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Characterizing resin extent of cure kinetics is critical to understanding the structure—property-processing
relationships of polymers. The disorder band present in the low-frequency region of the Raman spectrum
is directly related to conformational entropy and the modulus of amorphous materials, both of which
change as the resin polymerizes. Normalizing the disorder band to its shoulder (~85 cm™) provides struc-
tural conversion kinetics, which we can directly correlate to chemical conversion kinetics for methacrylate
and epoxy—amine based resin systems. In addition to fitting both the structural and chemical conversion
data to a phenomenological kinetic rate equation, we also demonstrate a relationship between the
chemical and structural kinetics which appears to relate to the softness of the material. Lastly, we use the
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method to investigate a methacrylate/epoxy interpenetrating polymer network resin system. We find that
the structural and chemical conversions occur simultaneously during the formation of the primary (meth-
acrylate) network, but there is a lag between the two during the formation of the secondary (epoxy—
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1. Introduction

Resin kinetics inform polymerization extent of cure and pro-
cessing conditions, which are central to polymer network for-
mation. How the polymer network is formed influences the
final physical and mechanical properties of the material, and
insufficient curing can be detrimental to the material’s
performance.” Thus, characterization of the kinetics is
important for understanding the structure-property-proces-
sing relationships of polymers, which is essential for industrial
process development and quality control.® Additionally, ensur-
ing sufficient curing mitigates safety risks as unreacted mono-
mers and other low molecular weight components could
diffuse out of the material, causing adverse health effects.
Cure kinetics are also important for determining adequate
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manufacturing times and establishing safe processing and
storage conditions, especially in formulations that contain
multicomponent reagents and initiators.” Because of the com-
plexity of multicomponent resin systems, there is a need for
chemically independent techniques that can be implemented
in situ into manufacturing processes.

Many experimental techniques are used to monitor resin
cure kinetics including changes in refractive index,®™°
rheology,'"'? and dielectric analysis’*™*> although differential
scanning calorimetry (DSC) and Fourier transform infrared
(FTIR) spectroscopy are perhaps the most widely implemented.
DSC exposes a sample to a thermal profile and measures the
heat flow during the curing process.'®*° Monitoring kinetics
with DSC assumes that the heat evolved is proportional to the
extent of cure of reactive groups and that the reaction rate is
proportional to the measured heat flow.'” Similarly, photo-
DSC monitors the heat release of photocurable resins after
being irradiated with UV or visible light.*”*"** In both DSC
and photo-DSC, factors such as the method of sample prepa-
ration, the heating rate of the DSC test, and specificity of temp-
erature integral approximation can have effects on the calcu-
lations and results.'””**> Photo-DSC is also limited by the rela-
tively long delay times due to the required low-intensity light.®

FTIR is used for monitoring the kinetics of both thermal
and photocurable systems and provides chemical information
about the resin as the absorption band is proportional to the

This journal is © The Royal Society of Chemistry 2023
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bond concentration.®”** In many cases, FTIR involves attenu-
ated total reflection (ATR), which requires direct sample
contact.>*>’ This technique is useful for surface measure-
ments but cannot provide information of a sample’s interior
nor is it suitable for in situ monitoring applications.
Alternatively, conversion of the bulk polymer can be monitored
in the near-IR range through transmission measurements,
which can be adapted for in-line process monitoring.?73!
While effective for monitoring both physical and chemical pro-
perties of polymers, near-IR spectra contain overlapping over-
tones and combinations of bands from the mid-IR that often
require nontrivial post-processing and chemometric data
analysis.?*??

Raman spectroscopy has been used to study the real-time
kinetics of different polymerization reactions such as those of
microemulsions and epoxy resin systems.*?*® Raman is a
sensitive probe of nonpolar molecules, and as a noncontact,
non-destructive technique, it is suitable for in situ monitoring
of cure kinetics. Raman spectra can be subdivided into three
main regions known as the stretch region (>2000 cm™), the
chemical fingerprint region (~500 cm™'-~2000 cm™'), and the
structural region (<500 cm™"). However, thus far, Raman-based
polymerization kinetics studies have focused exclusively on
signals in the chemical fingerprint region,***** such as the
methacrylate (C—=C) band at ~1640 cm™" and the epoxy band
(-CH-O-CH,) at ~1250 cm™.

Raman scattering in the low-frequency (terahertz) region,
which is a subset of the structural region, is directly related to
the phonon density of states g(v).*”~*° In highly ordered crystal-
line materials, acoustic phonon modes produce sharp bands
in the Raman spectrum, but as the material becomes less
ordered, these modes tend to broaden and redshift simul-
taneously. For soft amorphous materials, g(v) is dominated by
two main features — the Boson and van Hove peaks.**° In
amorphous polymers, the Raman scattering intensity Iz(v) can
be directly related to g(v) by

C(v)g(v)

)=

(v, T) + H(v)], (1)

where v is the frequency of the Raman shift, C(v) is the coup-
ling coefficient, n(vT) = (¢"/*" — 1)™" is the Bose-Einstein dis-
tribution function with kg being Boltzmann’s constant, % is
Planck’s constant, and T is the temperature.’’ %' The
Heaviside function H(v) = 1 for v > 0, 0 otherwise, accounts for
the difference in the probability between the Stokes and anti-
Stokes shifted photons.

We have previously shown that these phonon modes result
in a broad (~150 cm™! wide) disorder band in polymers with
an apparent peak near 15 cm™' and a well-defined shoulder
dominated by the Boson and van Hove peaks, respectively.’” In
that work, we showed that by normalizing the disorder band
to the shoulder, the integrated intensity near the peak of the
disorder band could be used to measure the effective change
in conformational entropy as a polymer goes through the glass
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transition, without the need for advanced spectral processing
or peak fitting.

In this work, we describe how this same methodology can
be applied to measure polymerization kinetics by monitoring
the decrease in the normalized disorder band as a resin poly-
merizes. Since the disorder band in soft amorphous materials
is a universal feature, this approach benefits from combining
the “chemically agnostic” nature of traditional thermal-
mechanical analysis methods with the non-contact, non-
destructive nature of laser-based vibrational spectroscopy.
Herein, we demonstrate the universality of this technique by
detecting transient structural changes during the curing
process of methacrylate, epoxy-amine, and dual-cure meth-
acrylate/epoxy interpenetrating polymer network (IPN) resins.

2. Materials and methods

2.1. Materials and sample preparation

Three resins were formulated for this study to represent a wide
array of materials: fully methacrylate, epoxy-amine, and meth-
acrylate/epoxy. Resins were prepared such that the methacry-
late functionalities polymerized via photoinitiated free radical
polymerization and the epoxy-amine components cured ther-
mally. Fig. 1 shows the components of each resin formulation.
All components were used as received in this study.

A fully methacrylate resin (DA-2) was prepared from
37.5 wt% bisphenol A glycerolate dimethacrylate (BisGMA,
Esstech), 37.5 wt% ethoxylated bisphenol A dimethacrylate
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Fig. 1 Structures of resin formulations.

Analyst, 2023, 148, 5698-5706 | 5699


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an01099f

Open Access Article. Published on 12 October 2023. Downloaded on 1/23/2026 11:02:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(BisEMA, Esstech), and 25 wt% 1,6-hexanediol (HDDMA,
Esstech) according to Tu et al>® Diphenyl(2,4,6-trimethyl-
benzoyl)phosphine oxide (TPO, TCI America) was added as a
photoinitiator at 2 wt% based on the total mass of resin.

An epoxy-amine resin was prepared from a diglycidyl ether
of bisphenol A resin (EPON 828, Hexion) and a diethyl-
methylbenzenediamine resin (Epikure W, Hexion). The epoxy
equivalent weight (EEW) for EPON 828 was 186.1 g eq.” " and
the amine hydrogen equivalent weight (AHEW) of Epikure W
was 44.6 g eq.” . These components were formulated with 1:1
equivalents of epoxide to amine hydrogen. The epoxy-amine
resin is herein referred to as EPON 828.

A dual-cure methacrylate/epoxy IPN resin was prepared by
combining methacrylate and epoxy-amine resin components.
The epoxy-amine component was prepared with EPON 828
and Epikure W with 1:1 equivalents of epoxide to amine
hydrogen. Phenyl methacrylate (inhibited with 100 ppm of
hydroquinone, Scientific Polymer Products), BisGMA, and the
epoxy—amine were formulated based on 1:0.5:0.5 molar
equivalents, respectively. This resin formulation is denoted as
PBE. TPO was added as the photoinitiator at 2 wt% based on
the total resin.

All resin formulations were mixed with an ARE-310 plane-
tary mixer (Thinky) programmed for 10 min at 2000 rpm to
mix and 5 min at 2200 rpm to defoam. This mixing cycle was
repeated until all components were fully dispersed homoge-
nously (2-3 cycles). After mixing a given formulation, resin was
applied onto a 4 x 6 x 0.020 in® steel test panel and spread
with an adjustable film coater set to a thickness of 500 pm. A
25 x 25 x 0.15 mm?® glass cover slip was then placed on top of
the resin to mitigate oxygen inhibition at the surface, and the
excess resin was removed.

2.2. Experimental setup

The experimental setup, shown schematically in Fig. 2,
enabled in situ real-time polymerization kinetics monitoring of
photo, thermal, and sequential photo-thermal cure. This was
accomplished with a 0.25-in thick aluminium plate with an
embedded thermocouple seated on top of a hot plate as the
sample platform. Light from an Omnicure Series 2000 high-

UV Lamp

Light Guide

Collimating Lens
Probe

.

Mirror

Spectrometer

B Sample
Thermocoumeg “

Fig. 2 Schematic representation of Raman kinetics experimental setup.
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power xenon source (Excelitas Technologies) was passed
through a 365 nm bandpass filter, fiber-coupled to a large core
“light pipe”, and then collimated directly above the sample
platform to allow for relatively uniform illumination of the
resins. The Raman scattering measurements were done with a
785 nm CleanLine laser and TR-PROBE from Coherent Inc.
with a 37.5 mm focal length aspheric lens for both excitation
and collection. The TR-PROBE can filter both Stokes and anti-
Stokes Raman scattering to within approximately +7 cm™" of
the Rayleigh line. The scattered light was then fiber-coupled
directly into an EAGLE Raman-S (Ibsen Photonics) high-
throughput transmission (f/1.6) spectrograph. Raman scat-
tered light was collected with a deep depleted back-illuminated
thermoelectrically cooled (-60 °C) CCD camera (Andor
Instruments) with a 950 ms integration time. The UV illumina-
tion intensity was controlled by a combination of lamp settings
and adjustments to the height between the collimating lens
and the sample platform, and the light intensities were
measured with a Thorlabs power meter.

2.3. Data processing and analysis

All Raman spectra were analyzed with custom MATLAB code,
which included an adaptive, iteratively reweighted Penalized
Least Squares algorithm for baseline correction for data in the
chemical fingerprint region. No baseline correction was
needed in the structural region. Cosmic rays and other anoma-
lous spikes in the spectra were removed with a custom 6-sigma
algorithm. The conversion a was calculated from the following

relationship,
Tref unreacted Tref reacted

a= s 2
(,_ ) (2)
Tret unreacted

where the regions ., and I are the integrated intensities of
the variable and reference peaks respectively. For structural
kinetics, the variable and reference peaks were chosen to be
the peak (~14 cm™") and shoulder (~85 cm™") of the disorder
band, respectively. For the fingerprint region, the variable and
reference peaks varied according to the polymer. For methacry-
late kinetics, the variable and reference peaks were the aro-
matic CCH quadrant stretch (~1605 cm™') and the C=C
stretch (~1637 ecm ™), respectively.”® For epoxy-amine kinetics,
the variable and reference peaks were the epoxy ring breathing
mode (~1250 ¢cm™') and the phenyl band (~1109 cm™),
respectively.®> All integrated intensities were determined with
bounds of +7 em™" of the line center.

Conversion data were fit with linear least squares regression
to the integrated form of the following kinetic rate equation,

da

dt = k(au - a)n7 (3)
where a, is the ultimate conversion, k is the rate constant, and
n is the reaction order.” While the authors acknowledge that

there are more comprehensive kinetic rate equations for

This journal is © The Royal Society of Chemistry 2023
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epoxy-amine resin systems,’® our purpose is to show the
applicability of the method and not to provide a detailed
physical description of the cure itself. Therefore, we have
chosen to use this relatively simple phenomenological model
in this study.

When performing Raman spectral band fitting, the data
were corrected for filter and spectrometer roll-off by calibration
with a broadband white light source in the region between
+200 cm ™", Then the spectra were normalized for Stokes scat-
tering and fitted to the following first principles model,?”

Iqers Avqers
) = e v\
V24 VQERS
2
— |2+ 7log M 2 v—|énml :
—+ },IBP e o ! ngP +IN—M67(2A§NM>
2y/pp 2/mAénm

{H(u) +H(-v) (u)se(k%)} .

Z 2
(4)

with the default nonlinear least squares method from the
MATLAB curve fitting toolbox. In eqn (4), I is the integrated
intensity of the mode, v, is the frequency of the incident radi-
ation, Av is the full-width half maximum, ¢ is related to the
peak position, and y is a constant relating to the width and fre-
quency of the Boson peak. The subscripts QERS, BP, and NM
denote the three different contributions to the fit, namely
quasi-elastic Rayleigh scattering, Bosonic peak, and normal
modes, respectively.

3. Results and discussion

3.1. UV cured methacrylate resin

First, we chose to look at the cure kinetics of the DA-2 formu-
lation since it had been previously studied with ATR-FTIR by
Tu et al.’ Fig. 3(a) shows the methacrylate conversion based on
the Raman results from the chemical region for measurements
done with a 365 nm light source with an illumination intensity
of 0.76 mW cm™>. An unconstrained fit of the chemical conver-
sion data resulted in a, = 0.79, k = 0.09, and n = 4.3 with a sum
square error, SSE, of 0.59. The previous FTIR analysis of DA-2
with 0.7 wt% phenylbis(2,4,6-trimethylbenzoyl)phosphine
oxide as the photoinitiator, under various illumination intensi-
ties at a wavelength of 405 nm yielded a, = 0.74 and n = 4.4.
The k values cannot be compared as the previous analysis
modified the rate constant by including an intensity depen-
~a)",
where I is the light intensity and w the dose rate exponent
with a reported value of 0.71.°

Visual inspection of the structural kinetics data (Fig. 3b)
clearly shows the same general shape of the curve, with an
improved signal-to-noise ratio. It should be noted that an uncon-
strained fit produced kinetic constants of a, = 0.51, n = 3.0, and
k = 0.12 with an SSE of 0.14, which do not match the chemical

. — . a
dent prefactor in the kinetic rate equation: i Ik(ay
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Fig. 3 DA-2 photocure kinetics obtained from (a) the chemical region
of the Raman spectrum with inset showing the methacrylate (variable)
and phenyl (reference) peak and (b) the structural region with inset
showing the normalized disorder band. (c) Displays an overlay of the
chemical conversion kinetics and the structural kinetics scaled by ¢ =
1.39, with the inset showing the proportionality across the entire cure. In
(@) and (b) the blue dots represent measured values and the red line the
fitted curve. In (c) the blue line represents the methacrylate chemical
conversion, and the red line represents the proportionality corrected
structural conversion.

kinetics values. This is not unexpected since chemical conver-
sion is a direct measure of monomer polymerization whereas
structural conversion reflects the change in phonon dispersion.
Therefore, the conversion values do not have the same physical
meaning in structural kinetics as they do in chemical kinetics.
However, as shown in Fig. 3c, there is a scaling factor ¢ = 1.39
between the chemical and structural conversion curves of DA-2

Analyst, 2023, 148, 5698-5706 | 5701


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an01099f

Open Access Article. Published on 12 October 2023. Downloaded on 1/23/2026 11:02:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

with a mean square residual, MSR, of 0.0001. Over the course of
12 different DA-2 experiments (see ESI Table S.1}) with light
intensities ranging from 0.22-1.08 mW cm > we found the
scaling constant was robust with a value of ¢ = 1.40 + 0.02. That
is, while the kinetic constants appear to be significantly
different, the curves actually only differ by a scaling factor due to
the differences in what is being probed.

3.2. Thermally cured epoxy-amine resin

Next, we investigated the EPON 828 thermally cured at 180 °C.
Results shown in Fig. 4 clearly demonstrate the ability to gene-
rate both chemical and structural conversion curves.
Unconstrained fitting produced kinetic constants of a, = 0.88,
k = 0.002, and n = 1.2 for the chemical conversion, and a, =
0.58, k = 0.01, and n = 2.1 for the structural conversion. Due to
the combination of low Raman scattering efficiency and the
broad overlapping shape of peaks in this region, the chemical
conversion is inherently noisy (Fig. 4a) with a large SSE of
24.11. By contrast, the noise in the structural conversion data
(Fig. 4b) is comparable to that of the data of the UV-cured
resin system. Fig. 4c gives ¢ = 1.57 for the two curves with an
MSR of 0.0025, further demonstrating the self-consistency
between the chemical and structural kinetics. It should be
noted that, unlike the DA-2 resin where the proportionality
constant settled in under 1 min, the EPON 828 took nearly
15 min before the proportionality constant stabilized. Over the
course of 10 different experiments (see ESI Table S.2t) with the
EPON 828 system with ~180 °C cure temperature, the average
proportionality constant was ¢ = 1.71 + 0.26.

It should also be noted that in some of the EPON 828
experiments there was an apparent initial dip in the structural
conversion, likely due to a transient drop in viscosity prior to
gelation. For the purposes of calculating the ¢ values, the con-
version curves were truncated to remove any such initial drops,
if necessary (see ESIt).

Upon peak fitting, we determined the relative contributions
to the disorder band from the quasi-elastic Rayleigh scattering,
Boson peak, and normal mode dominated by the van Hove
peak.>”*” Fig. 5 shows the fitted results at the end of the cure
for both resin formulations, clearly demonstrating the simul-
taneous blueshift and decrease in the Boson peak after cure. It
is important to note that EPON 828 is softer than the DA-2,
with the two polymers having reported storage moduli of 2.1
GPa and 3.0 GPa, respectively®**® and EPON 828 is cured at
elevated temperatures, further softening it which accounts for
the difference in the final Boson peak locations: 12 cm™" for
EPON 828 and 16 cm™' for DA-2. Nonetheless, these differ-
ences in the phonon dispersion have no noticeable impact on
the applicability of this method to measure the polymerization
of the two resin systems, but the difference in moduli likely
contributes to the difference in the ¢ values between the two
resin systems.

3.3. Dual-cure IPN resin

Lastly, to investigate the universality of the method, we ana-
lyzed the PBE dual-functional IPN resin system. Fig. 6 shows
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Fig. 4 EPON 828 thermal cure kinetics obtained using (a) the chemical
region of the Raman spectrum with inset showing the epoxide (variable)
and phenyl (reference) peaks; (b) the structural region with inset
showing the normalized disorder band; and (c) an overlay of the chemi-
cal conversion kinetics and the structural kinetics scaled by ¢ = 1.57,
with the inset showing the proportionality across the entire cure. In (a)
and (b) the blue dots represent measured values and the red line the
fitted curve. In (c) the blue line represents the methacrylate chemical
conversion, and the red line represents the proportionality corrected
structural conversion.

the results of both the methacrylate, epoxy, and structural con-
versions at room temperature over a 1 h exposure to 365 nm
light with an intensity of 1.01 mW c¢cm™>. Using the same meth-
odology as the previous resin, we were able to measure both
chemical (methacrylate and epoxy) and structural conversion.
Unconstrained fitting produced kinetic constants of a, = 0.76,
k=0.01, and n = 1.8 for the methacrylate chemical conversion,

This journal is © The Royal Society of Chemistry 2023
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sity (red) as well as the associated QERS (yellow), Boson peak (purple),
and normal mode (green) contributions for DA-2 pre (a) and post cure
(b) and EPON 828 pre (c) and post cure (d).

and a, = 0.40, k = 0.02, and n = 2.0 for the structural conver-
sion. As expected, there was no observable epoxy chemical con-
version (Fig. 6b). Both the methacrylate chemical and struc-
tural conversion fits had a relatively low SSE of 1.92 and 0.24,
respectively. However, upon visual inspection of Fig. 6a and c,
it is obvious that below 500 s, the fit is not as good as those in
the other two resin systems, resulting from the relatively long
inhibition time (higher activation energy) of the PBE resin.
Both fits could have been improved by accounting for inhi-
bition, but that was beyond the scope of this study.

Fig. 6d shows that for the methacrylate fingerprint and
structural conversion curves ¢ = 1.95 with an MSR of 0.0003.
Over the course of 14 different PBE experiments (see ESI
Table S.31) with light intensities ranging from 0.21-1.03 mW
ecm™2, we found ¢ = 1.98 + 0.02. In addition to further validat-
ing the self-consistency between the chemical and structural
conversions, this is also in accord with our hypothesis regard-
ing the correlation between the modulus and the proportional-
ity constant. Since the PBE resin was not thermally post-cured,
the epoxy-amine network was not able to form, resulting in a
significantly softer material and, therefore, a higher propor-
tionality constant. Upon peak fitting, the final Boson peak
position of the photocured PBE resin was determined to be
16 cm ™', which is identical to the results of the fully methacry-
late DA-2 resin.

Lastly, we evaluated the PBE resin through the entire dual
cure process. First it was photocured with an illumination
intensity of 1.02 mW cm™> for 1 h, at which time the UV lamp
was turned off, and data collection was paused. The sample
was removed while the stage was heated to 180 °C. The sample
was then placed back on the temperature stage, and data col-
lection was resumed for 2 h, simulating a traditional post-cure
in a preheated oven. Fig. 7 shows the change in the spectral

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 PBE photocure kinetics obtained using (a) the methacrylate chemi-
cal region of the Raman spectrum with inset showing the methacrylate
(variable) and phenyl (reference) peaks; (b) the epoxy chemical region of
the Raman spectrum with inset showing the epoxied (variable) and phenyl
(reference) peaks; (c) the structural region with inset showing the normal-
ized disorder band; and (d) an overlay of the chemical conversion kinetics
and the structural kinetics scaled by ¢ = 1.95, with the inset showing the
proportionality across the entire cure. In (a), (b), and (c) the blue dots rep-
resent measured values and the red line the fitted curve. In (d) the blue line
represents the methacrylate chemical conversion, and the red line rep-
resents the proportionality corrected structural conversion.

weight of the disorder band, which reflect the kinetics of both
the UV and thermal cures. The sizeable negative step disconti-
nuity in the data is due primarily to the temperature depen-
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dence of the low-frequency Raman signal, as shown in eqn (1)
and (4). However, there may also be additional contributions
due to uncertainty in sample placement during the thermal
cure.

We independently analysed the UV and thermal cure
regions to gain a deeper insight into the cure kinetics. During
the photocure, no measurable conversion was present from
the epoxy. The kinetic constants from the methacrylate chemi-
cal conversion were a, = 0.79, k = 0.010, and n = 1.83 with an
SSE of 1.72, and the kinetic constants from the structural con-
version were a, = 0.39, k = 0.010, and n = 1.4 with an SSE of
0.34. We also determined that the methacrylate-to-structural
proportionality constant was ¢ = 1.97. As expected, these
results are extremely close to those shown in Fig. 6.

The thermal cure kinetics unveiled several interesting
kinetic processes beyond simple epoxy-amine polymerization.
One interesting observation is additional methacrylate
polymerization during the first 500 s of the thermal cure
(Fig. 8a). We believe this may result from increased chain
mobility above the glass transition temperature and increased
internal energy allowing the release of trapped free radicals
from dissolved oxygen. We were able to determine kinetic con-
stants for the additional methacrylate conversion of a, = 0.3,
k = 0.010, and n = 1.35; although it should be noted that the
data were quite noisy, resulting in an SSE of 81.6. Still, an
additional cure of 0.3 indicates a 30% increase over the photo-
cure, which had an ultimate cure of 0.79, implying complete
methacrylate conversion after thermal processing.

During the thermal cure, the epoxy chemical conversion
was given by kinetic constants a,, = 0.89, k = 0.010, and n = 2
with an SSE of 25.99 (Fig. 8b), and the kinetic constants from
the structural conversion were «a, = 0.17, k = 0.010, and n = 2
with an SSE of 0.07 (Fig. 8c). As illustrated in Fig. 8d, the struc-
tural conversion appears to lag the chemical conversion for
the first half hour of the thermal cure. We hypothesize this is
an indication that during the initial polymerization of the sec-
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Fig. 8 PBE thermal (secondary) cure kinetics obtained using (a) the
methacrylate chemical region of the Raman spectrum with inset
showing the methacrylate (variable) and phenyl (reference) peaks; (b)
the epoxy chemical region of the Raman spectrum with inset showing
the epoxied (variable) and phenyl (reference) peaks; (c) the structural
region with inset showing the normalized disorder band; and (d) an
overlay of the chemical conversion kinetics and the structural kinetics
scaled by ¢ = 5.34, with the inset showing the proportionality across the
entire cure. In (a), (b), and (c) the blue dots represent measured values
and the red line the fitted curve. In (d) the blue line represents the meth-
acrylate chemical conversion, and the red line represents the propor-
tionality corrected structural conversion.

ondary network (epoxy-amine), the modulus is still dominated
by the primary network (methacrylate), resulting in slower
structural kinetics. However, since both curves tend to overlap

This journal is © The Royal Society of Chemistry 2023
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after approximately 70% conversion, it seems that once the
secondary network has sufficiently percolated through the
primary network, the epoxy polymerization eventually begins
to correlate directly with changes in the modulus.

4. Conclusion

These results demonstrate the applicability of utilizing the
disorder band present in the low-frequency region of the
Raman spectra as a measure of the polymer extent of cure.
This band is a universal feature of amorphous materials,
providing a noncontact and chemically agnostic method-
ology for determining polymerization kinetics. Through the
use of the structural-to-chemical proportionality constant,
we have demonstrated the ability to correlate the decrease in
the overall disorder of the material and the reduction in the
bond concentration of polymerization reactive functional
groups. The large Raman scattering efficiency in the low-
frequency provides a noticeable improvement in the signal-
to-noise ratio. Although the effects of curing at elevated
temperature (e.g., changes in viscosity and low-frequency
Raman scattering intensity) require additional exploration,
the improved signal-to-noise and chemically agnostic nature
of structural cure kinetics is particularly promising for epoxy
systems which have been historically difficult to measure
with traditional vibrational spectroscopy.’® Analysis of a
dual-cure IPN has shown a discrepancy between the struc-
tural and chemical conversion Kkinetics, indicating a
different relationship between polymerization and modulus
as the secondary network forms in the presence of the
primary network. Further rheological studies are needed to
test this hypothesis.
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