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ABSTRACT: Novel monoacrylate monomers with a carbamate secondary functionality and a terminal
aryl group were synthesized to study the mechanisms that allow for increased reactivity of these monomers
compared to that of typical monoacrylate monomers. Systematic studies were conducted by varying
electron-withdrawing and electron-donating substituents on the aryl moiety. Two primary hypotheses
were studied, which were that resonance and electronic effects or hydrogen-bonding effects lead to
enhanced reactivity. Kinetic evaluations of these substituted monomers revealed that electronic and
resonance effects are not the primary source of the increased reactivity. Moreover, correlations of dipole
moment calculations with steady-state polymerization rate behavior revealed that dipole moment is also
not the primary source of the increased reactivity. However, comonomer studies showed that, by adding
the novel monoacrylate monomers to more slowly polymerizing traditional acrylate monomers, the overall
reactivity of the mixture could be increased dramatically, revealing a possible use as reactive diluents.
Additionally, hydrogen-bonding strength was analyzed and correlated with steady-state polymerization
rate behavior. The hydrogen-bonding and N—H polarization strength of the monomers is not the primary

source of the increased reactivity.

Introduction

Photopolymerization is a well-established technique
for converting liquid monomer into a highly cross-linked
solid polymer within seconds. These photopolymers are
used in a wide variety of applications, which include
inks, coatings, adhesives, stereolithography,’—3 dental
restoratives,* 6 and contact lenses.”® However, even
though this photopolymerization practice is well estab-
lished, there are still limitations to this process. These
limitations include residual unstaturation, oxygen in-
hibition,® polymerization speed, and polymer properties.
A typical method to increase the polymerization rate is
to utilize monomers with more than one vinyl group.
By increasing the monomer functionality, diffusion
limitations are encountered earlier in the polymeriza-
tion, and thus, termination is hindered earlier in the
polymerization. This early reduction in termination
leads to stronger autoacceleration and greater polym-
erization rates. Additionally, in this case, highly cross-
linked materials are formed, which leads to increased
modulus, hardness, and brittleness. Unfortunately,
increasing the cross-linking density leads to the residual
unsaturation. This tradeoff between polymerization rate
and residual unsaturation is 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.

Recently, Decker et al. have developed a novel class
of monoacrylate monomers that react extremely rapidly
despite having only one vinyl group and still form cross-
linked, insoluble polymer upon polymerization.310-14
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Additionally, these polymers are characterized by a
unique attribute exemplified by the combination of
hardness and flexibility in the same material. These
novel acrylates were designed to include secondary
functionalities such as carbonate, cyclic carbonate,
carbamate, and oxazolidone moieties.1%1! The polymer-
ization rate was most rapid for a monoacrylate contain-
ing both cyclic carbonate and carbonate secondary
functionalities. Unfortunately, the exact mechanism or
mechanisms by which these unique polymer properties
develop are yet to be fully understood.

Three main mechanistic theories for the possible
enhanced reactivity of these monoacrylates have been
hypothesized, which include hydrogen abstraction and
subsequent chain transfer, hydrogen bonding, and elec-
tronic and resonance effects. Decker et al. first proposed
a highly efficient hydrogen abstraction mechanism and
subsequent chain transfer reaction to account for the
increased reactivity and cross-linked polymer formation,
implicating the labile hydrogens associated with the
secondary functionality as the abstractable species.! In
addition to hydrogen abstraction, hydrogen bonding may
also contribute to the increased reactivity by increasing
monomer order and subsequently increasing the ef-
ficiency of radical propagation through the aligned
double bonds.’® Furthermore, hydrogen bonding will
increase the overall viscosity of the bulk monomer
solution, thus hindering radical termination and causing
an increase in radical concentration. This increase in
radical concentration increases the polymerization rate.
Finally, electronic and resonance effects may also im-
pact 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.16:17 In
this dipole moment theory, the polymerization rate
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Table 1. Chemical Formulas and Melting Point Ranges
for the Phenyl Carbamate Acrylate Monomers Utilized in
the Unsteady-State Analyses

chemical

monomer formula mp (°C)

C12H13NO4 66—68
C1oH1,FNO,  64—66

phenyl carbamate acrylate
p-fluorophenyl carbamate acrylate
m-fluorophenyl carbamate acrylate Ci12H12FNO,  71-73
o-fluorophenyl carbamate acrylate C12H12FNO,  46—48
pentafluorophenyl carbamate acrylate  Ci2HgNFsO4  43—46
p-methoxyphenyl carbamate acrylate Ci3H15NOs 52-54
m-methoxylphenyl carbamate acrylate Ci3H1sNOs <25
o-methoxyphenyl carbamate acrylate C13H15NOs <25

increases linearly with dipole moment when the overall
dipole moment of the solution exceeds a threshold value
of 3.5 D. These three mechanistic theories are inter-
related and are extremely difficult to decouple in
experimentation, but specific experiments can be de-
veloped to emphasize each of the above mechanisms
individually to test their validity.

This work develops and analyzes monoacrylate mono-
mers with a carbamate secondary functionality that
incorporates an aryl moiety with electron-withdrawing
or electron-donating substituents to discern possible
mechanisms for the enhanced monomer reactivity.
Specifically, the base monomer is a phenyl carbamate
ethyl acrylate, and substitutions to the phenyl ring of
this monomer facilitate focusing on the electronic and
resonance effects, with a minor emphasis on hydrogen
bonding. This phenyl carbamate ethyl acrylate monomer
was chosen for several specific reasons. First, this
monomer exhibits one of the fastest polymerization
rates of the novel monomers tested to date.’® Thus, an
increase in the polymerization rate of this monomer will
be a large breakthrough into the novel monomer po-
lymerization technology. Second, the aryl moiety allows
for systematic variations with electron-withdrawing and
electron-donating substituents, which vary both the
electronic effects and hydrogen abstraction sites from
the aryl moiety. Therefore, with this monomer, several
hypotheses can be tested with systematic variations to
the base monomer.

Experimental Section

Materials. All novel monoacrylate monomers were synthe-
sized via a reaction of the appropriate phenyl isocyante with
2-hydroxyethyl acrylate and purified via column chromatog-
raphy (room temperature liquid monomers) or recrystalliza-
tion (room temperature solid materials), both using 3:1 by
volume hexane:ethyl acetate eluent. Table 1 gives the chem-
ical formula and melting point ranges for the monomers
used in the unsteady-state analyses. All phenyl isocyanate
reactants were purchased from Aldrich Chemical (Milwaukee,
WI) and used as received. 2-Hydroxyethyl acrylate was
purchased from Aldrich Chemical and vacuum-distilled prior
to reaction. Inhibitors were removed from all starting ma-
terials and were not introduced into the final monomer
products prior to polymerization. p-Fluorophenyl carbamate
acrylate and o-methoxyphenyl carbamate acrylate were po-
lymerized with 30 and 50 wt % propylene carbonate. The
propylene carbonate was purchased from Aldrich Chemical
and distilled prior to use. Comonomer systems were analyzed
in a 50:50 wt % mixture with tetrahydrofurfuryl acrylate.
Tetrahydrofurfuryl acrylate was purchased from Aldrich Chemi-
cal and vacuum-distilled prior to use. All samples were
initiated with 0.1 wt % 2,2-dimethoxy-2-phenylacetophenone
(DMPA), purchased and used as received from Ciba Geigy
(Hawthorne, NY).

FTIR Analysis. Conversion vs time profiles for all mono-
mers were determined via steady-state analysis using real
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time Fourier transform infrared (RT-FTIR).1°~2* Conversion
data were obtained by monitoring the decay of the acrylate
double bond peak, either ~1630 cm~! (C=C stretching vibra-
tion) or ~810 cm™* (C=C twisting vibration), using a Nicolet
Magna 760 FTIR spectrometer (Madison, WI) with a XT-KBr
beam splitter and MCT/B detector. All samples were placed
between NaCl salt crystals to form a laminate and were
irradiated with 5 mW/cm? ultraviolet (UV) light (filtered and
centered at a wavelength of 365 nm) from an EXFO Ultracure
100ss (Mississauga, Ontario, Canada) light source; steady-
state irradiation duration was 5 min. Additionally, all samples
were heated to a temperature of 67 °C for analysis using a
house-built temperature cell, since most monomer samples are
solids at room temperature.

Kinetic parameter data was determined via unsteady-state
analysis, utilizing similar RT-FTIR methodology as described
above.62122 Unsteady-state analysis is equivalent to the
steady-state analysis, except the UV irradiation is extin-
guished prior to complete conversion and the dark polymeri-
zation is monitored. To calculate the kinetic parameters, the
reaction diffusion coefficient is first determined from the
following equation:

A[M] = % IN(2RR,gt + 1) @)

where A[M] is the change in double-bond concentration in
the dark, R is the reaction diffusion coefficient, defined as k¢
ko[M], Rpo is the polymerization rate at time equal to zero in
the dark, and t is the time that the double-bond concentra-
tion is monitored in the dark. To decouple the kinetic con-
stants, the reaction diffusion coefficient is combined with the
steady-state rate expression (eq 2) just prior to the extinction
of light.

K, R;\12
R = @[M] > @)

In eq 2, R; is defined as the initiation rate.

Equation 1 requires that A[M] < [M] for valid determi-
nation of the reaction diffusion coefficient. For the more
reactive monomers, such as the phenyl carbamate acrylate and
the m-fluorophenyl carbamate acrylate, the A[M]/[M] was at
most 0.15. For the less reactive monomers, such as the
p-fluorophenyl carbamate acrylate and the o-fluorophenyl
carbamate acrylate, the A[M]/[M] was at most 0.05. In all
analyses, even in the cases of the higher A[M]/[M], the
least-squares analysis utilizing eq 1 accurately predicted the
dark polymerization over the dark conversion range studied,
and thus accurate estimates of the kinetic constants were
obtained.

Dipole Moment Calculations. Dipole moments of the
monomers are determined via a Boltzmann-weighted average
using a semiempirical AM1 simulation.'617:23 To determine the
Boltzmann-weighted dipole moment, the following equation
is utilized:

e AEIRT
D= ZDJ- _— ZDjpj (3)
J J

ze—AEi/RT

where AE; is the difference between the energy of conformation
j and the global minimum conformation, R is the ideal gas
constant, T is the absolute temperature, and p; is the prob-
ability of finding the molecule in conformation j at the
temperature T. Hyperchem 7.0 (Gainsville, FL) was utilized
to determine the lowest energy conformations of the mono-
mers. In this program, the dihedral angles of the molecule are
varied, and the program compiles 1000 conformations based
on randomization and optimization of the dihedral angles. The
program keeps the low-energy molecules while the high-energy
and duplicate molecules are rejected. Finally, the dipole
moments and energies are inputted into eq 3, and the
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Figure 1. Acrylate conversion vs time for fluoro-substituted
phenyl carbamate acrylate monomers studied. Phenyl car-
bamate acrylate (1), m-fluorophenyl carbamate acrylate (2),
o-fluorophenyl carbamate acrylate (3), p-fluorophenyl carbam-
ate acrylate (4), and pentafluorophenyl carbamate acrylate
(5) are presented. An approximate 2-fold decrease in polym-
erization rate over the first 70% conversion is evident for
the para-, ortho-, and penta-substituted monomers. All
polymerizations were initiated with 0.1 wt % DMPA at
5 mW/cm?2.

Boltzmann-weighted dipole moment is determined. For the
solution polymerizations, the overall dipole moment of the
mixture is determined by the volume-weighted average of the
calculated dipole moment for the monomer and the tabulated
dipole moment of the solvent.

Results

Monomer reactivity is theorized to be dependent on
three molecular contributions, which are hydrogen
abstraction, hydrogen bonding, and electronic and reso-
nance effects. Each of these mechanisms are inter-
related, but specific experiments can be developed to
vary a specific mechanism systematically and individu-
ally. This research will focus on electronic and resonance
effects, with secondary effects due to hydrogen bonding.
The comparison of electronic and resonance effects is
accomplished by incorporating electron-withdrawing
and -donating substituents at varying positions of the
aryl moiety and examining the polymerization rate
behavior of the monomer.

Electronic and Resonance Effects. Direct com-
parison of monomer reactivity can be accomplished via
steady-state analysis. Specifically, the quantification of
conversion vs time plots is presented for the fluoro-
substituted aryl monomers studied (Figure 1). Figure
1 reveals that the meta-substituted and unsubstituted
monomers attain approximately equivalent reaction
rates. However, the para-, ortho-, and penta-substituted
monomers each has approximately a 2-fold decrease in
reaction rate as averaged over the first 70% conversion.
Kinetic parameter studies were subsequently performed
to decipher the cause for the polymerization rate dif-
ferences among the monomers studied.

In addition to the steady-state kinetic investigation,
unsteady-state analysis can be utilized to gain further
insight into the polymerization rate behavior. Unsteady-
state analysis involves extinguishing the irradiation
source prior to complete conversion and monitoring the
polymerization in the dark. On the basis of the dark
polymerization reaction, the termination and propaga-
tion parameters are deciphered from egs 1 and 2. The
kinetic parameters yielded intriguing and unanticipated
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Figure 2. Kinetic constants vs conversion for the fluorinated
monomers studied. Propagation Kinetic constant (a) and
termination kinetic constant (b) are shown. Phenyl carbamate
acrylate (M), p-fluorophenyl carbamate acrylate (®), m-fluo-
rophenyl carbamate acrylate (a), o-fluorophenyl carbamate
acrylate (v), and pentafluorophenyl carbamate acrylate (®) are
presented. The polymerization rate reduction in the para-,
ortho-, and penta-substituted monomers is due to the signifi-
cant increase in termination with respect to the meta-
substituted and unsubstituted monomers.

results for the monomers studied, as shown in Figure
2. First, for the para- and ortho-substituted monomers,
there is an approximate 2-fold increase in the propaga-
tion kinetic constant over the unsubstituted and meta-
and penta-substituted monomers for polymerization in
the conversion range of 20—50%. However, there is a
large increase in the termination kinetic constants for
each of the para-, ortho-, and penta-substituted mono-
mers over the unsubstituted and meta-substituted
monomers for the equivalent range of 20—50% conver-
sion. Specifically, the para- and ortho-substituted mono-
mers show a 10-fold increase in termination, while the
penta-substituted shows a 5-fold increase in termination
over the meta-substituted and unsubstituted monomers.
Upon analysis of the Kinetic constants in the steady-
state kinetic equation (eq 2), it is evident where the
polymerization rate differences occur. All of the reac-
tions have approximately equivalent double-bond con-
centrations ([M]) and initiation rates (R;). Thus, the only
difference in the steady-state polymerization will arise
from the ratio of ky/k{/2. Therefore, the roughly 2-fold
increase in k, and the 10-fold increase in k; translate
into an approximate 2-fold decrease in the steady-state
polymerization rate as observed over the first 70%
conversion.
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Figure 3. Acrylate conversion vs time for methoxy-substi-
tuted carbamate acrylate monomers studied. Phenyl carbam-
ate acrylate (1), m-methoxyphenyl carbamate acrylate (2),
p-methoxyphenyl carbamate acrylate (3), and o-methoxyphenyl
carbamate acrylate (4) are presented. An approximate 2-fold
decrease in polymerization rate over the first 70% conversion
is evident for the substituted monomers, independent of
substitution position. All polymerizations were initiated with
0.1 wt % DMPA at 5 mW/cm?.

The electron-withdrawing fluorine substituent yielded
interesting results with regard to polymerization rate
and kinetic constants as compared to the unsubstituted
monomer. However, to elucidate further possible mecha-
nistic theories for the increased reactivity of the func-
tionalized monomers, electron-donating substituents
were also analyzed for their impact on the polymeriza-
tion rate and kinetic constants. The combined results
from the electron-withdrawing and electron-donating
substituents help to clarify the role of electronic and
resonance effects in these polymerizations. For these
studies, the electron-donating methoxy substituent was
incorporated into the monomer at differing positions of
the aryl moiety. The steady-state analysis of these
monomers is displayed in Figure 3. Figure 3 reveals an
approximate 2-fold decrease in monomer reactivity in
the first 70% conversion with the methoxy substitution.
In comparison to the fluoro-substituted monomers, the
meta-substituted methoxy monomer shows a depressed
polymerization rate as compared to the unsubstituted
monomer.

To gain an understanding of the rate decrease due to
the methoxy substitution, unsteady-state analysis was
performed. The resulting propagation and termination
kinetic parameters are shown in Figure 4. The unsteady-
state analyses shown in Figure 4 yielded results that
are similar yet slightly differing from those of the
fluorine substitution. Figure 4 reveals that methoxy
substitution does not impact the propagation kinetic
constant as compared to the unsubstituted monomer.
Nevertheless, there is a polymerization rate reduction
due to a roughly 4-fold increase in the termination
kinetic constant for all of the methoxy-substituted
monomers as compared to the unsubstituted monomer
in the conversion range of 20—50%. Again, application
of the steady-state kinetic equation demonstrates this
approximate 2-fold decrease in polymerization rate over
the first 70% conversion is due to changes in the ratio
of kp/k¢2.

The results from the fluoro-substituted and methoxy-
substituted monomers show that there is at best only
equivalence in the polymerization rate, but in most
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Figure 4. Kinetic constants vs conversion for the methoxy
monomers studied. Propagation Kinetic constant (a) and
termination kinetic constant (b) are shown. Phenyl carbamate
acrylate (W), p-methoxyphenyl carbamate acrylate (®), m-
methoxyphenyl carbamate acrylate (a), and o-methoxyphenyl
carbamate acrylate (v) are presented. Polymerization rate
reduction of the substituted monomers is due to the significant
increase in termination with respect to the unsubstituted
monomer.

circumstances there is a decrease in polymerization rate
with aryl substitution. These polymerization rate results
are a clear indication that resonance and electronic
effects are not the dominant factor in the enhanced
polymerization characteristics of these monomers. To
be certain that resonance and electronic effects are not
the primary source of the enhanced polymerization
characteristics of the phenyl carbamate acrylate mono-
mer, additional electron-withdrawing and electron-
donating substituted monomers were synthesized, and
a Hammett plot of the steady-state polymerization rate
behavior was analyzed. The substituents of these mono-
mers were a methyl group, a trifluorocarbon (CF3)
group, and a cyano group. The methyl group acts as an
electron-donating substituent, and the trifluorocarbon
and cyano groups act as electron-withdrawing moieties.
Figures 5 and 6 show the Hammett plots for all of the
para- and meta-substituted monomers studied, where
the melting point of the monomer allowed for bulk
polymerization. All polymerizations were performed at
67 °C, since most of the monomers studied had melting
points above room temperature. However, several mono-
mers synthesized had melting points that far exceeded
the 67 °C temperature window, and these samples could
not be polymerized in bulk. The Hammett equation
utilized to create the Hammett plots is defined as
follows:
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acrylate. The ordinate of the Hammett plot is the log of the
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Figure 6. Effect of electron-withdrawing and electron-donat-
ing substituents on the reactivity of the phenyl carbamate
acrylate where the reaction occurs directly on the aryl moiety.
The ordinate of the Hammett plot is the log of the ratio of the
polymerization rates averaged over 70% conversion. There is
no apparent linear relationship between electronic effects and
polymerization rate.

log (RBO) =o0p (4)

where o is a measure of the total electronic effects
(resonance and electron density at the active center) of
the substituent attached to the aryl moiety, where
negative o indicates an electron-donating group and
positive ¢ an electron-withdrawing group, p measures
the susceptibility of the reaction to electronic effects,
and the left-hand side of the equation is the log of the
ratio of the polymerization rates, where the polymeri-
zation rates are averaged rates from 0 to 70% conver-
sion. In eq 4, a positive p indicates that the reaction is
helped by electron-withdrawing substituents, and a
negative p indicates that the reaction is helped by
electron-donating substituents. To determine this aver-
aged polymerization rate, the ratio of the polymerization
time to reach 70% conversion was calculated since the
polymerization rate is inversely proportional to polym-
erization time. For these ratios, the unsubstituted
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Figure 7. Acrylate conversion vs time for copolymerization
studies of fluoro-substituted phenyl carbamate acrylate mono-
mers with tetrahydrofurfuryl acrylate (THFFA) in a 50:50 wt
% mixtures. Phenyl carbamate acrylate (1), 3,5-dimetafluo-
rophenyl carbamate acrylate (2), m-fluorophenyl carbamate
acrylate (3), o-fluorophenyl carbamate acrylate (4), p-fluo-
rophenyl carbamate acrylate (5), and pentafluorophenyl car-
bamate acrylate (6) with THFFA are presented. Bulk THFFA
(7) is given as reference. All polymerizations were initiated
with 0.1 wt % DMPA at 5 mW/cm?2.

monomer polymerization time was always in the nu-
merator and the substituted monomer polymerization
time was in the denominator. Additionally, two Ham-
mett plots were created—one for ¢ values and one for
ot values. In the first plot, ¢ measures the susceptibility
of the reaction to the electronic effects at the active
center, which is the carbamate functionality for this
monomer. In the second plot, o™ measures the suscep-
tibility of the reaction to the electronic effects when the
reaction occurs directly on the aryl ring. In this reaction,
an electron-donating group directly interacts with a
developing positive charge in the transition state. The
Hammett analysis evaluates the effect of electron-
withdrawing or electron-donating substituents on the
rate-determining step of the polymerization. The func-
tionality under investigation can reduce the time neces-
sary for the rate-determining step, thus allowing en-
hancing the polymerization rate.

The results shown in Figures 5 and 6 do not show a
clear correlation between electron density and an effect
on the rate-determining step in the polymerization, as
there is no distinct relationship between polymerization
rate and ¢ or o". These Hammett plot results, along
with the results from the fluoro and methoxy substit-
uents, decisively show that resonance and electronic
effects do not affect the rate-determining step of the
polymerization and thus do not increase the overall
reactivity of the monomers studied here. One result
seems to vary significantly from the rest of the results,
and more work is necessary to deduce why this mono-
mer shows a drastically lower polymerization rate. This
anomalous result is the value at sigma equal to 0.62
and is due to the meta-cyano-substituted monomer.

In addition to the bulk polymerizations of the electron-
withdrawing and electron-donating substituents, copo-
lymerizations were performed using tetrahydrofurfuryl
acrylate (THFFA) as the comonomer in 50:50 wt %
mixtures. The THFFA molecule does not incorporate a
strong hydrogen bond acceptor; thus, this molecule will
act to dissipate some of the total hydrogen bonding in
the system. Figure 7 displays the copolymerization
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Figure 8. Acrylate conversion vs time for copolymerization
studies of methoxy-substituted phenyl carbamate acrylate
monomers with tetrahydrofurfuryl acrylate (THFFA) in a
50:50 wt % mixtures. Phenyl carbamate acrylate (1), p-
methoxyphenyl carbamate acrylate (2), m-methoxyphenyl car-
bamate acrylate (3), and o-methoxyphenyl carbamate acrylate
(4) with THFFA are presented. Bulk THFFA (5) is given as
reference. All polymerizations were initiated with 0.1 wt %
DMPA at 5 mW/cm?.

results for the fluorinated monomers with THFFA. As
anticipated, the unsubstituted comonomer system dis-
played the fastest polymerization rate behavior. Ad-
ditionally, the para-substituted and penta-substituted
comonomer systems exhibited the slowest polymeriza-
tion rate behavior. However, the comonomer systems
in between these two extremes were slightly unantici-
pated. For instance, the meta-substituted comonomer
system exhibited a polymerization rate behavior that
was slightly lower than that of the unsubstituted
comonomer system. Additionally, the ortho-substituted
comonomer system displayed a polymerization rate
behavior that was slightly greater than that of the para-
substituted and penta-substituted comonomer systems.
The aforementioned polymerization rate behavior re-
sults were slightly askew from the bulk polymerization
results. For example, the meta-substituted comonomer
system did not attain a polymerization rate equivalent
to the unsubstituted comonomer system. From the data,
it appears that the polymerization rates of the substi-
tuted monomers are only slightly hindered by the
addition of the substituent at the meta position and
significantly hindered by the addition of the substituent
at the para position. One possible explanation for these
comonomer results is due to the decreased overall
hydrogen bonding. The decreased hydrogen bonding
alters molecular interactions, favoring different confor-
mations with increased or decreased intramolecular
interactions. However, there is not a drastic difference
in the reactivity trends of the comonomer systems; thus,
this hydrogen-bonding reduction does not appear to
have a drastic influence on the polymerization charac-
teristics of the fluoro-substituted monomers.

In addition to the fluorinated monomers, the methoxy-
substituted monomers were examined in 50:50 wt %
mixtures with THFFA as the comonomer. Figure 8
displays the results of these experiments. From Figure
8, itis evident that the methoxy-substituted comonomer
systems produced results that are similar to the bulk
polymerization results. First, the fastest polymerization
rate was observed for the unsubstituted comonomer
system, with the substituted comonomer systems show-
ing polymerization rates that are slower than the
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unsubstituted comonomer system. As seen in the bulk
polymerization, the substituted comonomer systems also
revealed that the meta-substituted monomer does not
show an increase in reactivity over the para- and ortho-
subsituted monomers. The reactivity trend similarity
of the comonomer polymerizations to the bulk polymer-
izations indicates that the overall reduction in hydrogen
bonding in the substituted monomer systems is ap-
proximately equivalent for each monomer, thus allowing
for the similar trend in polymerization rates.

In studying these comonomer systems, one trait
remained constant throughout all of the analyses, which
is a reduction in the polymerization rate of the comono-
mer with respect to the novel monomer bulk polymer-
ization. This reduction in polymerization rate is due to
the addition of the less reactive THFFA to the system.
Conversely, it should be noted that these comonomer
systems exhibited greatly increased polymerization
rates with respect to the bulk THFFA. Thus, these novel
monoacrylate monomers are useful as reactive diluents
to increase the polymerization rates of less reactive
monomers.

Overall, these electronic and resonance effects experi-
ments did not show significant increase in reactivity
over the unsubstituted monomer. Only the meta-fluoro
substituted monomer displayed a polymerization rate
equivalent to the unsubstituted monomer. Aryl substi-
tution appears to have a negative effect on the overall
reactivity of the monomer, and the fastest polymeriza-
tion kinetics are accomplished via unsubstituted mono-
mers.

Dipole Moment Effects. As stated previously, mono-
mer reactivity has been theorized to be directly related
to dipole moment. By varying the position and chemistry
of the substituents on the aryl ring, the overall dipole
moment of the monomer can be altered. Using the
Boltzmann-weighted dipole moment method described
in eq 3, correlations between dipole moment and mono-
mer reactivity for the novel monomers previously in-
vestigated were determined. Table 2 shows the calcu-
lated Boltzmann-weighted dipole moments for the
fluorinated and methoxy monomers. From Table 2, it
is evident that the position and chemistry of the aryl
substituent do have a profound impact on the overall
dipole moment of the monomer; there is an approximate
2 D variation in dipole moment for the monomers
studied. Figure 9 displays the maximum normalized
polymerization rate vs the calculated dipole moment.
Figure 9 reveals no significant monotonic correlation
between calculated dipole moment and monomer reac-
tivity. More specifically, the molecule with the largest
calculated dipole moment, pentafluorophenyl carbamate
acrylate (3.7 D), was observed to exhibit the lowest
maximum normalized rate. Additionally, from Figure
9, it is evident that there are three monomers with
dipole moments near the hypothesized threshold of 3.5
D, and the reactivities of these monomers are ap-
proximately half that of the monomers with dipole
moments far below the threshold dipole moment value.
According to the theory proposed by Jansen et al.,16:17.23
the polymerization rate will increase linearly, starting
at approximately 3.5 D. However, 30:70 and 50:50
mixtures by weight of propylene carbonate (dipole
moment = 5.0 D) with p-fluorophenyl carbamate acry-
late and o-methoxyphenyl carbamate acrylate (ap-
proximate overall dipole moments are 4.0 and 4.3 D,
respectively) polymerized with normalized maximum
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Table 2. Calculated Boltzmann-Averaged Dipole Moment for the Fluoro-Substituted and Methoxy-Substituted Phenyl
Carbamate Acrylate Monomers

calcd dipole calcd dipole
monomer moment (D) monomer moment (D)

phenyl carbamate acrylate 2.4 pentafluorophenyl carbamate acrylate 3.7
p-fluorophenyl carbamate acrylate 3.5 p-methoxyphenyl carbamate acrylate 2.8
m-fluorophenyl carbamate acrylate 2.9 m-methoxyphenyl carbamate 2.8
o-fluorophenyl carbamate acrylate 1.8 o-methoxyphenyl carbamate acrylate 3.5

040 —mr————————— 1T Cross-Linking Density. In addition to electronic
0 and resonance effects, the ability to cross-link at low
< 5351 * 1 conversion has additionally been theorized as a possible
% ] mechanism for the enhanced reactivity. Decker et al.
14 ] showed with oxazolidone and carbamate secondary
g 0304 ] functionalities cross-linked polymers could be formed
g ] nearly at the onset of polymerization.** Thus, with the
N 0257 ] formation of a gel at very low conversions, termination
"E’ i is hindered early in the polymerization and stronger
> 1 autoacceleration occurs. In this research, cross-linking
g 020 i ] density was evaluated for the unsubstituted phenyl
g l ] carbamate acrylate monomer by dynamic mechanical
g 0.154 1 1 analysis.?* This monomer was chosen due to the fact
% 4 0§ ] that this monomer attains the one of the greatest
= AR polymerization rates of all the monomers tested for this

T T
1.5 2.0 25 3.0 35 4.0 45
Calculated Dipole Moment (D)

Figure 9. Maximum normalized polymerization rate vs
calculated dipole moment. Bulk polymerizations (H), 30:70 wt
% (a), and 50:50 wt % solutions (®) of propylene carbonate in
p-fluorophenyl carbamate acrylate and o-methoxyphenyl car-
bamate acrylate are presented. There is not an increase in
polymerization rate with increasing overall dipole moment.
Calculated dipole moments for all bulk monomers can be found

in Table 2.

polymerization rates at best approximately equivalent,
but in most cases approximately half that of the bulk
monomers under identical polymerization conditions.
Thus, with the overall dipole moment above the 3.5 D
threshold, the theorized polymerization rate increase
was not observed. These experiments indicate that the
monotonic relationship does not hold for all solutions
above the 3.5 D threshold, and the dipole moment theory
is not applicable to all monomers.

Addition of a high dipole inert solvent to the monomer
will have contrasting implications on the polymerization
characteristics. First, simple dilution of the monomer
reduces the monomer concentration and additionally
influences the solvent cage surrounding the propagating
radical. At both 30 and 50 wt % inert solvent, the solvent
cage will be affected by the solvent presence, which is
hypothesized by Jansen et al. to be partially responsible
for the rate enhancement.1® Dilution effects typically
reduce polymerization rates, especially when diffusion-
limited termination is occurring. However, it has been
theorized that, with the addition of a high dipole
moment solvent to create a higher overall dipolar
medium, this effect is overcome and higher polymeri-
zation rates are achieved. Two theories have been
proposed for explaining the limited results in which
higher polymerization rates are achieved in the presence
of a higher dipolar medium. The high dipole moment
solvent leads to a greater charge on the propagating
radical and reduced termination, or the higher dipole
medium leads to a stronger solvent cage effect and less
termination.® However, as shown in Figure 9 for the
solution polymerizations with propylene carbonate,
these theorized dipolar effects were not evident, and the
more typical dilution effects were observed.

research. The DMA analysis on four distinct samples
polymerized at 67 °C failed to yield a rubbery plateau,
thus indicating that the samples did not obtain a cross-
linking density within the tolerance of the apparatus.
Additionally, the gel fraction was analyzed utilizing
chloroform as the solvent, as chloroform was found to
be the best solvent to dissolve the linear or branched
polymer. The polymer samples had a gel fraction of 4 +
1% at approximately 100% double-bond conversion. The
small gel fraction is indicative of the typical backbiting
and side reactions that allow for limited cross-linking
at high conversions in conventional monoacrylates.
Thus, low-conversion cross-linking does not appear to
occur to great extents in these monomers at these
conditions and does not appear to be major source of
the enhanced reactivity of the novel monomers studied
here.

Hydrogen Bonding. The enhanced reactivity of
these novel monomers might be attributed to hydrogen
bonding. With hydrogen bonding, molecules can attain
a higher degree of alignment that would potentially
allow for more efficient radical propagation through the
acrylic double bonds.'> Additionally, hydrogen bonding
will increase the overall viscosity of the solution, thus
allowing for increased reactivities. However, for the
monomers studied in these experiments, initial mono-
mer viscosity is not believed to have a large impact on
the polymerization Kinetics of these materials, as there
is no apparent drastic difference in monomer viscosities.
The N—H stretching vibration (~3350 cm~1) gives
insight into the prepolymerization extent of hydrogen
bonding. However, the infrared band is influenced both
by potential hydrogen bonding and the polarizability of
the N—H bond. Both hydrogen bonding and N—H
polarization will affect the intermolecular interactions
of the molecules, with the monomers that have a high
N—H polarization, such as the pentafluorophenyl car-
bamate acrylate, having a larger partial charge on the
hydrogen atom.

Table 3 examines the N—H stretch vibrations of the
aryl-substituted monomers before polymerization and
relates the hydrogen bonding and polarization to the
polymerization time necessary to react from 10% to 70%
conversion. This analysis allows for a true polymeriza-
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Table 3. FTIR Analyzed Prepolymer N—H Stretch of the
Methoxy Phenyl Carbamate Acrylate Monomers and the
Polymerization Time To React from 10 to 70%
Conversion?

NH

1’peak max
prepolymer-  time to

ization reach X =

(cm™1) 10—70% (s)
phenyl carbamate acrylate 3342 1.7
p-fluorophenyl carbamate acrylate 3339 3.7
m-fluorophenyl carbamate acrylate 3339 1.8
o-fluorophenyl carbamate acrylate 3340 3.4
pentafluorophenyl carbamate acrylate 3300 4.0
3,5-difluorophenyl carbamate acrylate 3335 4.8
p-methoxyphenyl carbamate acrylate 3342 3.0
m-methoxyphenyl carbamate acrylate 3342 2.8

a Spectra and polymerization measured at 67 °C.

tion rate comparison since any early polymerization
effects are neglected. With the exception of the pen-
tafluorophenyl carbamate acrylate, there is only mini-
mal change in the absorption band, and no correlation
is found between this band and the polymerization
kinetics. Thus, it is evident that neither the strength
of hydrogen bonding nor the polarization has a discern-
ible effect on the overall kinetics of the polymerization.
The unsubstituted and meta-substituted monomers
exhibit the most rapid polymerization rate, while the
disubstituted monomer achieves the least rapid polym-
erization rate. This result contradicts the proposed
molecular alignment theory, as the disubstituted mono-
mer has stronger hydrogen bonds and polarization than
the unsubstituted or meta-substituted monomers.

Conclusions

Novel monoacrylate monomers were synthesized with
varying substituents attached to the aryl ring of the
base monomer phenyl carbamate acrylate. These mono-
mers were evaluated using both steady-state and un-
steady-state Kinetics to decipher possible mechanisms
relating to increased reactivity and ability to cross-link.
Specifically, the electronic and resonance effects and
hydrogen-bonding characteristics were examined. The
steady-state analyses indicated that changing the elec-
tronic and resonance effects does not have a significant
effect on polymerization rate. Additionally, results from
the Hammett plot experiments suggested that there is
not a strong correlation between electron density and
polymerization rate. However, the copolymerization
studies showed that, by adding the phenyl carbamate
acrylate monomers to the slower tetrahydrofurfuryl
acrylate, the polymerization rate of the mixture is
significantly faster than the bulk traditional monoacry-
late. Thus, these novel monoacrylate monomers can be
used as reactive diluents. Dipole moment calculations
were correlated with maximum normalized polymeri-
zation rates, and these correlations failed to show that
dipole moment has an effect on the polymerization rate.
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Additionally, cross-linking density studies were per-
formed and indicated that low-conversion cross-linking
does not occur to a large extent. Thus, cross-linking at
low conversion does not appear to be a source of the
enhanced reactivity. Finally, hydrogen-bonding and
N—H polarization effects were analyzed, and these
results failed to yield any obvious polymerization rate
correlations.
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