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ABSTRACT: Here, we report a novel method of suppressing oxygen inhibition while simultaneously
performing photopolymerizations with a visible light photoinitiator. A singlet oxygen sensitizer, Zinc
tetrakis(tert-butyl) phthalocyanine (Zn(ttp)), is used to excite oxygen at a rate greatly exceeding the initiation
rate to promote the reaction of ground state oxygen preferentially with Zn(ttp). The inhibition times of such
polymerizations decreased from 280 s for polymerization without Zn(ttp) to 40 s for Zn(ttp)-mediated
polymerizations in air. Thermal polymerization studies shows that the suppression mechanism happens only
when the formulation is exposed to visible light that is absorbed by Zn(ttp). The excited state of Zn(ttp)
resulting from light absorption transfers its energy to oxygen, consequently exciting it to the singlet state.
Because of the presence of deactivating mechanisms, the singlet oxygen decays back to its ground state and a
quasi-steady state is established between the ground state and singlet state oxygen species. Because of the high
rate of light absorption by Zn(ttp) as compared to the photoinitiator, the singlet state oxygen becomes the
predominant oxygen species, thereby resulting in significant suppression of radical scavenging by ground
state oxygen. Experimental results are corroborated with a mathematical model to describe the variation in
inhibition timeswith changingZn(ttp) concentration. The value of the characteristic lifetime of singlet oxygen
calculated from the model is 1 ms, consistent with that which is reported in the literature for several organic
monomers. Finally, optimal initiating conditions are designed to suppress oxygen inhibition while achieving
high conversions in the most challenging condition of a sample equilibrated with a pure oxygen atmosphere.

Introduction

Oxygen inhibition is a commonly encountered issue while per-
forming radical polymerizations. Many applications based on
photopolymerizations namely paints, coatings, adhesives, photo-
lithography, and dental resins are severely affected by oxygen
inhibition.1-4 In particular, surface-initiated polymerizations,
performed with extremely low concentrations of surface-bound
initiator,5-8 are highly susceptible to oxygen inhibition. Without
an inert gas purge such systems are often devoid of any significant
polymerization.

Oxygen limits radical polymerizations by acting as a powerful
radical scavenger, consuming radicals on a one radical to one
oxygenmolecule basis to formperoxy radicals that are practically
incapable of continuing the polymerization, particularly in the
absence of any chain transfer agents such as thiols or amines.9

The final result is the presence of an induction period during
which little polymerization occurs, and the initiating radicals
consume oxygen. If diffusion of oxygen from the atmosphere or
from noninitiating regions of the sample is more rapid than
initiation, the inhibition time becomes effectively infinite and
polymerization never proceeds to any significant extent. Other-
wise, once the oxygen concentration drops to or below on the
order of 10 -6M, the polymerization reaction begins in earnest.10

There have been a number of creative approaches to over-
coming the problems of inhibition resulting from dissolved
oxygen. Use of amines,11,12 thiols,13,14 singlet oxygen scaven-
gers,15-17 organoboranes,18 organosilanes,19 and reactive curing
conditions20 are some of the chemical means that have been

employed to tackle this issue. Physical means comprise degassing
the monomer formulation prior to polymerization or use of an
inert gas purge chamber to performpolymerizations in an oxygen
free environment. In all of these approaches the focus has been
either driving the oxygen out of the system physically, consuming
the oxygen prior to polymerization or scavenging peroxy radicals
and transforming them into a more potent polymerization-
capable radical.

Here, this work presents a scheme through which an alter-
native pathway for oxygen consumption is provided, thereby
circumventing the reaction between oxygen and initiating radi-
cals. This approach is illustrated in Scheme 1 where the com-
petitive reaction pathway involving reaction of oxygen with the
excited state singlet oxygen trapper occurs in parallel with the
reaction of oxygen to form the peroxy radical that inhibits the
polymerization. In the absence of the second parallel pathway,
the rate of oxygen consumption by reaction with initiating
radicals to form peroxy radicals is equivalent to the slowest
reaction (rate-determining step) in the top reaction series, which
is the initiation rate. By providing an alternative pathway for the
reaction of oxygen that is much faster than the initiation rate,
radical scavenging can be made negligible, and photoinitiator
radicals are able todirectly and efficiently initiate polymerization.
It is precisely this technique that is employed in the present work
to performphotopolymerizations in an oxygen rich environment.

Metallo-phthalocyanines (MPc) like zinc and aluminum
phthalocyanines are used commonly in photodynamic tumor
therapybecause of their ability toproduce reactive oxygen species
(ROS) with a high quantum yield upon photoactivation.21-23

Following photon absorption, the MPcs transition to their*Corresponding author.
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excited singlet state, which undergoes intersystem crossing to
form the excited triplet state. Because the transition from the
excited triplet state to the ground state is a spin forbidden process,
the triplet lifetime is sufficient to enable energy transfer to oxygen
resulting in excited singlet oxygen, also called singlet oxygen.24

In contrast to ground state triplet oxygen, which by virtue of its
biradical nature very efficiently reacts with radicals to form
peroxy radicals, singlet oxygen is diamagnetic and not highly
reactive with initiating or propagating radicals. Singlet state
oxygen has a lifetime of about a millisecond in most acrylic
monomers and decays back to its ground state.17 Zn(ttp) has also
been used previously as a photosensitizer of oxygen to increase
the reactivity of oxygen toward reducing species like 9,10-
dimethylanthracene, which acts as a trapper for the singlet
oxygen.17 This technique was successfully used to consume
oxygen prior to polymerization as a means for eliminating any
oxygen inhibition period. The focus of the work here is to show
that suppression of oxygen inhibition can be enabled simply by
direct photosensitization of oxygen. The fundamental mecha-
nism of such a kinetic scheme is also elucidated.

Experimental Section

Materials. Poly(ethylene glycol) diacrylate (PEGDA) (Mn =
575), 1-vinyl-2-pyrrolidinone (VP), N-methyldiethanolamine
(MDEA), zinc 2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine
(Zn(ttp)), zinc 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25 -hexadeca-
fluoro-29H,31H-phthalocyanine (ZnFPc), zinc 1,4,8,11,15,18,22,
25-octabutoxy-29H,31H-phthalocyanine (Zn(oBPc)), Aluminum
phthalocyanine hydroxide (AlPcOH), 4-Hydroxy-2,2,6,6-tet-
ramethylpiperidinyloxy (TEMPO) 2,20-Azobis(2-methylpro-
pionitrile) (AIBN), Riboflavin and Camphorquinone were
obtained from Sigma-Aldrich. PEGDA was purified twice
using columns from Scientific Polymer Products that remove
hydroquinone monomethyl ether (MEHQ). Irgacure-784 was
purchased from CIBA.

Polymerizations. PEGDA was used as the monomer for all
experiments. Small amounts of VP was also used to increase the
mobility of the propagating radical as a result of the smaller size
of VP while MDEA was used as the co-initiator in type II
initiated systems. A Nicolet Magna-IR 760 E.S.P infrared
spectrometer adapted with a horizontal sample holder was
used tomonitor polymerizations in real time tracking the 4465-
4530 cm-1 peak . CdC conversion was calculated by measuring
in situ changes in this peak area. Sample chambers were pre-
pared using binder clips to clamp two glass slides on either side
of a 100-μm thick sheet lining two edges. Where purging was
performed, it was carried out by bubbling argon/oxygen
through the monomer formulation before polymerization and
transferred to the sample chamber quickly to prevent equilibra-
tion with the surroundings. Visible light irradiation of eosin was
achievedwith an in-house internal bandpass filter (350-650 nm)
and an external 480 nm long-pass filter (Edmund optics) posi-
tioned at the end of a light guide and a collimating lens. A similar
light setup was used for irradiation of camphorquinone,
Riboflavin and Irgacure-784, except that the internal filter
was a 400-500 nm bandpass filter (Exfo). Light Intensities were

measured by an International Light radiometer. Thermal poly-
merizations were initiated with AIBN at 60 �C.

Results and Discussion

Bulk Polymerization Studies. Eosin-initiated photopoly-
merizations were performed in laminated bulk samples both
in purged and unpurged formulations both with andwithout
the Zn(ttp). The inhibition times for different scenarios were
compared, and the double bond conversion as a function of
the irradiation time for these various experiments is shown in
Figure 1. It is seen that when dissolved oxygen is present in
themonomer formulations which are not purgedwith argon,
an inhibition time of approximately 280 s is seen in the
sample without any Zn(ttp). However, when Zn(ttp) is
present in the monomer formulation the inhibition time is
significantly decreased to approximately 40 s (Figure 1).
Bulk polymerization with only Zn(ttp) in the monomer
formulation and no eosin (not shown) did not exhibit any
polymerization on these time scales, indicating that Zn(ttp)
and its excited state products do not initiate polymerization
under these conditions. Therefore, the reduction in inhibi-
tion time has other origins. When oxygen was eliminated
through purging and photopolymerizations were initiated in
the presence of Zn(ttp), the resulting conversion profile is
very similar to the conversion profile of Zn(ttp) in the
presence of oxygen. This behavior indicated that Zn(ttp)
acts almost exclusively to suppress oxygen inhibition.

In addition to its beneficial effects on overcoming oxygen
inhibition, it is also observed from the results presented in
Figure 1 that Zn(ttp) affects the continuing polymerization
rate and particularly the maximum conversion.

Comparing the photopolymerization conversion profiles
for samples with and without Zn(ttp) in purged conditions
(Figure 1), it is observed that the initial polymerization rates
are similar but at higher conversion the rate decreases for
the Zn(ttp) formulation, likely due to the participation of
Zn(ttp) in promoting radical termination.

The effects of Zn(ttp) in oxygen rich conditions were
also evaluated and the results are presented in Figure 2where
the conversion profiles are presented for the control and

Figure 1. Conversion profiles for bulk polymerization of Poly(ethylene
glycol) diacrylate (PEGDA) for various conditions:Addition ofZn(ttp)
with (þ) andwithout (Δ) argon purging,NoZn(ttp) addedwith (0) and
without (O) argon purging. The monomer formulation used was 1.8M
PEGDA, 0.23 M MDEA, 35 mM VP 0.87 μM Eosin, 2.9 � 10-4 M
Zn(ttp). Light intensity was 75 mW/cm2 of the wavelength range
480-650 nm.

Scheme 1. Propagating Radicals Consumed in Pathway I by Oxygen
To Form Weakly Initiating Peroxy Radicals.a

aOxygen is consumed in a competitive pathway II via photoexcitation
of a singlet oxygen sensitizer to promote the elimination or reduction of
the inhibition time.
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Zn(ttp)-containing formulations in formulations equili-
brated with oxygen-rich environments. Here, it is observed
that oxygen purging results in complete inhibition of photo-
polymerization without Zn(ttp). This result is significant
because it accentuates the ability of Zn(ttp) to promote
photopolymerization under conditions of excess oxygen
compared to the photoinitiator where polymerization is
otherwise infeasible to any extent.

To understand whether this ability to suppress inhibition
is applicable to other inhibition mechanisms through one of
a variety of possible alternative mechanisms, TEMPO, a
known radical scavenger was added as an inhibitor to the
monomer formulation. Table 1 includes the inhibition times
for photopolymerizations in the presence of TEMPO with
varying Zn(ttp) concentration. Within error, the inhibition
times in samples containing TEMPO (Table 1) are not
different when compared to the significant reduction in
inhibition times seen in formulations performed without
TEMPO, but in the presence of oxygen (Figure 3). This
clearly highlights the specific ability of Zn(ttp) in improving
initiation in oxygen-inhibited photopolymerizations. How-
ever, the mechanism of this behavior is not well understood,
and it is the intention of the following sections to address this
topic.

Role of Photoactivation. Zn(ttp) is a light-absorbing com-
pound, and its absorption characteristics are well-known.
Figure 4 shows the absorption spectra of Zn(ttp) in the
visible range. The incident light spans 480- 650 nm and even
though the peak light absorption of Zn(ttp) does not fall
in this range, the quanta of light absorbed are significant
when incorporating high concentrations of Zn(ttp), as used

in many of the experiments performed. To ascertain the
importance of light, thermally initiated polymerizations
were performed with and without Zn(ttp) for both simulta-
neous irradiation conditions as well as unexposed condi-
tions. Figure 5 shows the polymerization kinetic profiles for
these experiments. It is seen that in the unpurged conditions
Zn(ttp) reduces the inhibition time only when the monomer
formulation is exposed to light. This behavior confirms the
hypothesis that light absorption by Zn(ttp) is necessary for
overcoming the oxygen inhibition, even during thermal
initiation. It can also be concluded that the effect on termi-
nation kinetics is a nonphotoactivated oxygen independent
mechanism as the reduction in the long term polymerization
kinetics and final conversion are observed whether there is
simultaneous irradiation or not.

Behavior with Other Photoinitiators and Analogous Phtha-
locyanines. Eosin-initiated photopolymerizations in the pre-
sence of Zn(ttp) are different from conventional photo-
polymerizations because of the presence of two light absorb-
ing compounds. It is therefore possible that the Zn(ttp) could
be sensitized by eosin to lead to the observed behavior. If
eosin sensitization is the primary mode through which the
Zn(ttp) acts, then photopolymerizations initiated by type I
photoinitiators would not exhibit similar suppression since

Table 1. Inhibition Times for Different Zn(ttp) Concentrations in the
Presence of TEMPO

a

Zn(ttp) concentration (M) inhibition time (s)

0 126( 10
2.9� 10-6 129( 4
2.9� 10-5 135( 4
2.9� 10-4 114( 10

aThe monomer formulation used was: 1.8 M PEGDA, 0.23 M
MDEA, 35mMVP, 2.9 μMEosin, and 130μMTEMPO.Light intensity
was 75mW/cm2 in thewavelength range 480-650nm. Purged for 10min
with argon to remove oxygen.

Figure 3. Effect of varying the concentration of Zn(ttp) on the bulk
polymerization of PEGDA. Plotted is the inhibition time of poly-
merization in minuted (y axis) vs Zn(ttp) added in molar units (x axis).
The monomer formulation used was 1.8 M PEGDA, 0.23 M MDEA,
35 mM VP, 0.87 μM Eosin, and 2.9 � 10-4 M Zn(ttp); light intensity
was 75 mW/cm2 in the wavelength range 480-650 nm.

Figure 4. Absorption spectra of Zn(ttp) (Δ) and Eosin (O) in dimethyl
sulfoxide.

Figure 2. Behavior of Zn(ttp) mediated polymerization of PEGDA
purged with pure oxygen to increase the dissolved concentration. The
conditions are as follows: In the presence of Zn(ttp) with (]) and
without (0) an oxygen purge, No Zn(ttp) present with (Δ) and without
(O) oxygen purge. Themonomer formulation usedwas: 1.8MPEGDA,
0.23MMDEA, 35mMVP, 0.87μMEosin, 2.9� 10-4MZn(ttp),Light
intensity was 75 mW/cm2 in the wavelength range 480-650 nm.
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their excited state generally cleaves rapidly, making the
sensitization event unlikely. As presented in Figure 6, sup-
pression of oxygen inhibition by the Zn(ttp) continues to be
observedwhen the initiator is a type I photoinitiator as it was
with both thermal initiators and with type II photoinitiators.
Also, as shown in Figure 7, Zn(ttp) is effective in suppressing
the inhibition time in the presence of numerous other in-
itiators aswell, including riboflavin and camphorquinone. In
all cases, as the Zn(ttp) concentration increases, the inhibi-
tion time decreases.

It is common knowledge that metallo-phthalocyanines
(MPc) like zinc and aluminum sensitize oxygen as a result
of energy transfer from the triplet state of theMPc to ground
state oxygen. Other MPcs that have unfilled valence shells
are poor oxygen sensitizers as a result of their very short
triplet state. Figure 8 shows the conversion profiles for zinc
phthalocyanines with different ring substituents as well as
aluminum phthalocyanine for the same concentrations of
MPc. It is evident that the inhibition times in each of the
phthalocyanines are significantly affected. In the Zinc-
chelated Pcs, the magnitude of this change is observed to
be in the same order as the total light absorbed by the Pc

species (Table 1). Since varying the porphyrin ring substituents
with the same metal center does not significantly affect the

Figure 5. Thermal polymerization of PEGDA at 60 C with AIBN in unpurged (left) and purged (right) conditions. The conditions in both the
conditions are as follows: NoZn(ttp) present with light exposure (O), in the presence of Zn(ttp) with (0) andwithout (Δ) light exposure. Themonomer
formulation is 1.8 M PEGDA, 0.23 M MDEA, 35 mM VP, 0.85 wt % AIBN, and 5.8 � 10-4 M Zn(ttp); light intensity was 75 mW/cm2 in the
wavelength range 480-650 nm.

Figure 6. Bulk polymerization of PEGDA with (Δ) and without (O) the presence of Zn(ttp). The photoinitiator used is Irgacure-784. The monomer
formulation is 1.8MPEGDA, 35mMVP, 150μMI-784, and2.9� 10-4MZn(ttp),Light intensity is 10mW/cm2 in thewavelength range 400-500 nm.
Absorption spectra for Zn(ttp) (right) in the wavelength range 300-500 nm.

Figure 7. Effect of varying the concentration of Zn(ttp) on the inhibi-
tion time of polymerization of PEGDA for two different photoinitia-
tors: camphorquinone (left) at a concentrationof 700μMand riboflavin
(right) at a concentration of 1.6 μM. The monomer formulation used is
1.8 M PEGDA, 0.23 M MDEA, and 35 mM VP. Light intensity is 50
mW/cm2 in the wavelength range 400-500 nm.
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quantum yield of oxygen,25 it can be concluded that the rate
of oxygen photosensitization by each of the Zinc-substituted
phthalocyanines and hence the inhibition time follows the
same order as th eir absorbances. Specifically the inhibition
times for the Zn(ttp), ZnOBPc, and ZnFPc were found to be
approximately 0.5, 1, and 2.9 min respectively while calcula-
tions indicate that the total number of photons absorbed
under these conditions is approximately 6 times greater
for Zn(ttp) and 3 times greater for ZnOBPc as compared
to the ZnFPc. This latter calculation is based on the integra-
tion of light emission and absorption spectra of these three
compounds in the wavelength range of interest. Uniquely,
AlPcOH exhibits significantly enhanced termination, which
leads to lower final conversions.

Further, when incomplete valence shell metal chelated
phthalocyanines like Cu2þ, Ni2þ, Fe2þ, Mn2þ were used
(not shown), the suppression of oxygen inhibition was
absent. This behavior further validates the idea that sensiti-
zation of oxygen is the primary mechanism behind this
remarkable suppression ability.

Kinetics of Photoactivated Suppression. To understand the
mechanism of this photoactivated suppression, a quantita-
tive study of the relationship between the inhibition time and
the Zn(ttp) concentration was attempted. The simplified
scheme of the proposed mechanism is shown in Scheme 2.
Here, the phthalocyanine species (Pc) reacts with ground
state oxygen upon absorption of light via its triplet state to
form an excited complex (exciplex). This complex can return
to the ground state through deactivating collisions or dis-
sociate into singlet oxygen and ground state Pc. It is known
that metal chelated phthalocyanines of transition metals are

efficient quenchers of singlet oxygen.24,26 Therefore, the
singlet oxygen is either physically quenched by the phthalo-
cyanine species, in this case Zn(ttp), or loses energy to the
surrounding media with a characteristic lifetime (τ = 1/kd).
Overall, this mechanism results in a pseudo steady state
between ground state and singlet state oxygen, and the
position of this pseudo steady state is determined by the
concentration of the phthalocyanine species, the photon
absorption rate and several other factors.

The rate-determining step for sensitization of oxygen by
Zn(ttp) is photon absorption by Zn(ttp), since the oxygen
quenching rate constant (kq

0) is relatively large. The rate of
photosensitization of oxygen by Zn(ttp) is calculated as,

Rso ¼ φ
X
λ

IoðλÞRðλÞC � 103e-RðλÞCt ¼ AC ð1Þ

where Rso is the singlet oxygen photosensitization rate, Io(λ)
is the wavelength-dependent incident light intensity, R(λ) is
the wavelength dependent absorption coefficient, t is the
thickness of sample,C is the concentration of Zn(ttp), andA
is a constant. On the basis of previous work, the value for the
singlet oxygen quantum yield is taken to be 0.4, and the
oxygen quenching constant (φ) by phthalocyanine species
(kq

0) is 109 M-1 s-1.25

The steady state is modeled by equating the generation
rate of singlet oxygen, which is assumed to be the photo-
sensitization rate of the singlet oxygen sensitizer, to the rate
of disappearance of singlet oxygen as represented by the
sum of the rates of singlet oxygen deactivation mechanisms
mentioned earlier. The difference in inhibition time at a
specific Zn(ttp) concentration, from its value at zero Zn(ttp)
concentration provides a measure of the initial singlet oxy-
gen concentration because it does not participate in radical
scavenging. Although the concentration of singlet oxygen
during the inhibition period changes as a result of small
amounts of radical scavenging by oxygen, a single, approx-
imate value is assumed to represent this concentration during
the inhibition period. On the basis of this approach, the final
form of the equations is given as

RiΔt ¼ ½O1
2�

1

Δt
¼ kdRi

A

� �
1

C
þ kqRi

A

ð2Þ

whereΔt is equal to the quantity, tinh(C=0)- tinh(C), [O2
1] is

the singlet oxygen concentration. kd is the singlet oxygen
decay constant, kq is the singlet oxygen deactivation con-
stant, andRi is the photoinitiation rate. According to eq 2, if
the inverse of the change in inhibition time is plotted against
the inverse of the Zn(ttp) concentration, the resulting curve
should be linear. Figure 9 shows that it is indeed the case.
Moreover, the kinetic constants kd and kq are readily calcu-
lated from the slope and intercept. The calculated value of kd
corresponds to an oxygen excited state lifetime of approxi-
mately a millisecond, near that which is reported for oxygen
in most organic liquids and monomers.17

Optimization of Curing Conditions: Dual Wavelength Cur-
ing. In this section we demonstrate the capability of this
technique to achieve high conversions and simultaneously
suppress oxygen inhibition in highly inhibited environments.
The primary effort was focused on making the undesirable
termination reaction insignificant by altering the ratio of Zn(ttp)
to propagating radicals. As a result, Zn(ttp) renders only a small
fraction of the radicals inactive and most radicals continue to
propagate, uninhibited by Zn(ttp). This outcome is enabled by

Figure 8. Conversion profiles for polymerization of PEGDA in the
presence of different phthalocyanines: Zn(ttp) (]), Zn(oBPc) (þ),
ZnFPc(0), AlPcOH (O) and without phthalocyanine (Δ). The mono-
mer formulation used was 1.8M PEGDA, 0.23MMDEA, 35 mMVP,
0.87μMEosin. 2.9� 10-4MPc.Light intensity usedwas 75mW/cm2of
480-650 nm light.

Scheme 2. Simplified Photoactivated Suppression of
Oxygen Inhibition

a

a Rpc is the rate of light absorption by the phthalocyanine andRi is the
rate of photoinitiation. kd (=1/τ) is the decay constant of singlet oxygen,
kq is the quenching constant of singlet oxygen by the phthalocyanine,
and kq

0 is the quenching constant of excited phthalocyanine by oxygen.
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increasing the photoinitiator (Eosin) concentration and selecting
wavelengths that promote effective singlet oxygen generation.
Two independent light sources spanning 400-500 and 600-
650 nm were chosen. The photoinitiator, eosin, has a negligible
absorption in the 600-650 nm rangewhereas Zn(ttp) absorbs in
both ranges, thereby providing an opportunity for nearly in-
dependent control of theoxygenphotosensitization rates and the
photoinitiation rate.

Figure 10 shows the conversion profiles of oxygen satu-
ratedmonomer formulations for various scenarios. It is clear
that when Zn(ttp) is absent, the conversion profile is char-
acterized by an extended inhibition time followed by poly-
merization to complete conversion. The conversion profiles
for Zn(ttp)-mediated polymerizations show significantly
lower inhibition times while also enabling conversions of
higher than 90%, even before the inhibition period in the
conventional polymerization is complete! The difference

between dual and single wavelength curing is obvious in
the degree of reduction in inhibition time.

Conclusions

The ability of Zn(ttp) to reduce or eliminate oxygen inhibition
in radical-mediated polymerizations has been shown. Moreover,
the suppression happens simultaneously with polymerization. In
particular, this ability was demonstrated to bemost significant in
highly inhibited environments where the oxygen concentration
exceeds the photoinitiator concentration, a condition under which
polymerization without Zn(ttp) is practically impossible. This
approach facilitates the use of low initiator concentrations, even
in oxygen richmedia. Furthermore, themechanismof this suppres-
sion has been shown to occur by photosensitization of oxygen by
Zn(ttp). Therefore, with high rates of oxygen photosensitization,
radical scavenging by oxygen and the associated polymerization
inhibition are suppressed. Zn(ttp) also participates in increasing the
termination kinetics via a nonphotoactivated mechanism and as a
result decreases the overall conversion significantly under some
conditions. This result was overcome by appropriately designing
curing conditions that relatively reduce the termination reaction
while still promoting singlet oxygen generation.
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