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An assembly that delivers well-defined functional materials, clinically practical procedures to make these materials in situ,

www.rsc.org/

and appropriate analytical tools for chemical structure and kinetic studies is desirable, though currently unavailable.

Herein, we introduce a system that addresses this need through the development and characterization of a cross-linking

resin network, which is achieved through rapid, visible-light induced polymerization in a solvent-free environment. This

resin network is the result of co-polymerization of a distyrenyl-monomer with a dimethacryl-monomer. Ninety percent of

vinyl conversion is achieved in seconds. In addition, an azeotropic composition is identified and confirmed through static

end-point evaluation, sol-gel experiment, kinetic study, and mathematical modeling of data acquired via FTIR, real-time

Raman and 'H NMR spectroscopies. These results yield opportunities for the design and development of new functional

materials to be used in various applications.

Introduction

With the ever-growing impetus to build new advanced
functional materials, many synthetic approaches and
conceptual designs have been developed,l"8 and opportunities
are opened.g'13 A clinically implementable system that makes
high performance functional polymeric materials on site,
especially those with well-defined chemical structures, is
appealing for various applications, including medical devices,
electronic devices, and the automobile industry.”'18 Besides
the demand for new polymers, any novel compositions need
appropriate analytical tools to determine their chemical
structures and understand polymerization kinetics.”®* The
primary instruments for polymerization studies,
including MALDI-ToF-MS, 'H NMR and size exclusion
chromatograph, are capable of assessing linear polymers, but
have difficulties with cross-linked resins.?*°

Herein, we introduce an all-in-one platform through the
development and characterization of a cross-linking resin
network, which is prepared by rapid visible-light initiated
polymerization in a solvent-free environment. Free radical
polymerization initiated by visible light is extremely versatile
and biocompatible.27'31 It has been extensively used in
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dentistry to treat tooth caries, in non-toxic packaging, and
recently, in desktop _%D—printing.gz'36
free-radical polymerizable vinyl groups are used as models.
One monomer, triethylene glycol-divinylbenzyl ether (TEG-
DVBE), is lab-prepared. It is stable to hydrolysis and esterase
degradation because of the ether-based chemical structure.”’
The other monomer, urethane dimethacrylate (UDMA), is one
of the key components in making medical devices including
dental restorative materials to treat carious teeth. UDMA has
shown a superior toughness as a base-monomer in resins and
composites compared to bis-phenol-A-glycidyl- dimethacrylate
(Bis-GMA) based monomers.’®** The mixtures of TEG-
DVBE/UDMA are liquids at room temperature, in which the
photo-initiators, camphorquinone/amine, are soluble.
Consequently, the photo-polymerization of the monomer
mixtures is initiated by visible light (A = 440 — 490 nm) in a
solvent-free environment. In addition, both TEG-DVBE and
UDMA have two polymerizable vinyl groups. Therefore, they
produce cross-links upon curing. The copolymers are designed
to produce synergetic effects from both monomers: rapid free-
radical  photo-polymerization and  good mechanical
performance of UDMA, and the resistance to hydrolysis and
esterase degradation of TEG-DVBE. Furthermore, due to the
significant viscosity difference between the methacrylate-
derivative monomer and the styrene-derivative monomer
(UDMA >> TEG-DVBE), this monomer combination provides a
sophisticated model for studying kinetics of free radical
copolymerization.

Here, two monomers with

i.e.

Results and discussion

Validation of analytical methods
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FTIR spectroscopy, real-time Raman micro-spectroscopy, and
'H NMR spectroscopy were used to evaluate the composition
of monomer mixtures and their copolymers. The absorbance
or scattering of vinyl groups on TEG-DVBE (a styrene-
derivative) and UDMA (a methacrylate-derivative) were
identified, separated, and quantified using FTIR spectroscopy
and Raman spectroscopy. The vinyl groups on TEG-DVBE
formed a stronger conjugation with their benzene rings than
the vinyl groups on UDMA did with carboxyl groups. In
addition, the di-substitution (methyl and carboxyl) of the B-
carbon of methacrylates may cause the C=C stretching to shift
to a lower energy. As a result, the vinyl groups on TEG-DVBE
and UDMA exhibited peaks at approximately 1629 em™ and
1638 cm'l, respectively, in both FTIR and Raman spectra (Fig.
1A and 1B). The separation and quantification of the C=C
peaks of these two monomers was realized through peak-
fitting using mathematical models developed for FTIR and
Raman (see Sl for details, Fig. S2A and $2B). Fig. 1C shows an
example of FTIR peak-fitting results of an equimolar monomer
mixture. In the wavenumber ranging from 1580 ecm™ and 1660
cm'l, four peaks were identified. Besides the absorption of C=C
stretching of vinyl groups, the C=C stretching of the benzene
ring from TEG-DVBE (1612 cm'l) and N-H bending from UDMA
(1623 cm'l) were observed, respectively.41

The FTIR and Raman methods are convenient in assessing the
degree of vinyl conversion (DC) and composition of TEG-DVBE
and UDMA in polymers during the polymerization process.“’ a3
The specimen can be a liquid, solid, or gel. 'H NMR provides a
more quantitative measurement of the monomer
compositions, but requires that the materials be fully dissolved
in deuterated solvents. In this work, 'H NMR was implemented
as a complimentary method to validate results from FTIR and
Raman. Fig. 1D shows the correlation between compositions
calculated from Raman spectra and the corresponding mole
ratios of UDMA to TEG-DVBE, determined by 'H NMR. Raman-
compositions were calculated based on direct classical least
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Fig. 1 Evaluation of TEG-DVBE and UDMA using FTIR and Raman spectroscopy. (A
and B) Chemical structures of TEG-DVBE and UDMA with their FTIR and Raman
spectra. (C) FTIR peak fitting of an equimolar TEG-DVBE/UDMA monomer
mixture; the vinyl stretching peaks of TEG-DVBE and UDMA. (D) Comparison of
the compositions of monomer mixtures determined by Raman with the mole
ratios determined by NMR.
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squares (CLS) fitting using the pure monomer spectra.
our experimental results, the Raman-compositions and NMR
mole ratios had a high degree of correlation (R2 =0.999).

In the following discussion, FTIR and "H NMR will be used to
assess the end-point DCs and compositions. The real-time
composition changes during polymerization will be evaluated

through real-time Raman micro-spectroscopy.

Rapid photo-copolymerization

One of the synergetic effects of the model monomers is the
significant improvement of polymerization rate of the styrene-
derivative, TEG-DVBE, by adding UDMA. Free radical homo-
polymerization of styrene is relatively slow in comparison with
methacrylate, due to stabilization of free radicals through
resonance with styrene’s benzene ring. Without modifying the
chemical structure of the monomer or inventing new initiators,
copolymerization is one of the most efficient ways to
accelerate polymer chain propagation. The rate of
copolymerization is strongly affected by the competition of
monomer reactivity ratios (r, and r,), as a results, it overcomes
the drawback of free-radical stabilization in homo-
polymerization of TEG-DVBE. Although substantial work has
been done to improve the polymerization rate of styrenic
monomers in vinyl ester resins (VERs), 4647 the polymerization
rate and low degree of vinyl conversion are still limiting factors
for VERs to be used clinically in dental adhesives and dental
composites. Here, we demonstrate the viability of using model
monomers in dental clinics by reaching DC above 70 % with 20
s of light irradiation. Fig. 2 shows the DCs of TEG-DVBE,
UDMA, and the equimolar mixture of TEG-DVBE and UDMA
immediately after light irradiation (light intensity at 1600
mW/cmZ) for 20 s, 40 s, and 60 s. The low DC indicates that
camphorquinone / ethyl 4-N, N-dimethylaminobenzoate
(CQ/amine) are not efficient initiators for TEG-DVBE homo-
polymerization. This initiator combination is very effective on
UDMA homo-polymer and the copolymer: their DCs reaching
approximately 90 % in 20 s. In Fig. 2B, a filled contour plot
shows the DC of monomer mixtures as a function of the feed
mole fraction of TEG-DVBE and light irradiation time. Setting
DC = 70 % (yellow color in Fig. 2B) as a reference value
considering the potential application in dental clinics, the
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Fig. 2 Synergetic effects on improving polymerization rate of TEG-DVBE by adding
UDMA. (A) Degree of vinyl conversion (DC) of TEG-DVBE and UDMA homo-polymers
and their equimolar copolymer immediately after three light (A = 440 - 490 nm;
intensity = 1600 mW/cm?) irradiation time. (B) A filled contour plot of DC of copolymers
at X (light irradiation time) and Y (mole fraction of TEG-DVBE in feed monomers). The
DC values are color coded (inset). From blue color to red color indicates DC values from
low to high.
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monomer mixtures reached this DC in 60 s when they
contained 91 mole % or less of TEG-DVBE. Adding UDMA
accelerated the polymerization. In only 20 s of light irradiation,
the monomer mixtures containing 70 mole % or less of the
styrene-derivative had a vinyl conversion over 70 %.

An azeotropic composition confirmed by sol-gel experiment

Another noteworthy feature is the azeotropic composition at
equimolar TEG-DVBE and UDMA when CQ/amine are used as
initiators. Azeotropic compositions in copolymers mean that
the mole fractions of the feed monomers are retained in the
polymer and are constant throughout the polymerization
process.*® *°

FTIR also revealed that the DC of TEG-DVBE and UDMA in the
above equimolar copolymers was the same, approximately
90%. The composition of copolymers was further evaluated by
the sol-gel experiment.50 To extract enough leachable
materials, the light intensity was reduced to 43 mW/cmZ, and
low DC copolymers were obtained. Table 1 shows the TEG-
DVBE/UDMA composition in gels and solutions at three DCs.
The progress of photo-polymerization was controlled by
varying the time of light irradiation. Based on the peak-area
analysis of the absorbance of C=C stretching in FTIR spectra
and integration of 'H NMR signals associated with protons on
C=C, the styrene-vinyl groups and methacrylate-vinyl groups
had the same mole fraction in both gels and soluble. This
suggests that the equimolar composition of the feed
monomers was kept in these three polymerization stages from
DC=5%toDC=62%.

The azeotropic composition confirmed by real-time Raman
spectroscopy

Real-time Raman micro-spectroscopy further confirmed that
the equimolar composition was constant over time during
photo-polymerization and was independent of the
polymerization rate, which was controlled through light
intensity and irradiation time. To achieve a step-wise
polymerization, specimens were exposed to light at 4 mW/cm2
for 5 s up to a total of four exposures. The multivariate CLS
method standardized using pure monomer spectra was used
to estimate unpolymerized monomer composition in the
samples using the C=C stretching bands of TEG-DVBE and
UDMA. CLS scores for each specimen were normalized to 100
for the pre-polymerized monomer mixtures. As the vinyl
groups converted to polymers, the associated C=C band

Table 1. Composition evaluation of copolymers of equimolar TEG-DVBE/UDMA with
CQ/amine by sol-gel experiment (N=3).

intensity decreased, and the DC increased accordingly. At each

Gel fraction Soluble fraction
Irradiation | Overall DC
Time (s) (%)®  |DC (%) ° TEG-DVBE/UDMA®| TEG-DVBE/UDMA "
10 52+15 [65+1.0 1.0+£0.0 1.0£0.0
20 32.5+7.0 (68 £1.0 1.0+0.1 1.0+£0.0
Noteg@. the yaide3 word dtermiged by ET(Rispertroscopy; b. the valies were

determined by "H NMR spectroscopy.
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Fig. 3 Azeotropic composition of TEG-DVBE/UDMA evaluated by real-time Raman
micro-spectroscopy. (A) CLS intensity changes during a slow photo-polymerization.
The specimen was irradiated by a visible light at an intensity of 4 mW/(:m2 for 5s.
Four light irradiations were applied during the 10 min experiment. The starting time

points are marked by dash lines. (B) CLS intensity changes during a fast photo-

polymerization. The specimen was irradiated by a visible light at an intensity of 150
mW/cm2 for 20 s. The decrease of normalized CLS scores indicates the trend of DC

increase.

light irradiation (labeled by black dash lines in Fig. 3A), the
intensity dropped immediately, which was followed by further
decrease at a much slower rate, until the next irradiation.
During the full time range (10 min) of this set of experiments,
DC reached approximately 20 %, and the ratio of TEG-
DVBE/UDMA remained 1/1. A faster photo-polymerization
took place when the sample was irradiated at 150 mW/cm2 for
20 s. The Raman spectra data set for this run is shown in (Fig.
S2C and S2D). The normalized CLS scores as a function of
sampling time are shown in Fig. 3B. The DC of this specimen
achieved approximately 55 % immediately after light
irradiation; after 1 h, the DC was approximately 65%; after 1 d,
it was approximately 72 % (Fig. S3). During the course of this
set of experiments, the ratio of TEG-DVBE and UDMA was
always 1/1.

The azeotropic composition predicted by monomer reactivity
ratios

Furthermore, monomer reactivity ratios were evaluated to
understand the kinetics behind the azeotropic composition at
equimolar composition. The polymer composition (F) was
determined by Raman micro-spectroscopy according to the
CLS score ratios of TEG-DVBE and UDMA at low DCs (1 - 3 %).
A classic instantaneous copolymerization equation51 for non-
cross-linking polymers is used to compare F with the monomer
feed composition (f, mole fraction) based on an assumption
that at such low DC, the two vinyl groups in one molecule act
independently without interfering with each other.

J. Name., 2013, 00, 1-3 | 3
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F o= nff+fiA-f)
YnfE+2i-f)+2n(1-f)

The Mayo-Lewis plot is shown in Fig. 4A. The feed ratios of
monomers do not always determine the compositions of the
final material. Feeds with a molar ratio UDMA/TEG-DVBE > 0.5
are expected to produce networks depleted in their UDMA
content relative to the feeds, and UDMA/TEG-DVBE < 0.5
produce networks enriched in UDMA. The composition data
were fit to the above equation with a nonlinear least-squares
(NLLS) optimization after van Herk 1% 2% 524 Fig. 4B shows the
reactivity ratios estimated by the NLLS fit bound by 95 % joint
confidence intervals. The monomer reactivity ratios, rypma and
rrecovee, are 0.64 £ 0.11 and 0.55 + 0.12, respectively. They are
slightly, but statistically significantly, higher than the reactivity
ratios of styrene and methyl methacrylate, r; = r, = 0.5.2% >
These reactivity ratios suggest a polymerization mechanism
somewhat biased towards cross-propagation and alternating
sequences, characteristic of styrenic-methacryalic copolymer
systems.

The effects of viscosity and monomer chemistry on composition
control

Both of the sol-gel experiments and kinetic studies suggest the
copolymerization of TEG-DVBE and UDMA is a monomer-
chemistry-controlled process. The viscosity of monomer shows
no consequential role during the polymer chain propagation,
considering that the viscosity of UDMA (6.631 + 0.100 Pa-s) is
approximately 240 time higher than that of TEG-DVBE (0.029 +
0.001 Pa-s). In contrast, copolymerization of UDMA and
triethylene glycol dimethacrylate (viscosity = 0.050 Pa-s)50
showed significantly composition drift when DC was above 20
% because the low viscosity monomers diffused faster in resin
networks than the base monomers and reached the
propagating chain quicker, thus more of them were converted
into polymers at high DCs.*° Composition shift was also

common in vinyl ester resins (VERs) due to diffusion limitation

B
0.8
.67
4t
0.2
0 02 04 06 08 1 0 02 04 06 08 1

fuoma "uoma
in cross-linked resin network.> Furthermore, the use of multi-
styrene monomers in VERs enhanced diffusion
Consequently, in addition to composition

limitation.

shift, low

Fig. 4 (A) A Mayo-Lewis plot for TEG-DVBE/UDMA copolymers initiated by
CQ/amine. The compositions were determined by Raman micro-spectroscopy.
The black solid line corresponds to the nonlinear least-squares (NLLS) fit. The
gray dotted lines indicate estimated values bound by 95 % confidence to the
NLLS fit. The diagonal dashed line shows the ideal case of random
polymerization. (B) Monomer reactivity ratios estimated by the NLLS fit (point)
bound by 95 % joint confidence intervals (dashed ellipse). The measured
reactivity ratios, rypma and ryegpwee, are 0.64 + 0.11 and 0.55 + 0.12,
respectively. This can be compared to typical styrene/methacrylate reactivity
ratios (cross).*

polymerization rate and DC were also expected.46 Apparently,
all of the experiment results above demonstrated that our
model monomers copolymerized in a different way from
dimethacrylate copolymers and VERs.

Although the exact mechanism that leads to such rapid photo-
polymerization and well-controlled azeotropic composition is
yet to be defined, UDMA has dual roles: monomer and co-
initiator when initiated by CQ/amine. The carbamate
functional group in UDMA may form a free radical on a
methylene group adjacent to its N-H groups. This may be
achieved via electron transfer from the light-excited CQ.
Experimentally, the photo-polymerization rate of UDMA
initiated by CQ alone was similar to that by CQ/amine, and the
photo-bleaching rate of CQ in UDMA also showed minimal
differences with/without amine.”®°

Experimental

Chemicals and reagents

The commercial monomer UDMA was supplied by Esstech
(Essington, PA, USA) and was used as received. TEG-DVBE was
synthesized and fully characterized in house according to a
previously reported procedure.37 The resin formations used for
this study were activated by 0.2 wt % of camphorquinone (CQ,
Aldrich, Saint Louis, MO, USA) and 0.8 wt % of ethyl 4-N,N-
dimethylaminobenzoate (amine, Aldrich, Saint Louis, MO, USA)
for visible light photo-polymerization.

Photo-polymerization methods

The monomer mixtures were sandwiched between two Mylar
films (10 uL, for FTIR-ATR measurement) or sealed in capillary
glass tubes (Vitrocom, Mt. Lks. NJ, USA; 0.40 x 4.0 I.D., for real-
time Raman micro-spectroscopy evaluation) and photo-cured
using a handheld dental curing light (SmartLite max LED curing
light, model: 644050, Dentsply International, Milford, DE,
USA). The intensity of light irradiation was adjusted through
the distance of light to samples.

Determine DC using FTIR-ATR and peak fitting methods

Degree of conversion (DC) was evaluated immediately after
curing using a Thermo Nicolet Nexus 670 FT-IR spectrometer
(Thermo Scientific, Madison, Wisconsin, USA) with a KBr
beamsplitter, an MCT/A detector and an attenuated total
reflectance (ATR) accessory. The areas of absorption peaks of
the vinyl group of TEG-DVBE at 1629 cm'l, and the
methacrylate groups of UDMA at 1638 ecm™ were integrated,
and the degree of conversion was calculated using the
aromatic group of TEG-DVBE at 1612 cm™ or the amide group
of UDMA at 1537 cm™ as an internal standard.®® Peaks were
resolved with the assistance of the curve fitting program Fityk
(version 0.9.8). In order to correct potential discrepancy, a
standard curve was produced by plotting varied resin
composition ratio values analysed by NMR spectroscopy
against the values obtained through FTIR peak fitting. The
phenyl absorbance at 1612 cm™ was the internal standard for
TEG-DVBE homo-polymers. DC was calculated according to the

This journal is © The Royal Society of Chemistry 20xx
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following equation: DC = (A1/A0 — A1’/AQ’) / (A1/A0) 100%,
where A1/A0 and A1’/A0’ stand for the peak-area-ratio of
vinyl-of-interest and internal standard before and after
polymerization, respectively. The vinyl-of-interest may be vinyl
groups from TEG-DVBE, UDMA, or both.

Sol-gel experiment

The resin specimens were placed in a stainless steel mold (13
mm in diameter and 1 mm in thickness) and then cured for
different time scales (10 s, 20 s and 60 s) with a Triad 2000
visible light curing unit (Dentsply, York, PA, USA) fitted with a
tungsten halogen light bulb (75 W and 120 V, 43 mW/cmz).
The samples were then weighed and their DCs were
determined by FITR-ATR immediately after the curing. In a pre-
weighed vial, each sample was extracted twice using 5 mL
deuterated methylene chloride (CDCl3) containing 0.01 wt %
butylated hydroxytoluene (Aldrich, Saint Louis, MO, USA) via
continuous shaking for 48 h. The solution (sol) fractions from
these two extractions were combined and concentrated via
rotary evaporation under reduced pressure until no further
changes in weight were observed. 'H NMR (Bruker 600 MHz)
was conducted for each sol fraction sample to determine the
monomer ratio. The remaining gel fraction was collected and
dried via in-house vacuum to yield a constant weight, and the
DC was measured by FTIR-ATR.

Real-time Raman micro-spectroscopy: method description and
peak fitting method

Raman spectra were acquired from the dried residues using a
Renishaw S1000 micro-Raman spectrometer (Renishaw,
Gloucestershire, UK) consisting of a Leica DMLM microscope
coupled to a 250 mm focal length imaging spectrograph with a
proprietary deep depletion, thermoelectrically cooled (-70 °C)
charge-coupled device. For this work, a 632.8 nm helium-neon
laser (Model 1144P, JDS Uniphase, Milpitas, CA),
holographically ruled 1800 grooves mm™ grating, and 20X
objective (Leica N PLAN) were used. The excitation laser was
focused to a line approximately 50 um long at the sample
position and aligned to the spectrograph entrance slit to
maximize throughput. The line focus was utilized to reduce
laser power density at the sample. Laser power measured at
the sample position was approximately 12 mW. Depending on
the desired spectral range, data was acquired using a static
grating position covering the Raman shift range from 1275 cm’
' to 1790 cm™ (577 data points) or a grating step scan mode
covering the Raman shift range from 500 em™ to 1800 cm™
(1369 data points). Integrations time was typically 1 s/pixel.
Spectral resolution was approximately 3 em™.  To further
minimize any unintended impacts of laser illumination on the
photo-polymerization the samples used in the kinetic studies
were slowly translated laterally throughout data acquisition.
This was done using the motorized microscope translation
stage and Raman mapping capabilities in the spectrometer
control software (WiIRE 3.1, Renishaw, Gloucestershire, UK).

Estimation of the degree of conversion of the monomers was
accomplished using a direct classical least squares (CLS)
multivariate regression approach.“' % pure spectra of each

This journal is © The Royal Society of Chemistry 20xx

monomer were acquired by placing the neat materials in the
same vessels as used for the photo-polymerization kinetic
studies and collecting spectra with equivalent excitation laser
power and integration time to provide spectra that were
quantitative relative to one another. The spectral range was
restricted to a narrow spectral range from 1625 cm™ to 1660
cm'l, which corresponds to the stretching modes of the
terminal vinyl groups on each monomer. This narrow range
was necessary because of band intensity changes and small
band shifts observed for many of the vibrational modes as a
consequence of the polymerization (see Fig. S2, panel A).
Blending of the monomers appeared to introduce small peak
shifts (< 0.5 cm'l) in the vinyl stretching modes that were
correlated with the mixture composition. The pure spectra
were shifted slightly prior to application of the CLS method in
order to minimize the fit residuals. In addition to the two
monomer pure spectra, a constant offset was fit in the CLS
model in order to correct for baseline variations that arose
during the experiments. A simple constant was deemed
adequate because the CLS models were fit over a very narrow
region of 35 cm'l, which corresponds to a spectral band of only
1.75 nm, and fluorescent background interferences generally
have much broader spectral profiles. The CLS scores are the
contribution of each component of a linear combination of the
pure spectrum in a least squares fit of the sample spectra. This
is essentially a rigid peak fitting using an arbitrary
experimentally measured peak function with a single
parameter that corresponds to intensity. The pure spectra
were acquired under identical instrumental conditions.
Multiple analytical methods (FTIR, Raman and NMR) and
different experimental approaches (end-points, sol-gel, and
real-time) were applied to determine the composition of
copolymers. The results from all of the methods and
experimental approaches agreed well with each other. We
thus assume that the CLS scores were corresponded directly to
the relative composition of monomer mixtures before and
during the polymerization. We expect that the decrease in the
normalized CLS scores (directly related to peak area) represent
a relatively accurate measure of monomer consumption
during the polymerization process and the residual terminal
unreacted vinyl groups on the monomers once the
polymerization has completed. There are potential thermal
effects during polymerization and matrix effects in the
polymer that may impact the quantitative relationship of these
bands relative to the un-polymerized monomer mixture.
These could result in errors in DC determinations using these
bands that are difficult to predict or correct. While other bands
were clearly affected as the polymerization progressed the
bands from the unreacted terminal vinyl groups that we were
monitoring were not noticeably impacted. No evidence of
band broadening or shifting in these bands during
polymerization or after. The intensities of these bands still
may be impacted but we expect it to be small. The effect is
unknown at the present. To estimate the trend of DC of each
monomer, the CLS scores for each polymerization data set
were normalized by the average score for the given
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component from an initial data set (typically ten or more
spectra) acquired prior to photo initiation.

The remaining panels of Fig. S2 show the results from the CLS
analysis for an example data set corresponding to one of the
equimolar UDMA/TEG-DVBE polymerizations. Panel B is an
example fit of the two pure monomer spectra to a sample
spectrum. Panel C shows Raman spectral data from a
complete polymerization run (truncated to the wavenumber
range used for CLS modelling) and the residuals after CLS
fitting. Finally, panel D shows the normalized CLS score
profiles for the two components over the course of the
experiment. The significant difference in signal-to-noise ratio
between the two profiles arises from the fact that the Raman
cross section of the vinyl stretching mode of TEG-DVBE is
approximately an order of magnitude larger than UDMA,
which is also evident in the fit in Panel B.

Determine monomer reactivity using the NLLS optimization

The composition of copolymers at DC between 1 % and 3 %
was determined by real-time Raman micro-spectroscopy and
NMR with sol-gel experiment. Seven feed compositions were
evaluated. Triplicate measurements were taken at each feed
composition. The reactivity ratios from the Mayo-Lewis
equation are optimized against this data with the nlinfit
function of MATLAB using default parameters and an initial
guess of rres.pvee = Fuoma = 0.5. The results of the optimization
were used as input into the MATLAB functions nlparci and
nlpredci to calculate the reported parameter and model 95%
confidence intervals. The sum of squared residuals (SSR) was
calculated for a grid (step size .002) of reactivity ratios near the
fit solution. An F test was applied to each point of the grid. Any
point passing the test:

_ p
SSR<SSR<1+—F - )
n—p opnP

was kept as part of the set of points defining the 95%
confidence region. In this equation, SSR is the SSR at the
optimal model solution, p is the number of free parameters (in
this work, p = 2), and n is the number of observations used in
the optimization. The joint confidence interval was calculated
by determining the convex hull of the confidence region using
MATLAB'’s convhull function.

Conclusions

In summary, we demonstrated two unique features found in
our model monomers, TEG-DVBE and UDMA, and developed
analytical tools to identify and evaluate them. First is the
synergetic effects of copolymerization on enhancing
polymerization rate of the styrene-derivative monomer in a
solvent-free environment. It reached 90 % of DC within
seconds of visible-light irradiation when copolymerized with
UDMA. Second is the azeotropic composition of the copolymer
at the equimolar feed. The 1:1 ratio of the feed monomers was
maintained in copolymers regardless of the polymerization
rate and DC. The azeotropic composition is governed by the
monomer chemistry and their interaction with the initiators,
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which exceed the influence of diverse monomer viscosity. We
also established analytical tools to evaluate the chemical
structure and study copolymerization kinetics in real-time.
These features and tools enable large-scale production of
biocompatible and functional materials with composition-
controlled polymeric network, and open new opportunities in
material design and development. They will have broad
applications in medical devices, packaging, adhesives,
automobiles, and 3D printing.
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Graphical Abstract

This work introduces a cross-linked resin network with controlled chemical composition, a clinically
practical procedure to make it in situ, and appropriate analytical tools for chemical structure and kinetic
studies.
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