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ABSTRACT: Monovinyl methacrylic and acrylic monomers that exhibit enhanced photopolymerization
reactivities were studied to discern a possible secondary polymerization mechanism that involves an
anionic contribution to the polymerization. To test for this possible anionic contribution, a strong acid,
methanesulfonic acid, was added in small quantities to each of the (meth)acrylic monomers, and the
steady-state photopolymerization rate was monitored. Initial control studies with conventional free-radical
polymerizing monomers showed that the polymerization rate of these conventional (meth)acrylic monomers
are not affected by small amounts of acid. Acid studies of secondary functionalized (meth)acrylate
monomers, which typically exhibit rapid polymerization kinetics, demonstrated that the polymerization
rate is decreased in these monomers by the addition of the strong acid. More specifically, the acid addition
had a greater inhibitory effect on the monomers with faster bulk polymerization rates. The acid addition
had a much more profound effect on the polymerization rate of the acrylate monomers compared to
analogous methacrylate monomers. More specifically, addition of 250 ppm of the strong acid to the phenyl
carbamate acrylate monomer showed that both the steady-state and unsteady-state polymerization profiles
were similar to that of a traditional free-radical acrylate monomer. All experiments indicate that an
anionic contribution to the polymerization is probable and has a profound impact on the polymerization

rate.

Introduction

The photopolymerization process is widely used in
today’s industrial market to convert liquid monomer
rapidly to solid polymer for a variety of applications that
include inks, coatings, adhesives, stereolithography,!—3
dental restoratives,* ¢ and contact lenses.”® The pho-
topolymerization curing mode is widely utilized for
numerous reasons, which include solvent-free polymer-
izations, energy efficiency, and spatial and temporal
control of the polymerization process. However, there
are several limitations to the photopolymerization pro-
cess that restrict the industrial viability of these ma-
terials. These limitations include residual unstatura-
tion,219 oxygen inhibition,!1714 limited polymerization
speed, and polymer properties.!® These polymer proper-
ties include such aspects as polymer hardness, flex-
ibility, and modulus, as each is influenced by monomer
chemistry and functionality.

A typical method to increase the polymerization rate
of acrylic systems is to utilize monomers with more than
one vinyl group. By increasing the monomer functional-
ity, diffusional limitations are encountered earlier in the
polymerization, and thus, termination is more re-
stricted. The reduction in termination leads to more
profound autoacceleration and increased polymerization
rates.!® Additionally, in this case, cross-linked materials
are formed, which leads to increased modulus and
hardness. Unfortunately, increasing the cross-linking
density typically leads to brittleness and residual un-
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saturation,!” allowing for polymer property variations
with age and possible biocompatibility issues. These
tradeoffs between polymerization rate, polymer proper-
ties, and residual unsaturation are a key constituent
in the development and selection of monomers for use
in polymerization applications. There has been a long-
standing desire to counteract these limitations and
develop monomers that polymerize to a higher extent
of reaction with greater polymerization rates.

Decker et al. formulated a novel class of monoacrylate
monomers that react extremely rapidly despite having
only one vinyl group and still form cross-linked, in-
soluble polymer early in the polymerization.318—22 These
polymers are characterized by a unique combination of
excellent hardness and flexibility in the same material.
These novel acrylates include secondary functionalities
such as carbonate, cyclic carbonate, carbamate, and
oxazolidone moieties,'81? and the polymerization rate
was most rapid for a monoacrylate containing both cyclic
carbonate and linear carbonate secondary functional-
ities.!8 Additional monoacrylate monomers that exhibit
similar enhanced polymerization characteristics were
developed and analyzed in our laboratory?3~25 as well
as others.?6728 The exact mechanism or mechanisms by
which these unique polymerization kinetics and polymer
properties develop are yet to be fully understood.

Three distinct mechanistic theories to account for the
enhanced reactivity of these monoacrylates have been
advanced: (1) hydrogen abstraction/chain transfer, (2)
hydrogen bonding, and (3) electronic and resonance
effects. Decker et al. first proposed a highly efficient
hydrogen abstraction mechanism to account for the
increased reactivity and cross-linked polymer formation,
implicating the labile hydrogens associated with the
secondary functionality as the abstractable species.22?
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Recent studies in our laboratory have additionally
supported the theory that hydrogen abstraction is a key
component to the enhanced reactivity. However, this
work has indicated that the hydrogen abstraction loca-
tion appears to be centered about the carbons directly
adjacent to the (meth)acrylic moiety.3°

In addition to hydrogen abstraction, hydrogen bond-
ing may also contribute to the increased reactivity by
increasing monomer ordering and subsequently increas-
ing the efficiency of radical propagation through pre-
aligned double bonds.?8 Furthermore, hydrogen bonding
increases the overall viscosity of the bulk monomer
solution, thus hindering radical termination and causing
an increase in radical concentration during polymeri-
zation. This increased radical concentration directly
increases the polymerization rate. Recently, in a sys-
tematic study of monomethacrylate monomers with
varying secondary functionalities and end groups, Ber-
chtold et al. determined that hydrogen bonding has an
impact on the polymerization characteristics of these
monovinyl monomers.3! Nonetheless, by systematically
varying the polymerization temperature, it was deter-
mined that the polymerization rate was relatively
unaffected by temperature. This study demonstrated
that hydrogen bonding may be important but is not the
primary factor affecting reactivity.

Finally, electronic and resonance effects may also
impact the reactivity of these monoacrylate monomers.
Specifically, resonance may allow for such mechanisms
as an increase in the amount of labile hydrogens or (de)-
stabilization of radicals. Recently, Jansen et al. have
developed the theory of increasing polymerization rate
with increasing dipole moment of the monomer.26-28 In
this dipole moment theory the polymerization rate
increases linearly with dipole moment when the overall
dipole moment of the solution exceeds a threshold value
of 3.5 D. Jansen et al. have indicated that this polym-
erization rate increase with increasing dipole moment
is due to stronger solvent cage effects and a greater
charge at the propagating radical.26-28 Jansen et al.
suggested that the aforementioned effects lead to a
partial ionic charge on the propagating center, where
this charge would lead to a reduction in termination and
a subsequent increase in polymerization rate.

Each of the three mechanistic theories has been
shown to affect polymerization rates in certain monomer
systems. However, no clear explanation for the dramati-
cally enhanced reactivities of these monomers relative
to standard monoacrylate momomers has been identi-
fied. Hydrogen bonding and electronic and resonance
effects appear to contribute to the reactivity of the
monomers but do not appear to be the primary con-
tributors. Nonetheless, the partial ionic contribution to
the propagating radical may shed some insight into the
possible mechanism contributing to the enhanced po-
lymerization characteristics.

In this research, we have hypothesized that an ionic
contribution, specifically an anionic contribution, is
enabling the enhanced polymerization characteristics
that are prevalent in a set of novel (meth)acrylate
monomers. This hypothesis builds on the Jansen et al.
theory of a partial ionic contribution and expands on it
to discern whether an anionic contribution is involved
in the overall polymerization mechanism. To explore
this phenomenon, small amounts of a strong acid were
added to several novel (meth)acrylate monomers, and
the steady-state polymerization characteristics were
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Table 1. Molecular Structures of Monomers Studied
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monitored. The acid addition acts to quench any anionic
contribution, and a reduction in polymerization rate is
expected if this anionic character exists.

Hexyl Acrylate

Experimental Section

Materials. All monomer syntheses are described in the
Supporting Information. Methanesulfonic acid (Aldrich Chemi-
cal, Milwaukee, WI, ReagentPlus, >99.5%) and triethylamine
(Aldrich Chemical, =99.5%) were used as received. Control
experiments were performed using the commercial monomers
of 1,6-hexanediol diacrylate (HDDA, Aldrich Chemical, techni-
cal grade, >80%), tetrahydrofurfuryl acrylate (THFFA, Aldrich
Chemical, =85%), 1,6-hexanediol dimethacrylate (HDDMA,
Aldrich Chemical, =90%), and tetrahydrofurfuryl methacrylate
(THFFMA, Aldrich Chemical, 97%). Additionally, the tradi-
tional free-radical monomer hexyl acrylate (Aldrich Chemical,
98%) was evaluated. THFFA and THFFMA were distilled prior
to use, while HDDA and HDDMA were used as received. All
monomer samples are shown in Table 1. All samples were
initiated with 0.1 wt % 2,2-dimethoxy-2-phenylacetophenone
(DMPA, Ciba-Geigy, Hawthorne, NY), which was used as
received.

FTIR Analysis. Conversion vs time profiles for all mono-
mers were determined via steady-state analysis using real
time Fourier transform infrared (RT-FTIR) spectroscopy.3?~34
Conversion data were obtained by monitoring the decay of the
acrylate double bond peak, either ~1637 cm ™! (C=C stretching
vibration) or ~810 em™! (C=C twisting vibration), using a
Nicolet Magna 760 FTIR spectrometer (Madison, WI) with an
XT-KBr beam splitter and a MCT/B detector. The temporal
resolution of this instrument is ~200 ms. For ease of sample
handling, a custom horizontal transmission accessory (HTA)
was utilized to allow for the samples to remain in a horizontal
configuration during analysis.’>® All samples were placed
between NaCl crystals to form a laminate and were irradiated
with 5 mW/ecm? ultraviolet (UV) light (filtered and centered
at a wavelength of 365 nm) from an EXFO Ultracure 100ss
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(Mississauga, Ontario, Canada) light source; steady-state
irradiation duration was 5 min. Additionally, specific samples
were heated to a temperature of 67 °C for analysis using a
custom temperature cell,®! since these monomer samples are
solids or highly viscous liquids at room temperature.

Unsteady-state analyses were performed for specific samples
to discern the overall effects of acid addition on the polymer-
ization characteristics. Unsteady-state analysis is equivalent
to the steady-state analysis, except the UV irradiation is
extinguished prior to complete conversion and the dark po-
lymerization is monitored. The extent of dark polymerization
will give insight into the possible polymerization mechanism
with and without the influence of acid on the system.

Control Studies. Approximately 500 ppm of methane-
sulfonic acid was added to each of the control monomers,
including HDDMA, HDDA, THFFMA, and THFFA. Each
sample was mixed via a magnetic stir bar for at least 0.5 h
after the addition of the acid to ensure a homogeneous mixture.
For comparison, a 500 ppm concentration of acid corresponds
to ~5 x 1073 mol/L, while the 0.1 wt % concentration of
initiator is equivalent to ~4 x 1073 mol/L.

Novel Monomer Studies. Methanesulfonic acid was added
to each of the research monomers, varying from approximately
100 to 500 ppm. Each sample was mixed via a magnetic stir
bar for at least 0.5 h to ensure homogeneous mixtures.
Monomers that were solids at room temperature required
gentle heating to melt the monomer in order to facilitate
mixing.

Cationic Study. Approximately 1000 ppm of triethylamine
was added to phenyl carbamate acrylate. The sample was
mixed via a magnetic stir bar for ~0.5 h to ensure a
homogeneous mixture. The sample was gently heated to melt
the monomer and facilitate mixing.

NMR. 'H NMR and '®C NMR spectra were recorded on a
Varian Inova-400 NMR spectrometer, operating at 400.157
MHz for proton observation and 100.628 MHz for 3C observa-
tion. '"H NMR was performed using a 30° excitation pulse, an
acquisition time of 3.0 s, and a relaxation delay of 1.5 s. 13C
NMR was recorded using a 45° excitation pulse, a 1.5 s
relaxation delay, and full broadband 'H decoupling using
phase-modulated (WALTZ-16) decoupling. Deuterated chloro-
form (Cambridge Isotope Laboratories, Inc., Andover, MA,
99.8%) was used as received.

Results

An ionic mechanism may exist in conjunction with the
traditional radical mechanism, which factors signifi-
cantly into the overall polymerization rate. Specifically,
we propose a secondary anionic contribution for the
novel monomers studied within this research. To test
for the possibility of an anionic contribution, a small
amount of a strong acid, methanesulfonic acid, was
added to several novel monomers, and the steady-state
polymerization rate was monitored. The addition of the
acid should quench any possible anionic contributions
or intermediates in the reaction, so that the extent of
their contributions can be monitored.

Control Studies. Prior to addition of acid to the
novel monomers studied in this research, control studies
were conducted to be certain that small amounts of this
strong acid would not affect the polymerization char-
acteristics of traditional methacrylate and acrylate
monomers. In each of the control experiments, the level
of acid is approximately equivalent to the initiator
concentration. Figures 1 and 2 show the results of the
methacrylate and acrylate control studies. These control
studies demonstrate that with up to 500 ppm of strong
acid the polymerization kinetics of conventional free-
radical monomers are all unaffected within standard
error. Therefore, it is shown that small amounts of
strong acid do not affect traditional free-radical poly-
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Figure 1. Steady-state polymerization profiles of control
methacrylate studies. Unaltered 1,6-hexanediol dimethacry-
late (1), 1,6-hexanediol dimethacrylate with 500 ppm meth-
anesulfonic acid (2), unaltered tetrahydrofurfuryl methacrylate
(3), and tetrahydrofurfuryl methacrylate with 500 ppm meth-
anesulfonic acid (4) are shown. All polymerizations were
initiated at 25 °C with 0.1 wt % DMPA and irradiation
intensity of 5 mW/cm?.
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Figure 2. Steady-state polymerization profiles of control
acrylate studies. Unaltered 1,6-hexanediol diacrylate (1), 1,6-
hexanediol diacrylate with 500 ppm methanesulfonic acid (2),
unaltered tetrahydrofurfuryl acrylate (3), and tetrahydrofur-
furyl acrylate with 500 ppm methanesulfonic acid (4) are
shown. All polymerizations were initiated at 25 °C with 0.1
wt % DMPA and irradiation intensity of 5 mW/cm?.

merizations. More importantly, these control studies
illustrate that the addition of strong acid does not affect
the photodegradation or efficiency of the photoinitiator.
Additionally, these results show that the acid molecule
itself is not undergoing any significant photodegradation
or other side reactions that would limit the polymeri-
zation rate of the reactions.

Methacrylate Monomers. The first set of experi-
ments involved the addition of small amounts of the
strong acid to methacrylic versions of several novel
monomers. Secondary functionalization of both meth-
acrylate and acrylate monomers has been demonstrated
to enhance the reactivity over that of traditional meth-
acrylate or acrylate monomers.?* Thus, by studying
methacrylate and acrylate monomers, greater insight
into the possible mechanisms leading to this enhanced
reactivity can be deciphered.

The cyclic carbonate secondary functionality is known
to increase the reactivity of both acrylic and methacrylic
monomers.2!824 Small amounts of methanesulfonic acid
(up to 450 ppm) were added to the cyclic carbonate
methacrylate (CCMA) monomer, and the steady-state
polymerization characteristics were examined. The
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Figure 3. Steady-state polymerization profiles of cyclic
carbonate methacrylate acid studies. Unaltered (1), 220 ppm
methanesulfonic acid (2), 350 ppm methanesulfonic acid (3),
and 450 ppm methanesulfonic acid (4) samples are shown. All
polymerizations were initiated at 25 °C with 0.1 wt % DMPA
and irradiation intensity of 5 mW/cm?2.
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Figure 4. Steady-state polymerization profiles of cyclic
carbonate carbamate methacrylate acid studies. Unaltered (1),
150 ppm methanesulfonic acid (2), 250 ppm methanesulfonic
acid (3), and 400 ppm methanesulfonic acid (4) samples are
shown. All polymerizations were initiated at 67 °C with 0.1
wt % DMPA and irradiation intensity of 5 mW/cm?2.

steady-state results of these studies are shown in Figure
3. These results show a slight but consistent polymer-
ization decrease with increasing acid concentration. The
rate decrease is dramatically greater than that observed
for any of the control monomers; however, 450 ppm of
the acid decreases the average rate by only 33%. Thus,
the addition of a strong acid is mitigating the kinetics,
but it does not reduce the rate to the level of a classical
monomethacrylate.

Further studies were performed to discern possible
trends with respect to other secondary functionalized
methacrylate monomers. The cyclic carbonate carbam-
ate methacrylate (CCCMA) monomer is also expected
to show acid susceptibility. The effects of acid addition
to the CCCMA steady-state polymerizations are shown
in Figure 4. As seen with the CCMA studies, the
CCCMA studies demonstrated a consistent polymeri-
zation reduction with increasing acid concentration.
However, the CCCMA demonstrated a greater polym-
erization rate reduction with increasing acid concentra-
tion as compared to the CCMA molecule. Specifically,
the CCCMA rate was reduced by 45% with 400 ppm acid
as compared to a 33% average rate reduction for the
CCMA with 450 ppm acid. It should be noted that there
was no significant indication of any ring-opening reac-
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Figure 5. Steady-state polymerization profiles of phenyl
carbamate methacrylate acid studies. Unaltered (1), 150 ppm
methanesulfonic acid (2), 210 ppm methanesulfonic acid (3),
and 350 ppm methanesulfonic acid (4) samples are shown. All
polymerizations were initiated at 67 °C with 0.1 wt % DMPA
and irradiation intensity of 5 mW/cm?2.

tions that could be derived from the FTIR spectra of
both the CCMA and the CCCMA, within the limits of
the apparatus. Further, the concentration of the acid is
~1000-fold less than the concentration of the monomer.

The cyclic carbonate secondary functionalized mono-
mers had significant but not dramatic polymerization
rate reductions with acid addition. A methacrylate
monomer with a differing secondary functionality was
also analyzed for rate reduction effects. Methacrylic and
acrylic monomers with a carbamate secondary function-
ality and a phenyl end group have been shown to exhibit
some of the fastest polymerization rates of the mono-
mers that have been developed in our laboratory.?*
Thus, it is hypothesized that this monomer will ad-
ditionally show strong polymerization effects due to the
introduction of the strong acid. The results of the phenyl
carbamate methacrylate (PhNCO MA) acid studies are
shown in Figure 5. From these results it is evident that
the addition of the phenyl carbamate secondary func-
tionality has a larger impact on the potential anionic
contribution to the molecule than the previous two
molecules studied. Specifically, the PhANCO MA rate was
reduced 81% with 350 ppm acid.

Figure 6 presents the ratio of the average polymeri-
zation rates from 10 to 50% conversion for the pure
monomers without acid as compared to the monomers
with acid for all of the methacrylate monomers studied
in these experiments. From this figure the moderate
acid effect on the polymerization rate of these monomers
can be visualized more effectively. Nonetheless, from
Figure 6, it can be observed that the monomers with
the fastest bulk polymerization rates, CCCMA and
PhNCO MA, are affected by the acid addition to a
greater extent than the more slowly bulk polymerizing
CCMA monomer. This indicates further that there may
be a correlation between monomer reactivity and the
extent of an anionic contribution. Moreover, it should
be noted that PANCO MA, which is the methacrylate
monomer most affected by the addition of acid, cannot
undergo any ring-breaking reactions that may affect the
polymerization rate. This PANCO MA result along with
the lack of definitive ring-breaking evidence via FTIR
analysis of the CCMA and CCCMA supports further the
theory that a ring-opening reaction due to acid addition
is not the primary source of the polymerization rate
decrease.
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Figure 6. Ratio of polymerization rate averaged from 10 to
50% conversion for unaltered monomer divided by acid con-
taining monomer. Tetrahydrofurfuryl methacrylate (®), 1,6-
hexanediol diacrylate (W), cyclic carbonate methacrylate (a),
cyclic carbonate carbamate methacrylate (v), and phenyl
carbamate methacrylate () are shown. Maximum rate reduc-
tion due to acid addition is ~5-fold for 350 ppm methane-
sulfonic acid in phenyl carbamate methacrylate.
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Figure 7. Steady-state polymerization profiles of cyclic
carbonate acrylate acid studies. Unaltered (1), 140 ppm
methanesulfonic acid (2), 210 ppm methanesulfonic acid (3),
250 ppm methanesulfonic acid (4), and 270 ppm methane-
sulfonic acid (5) samples are shown. All polymerizations were
initiated at 25 °C with 0.1 wt % DMPA and irradiation
intensity of 5 mW/cm?2.

One key factor that is consistent among all of the
novel methacrylic samples studied is that even with the
larger quantities of acid added to the monomers, all
attained polymerization rates that far exceeded that of
the conventional THFFMA monomer. However, each of
the monomers still demonstrated a decreasing rate
effect with increasing amounts of acid.

Acrylate Monomers. Systematic studies of meth-
acrylate monomers exemplified further the possibility
of an anionic contribution in the polymerization mech-
anism of these novel monomers. Possibly due to the
radical stability and steric hindrance of the methacrylic
moiety, the rate reductions with acid addition were not
extensively pronounced.

The first experiment analyzed the effect of acid on
the cyclic carbonate functionalized acrylate monomer.
Figure 7 shows the results of acid addition to this cyclic
carbonate acrylate (CCA) monomer. Increased suscep-
tibility to acid effects for acrylate monomers appears
evident from the steady-state results of the CCA mono-
mer. At ~250 ppm acid, which corresponds to ~2.5 x
1073 mol/L of acid, the reaction shows a very slow initial
polymerization rate that autoaccelerates late in the
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Figure 8. Steady-state polymerization profiles of phenyl
carbamate acrylate acid studies. Unaltered (1), 100 ppm
methanesulfonic acid (2), 250 ppm methanesulfonic acid (3),
and 380 ppm methanesulfonic acid (4) samples are shown. All
polymerizations were initiated at 67 °C with 0.1 wt % DMPA
and irradiation intensity of 5 mW/cm?2.
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Figure 9. Steady-state (heavy lines) and unsteady-state (light
lines) polymerization profiles of acrylate monomers studied.
Steady state (1) and unsteady state (2) of the unaltered phenyl
carbamate acrylate sample, steady state (3) and unsteady state
(4) of the unaltered hexyl acrylate sample, and steady state
(5) and unsteady state (6) of the 250 ppm acid phenyl
carbamate acrylate sample are shown. The light was extin-
guished at ~45% conversion in all samples. 250 ppm acid
phenyl carbamate acrylate and hexyl acrylate undergo ~5%
dark conversion, while the unaltered phenyl carbamate acry-
late undergoes ~40% dark conversion.

reaction to a relatively slow maximum rate. Specifically,
the CCA monomer demonstrated a 97% average rate
reduction with 250 ppm acid as compared to the
unaltered monomer. As with the CCMA and CCCMA
monomers, there was no indication of any ring-opening
reactions that could be derived from the FTIR spectra,
within the limits of the apparatus.

Continuing with the secondary functionalized acrylate
monomers, a carbamate secondary functionalized mono-
mer was additionally evaluated for the effect of acid
addition. Figure 8 shows the steady-state polymeriza-
tion rate profile of the acid studies on the phenyl
carbamate acrylate (PhNCO Acr). The PhNCO Acr rate
was reduced 98% with 380 ppm acid as compared to the
unaltered monomer. More specifically, when the acid-
retarded polymerization rate is compared to that of a
traditional free-radical monoacrylate, similar polymer-
ization rates are observed. Figure 9 compares the
steady-state polymerization profiles of PhANCO Acr with
250 ppm acid to that of the traditional free-radical hexyl
acrylate monomer. From this figure it is apparent that
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Figure 10. Ratio of polymerization rate averaged from 10 to
50% conversion for unaltered monomer divided by acid con-
taining monomer. Tetrahydrofurfuryl acrylate (@), 1,6-hex-
anediol diacrylate (W), cyclic carbonate acrylate (a), and phenyl
carbamate acrylate (¥) are shown. The maximum rate reduc-
tion due to acid addition is ~40-fold for 380 ppm methane-
sulfonic acid in phenyl carbamate acrylate.

the overall polymerization kinetics of the PhNCO Acr
with 250 ppm acid are slower than that of the hexyl
acrylate.

The results of the novel acrylate monomers with acid
addition showed a drastic increase in acid susceptibility
as compared to the methacrylate monomers. To dem-
onstrate further this increased susceptibility, Figure 10
shows the ratio of the average polymerization rates from
10 to 50% conversion for the pure monomer without acid
as compared to the monomer with acid for all of the
acrylate monomers studied in these experiments. From
Figure 10 it is apparent that the novel acrylate mono-
mers are influenced to a much greater extent by the acid
addition than their methacrylate counterparts.

Each of the steady-state methacrylic and acrylic
functionalized monomer studies indicates the possibility
of an anionic contribution to the overall polymerization.
A second analysis was performed to verify this hypoth-
esis. In this analysis an unsteady-state evaluation of
PhNCO Acr with 250 ppm methanesulfonic acid was
performed. Specifically, the light was extinguished at
less than 50% conversion, and the dark polymerization
was monitored. Along with this analysis, two control
studies were additionally performed. The first control
was the unsteady state of the pure PhNCO Acr, and the
second was the unsteady state of the traditional free-
radical monomer hexyl acrylate. Figure 9 show the
unsteady-state analysis of the PhNCO Acr with and
without acid and the unsteady-state analysis of the
PhNCO Acr with 250 ppm acid as compared to hexyl
acrylate, respectively. In this figure, the light was
extinguished at ~38% for the unaltered PhNCO Acr,
and this monomer continued to react with ~40% ad-
ditional conversion in the dark. On the contrary, for the
250 ppm solution, the light was extinguished at ~44%
conversion, and this system achieved only ~4% ad-
ditional conversion. This 4% dark conversion is indica-
tive of a more traditional free-radical polymerization
once the light source is extinguished. On the contrary,
the ~40% dark conversion supports the anionic contri-
bution theory, as termination is clearly limited in this
system. The typical free-radical polymerization charac-
teristic is more evident in the figure, where the light is
extinguished at ~49% conversion for hexyl acrylate, and
this monomer reacted only an additional ~8% in the
dark. Figure 9 illustrates that not only are the dark
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polymerization characteristics approximately equiva-
lent, but the steady-state polymerization rates are
additionally similar.

A potential explanation for the decrease in polymer-
ization rate with acid addition relies on hydrogen-
bonding reductions due to the presence of the acid. It is
theorized that the introduction of acid will block poten-
tial hydrogen-bonding sites at the carbonyl of the cyclic
carbonate moiety and/or the amine hydrogen of the
carbamate moiety, thus allowing for greater mobility
leading to lower polymerization rates. To check for
possible hydrogen-bonding reductions, the N—H stretch
vibration peak (~3300 cm~1), N—H bend vibration peak
(~1500 cm™1), and the carbonyl C=O0 stretch vibration
peak (~1750 cm™!) were examined for frequency shifts
with and without acid addition. Decreased hydrogen
bonding can be identified by a frequency increase in the
N—H stretch vibration peak, a frequency increase in the
C=0O0 stretch vibration peak, and/or a frequency reduc-
tion in the N—H bend vibration peak. Upon frequency
analysis of all the monomers with and without acid
addition, there did not appear to be any discernible
frequency shifts in any of the aforementioned peaks,
within the tolerance of the apparatus. Therefore, it is
believed that hydrogen bonding is not affected to any
significant extent by the addition of small amounts of
acid.

The results from these studies conclusively demon-
strate that the presence of a strong acid impurity has a
dramatic effect on the polymerization kinetics in both
acrylate and methacrylate monomers that have inher-
ently high reactivities. These studies do not provide
insight into the detailed mechanism, i.e., the chemical
identity and reactions of the particular reactive inter-
mediate that is responsible for the rate acceleration.
They do, however, indicate that it is highly probable that
an intermediate exists which has significant anionic
character either as a propagating active center or as a
transition compound from the traditional acrylic propa-
gating center to a more reactive active center. The
formation of this intermediate anionic species is re-
stricted by the presence of the methanesulfonic acid to
such an extent that reductions in polymerization rate
of up to 40 times are observed with as little as 400 ppm
acid. The control experiments involving multi(meth)-
acrylates and traditional mono(meth)acrylates demon-
strate that this mechanism is unique to this class of
monomers. Additionally, the control experiments il-
lustrate that the acid is not affecting the photodegra-
dation or the efficiency of the photoinitiator, and the
acid itself is not undergoing photodegradation or other
side reactions. Additional experiments are clearly re-
quired to ascertain the exact nature of both the reactive
intermediate and any mechanisms associated with its
formation. It is not at all obvious what the exact nature
of either the reactive intermediate or these mechanisms
are.

Monomer Degradation Analysis. To be certain
that the acid addition does not cause an acid-catalyzed
degradation of the monomer leading to the rate reduc-
tion, the NMR spectrum of phenyl carbamate acrylate
with 25 000 ppm (2.5 wt %) acid was evaluated. The
NMR spectrum of this solution is shown in Figure 11.
The NMR shows no apparent monomer degradation of
the monomer after 1 week at 25 °C. Additionally, FTIR
analysis of this sample does not indicate the presence
of monomer degradation, within the limits of the ap-
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Figure 11. NMR spectrum of the phenyl carbamate acrylate
with 25 000 ppm methanesulfonic acid. No monomer degrada-
tion is evident. Spectrum shows pure phenyl carbamate
acrylate with traces of methanesulfonic acid. Peaks for meth-
anesulfonic acid are at seen at ¢ 3.1 and 0 2.3.
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Figure 12. Steady-state polymerization profiles of phenyl
carbamate acrylate base studies. Unaltered (1) and 1000 ppm
triethylamine (2) samples are shown. No evident change in
polymerization rate is evident. All polymerizations were
initiated at 25 °C with 0.1 wt % DMPA and irradiation
intensity of 5 mW/cm?2.

paratus. Therefore, it is highly unlikely that degradation
products or monomer degradation are responsible for
the rate deceleration when 2 orders of magnitude less
acid is used.

Cationic Contribution. A final control experiment
was performed to discern whether any possible cationic
contribution is present in the polymerization mecha-
nism. To test this theory, PANCO Acr was evaluated
for possible rate differences when a base was added to
this monomer. A base will act to quench any cationic
contribution, and thus a rate reduction with the addition
of this base will indicate the presence of a cationic
contribution. The results of the phenyl carbamate
acrylate monomer with and without 1000 ppm of tri-
ethylamine are shown in Figure 12. The base results
indicate that a cationic contribution is not prevalent in
the reaction, as there is no discernible change in the
steady-state polymerization rate with the addition of a
base.

Conclusions

Novel (meth)acrylate monomers were analyzed for
possible anionic contributions to the polymerization
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mechanism. A strong acid was introduced to several
methacrylic and acrylic monomers, and the steady-state
photopolymerization rate was monitored. The meth-
acrylate monomers showed weak to moderate polymer-
ization rate reductions with increasing acid concentra-
tion. This moderate reduction is hypothesized to be due
to the radical stability of the propagating methacrylic
radical leading to reduced hydrogen abstraction reac-
tions that contribute to the anionic characteristic. The
acrylate monomers showed a much more pronounced
polymerization rate decrease with increasing acid con-
centration than their methacrylate counterparts. This
increased acid susceptibility is hypothesized to be due
to the less stable acrylic propagating radical, which
enhances hydrogen abstraction reactions and other side
reactions, leading to the greater anionic contribution by
as yet unknown mechanisms. Moreover, unsteady-state
analysis demonstrated that with 250 ppm of acid the
PhNCO Acr displayed dark polymerization character-
istics more closely related to that of a traditional free-
radical mechanism. In comparison, the unaltered, pure
monomer sample showed much greater dark polymer-
ization than either the acid-containing sample or the
traditional free-radical sample. NMR analysis revealed
that the addition of the acid does not cause any
discernible monomer degradation that could lead to
inhibition. Finally, addition of a base demonstrated that
there is no discernible cationic contribution to the
polymerization mechanism.
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