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ABSTRACT: The use of electron paramagnetic resonance (EPR) in conjunction with Fourier transform
near infrared (FT-NIR) spectroscopy to address the complexities associated with the accurate measurement
and evaluation of cross-linking polymerization kinetics over the entire conversion range is explored.
Experimental protocols are developed providing a more complete picture of the mechanistic and kinetic
underpinnings of these radical polymerizations, accessing information that is otherwise unavailable to
these techniques individually. The kinetics of two multimethacrylate polymerization systems, one forming
a rubbery and the other a glassy polymer network, are compared and contrasted revealing numerous
differences in their attributes as characterized by this experimental combination. Steady-state and
unsteady-state radical concentration profiles, propagating radical environments during polymerization,
and persistent radical populations are explored and utilized to evaluate the underlying propagation and
termination kinetics. Subsequently, kinetic parameters obtained with EPR and EPR/FT-NIR are compared
with those obtained independently from FT-NIR, enabling evaluation of the assumptions that underlie

each technique.

Introduction

Over the years, many techniques have been used to
probe the kinetics of cross-linking photopolymerizations.
Tools such as differential scanning calorimetry (DSC)
and real-time infrared spectroscopy are commonly used
to examine the kinetics of such systems. These methods
enable monitoring of the decay of reactive functionalities
as a function of polymerization time. The kinetics are
also strongly dependent on the radical concentration,
which is not directly measured by the aforementioned
techniques. Correspondingly, the environment and the
structure of the radical species are also not available
for analysis with these methods. Electron paramagnetic
resonance (EPR) spectroscopy is a powerful technique,
which provides a means for direct observation of the
radical populations formed during polymerization.! The
ability to monitor the radical species directly provides
insight into the kinetics of these reactions as well as
into the long-term mechanical properties of the resulting
networks. The termination process of the radical species
is observed and the extent of radical trapping in the
network quantified. In this work, EPR spectroscopy has
been used in conjunction with Fourier transform near-
infrared (FT-NIR) spectroscopy to obtain information
about the radical populations during photopolymeriza-
tion of two multimethacrylate polymerization systems,
one forming a rubbery polymer network and the other
a glassy network. Specifically, steady-state radical
concentration profiles, unsteady-state radical concentra-
tion profiles, environments of the propagating radicals
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throughout the majority of the polymerization, and
persistent radical populations are explored. That infor-
mation is subsequently used for evaluation of propaga-
tion and termination kinetics over the entire conversion
range of the polymerization. Kinetic constants are
evaluated both with and without incorporation of per-
sistent radical population information, and the impact
of those populations is assessed. Additionally, kinetic
parameters obtained using EPR and EPR/FT-NIR are
compared with those obtained independently from FT-
NIR. This comparison allows for evaluation of the
assumptions that underlie those techniques. Further-
more, the validity of using radical concentration infor-
mation for a single steady-state polymerization con-
ducted in the cavity of the EPR in conjunction with the
pseudo-steady-state assumption to calculate the termi-
nation kinetics as a function of conversion over the
entire conversion range is evaluated.

Background

Kamachi? and Yamada et al.? have reviewed much of
the work that has been done relating to EPR spectros-
copy of radical polymerizations. To date, much of the
work that has been done involving characterization of
polymerization kinetics with EPR has been limited to
linearly polymerizing monomers and polymerizations
forming soluble polymer,2~16 with the majority of the
work focused on methyl methacrylate and styrene
polymerizations. Investigations that probe the propaga-
tion and/or termination kinetics of multivinyl cross-
linking polymerizations with EPR are few.”-17-20 The
works that have determined the radical structures
underlying the observed spectra provide the foundation
for using this technique as a tool for obtaining kinetic
information. For methacrylate polymerizations, such as
those under evaluation in this work, the positive
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identification and subsequent assignment of the typi-
cally observed 13- and 9-line radical spectra and the
environment(s) in which those radical species exist were
scrutinized for quite some time?!~3! before their current,
accepted explanations were reached.?3! In addition, the
methods used for obtaining radical concentrations as a
function of polymerization time have also advanced
quite significantly over the years. Initially, samples
were frozen so that radicals could be stabilized for a
period of time long enough to collect a spectrum.2 With
advances in cavity design, spectrometer sensitivity, and
collection techniques, spectra are now collected in situ
during polymerization.? Additionally, the development
of collection techniques, specifically the use of static-
field collection, has been particularly useful for increas-
ing the attainable temporal resolution. This technique,
which involves monitoring a single magnetic field value,
has been used by a number of authors to capture radical
concentrations early in the polymerization when the
change in concentration is quite rapid.>717:32=3¢ Fur-
thermore, Chang et al. have used this technique to
monitor the thermal, emulsion polymerization of MMA
throughout the polymerization with a temporal resolu-
tion of 2.6 s.333% This work takes advantage of the
aforementioned advances and builds upon prior re-
search in the area. To our knowledge, these technique
advances have not yet been utilized to evaluate the
kinetics of polymerizations that occur on time scales of
less than hundreds of seconds. This work uses the time
advantages of the static-field technique to collect kinetic
data with millisecond temporal resolution. Collections
at this resolution make it possible to evaluate polymer-
izations that occur on much faster time scales over their
entire conversion range as well as termination behavior
that occurs in the first second(s) following the removal
of the initiation reaction, making it possible to calculate
the short-time termination kinetics.

The value of quantifying radical concentrations dur-
ing polymerization to the evaluation of the underlying
propagation and termination kinetics is clear. However,
one can also hypothesize that experiments that seek to
quantify the portion of the total radical concentration
that actively participates in those reactions are equally
important, especially in polymerizations that form cross-
linked networks. The existence of such “trapped” or
persistent populations is an accepted phenom-
enon.12435-38 Understanding the evolution of such a
population as the polymerization progresses is impor-
tant to the complete assessment of the polymerization
kinetics of these complex systems. Evaluation and
quantification of the population of radicals that remains
in the network post polymerization is also of significant
value, as that population will have an impact on the
long-term stability of the polymer product. If such a
radical population remains, the potential exists for the
“final” mechanical, chemical, and material properties of
the polymer to evolve over time. Such a system could
be adversely affected by a variety of factors such as
thermal cycling, weathering, and mechanical stress.
Residual radicals react further with unreacted double
bonds and oxygen leading to negative property changes,
e.g., stress development, brittleness, and peroxide for-
mation, over time. The trapping of radicals in glassy,
cross-linked polymer networks and their subsequent
decay via temperature cycling and time have been
studied using EPR by several authors.32:3940 This type
of information, in conjunction with the conversion and
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rate information obtainable from other techniques,
provides a more complete picture of the polymerization.

Materials

The monomers used as received in this study were poly-
(ethylene glycol) (600) dimethacrylate (PEG(600)DMA, Sar-
tomer Co., Exton, PA), tri(ethylene glycol) dimethacrylate
(TEGDMA, Polysciences Inc., Warrington, PA), and 2,2-bis-
[4(2-hydroxy-3-methacryloxy-propyloxy)-phenyl]propane (bis-
GMA, Cook Composites and Polymers, Kansas City, MO). The
numeric notation in the PEG(600) monomer refers to the
average molecular weight of the ethylene glycol chain of the
macromer. Polymerizations were performed using 0.1 wt % of
the ultraviolet initiator 2,2-dimethoxy-2-phenylacetophenone
(DMPA, Ciba Geigy, Hawthorne, NY). o,a'-Diphenyl-1-picryl-
hydrazyl (Aldrich, Milwaukee, WI) was the stable free radical
used for concentration calibrations. Hydrogenated TEGDMA
was used as the solvent for the concentration calibration
standards.

Hydrogenated TEGDMA Synthesis. An unreactive ver-
sion of the monomer TEGDMA was prepared via hydrogena-
tion1*2 of the reactive species. Palladium catalyst (1 g, 3%
Pd on activated carbon) was added to a TEGDMA/ethyl acetate
solution (10 g/100 mL). Hydrogen gas was bubbled through
the stirred suspension at ambient conditions until the reaction
was complete, 18—36 h. The catalyst was removed from the
product by filtration through Celite, and the solvent was
removed via evaporation under reduced pressure. IR and NMR
were used to verify complete reduction of the methacrylate
carbon—carbon double bond without additional alterations to
the monomer structure.

Methods

Irradiation Source. An UV light source (Ultracure 100SS
100-W high-pressure mercury vapor short-arc lamp, EXFO,
Mississaugua, Ontario, Canada) equipped with a liquid light
guide was used to irradiate the monomer/initiator mixtures
in the sample chambers of the FTIR and EPR spectrometers.
The spectral output of the lamp was controlled with a band-
pass filter (320—390 nm, peak 365 nm, EXFO, Mississaugua,
Ontario, Canada). The incident light intensity was controlled
using the internal aperture of the UV light source and
measured with a UV radiometer with a silicone photoelectric
sensor (Cole-Parmer Series 9811 Radiometer, Vernon Hills,
IL). All polymerizations were performed using an irradiation
intensity of 5 mW/cm?2. The molar absorptivity of the photo-
initiator, DMPA, at the peak initiating wavelength, 365 nm,
is 150 L/(mol-cm).

FT-NIR. Real-time FT-NIR spectroscopy has been used to
monitor the polymerization kinetics. A horizontal transmission
accessory (HTA) was designed to enable mounting of samples
in a horizontal orientation for FTIR measurements.'®*? This
orientation allows measurements on thick and/or low viscosity
films without the flow problems inherent to the standard
vertical arrangement. This accessory also facilitates irradiation
of samples from a near-normal incidence without interfering
with the IR source.

Temperature control was achieved using a temperature
control device designed using Peltier technology (Ferro Tec-
SuperTEC single stage coolers, Manchester, NH) and con-
structed for use in conjunction with the HTA. A FTIR
spectrophotometer (Nicolet Model 760 Magna Series II FTIR,
Nicolet, Madison, WI) was used to monitor the polymerization
kinetics. An InGaAs-XT KBr detector-beam splitter combina-
tion was used in conjunction with the rapid-scan feature of
the spectrometer to obtain temporal resolutions (~30 ms)
sufficient for monitoring these polymerizations.

NIR samples were prepared by injecting monomer into
molds constructed using glass slides with 1.0-mm silicone
sheeting as spacer material. The sample thickness outlined
above was chosen for a number of reasons: (1) For the
materials studied, 1 mm is an appropriate thickness to get
strong, unsaturated FT-NIR spectra throughout the conversion
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Figure 1. Illustration of the decay in the vinyl CH; absor-
bance as a function of polymerization time for PEG(600)DMA.
The area of the NIR overtone peak at ca. 6160 cm™! can be
directly translated into conversion vs time data (inset plot).
Polymerization conditions: light Intensity, 5 mW/cm?; photo-
initiator (DMPA) concentration, 0.1 wt %.

of monomer to polymer. (2) At the initiator concentrations
studied, 1 mm is an appropriate thickness to minimize the
initiating light attenuation through the sample, i.e., maintain-
ing an approximately constant initiation rate as a function of
sample thickness, while maximizing the obtainable EPR
signal. (3) 1 mm matches the thickness of the samples
prepared for analysis using EPR, readily allowing for com-
parisons between the FT-NIR and EPR rates and kinetics and
enabling correlation between EPR reaction times and mono-
mer conversion when EPR and FT-NIR experiments are run
under the same conditions. (4) Additionally, this sample
thickness is also appropriate for dynamic mechanical analysis
(DMA), solubility, swelling, extraction, and degradation stud-
ies, thus allowing material property studies on the same
samples used for kinetic studies when desired. FT-NIR spectra
are analyzed to ascertain the change in the vinyl CHy absor-
bance as a function of polymerization time (Figure 1). The area
of the CH; stretch first overtone peak at ca. 6160 cm™! was
used as a measure of double-bond conversion.

FTIR Analysis. Double-bond conversion as a function of
time is measured using FT-NIR. Correspondingly, the polym-
erization rate is obtained from the derivative of the conversion
vs time information (Figure 1 inset). Kinetic parameters, a
function of conversion, are also available using FT-NIR. In this
work termination and propagation kinetic constants obtained
from FT-NIR are compared to those calculated using a
combination of the FT-NIR and EPR techniques.

Termination and propagation kinetic parameters are ob-
tained from FT-NIR via unsteady-state experiments. In these
experiments the initiating light source is extinguished during
photopolymerization, and the polymerization is monitored “in
the dark.” In the absence of initiation (i.e., after the light is
extinguished), the kinetics, assuming a bimolecular chain
length independent termination mechanism, are described by
the following species balances on the radicals and double bonds
present in the system

dRe] _ )

7 = 2kt[R°] (1)
dM] _

7 = kp[M] [R'] (2)

where k¢ and %, are the kinetic constants for termination and
propagation, [Re] and [M] are radical and double-bond con-
centrations, and ¢ is time. An expression for [Re] as a function
of time is obtained via integration of the radical population
balance, eq 1, where the lower integration limit of [Re] at ¢ =
0 in the dark is [Re]o or Rpo/ky[M]. The resultant radical
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Figure 2. “In the dark” experiments for PEG(600)DMA.
Conversion vs time is presented in (a). Each line represents a
single run where the light was extinguished at a specific time/
conversion and then monitored “in the dark.” The kinetic
constant ratio, ky/k,[M], as a function of conversion determined
from the experiments in (a) are presented in (b). The plateau
value is R, the reaction diffusion constant. Polymerization
conditions: initiator (DMPA) concentration, 0.1 wt %; light
intensity, 5 mW/cm?; temperature, 25 °C.

concentration expression, eq 3, is then substituted into the
balance on double bonds, eq 2

R,o/(k, [M])

[Re] = ——F——"—
2R (R(t — t,) + 1

3

where R is the ratio of kinetic constants £y/k,[M]. The resulting
expression is then simplified, and the ratio of kinetic constants,
R, is obtained directly from the following result*

AIM] = S-In@RR o + 1) @)

where R is the polymerization rate at ¢ = 0 in the dark, A-
[M] is the change in double-bond concentration, and ¢ is the
time for which the change in double-bond concentration is
monitored in the absence of initiation.

An example of the experimental conversion vs time profiles
for a complete series of unsteady-state experiments and the
kinetic information available from those experiments is pre-
sented in Figure 2.

To decouple the kinetic constants, the value of R is combined
with the steady-state kinetic expression (eq 5), just prior to
the extinction of the light**

k, R\
R,= kt(l/z)[M] (5) ®

In this expression, R; is the initiation rate. The initiation rate
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for each polymerization was calculated*® from the following
expression

R, =2¢I

abs

= 24((2.303€l,, AIAbI/N , hic)) (6)

where ¢ is the initiator efficiency (assumed one for all
calculations), I.ns the quantity of light absorbed, € the initiator’s
molar absorptivity at 1, the wavelength of initiation, [;,. the
incident light intensity in units of power/area, [Ab] the initiator
concentration, Na, Avogadro’s number, 4 Planck’s constant,
and ¢ the velocity of light.

It is important to note that the determination of the kinetic
parameters using FTIR alone utilizes both a pseudo-steady-
state assumption applied to the radical concentration and
implicit knowledge of the initiation rate. These assumptions
are not required for kinetic parameter determination using
EPR and FT-NIR in combination. Thus, the validity of those
assumptions is also evaluated by comparing the kinetic
parameters obtained with both techniques.

EPR Spectroscopy Measurements. A Bruker ESP300E
EPR spectrometer (Bruker Analytik GmbH, Rheinstetten/
Karlsruhe, Germany) operating in the X-band was used to
study the radical concentration profiles during polymerization.
A TEp2 cavity, 100-kHz field modulation, and 2-Gy, modula-
tion amplitude were used for all experiments.

Sample Preparation. Nitrogen was bubbled through all
monomer/initiator mixtures for 10 min prior to preparing
samples for EPR analysis. Polymerization samples were sealed
in 1 mm inside diameter (i.d.) capillary tubes under a nitrogen
purge using a fill height of 25 mm. Capillary tubes containing
samples were then placed in a thick-walled quartz EPR sample
tube (Wilmad precision quartz model 700-PQ-7 sample tube,
1.40 mm wall thickness, 2.16 mm i.d., Wilmad Glass, Buena,
NJ) and then into a TEq cavity for analysis. A double-walled
quartz dewar insert (Wilmad Suprasil Quartz dewar insert,
model 821-F-Q, Wilmad Glass, Buena, NJ) was inserted in the
cavity during all experimentation. The purpose of the dewar
insert was 2-fold. It was required for its standard purpose,
namely, temperature control of the cavity. Additionally, its
presence, in combination with the thick-walled quartz EPR
tube, was necessary to adjust the sensitivity of the cavity so
that a signal could be recorded from the small sample sizes
present in the 1-mm capillary tubes. A steady nitrogen flow
was maintained through the microwave cavity during all
experimentation. Polymerizations were carried out while the
sample was inside the EPR cavity. This method allowed the
presence of radicals to be monitored during the polymerization.
All experiments were performed at 25 °C.

Microwave Power Selection. The signal acquired from
the crystal detector of a reflection cavity EPR spectrometer is
proportional to the square root of the microwave power (MWP)
incident on the sample cavity in the absence of saturation.*6
Thus, an analysis of the MWP saturation characteristics of
the radicals to be evaluated is necessary. MWP saturation
plots for several of those systems were generated to determine
the optimum MWP at which to run quantitative kinetic
experiments. This determination involves reaching a compro-
mise between maximizing sensitivity, i.e., obtaining signal at
the lowest possible radical concentrations, and minimizing the
necessary saturation correction. The saturation behavior of the
persistent methacrylate propagating radical population in
polymerized TEGDMA is presented in Figure 3. The sample
used for this determination was photopolymerized to 72%
conversion as determined by NIR spectroscopy. The signal
intensity is quantified via the area under the absorbance curve
of the evaluated sample at the experimental conditions, or the
double integral of the typically presented first derivative
spectrum.

Unfortunately, at the low powers necessary to avoid satura-
tion, <0.6 mW, a satisfactory signal is not obtained at short
irradiation times, i.e., low conversion, during photopolymeri-
zation. Experiments at a MWP of 2 mW (20 dB attenuation)
produced satisfactory signal at low conversions (low radical
concentrations) while necessitating only a small saturation
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Figure 3. MWP saturation characteristics of the persistent
methacrylate-propagating radical population in photopolymer-
ized TEGDMA at 72% conversion. The MWP chosen for EPR
experimentation, 2 mW, is highlighted (@). Polymerization
conditions: light intensity, 5 mW/cm?; initiator concentration,
0.1 wt %. EPR operation conditions: microwave frequency, 9.4
GHz; modulation frequency, 100 kHz; modulation amplitude,
2.0 Gyp; receiver gain, 4 x 10% temperature, 25 °C.

correction. The saturation correction factor, S, was calculated
by a ratio of the signal intensity expected in the absence of
saturation, Iynsatd, to the experimentally measured signal, Jexpt,
at the desired MWP. Ingata is calculated via extrapolation from
the linear fit obtained at low MWP as depicted in Figure 3. S
for this system at 2 mW is 1.4.

EPR measurement sensitivity is a strong function of the
sample’s dielectric loss. The dielectric characteristics of mono-
mer/polymer systems are both a function of the system
polymerized and the extent of conversion of a given polymer-
ization sample. Thus, the saturation characteristics of the
methacrylate propagating radical in different “solvents” were
also evaluated to assess variations in saturation behavior as
a function of conversion for a given monomer/polymer system
and as a function of the monomer system polymerized.

The results of this saturation behavior characterization are
well represented by the saturation behavior of the persistent
methacrylate-propagating radical population in polymerized
TEGDMA at low conversion, ~48%, and in polymerized 2,2-
bis[4(2-hydroxy-3-methacryloxy-propyloxy)-phenyl]propane (bis-
GMA) (Structure I), ~34% conversion. BisGMA was chosen
for evaluation as it represents a monomer system with a
dramatically different chemical makeup than TEGDMA while
still having the same propagating radical species. S for the
lower conversion TEGDMA and bisGMA solvent systems
presented here at a MWP of 2 mW is 1.2 and 1.3, respectively.
These results, in addition to similar analyses on a number of
other polymerization systems, indicate that measurable satu-
ration corrections at 2 mW are consistently between 1.2 and
1.4 for the methacrylate-propagating radical present in a range
of monomer/polymer solvents.

@
Norot

A measure of the change in saturation behavior is not
readily attainable as a function of the entire conversion range
for any given system. Extrapolation of the data available at
conditions where persistent radical populations are present,
and thus saturation measurements possible, would only lead
to an increased uncertainty in the final concentration mea-
surements. Therefore, the average measured saturation cor-
rection over a range of polymerization systems and conver-
sions, S = 1.3, was used for all calculations.

Concentration Calibration. Conversion of the measured
signal intensity to radical concentration is necessary for kinetic



6958 Berchtold et al.

25 ¢

=
a

e
o

[nd
o

—
2
Integrated Absorbance |

OE+0 2E-4 4E-4 GE-4 8E;
Concentration

Integrated Absorbance
(arbitrary units)
5

0.5 -
y=1120.4x
R?=0.9843

0.0E+0 5.0E-4 1.0E-3 1.5E-3 2.0E-3

Concentration

Figure 4. Concentration calibrations obtained using DPPH
in hydrogenated TEGDMA. The low-concentration region is
expanded in the inset plot for easier evaluation. Operation
conditions: microwave frequency, 9.39 GHz; modulation fre-
quency, 100 kHz; modulation amplitude, 2.0 Gyp; temperature,
25 °C.

parameter analysis and quantitative comparisons with previ-
ously conducted research. o,o'-diphenyl-1-picrylhydrazyl
(DPPH), was used as the stable free radical for concentration
calibration standardization. It is desirable to prepare standard
samples in the same solvent as the samples in need of
calibration. However, DPPH reacts in the presence of meth-
acrylate species. Correspondingly, monomer cannot be used
as the solvent. The appropriate monomer substitute is a
nonreactive, i.e., hydrogenated, version of the monomer. Thus,
the hydrogenated version of TEGDMA was synthesized for
that purpose.

Standards were prepared and evaluated using the same
sample geometry, volume, preparation technique, and acquisi-
tion conditions as the polymerization samples. The resultant
relationship between signal intensity and radical concentration
is presented in Figure 4. This relationship deviates signifi-
cantly from one devised using DPPH in benzene illustrating
the importance of choosing a solvent that resembles the system
to be evaluated.

Polymerization Characterization. Monitoring the entire
radical spectra as a function of time is the most straightfor-
ward way of accumulating radical concentration profiles and
monitoring spectral changes during polymerization. Experi-
ments were performed on stable radicals to determine the rate
at which data could be acquired without distortion of the
results. A temporal resolution of ~7 s was the result. This time
resolution is quite poor when studying polymerizations that
occur in seconds or even those that occur in tens of seconds.
This temporal resolution also becomes a major limitation when
examining termination kinetics, i.e., examining the radical
population decay upon extinction of the initiating irradiation
source. In such scenarios at low conversions, the visible radical
population quickly drops to low and often undetectable levels,
generally before even a single data point is collected.

This work has employed data acquisition at a static mag-
netic field value to enhance the time response of the system.
Other authors have used similar techniques to monitor po-
lymerization kinetics but, to this point, only for reactions
occurring on much longer time scales.>717:32-34 The field value
at the center line peak of the main methacrylate propagating
radical spectra® was chosen. The radical spectra present during
the polymerization of the PEG(600)DMA and TEGDMA sys-
tems exhibit minimal changes during the course of the
polymerization, and thus the application of this technique is
straightforward. Studies were done to determine the correla-
tion between peak height and spectral area for these poly-
merizations. A linear relationship was obtained, validating the
use of peak height for radical concentration measurements.

In the case of the system that forms a rubbery polymeriza-
tion network, PEG(600)DMA, the 13-line spectrum associated
with the methacrylate propagating radical in a liquidlike
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Figure 5. Typical 13-line methacrylate-propagating radical
EPR spectra acquired during the polymerization of PEG(600)-
DMA. Arrow indicates the field position used during static-
field collection. Operation conditions for spectral acquisition:
microwave frequency, 9.37 GHz; modulation frequency, 100
kHz, modulation amplitude, 2.0 Gyp; receiver gain, 2 x 10°.
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Figure 6. Typical 9-line methacrylate-propagating radical
EPR spectra acquired during the polymerization of TEGDMA.
Arrow indicates the field position used during static-field-
collection. Operation conditions for spectral acquisition: mi-
crowave frequency, 9.42 GHz; modulation frequency, 100 kHz;
modulation amplitude, 2.0 Gyp; receiver gain, 4 x 10%

environment (Figure 5) is observed throughout the polymer-
ization. At long irradiation times, well after essentially
complete conversion of the double bonds is achieved, evidence
of an overlapping 9-line species is visible. The 9-line spectrum
is typically associated with the propagating radical in a more
mobility-restricted environment. Thus, the absence of a transi-
tion to the 9-line in the PEG(600)DMA system is evidence of
a relatively high mobility polymerization environment. Unlike
the PEG(600) system, TEGDMA does not remain above its
glass transition temperature throughout the entirety of the
polymerization. The difference in the two system’s polymeri-
zation environments is manifested in the observed spectra. At
the conditions examined here, the 13-line spectrum is never
observed in the TEGDMA polymerization. The polymerization
environment is such that only the 9-lines species (Figure 6) is
visible once the radical population reaches the spectrometer’s
detection limit, ~107¢ mol/L. It should be noted that a
transition from the 13-line to the 9-line is visible in many
materials, and thus multiple conversion dependent peak height
to spectrum area calibrations may be necessary to capture the
polymerization characteristics accurately in those systems.
Spectral changes are not observed with the static-field-
collection method, but when used in conjunction with full
spectral acquisitions, a great deal of information is obtained.
Millisecond resolutions are possible using the static-field
technique. Plots of radical profiles for the photopolymerization
of PEG(600)DMA using the two data acquisition techniques
are presented in Figure 7. The solid lines represent static-
field acquisition, and the points represent full-spectrum
acquisitions. The amount of information lost as a result of the
long times required to obtain complete spectra is apparent
when comparing the two techniques (—, static field; O, full
spectrum). A rapid increase in the radical concentration at the
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Figure 7. A comparison of static-field (black line, gray line)
and full spectrum acquisition techniques (®, O) for obtaining
radical concentration profiles for the polymerization of PEG-
(600)DMA. Note that the short time scale features of the
radical population evolution and decay are not captured by
the full spectrum data. Irradiation times are 50 (O) and 300
(®) seconds at 5 mW/cm?. The static-field plots were acquired
at resolutions of 20 and 40 ms/datapoint for the 50- and 300-s
cure times, respectively.

onset of polymerization is clearly visible in the static-field
collection results. This initial increase is followed by another
region of radical generation with a slower rate. The analysis
of the full-spectrum data does not exhibit these two distinct
regions of radical generation. The details of the initial increase
and the transition to a second region of slower radical
generation are lost in the time-averaged full-spectrum collec-
tion method. Similarly, the close adherence to the full cure
data and then the rapid decay in the absence of initiation are
also not observed in the full-spectrum data. The clearly
resolved behavior of the static-field result is reduced to a single
time-averaged point that does not provide an accurate depic-
tion of the true rate behavior in that region. This time-
averaged nature of the full spectrum data makes quantification
of the termination kinetic constant immediately after the light
is extinguished nearly impossible.

EPR Analysis. This experimental procedure is used to
obtain individual rate constants, &k, and k¢, as a function of
conversion in the absence of the underlying assumptions
necessary to gather this information using techniques such
as FTIR and DSC. A comparison between the data obtained
with EPR and that which has been obtained with other
techniques is also utilized to understand the polymerization
kinetics better by quantifying the fraction of radicals that
actually participate in the propagation reaction as a function
of monomer conversion.

Termination Kinetic Constant Evaluation. The change
in the radical concentration with time during the polymeri-
zation is represented by eq 7 where R; is the initiation rate
and a bimolecular, chain length independent termination
mechanism is assumed

d[Re]
dt

=R, — 2k,[Re]® (7

The decay of the radical concentration in the absence of the
initiation reaction (i.e., when R; = 0) is then directly related
to the termination behavior of the system via eq 8, where [Re]o
is the radical concentration at the time that the light was
extinguished, or any time zero in the dark, and [Re]; represents
the radical concentration at time ¢ since the light was
extinguished

[R°] 0
[Rel,

=1+ 2k,[Relyt (8)
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Figure 8. Polymerization rate (left axis) and radical concen-
tration profiles (right axis) as a function of irradiation time.
The rate curve was obtained using the derivative of the NIR—
FTIR conversion vs time data with irradiation for 300 s. This
plot illustrates both full-cure and partial-cure results for the
polymerization of PEG(600)DMA initiated with 0.1 wt %
DMPA and 5mW/cm? of UV light using EPR spectroscopy.

Polymerizations are monitored with different irradiation
times, and radical concentration profiles are obtained for the
system both during irradiation and post irradiation (Figure
8). The postirradiation plots of [Re]¢/[Re]; vs time in the absence
of initiation are then used to examine the termination kinetics
of each system (eq 8). Parallel NIR—FTIR experiments facili-
tate correlation of kinetic parameters with double bond
conversion.

Propagation Kinetic Constant Evaluation. The propa-
gation kinetic constant, &, is obtained by combining the NIR—
FTIR and EPR techniques. Polymerization rate and double-
bond conversion as a function of polymerization time are
directly obtained from NIR. Radical concentration as a function
of polymerization time is obtained from EPR evaluation of the
same system at the same conditions. Knowing the relationship
between polymerization rate, R,, and the reactant concentra-
tion, i.e., double bonds, [M], and radicals, [Re], %, is calculated
(eq 9)

R, = k,[MI[Rs| )

Thus, only a single steady-state polymerization experiment
from each technique, combining both the EPR and the NIR—
FTIR, is necessary to obtain %, as a function of conversion for
the entire polymerization. This measure of %, is then compared
with that obtained from NIR—FTIR alone.

“Active” Radical Kinetic Constant Evaluation. Kinetic
parameters that account for the persistent radical concentra-
tion present in the polymer network are also available with
EPR. The radical concentration does not decay completely, i.e.,
to undetectable levels, after irradiation cessation in each
unsteady-state experiment. This result implies that a percent-
age of the radical population is not participating in termination
reactions on the time scale of the unsteady-state experiment
(5—10 min on average). Removal of the persistent radical
population concentration, [Re]persistent, from the total radical
population, [Re]i.ta, facilitates “active” radical kinetic constant
determination. Thus, eq 10 is substituted into eqs 8 and 9 and
Riactive and kpacive are calculated. The persistent radical
concentration is quantified as the plateau radical concentration
taken ~10 min after extinction of the irradiation source

[Re] = [Re]ypy — [Rel (10)

persistent

Results and Discussion

FTIR and EPR were used to obtain rate data and
kinetic parameters for the polymerization of both a
rubbery and a glassy polymer forming dimethacrylate.
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Figure 9. TEGDMA polymerization rate (left axis) and
radical concentration profiles (right axis) as a function of
irradiation time. The rate curve was obtained using the
derivative of the NIR—FTIR conversion vs time data with
irradiation for 300 s. This plot illustrates both full-cure and
partial-cure results for the polymerization of TEGDMA initi-
ated with 0.1 wt % DMPA and 5mW/cm? of UV light using
EPR spectroscopy.

A rapid increase in the radical concentration at the
onset of polymerization is observed in the rubbery PEG-
(600)DMA system (Figure 8). The radical population
evolution rate then slows to a second approximately
constant value until the polymerization is complete with
respect to the decay of double bonds in the system. This
transition appears to occur simultaneously with the
onset of autoacceleration. This result is somewhat
unexpected, as the onset of autoacceleration is typically
thought to be accompanied by a dramatic increase in
radical concentration, induced by ever-increasing mobil-
ity limitations to termination.

The glassy TEGDMA polymerization system also
exhibits a transition in the rate of change of the radical
concentration (Figure 9). The transition appears some-
what delayed in relation to what was observed in the
PEG(600) system, and the trend is reversed, i.e., an
increase in the [Re] vs time slope is observed. This result
is more intuitive with respect to the nature of autoac-
celeration in cross-linking polymerizations. It is also
worth noting that a transition in the unsteady-state
behavior also seems to occur at this point, namely, a
transition from a radical population that almost entirely
decays in the absence of initiation to one that includes
a significant radical concentration that persist long after
the initiating light source has been extinguished.

Figure 10 illustrates the termination analysis for
PEG(600)DMA. Several different regions of termination
are observed. The presence of more than one termina-
tion regime is typical of all of the multivinyl systems
that we have studied. Similar behavior was also ob-
served by Buback et al. in their EPR evaluation of the
low conversion (<30%) termination kinetics of dodecyl
methacrylate (DMA).> A possible explanation for the
different termination regions involves the presence of
different time scales for termination of radicals of
different lengths, i.e., chain-length-dependent termina-
tion (CLDT). This explanation was also hypothesized
for the linearly polymerizing DMA.5> The concept of
CLDT, while broadly accepted in linearly polymerizing
systems, has been explored only recently in multivinyl
polymerizations.4”~%0 In this scenario, one might envi-
sion a partially formed network (Figure 1la) that
contains several different reactive species. At any given
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Figure 10. PEG(600)DMA “in the dark” termination kinetic
constant evaluation from a plot of the initial “dark” radical
concentration, [Re]o, divided by the “dark” radical concentration
as a function of time, [Re];. Polymerization conditions: tem-
perature, 25 °C; light intensity during polymerization, 5 mW/
cm?; initiator concentration, 0.1 wt % DMPA; duration of
irradiation, 50 s. EPR operation conditions: microwave fre-
quency, 9.37 GHz; modulation frequency, 100 kHz; modulation
amplitude, 2.0 Gyp; gain, 2 x 10°.

(b)

Figure 11. (a) An example network structure at the time that
the light is extinguished. Radicals can encounter each other
via center-of-mass diffusion, segmental motion, and reaction
diffusion during this time. (b) The network structure from (a)
some time after the light was extinguished and after the more
mobile radical species have been consumed. It is more difficult
for the radicals to encounter one another at this point in time.

time during polymerization, unreacted monomer, low
molecular weight (MW) radicals up to some MW < MW,
a critical MW after which the radical behaves as a “long”
radical, and “long” radicals and double bonds with
significant mobility only beyond their last tether point
to the network are present in the system. If this network
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Figure 12. (a) Termination kinetic constant, k¢ mobile, and (b)
propagation kinetic constant, k,, for the photopolymerization
of PEG(600)DMA as obtained from FT-NIR analysis (a) and
EPR analysis (®). Polymerization conditions: light intensity,
5 mW/cm?; initiator concentration, 0.1 wt %.

exists at the time that the light is extinguished, then
the smaller and more mobile radicals and double bonds
will react and terminate during the first region of
termination, immediately after the light is extinguished.
After some period of time in the absence of the initiation
reaction, one hypothesis is that all of the more mobile
species have reacted and the network has become more
cross linked (Figure 11b). Thus, a continuous change
in the average ki, represented by the continuously
changing slope of the data presented in Figure 10, is
observed. The duration of this initial period is likely
controlled by a number of network properties: primarily
a combination of the chemical reactivity and the effec-
tive diffusion coefficients of the more mobile radical
species in the network and correspondingly, the maxi-
mum size of a chain before it is too large to be considered
mobile relative to the network characteristics. Following
the initial period of rapid termination, the remaining
reactive species will continue to find each other and
terminate but over much longer time scales, since the
smaller, more mobile radical population has been de-
pleted. Now, radicals are either separated by large
distances or are tethered closely to the network, lower-
ing the probability of encountering another radical at
each time step.

The radical concentration profiles from the full and
unsteady-state experiments using static-field EPR, Fig-
ures 8 and 9, were used to obtain k¢mobile Or the short

EPR/FT-NIR Cross-Linking Polymerization Kinetics 6961

1E+8 |

1E+7 |
A

1E+6 5 A

%

= 1E+5 - A

@

S1E+ - ®

E 1e43 .

A

~ 1E42 s
1E+1

1E+0 L4
1E-1

; (]
o 'TEGDMA | _

0.0 0.2 0.4 0.6 0.8
Conversion

(a)
1E+5
1E+4
1E+3

2 1Es2
=]

E 1E41 |
S1E+0 -

1E-1

1E-2

'TEGDMA

0.0 0.2 0.4 0.6 0.8
Conversion

1E-3

(b)

Figure 13. (a) Termination kinetic constant, % mobile, and (b)
propagation kinetic constant, k,, for the photopolymerization
of TEGDMA as obtained from FT-NIR analysis (a) and EPR
analysis (@). Polymerization conditions: light intensity, 5 mW/
cm?; initiator concentration, 0.1 wt %.

time termination kinetic constant as a function of
conversion for both polymerization systems. The termi-
nation kinetic constants for PEG(600)DMA and TEGD-
MA obtained from two techniques, FTIR and EPR, have
been compared in Figures 12a and 13a. Termination
kinetic parameters collected with these two techniques
for the polymerization of PEG(600)DMA exhibited good
agreement despite the assumptions necessary to analyze
the FTIR data. The measurement of %k, at higher
conversion values is easily obtained using EPR, whereas
this measurement becomes difficult using FTIR because
small errors in the measurement of conversion have a
large impact on the resulting k. This difficulty is
accentuated with a monomer such as PEG(600)DMA
that reaches complete conversion. In contrast, the
termination kinetics of the TEGDMA polymerization
acquired using the two different analytical techniques
exhibit significant differences throughout the polymer-
ization, with the EPR data exhibiting consistently lower
ki values than those measured using FTIR.
Propagation kinetic parameters are also obtained
from EPR analysis in conjunction with rate data, in this
case as determined from NIR—FTIR spectroscopy. This
measure of &, is then compared with that obtained from
NIR—FTIR alone. These results for the polymerization
of PEG(600)DMA and TEGDMA are presented in Fig-
ures 12b and 13b, respectively. Again, better agreement
is observed in the rubbery PEG(600)DMA polymeriza-
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Figure 14. The persistent radical population (M) compared
with the total radical population (O) as a function of conversion
for (a) PEG(600)DMA and (b) TEGDMA polymerization and
(¢c) the corresponding conversion vs time information for
TEGDMA. Polymerization conditions: light intensity, 5 mW/
cm?; initiator concentration, 0.1 wt %.

e
o

tion system. One explanation for the deviations realized
in the TEGDMA polymerization system involves the
presence of a significant persistent radical population
during the polymerization; thus, implying that a fraction
of the radical population does not readily participate in
termination and/or propagation reactions. This result
leads to a different measure of the kinetic constants
when examining the change in radical concentration,
EPR, as opposed to the double-bond concentration,
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Figure 15. A comparison of the (a) termination kinetic
constant, k;, and (b) propagation kinetic constant, k,, for
photopolymerization of PEG(600)DMA as obtained from FT-
NIR analysis (a) and EPR analysis of the “active” radical
population (O). Polymerization conditions: light intensity, 5
mW/cm?; initiator concentration, 0.1 wt %.

FTIR. The contribution of this effect to the kinetic
parameters is quantified by measuring the persistent
radical populations and excluding them from the mea-
sure of k¢ and k,, in essence using only the “active”
radical concentration for those calculations.

Persistent Radical Populations. The quantifica-
tion of the persistent radical populations that remain
post polymerization is of interest for other reasons as
well. Of primary interest industrially is the impact that
this radical population has on the long-term material
properties of a polymer product. It has been hypoth-
esized that the presence of a persistent radical popula-
tion within a polymer network post cure leads to
property deterioration over time due to the formation
of peroxy radicals via reaction with atmospheric oxygen.
Additionally, these radicals that remain in the system
after cure facilitate further reaction when the polymer
is exposed to environmental changes such as thermal
cycling. Such reactions also significantly affect the
material properties. The quantity of persistent radicals
is highly dependent on the nature of the polymer
network that is formed and on the duration of sample
irradiation.

These persistent radical populations have been quan-
tified and compared with the total radical population
as a function of conversion for both PEG(600)DMA and
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Figure 16. A comparison of the (a) termination kinetic
constant, k¢, and (b) propagation kinetic constant, k,, for
photopolymerization of TEGDMA as obtained from FT-NIR
analysis (a) and EPR analysis of the “active” radical population
(O). Polymerization conditions: light intensity, 5 mW/cm?;
initiator concentration, 0.1 wt %.

TEGDMA (Figure 14). Conversion vs time behavior for
the polymerization of PEG(600)DMA and TEGDMA has
also been presented in Figures 2a and 14c, respectively,
to facilitate comparisons between all presented data.
Not surprisingly, the rubbery PEG(600)DMA network
does not possess a significant persistent radical popula-
tion until about 40% conversion. In contrast, the glassy
TEGDMA network contains a stable radical population
by 20% conversion. These conversions are consistent
with when each system’s termination behavior becomes
reaction diffusion controlled.

These measures of persistent radical populations are
subsequently used in the analysis of the termination
and propagation kinetic constants to obtain a measure
of those parameters as they pertain to the “active”
radical population. Those results are presented in
Figures 15 and 16 for the polymerizations of PEG(600)-
DMA and TEGDMA, respectively. Accounting for this
“unreactive” population, as expected, has a minimal
effect on the PEG(600)DMA kinetics. However, account-
ing for this population in the glassy TEGDMA system
transforms results that were in very poor agreement
into ones that are much closer quantitatively. This
analysis demonstrates the importance of accounting for
persistent radical populations if the goal is to character-
ize the kinetics of the most mobile of the radical species.
Correspondingly, such analyses also provide insight into
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Figure 17. A comparison of the termination kinetic constant,
ki, as determined from EPR evaluation of the total radical
population (®) and from the pseudo-steady-state assumption
(O) assuming an initiator efficiency of unity for the polymer-
ization of PEG(600)DMA and TEGDMA. Polymerization con-
ditions: light intensity, 5 mW/cm?; initiator concentration, 0.1
wt %.

the role of persistent radial populations in dictating the
overall polymerization kinetics as a function of the
characteristics of the network formed.

Pseudo-Steady-State Assumption. Evaluating the
validity of the pseudo-steady assumption to calculate
ki as a function of conversion for the total radical
population was also of interest. Thus, eq 11 was used
to calculate k¢ from a single steady-state polymerization
run in the cavity of an EPR spectrometer and an
assumed knowledge of the initiation rate, R;. An ef-
ficiency of 1 was used for these calculations, and the
results are presented in Figure 17.

Interestingly the results obtained from this single
experiment are in very close agreement with those
obtained after the painstaking analysis of numerous
unsteady-state runs! It is important to point out that
no information about the persistent radical populations
is available from the steady-state experiment, and thus
the total radical population, [Re]iota1, was used in eq 11
instead of the more accurate [Re],ctive, as the persistent
population by definition does not participate in bimo-
lecular termination reactions. However, analysis of
unsteady-state experiments purely for the persistent
radical populations as a function of conversion would
allow for their application to these results.
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Conclusions

The combination of EPR with FT-NIR provides a
comprehensive picture of radical population character-
istics during polymerization as well as information that
is otherwise unavailable to these techniques individu-
ally. Evaluation of two multimethacrylate polymeriza-
tion systems, one forming a rubbery polymer network
and the other a glassy network, revealed numerous
differences in their polymerization attributes as char-
acterized by this experimental technique combination.
Specifically, their steady-state radical concentration
profiles, the environment of their propagating radicals
throughout the majority of the polymerization, and the
differences in their termination and propagation kinet-
ics as a function of total and persistent radical concen-
trations were in stark contrast. Kinetic parameters
obtained with EPR were also compared with those
obtained independently from the FT-NIR technique. The
FT-NIR-obtained kinetic constants are in good agree-
ment with the “active” radical kinetic constants obtained
from the EPR/FT-NIR combination. The results of these
studies illustrate that EPR is a powerful technique that
is readily applicable to kinetic evaluation of free radical
photopolymerizations. The application of EPR provides
insight into the complex polymerization kinetics and
corresponding network formation, and as a result, a
more complete understanding of the anomalous behav-
iors exhibited by these polymerizations is attained.
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