has a
quantum yield of approximately unity with a triplet electron configuration of %-%* (8). BPD
displays two emission peaks, one at 470 nm and the other at 501 nm, with the lower
wavelength corresponding to a triplet state energy of 61 kcal/mol. On the other hand, BP
displays four peak emissions, at 410, 440, 473 and 512 nm, with a triplet energy of
approximately 69 kcal/mol, which agrees with the reported data (8).

Laser Flash Photolysis studies of quenching process

The high photon flux of a Laser enables
the successful application of Flash Photolysis to
produce high transient concentrations of triplet
species, which allows kinetic studies of their
build-up and decay process. The excited state of
the sensitizers and the quenching process with
maleimide quenchers were investigated by time-
resolved laser flash photolysis, utilizing absorption
spectroscopy to monitor the species formed.
Figure 6 shows the transient absorption spectra of
excited BPD as a function of time, where a broad
absorption was found with a peak maximum at
-460 nm, which decayed exponentially with a
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Figure 6. Transient spectra of 5x10 M BPD in CH2CI2
(excited at 355nm, 25°C, nitrogen purged)
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Figure 7. Quenching of triplet state BPD by M-BMI
(Dichloromethane solution; 355 nm excitation;
absorption analysis at 460 nm; N2; 25°C )
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Figure 8. Stern-Volmer plot for M-BMI quenching of
BPD and BP triplet transients (excitation at 355nm;

analysis at 520nm(BP) & 460nm(BPD); CH2CI2; 25°C)

lifetime of 1.6 u.s. The broad transient spectrum of BPD is distinguished from the narrower BP
spectrum, suggesting a high population of triplet state molecules upon excitation. To further
investigate the energy transfer process of BPD in the presence of maleimides, ie, its
sensitization effect upon malemides, a series of quenching experiments were performed on
solutions of BPD with maleimides of various concentrations as the quencher. An example of
the quenching process of BPD with M-BMI is given in Figure 7, where the addition of M-BMI
resulted in a substantial quenching of the BPD transient and a concomitant reduction in its
triplet lifetime. A Stern-Volmer plot (Figure 8) of reciprocal lifetime (X/TO) against M-BMI
concentration provided an estimate of the quenching rate constant. The rate constants for M-
BMI quenching BPD and BP were found to be 4.3xlO9 and 1.6xlO9, respectively. The large
magnitude of both quenching rate constants indicated an efficient transfer of the energy from
the sensitizers to the M-BMI molecules, resulting in a high population of M-BMI triplet state
molecules through an effective intersystem crossing. A subsequent process of hydrogen
abstraction from MDEA effected the generation of radicals capable of initiating
polymerization. Herein, the greater quenching rate constant of BPD proved its higher
sensitization efficiency for initiation of polymerization in the presence of maleimides. The laser
flash results agreed with the conclusions drawn from the photo-DSC and real time FTIR
results, and elucidated the photochemical reaction mechanism associated with sensitized
maleimides as high efficiency photoinitiators.

ESR investigation of radicals

As a valuable tool in probing into
radicals, in-situ ESR was employed in the
investigation of the radicals generated from
sensitized M-BMI by absorption of UV
irradiation. In-situ ESR spectra were collected
on a M-BMI/BPD/MDEA dichloromethane
glass at a temperature of 140K. The three-line
ESR spectrum (Figure 9) confirmed the
existence of triplet radicals. It was found by
simulation that the spectrum was a combination
of contributions from M-BMI propagating
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Figure 9. ESR spectrum of 0.025M M-BMI/BPD/MDEA
radicals on UV photolysis for 1.7 hours at 140K

(M-BMI:BPD:MDEA=10:1:1; CH2CI2 glass; X >250 nm)
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radicals and diphenylmethene radicals which are formed by hydrogen abstraction. A radical
concentration ratio of 1:3 (propagating radical/hydrogen abstraction radical) was estimated
from the simulation, using a simulation linewidth (AHPP) of 1.32mT (hps=0.95 & 0.39 mT)
and 1.20mT (hps=2.6 & 2.3 mT) for the propagating radical and diphenylmethene radical
respectively.

IV CONCLUSION

A novel maleimide photoinitiator system using a benzophenone derivative as the
sensitizer in the presence of an amine (MDEA) has been discovered. Photo-DSC and real-time
FTIR investigations proved a high initiation efficiency for the photopolymerization of a
diacylate, HDDA, with the initiation rate exceeding that for the commercial photoinitiator,
Irgacure 651®, indicated the promising future of this system as an advanced photoinitiator. The
sensitization process involved has been shown to be an efficient energy transfer process from
the triplet state sensitizer to the maleimide followed by a rapid hydrogen abstraction from
MDEA. The high UV absorptivity of the sensitizer and the high maleimide quenching rate have
been credited in leading to the high quantum yield for the photo-initiation, and thus to an
enhanced photopolymerization rate.
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