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ABSTRACT: The inﬂuence of reaction rate on the evolving polymer
structure of photo-activated dimethacrylate biomedical resins was
investigated using neutron and in situ synchrotron X-ray scattering
with simultaneous Fourier-transform-near-infrared spectroscopy. Previous studies have correlated the degree of reactive group conversion
with mechanical properties, but the impact of polymerization rate on the
resultant polymer structure is unknown. Here, we demonstrate that the
medium-range structural order at the functional end groups of these
materials is dependent on the reaction rate. Accelerating polymerization
increases correlation lengths in the methacrylate end groups but reduces the medium-range structural order per converted vinyl
bond when compared with more slowly polymerized systems. At faster rates of polymerization, the conformation of atoms at the
reacting end group can become ﬁxed into the polymer structure at the onset of autodeceleration, storing residual strain.
Neutron scattering conﬁrms that the structural diﬀerences observed are reproduced at longer length scales. This eﬀect is not as
prominent in systems polymerized at slower rates despite similar ﬁnal degrees of reactive group conversion. Results suggest that
current interpretations of these materials, which extrapolate mechanical properties from conversion, may be incomplete.
Accelerating polymerization can introduce structural diﬀerences, which will dictate residual strain and may ultimately explain
the discrepancies in the predictive modeling of the mechanical behavior of these materials using conventional techniques.

1. INTRODUCTION

polymerization variables which impact on the degree of
reactive group conversion and the development of transient
and residual stresses, which ultimately aﬀect clinical performance.1−3 The degree of reactive group conversion is typically
measured using Fourier-transform infrared (FTIR) or Raman
spectroscopy but fails to provide insight into the architecture
of the cross-linked polymer structure and the development of

Photo-initiated methacrylate polymers are of great biomedical
importance as they provide, when compared with chemically
cured alternatives, extended working times for the operator to
place and manipulate the material and more rapid setting times
once the correct material positioning has been achieved.
Photo-initiated methacrylate polymer-based materials are
routinely used in orthopedic surgery and, in particular, in
dentistry where they are combined with inorganic ﬁller
particles to form resin-based composites. The physiochemical
properties of these materials are highly sensitive to photo© 2019 American Chemical Society
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Figure 1. (Top) TEGDMA. (Bottom) Partially deuterated TEGDMA monomer with 45.5% deuteration by molecular weight of the original
hydrogen atoms.

strains. This work explores for the ﬁrst time the eﬀects of
polymerization rate on the development of the medium-range
(∼4−15 Å) polymer structure of the most commonly
encountered photo-initiated biomedical resin polymers based
on methacrylate chemistry, which are used ubiquitously in
contemporary dental care.
The majority of contemporary dental resin-composite ﬁlling
materials are composed of a dimethacrylate polymer matrix
that consist of a viscous monomer and reactive low molecular
weight diluent monomer(s), combined with nanoscale and/or
micron-scale inorganic ﬁller particles. Following application to
the tooth surface, the composite is “demand-set” by light
excitation of a photo-initiator species dispersed within the resin
matrix, initiating free radical polymerization and generating a
solid three-dimensional cross-linked polymer network.4,5
These matrices typically achieve up to ∼80% conversion of
the starting reagents to a polymer structure.6,7 A higher degree
of conversion (DC) has been shown to signiﬁcantly inﬂuence
resultant mechanical properties, conferring an increased
ﬂexural strength, surface hardness,8 elastic modulus, and wear
resistance.9 It has, therefore, been proposed that the ﬁnal
mechanical properties of the composite are determined by the
maximum DC (DCmax), which itself can be manipulated by
altering the intensity of, and exposure to, the activating light
source.10−12 It has been suggested that DCmax is proportional
to the total photon delivery irrespective of how they are
delivered, a concept known as exposure reciprocity.13,14
However, theoretical and experimental approaches have
shown that reactions that do not have a ﬁrst-order dependency
on the impinging light intensity, such as free radical
photopolymerization and associated bimolecular processes,
do not and should not obey the concept of reciprocity.15
Monomer structure,16,17 viscosity, co-monomer concentration,18−20 and diﬀerences in quantum eﬃciency21 and
absorption spectra22,23 of photo-initiator species will all impact
on the mobility, polymerization rate, and DCmax of these
systems. Photo-activated resin composites, therefore, represent
a complex system, and an understanding of polymerization
cannot be obtained solely from the measurement of DCmax.
Several groups have instead varied the reaction rate and
demonstrated a parabolic relationship between the polymerization rate, DC, and the ﬁnal mechanical properties24
including tensile strength, toughness, hardness, and the
magnitude of volumetric shrinkage of the polymer on
polymerization.3,25−27 To date, these diﬀerences in mechanical
properties, for similarly converted resin matrices polymerized
at diﬀerent rates, have been ascribed to the cross-link density

and its eﬀect on network architecture. Accelerating polymerization reduces the lifetime of radical species with respect to
bimolecular termination,27 limiting the degree of cross-linkage
and lowering the strength of the resultant matrix.
Accordingly, eﬀorts have been made to optimize the resin
matrix and photo-initiator system composition in terms of
polymerization rate and DCmax. However, no consideration has
been given as to what eﬀect reaction rate and conversion have
on the ﬁnal polymer structure at short- to medium-range
length scales. Ordering in amorphous materials is typically
classiﬁed within two length scale regimes: short and medium.
Short-range order refers to bonding between atoms at length
scales between ∼0 and 4 Å,28 such as covalent and hydrogen
bonds. Medium-range ordering describes the interconnection
of constituent units within a structure (∼5−20 Å),28 which for
densely cross-linked dimethacrylate networks includes polymer
segments and cross-linking distances. The concept that an
identically composed and converted material can demonstrate
diﬀerent structures as a consequence of polymerization rate
arises from consideration of the reaction itself. At increased
rates of reactive group conversion and cross-linking, the
emerging structure has less time to achieve its most
energetically favorable form. In contrast, slowing the reaction
rate may allow the propagating polymer chains to move
relatively to ﬁnd a more energetically eﬃcient state. A
diﬀerence in structural order (conformation) is therefore
hypothesized to exist, and such diﬀerences may inﬂuence the
mechanical properties of the material. The challenge in
identifying such diﬀerences exists because the likely structural
diﬀerences will occur mainly at short−medium length scales.
Scattering measurements using laboratory X-ray sources fail to
provide suﬃcient ﬂux to discern such diﬀerences in these
materials, especially when dynamic (in situ) curing studies with
short measurement times are conducted.
This novel enquiry reports the determination of the crosslinked polymer structure and potential generation of strains
within common biomedical photo-activated resin matrices as a
function of polymerization rate through a comprehensive series
of synchrotron X-ray scattering, neutron scattering combined
with isotopic substitution, and complementary FTIR spectroscopic measurements. As there is no previous enquiry in this
area, the null hypothesis that no relationship between
polymerization rate and structural conformation of the
resultant polymer network normalized to DC was tested.
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corresponding wavelengths were chosen to achieve the greatest
overlap with the maxima in the visible region of the absorption spectra
of the respective photo-initiators.31 For each unique composition,
samples of monomer blends (n = 3, per composition) were
photopolymerized at four diﬀerent irradiances for each wavelength
controlled by the power output of the light engine (5, 20, 60, and
100% power output) for a total of 300 s. Irradiances were calculated
by spectrometry measurements for each testing setup, light source,
and power setting and are reported with the experimentally related
scattering data. 2D X-ray scattering patterns were collected every
second (1 s readout) throughout polymerization with a Pilatus (P32M) detector providing a q range of 0.1−1.6 Å−1, where q = 4π/λ sin
θ. Additional measurements were made using a 400 μs time resolution
to conﬁrm that a 1 s capture rate, used for all other scattering
measurements, accurately characterized dynamic structural changes.
X-ray measurements were acquired for the constituent monomers
(Bis-GMA and TEGDMA) in isolation and containing photo-initiator
to identify their contributions to the scattering signal of each blend
through weighted least squares (WLS) ﬁtting. The contribution of the
X-ray beam to the measurements was assessed by conducting
observations for over 30 min for the uncured and polymerized
samples in the absence of light. To aid data analysis, measurements
were taken for direct beam, empty sample containers, mica windows,
water, and a silver behenate calibration standard to allow the
scattering patterns to be corrected for background and normalization
eﬀects. Transmitted beam was recorded throughout using a beamstop mounted photodiode. In addition to in situ photopolymerization
measurements and control/calibration measurements, scattering
patterns were obtained for control molecules that possess structures
similar to those under investigation [methacrylic acid (MA), methyl
methacrylate, ethylene glycol, triethylene glycol (TEG), bisphenol A,
and bisphenol A dimethacrylate (all Sigma-Aldrich, Dorset, UK)].
The data were normalized and background corrected using the
DAWN software package (version 2.8.0, 2017, Diamond Light
Source, Oxford, UK).32,33 Data were azimuthally integrated over 360°
to produce a 1D output and were subsequently ﬁtted with pseudoVoigt models to obtain the peak center and the full width at half
maximum (fwhm).
To conﬁrm the observations from the I22 beam line, additional
synchrotron X-ray scattering measurements were performed on the
XMaS beam line (BM28) at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France). An incident X-ray energy of 15
keV was used corresponding to a wavelength (λ) of 0.82 Å, with a
beam size of 0.08 × 0.5 mm (horizontal × vertical). A similar
experimental geometry was used to that described in Section 2.3 and
additional details for this experiment can be found in the Supporting
Materials and Methods.
In situ real-time FT-NIR spectroscopy was incorporated into the
beamline setup to obtain simultaneous (to the scattering data)
measurements of reactive group conversion throughout photopolymerization to enable DCmax and maximum reaction rate (Rpmax)
to be calculated. Optical (emitting and receiving) ﬁbers (0.6 mm core
diameter) (Hellma Analytics, Essex, UK) were placed either side of
the sample at a 45° incline relative to the sample face and connected
to a Nicolet IS50 spectrometer (Thermo Scientiﬁc, Warrington, UK),
Figure 2. During photopolymerization, NIR spectra were collected in
transmission mode using a white light source and an InGaAs detector.
Real-time NIR spectra (4000−10 000 cm−1) were collected in
transmission mode (4 cm−1 spectral resolution) for 300 s with an
integration time of 0.3 s. Reactive group conversion was determined
from the aliphatic CCH2 IR absorption band (6164 cm−1), located
within the methylene functional end groups of the Bis-GMA and
TEGDMA monomers. As polymerization progressed, this absorption
peak decreased as CC bonds were converted to single C−C.
Conversion of the vinyl bonds (DC) is given as a percentage of the
initial reagent CC concentration

2. MATERIALS AND METHODS
2.1. Preparation of Photopolymerizable Dimethacrylate
Resin Blends. Two dimethacrylate monomers, bisphenol-A-glycidylmethacrylate (Bis-GMA) and triethyleneglycol-dimethacrylate
(TEGDMA) (Sigma-Aldrich, Dorset, UK), were proportioned in
70/30, 60/40, 50/50, and 40/60 (Bis-GMA/TEGDMA) weight
percentage (wt %) ratios and combined to produce mixes. The
viscosity of the blend increases with the proportion of Bis-GMA.29
The monomer blends were combined with a photo-initiator as either
0.2 wt % camphorquinone (CQ) with 0.8 wt % of its tertiary amine
N,N-dimethylaminoethyl-methacrylate or 1 wt % of the type 1 photoinitiator, Lucirin-TPO (TPO) (Sigma-Aldrich, Dorset, UK), which
does not require a co-initiator. The proportioned monomers and
photo-initiators were homogenized in a glass beaker using a magnetic
stirrer at 50 ± 1 °C for 30 min in dark conditions. The resultant resin
blends were stored in dark conditions in sealed containers at 4 ± 1 °C
prior to further use.
2.2. Preparation of Prepolymerized Partially Deuterated
Dimethacrylate Resin Blends. To characterize structure at crosslinking distances, the methacrylate end groups of TEGDMA were
isotopically substituted with deuterium. Deuterium has a relatively
large coherent neutron-scattering cross-section30 and scatters
neutrons more eﬃciently than its lighter counterpart. Isotopic
substitution was undertaken for the TEGDMA monomer only,
producing d10-TEGDMA (Figure 1). Details regarding the synthesis
of d10-TEGDMA are included in the Supporting Materials and
Methods.
Partially deuterated resin blends were produced in a way similar to
those with a hydrocarbon methacrylate functionality described in 2.1,
but with TEGDMA substituted with d10-TEGDMA. As deuterated
monomers were produced in signiﬁcantly smaller quantities, only 60/
40 and 40/60 wt % blends were prepared.
Resin disc-shaped specimens were fabricated by ﬁlling a
polyvinylsiloxane mold (11 mm diameter and 1 mm in depth) and
then covered with a microscope cover slide to minimize the formation
of an oxygen inhibition layer. Specimens were photopolymerized
using an EMS Swiss master light curing unit (EMS OPTIDENT,
electro medical systems, Nyon Switzerland) placed normal to and in
contact with the cover slide. The curing unit has a spectral output
range of 390−550 nm to provide signiﬁcant overlap with the
absorption peaks of the CQ (470 nm) and Lucirin TPO (381 nm)
photo-initiators. For each unique composition, the resin was either
photopolymerized at relatively “high” (3000 mW cm−2 for 6 s) or
“low” (300 mW cm−2 for 60 s) irradiances ensuring matched total
energy doses or radiant exposures (18 J cm−2). The resultant
specimens were stored in lightproof conditions in sealed containers at
4 ± 1 °C prior to further use. Samples were purposely manufactured
to be no more than 1 mm in thickness to reduce the eﬀects of
absorption and incoherent and inelastic scattering, which is signiﬁcant
in materials containing hydrogen.
2.3. Simultaneous X-ray Scattering and FT-NIR Spectroscopy Measurements. Simultaneous synchrotron radiation (SR) X-ray
scattering/Fourier transform-near infrared (FT-NIR) spectroscopy
measurements were performed on the I22 beamline (Diamond Light
Source, Oxford, UK). An incident X-ray energy of 12 keV was used
corresponding to a wavelength of 1.033 Å with a beam size of 0.32 ×
0.08 mm (horizontal × vertical). Specimens were prepared by ﬁlling a
0.9 mm thick stainless steel ring with a 10 mm internal diameter,
which was sealed on both faces by 25 μm thick mica (Attwater Group,
Lancashire, UK). The resin-ﬁlled rings were housed within a brass
block annulus (Daresbury Laboratory, Warrington, UK), and a 5 mm
diameter light guide (Lumencor, Kent, UK) was ﬁxed normal to and
15 mm distant from the center of the resin surface and connected to a
multichannel light source (Lumencor Aura Light engine, Lumencor,
Kent, UK) and ﬁxed in place to illuminate only the sample that was
directly in the path of the X-rays. Samples were mounted to impinge
the X-ray beam at a 40° incline in the positive azimuthal direction.
For the TPO-initiated resins, a ﬁlter within the light engine was used
to emit a peak emission spectrum at 405 nm, while for CQ systems a
wavelength of 470 nm was employed. The light ﬁlters and their
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tip placed centrally within the resin and an additional three with the
tip at the sample surface. For each thermocouple position,
corresponding measurements on an empty mold, a mold containing
monomer with no photo-initiator, and a mold containing the
polymerized polymer were taken for 180 s to allow heating
attributable to the curing light to also be estimated.
2.6. Simultaneous X-ray Scattering and Heating Measurements. To correlate temperature with changes in the polymer
structure, synchrotron X-ray scattering experiments were performed
on the I16 beamline at the Diamond Light Source (Oxford, UK).37
An incident X-ray energy of 12 keV was used corresponding to a
wavelength (λ) of 1.033 Å, with a beam size of 30 μm (vertical) × 200
(horizontal) deﬁned by vacuum tube slits. Measurements were carried
out in air with light excluded.
A bespoke heating module was used to increase the temperature of
a prepolymerized 60/40 wt % Bis-GMA/TEGDMA resin disc
specimen (10 mm diameter and 0.9 mm thickness) produced
according to the previously described methods, while undertaking
simultaneous X-ray scattering measurements. The heating module
consisted of an aluminum plate (25 × 25 mm area) with a 3 mm
(diameter) circular aperture, to allow for the transmission of X-rays,
ﬁxed in contact perpendicular to a kinematic heating platform. The
temperature of the heating platform was remotely controlled via a
cryogenic temperature modulator (model 3.8, Lake Shore Cryotronics, Elliot Scientiﬁc Ltd, Hertfordshire, UK). Polymer disc
specimens were held in tight contact between two aluminum plates.
The temperature of test specimen was increased through heat transfer
from the kinematic stage to the aluminum plates and ﬁnally to the
resin disc, at a rate of 5 °C min−1. Three thermocouples were placed
in contact with the kinematic stage, aluminum plates, and the resin
disc, respectively, to measure the temperature of each component.
The heating module and housed sample were orientated with the
annulus of the aluminum plate normal to the path of the impinging Xrays.
X-ray scattering measurements were taken at 5 °C increments, from
20 to 55 °C, to characterize structural changes as a function of
temperature. X-ray scattering data were collected using a 2D area
detector (Pilatus 100K) with a 487 × 195 pixel format (pixel size =
172 × 172 μm2) ﬁxed on to a two theta detector arm. The detector
was placed 470 mm behind the sample and collected scattering data at
angles of 2θ = 7, 13 and 22 to cover a q range of 0.2−1.8 Å−1, where q
= 4π sin θ/λ for each 5 °C temperature increment. Scattering data
were collected with a 1 s count time and a 2.7 ms readout time.
Transmitted beam was also recorded at each angle and temperature
increment using a photodiode to correct for changes to the sample
density and thickness. To aid data analysis, measurements were taken
for direct beam, empty sample containers, and a silver behenate
calibration standard. Scattering patterns were background corrected
and normalized to the incident monitor intensity. Data were
azimuthally integrated over 360° to produce a 1D output and were
subsequently ﬁt with a pseudo-Voigt model to determine peak
positions of correlation lengths as a function of temperature.
2.7. Statistical Analysis. A one tailed paired Students t-test was
used to determine diﬀerences in the change in correlation length (α =
0.05), where factors were photo-initiator chemistry, irradiance
protocol, and relative diﬀerences in resin matrix viscosity. Statistical
analysis was performed in the R programming (version 3.1.3, 2015, R
Foundation).

Figure 2. Experimental setup for simultaneous synchrotron X-ray
scattering and real-time FT-NIR spectroscopy measurements. The
resin samples were cured for 300 s at varying light intensities while
undertaking X-ray scattering and FT-NIR spectroscopy to quantify
changes in the evolving polymer structure and the degree of reactive
group conversion, respectively.
where CHmonomer
refers to the integrated peak intensity of the band
2
prior to polymerization (in the monomer state), while CHpolymer
2
corresponds to the integrated peak intensity for the ith measurement.
The rate of polymerization was calculated as the ﬁrst derivative of DC
with respect to time. Additional spectral proﬁles were taken of the
empty cell, mica windows, and the monomer to correct for
background subtraction and intensity normalization. Data were
baseline corrected using Omnic software (Omnic Specta software,
version 8.0, Thermo Fisher Scientiﬁc, Oxford, UK).
Separate laboratory FT-NIR spectroscopy measurements, replicating the sample geometry and irradiance regimen described in Section
2.3, were performed to conﬁrm the observations of in situ
observations (see Supporting Materials and Methods).
2.4. Small-Angle Neutron Scattering. Small-angle neutron
scattering (SANS) measurements were performed on the SANS2D34
instrument at the ISIS pulsed neutron source (Rutherford Appleton
Laboratories, Oxford, UK). Disc-shaped partially deuterated resin
samples were sealed within aluminum foil and mounted on a
cadmium sample rack. SANS2D is a time of ﬂight instrument which
uses a wavelength range of 1−12 Å to provide a q range of 0.004−2
Å−1. An 8 mm (diameter) beam size was used to collect SANS data in
a transmission mode geometry using a 2D area detector (Ordela,
3
He−CF4, Oak Ridge National Laboratory, Tennessee, USA).35
Acquisition times per sample were approximately 1 h and additional
measurements were also taken on samples with a hydrocarbon
methacrylate functionality to serve as controls. Further measurements
were taken for the direct beam, empty sample rack, sample
transmission, aluminum foil, and a vanadium calibration standard to
correct for background and transmission eﬀects and to normalize the
data to absolute scattering units, respectively. Data were reduced to
1D in absolute scattering units using the SANS2D plugin for the
Mantidplot36 software package (version 3.8.0, 2016, Oxford, UK).
2.5. Thermal Changes during Photopolymerization. Thermal
variations associated with photopolymerization were characterized
and correlated with X-ray scattering data. Temperature measurements
were performed at a frequency of 10 Hz using type K thermocouples
with a 0.2 mm tip and a Pico TC-08 data logger (Pico Technology,
UK). Ring molds equivalent to those used for X-ray scattering
measurements were ﬁlled with a 60/40 wt % Bis-GMA/TEGDMA
monomer blend with either a CQ or TPO photo-initiator. The
monomer blends were photopolymerized at an irradiance of ∼730
mW cm−2 using a Bluephase Style 20i LED curing light (Ivoclar
Vivadent, Schaan, Liechtenstein) for 180 s. For each photo-initiator
system, three measurements were conducted with the thermocouple

3. RESULTS
3.1. Deconvolving the Contributions of Monomeric
Components to the Scattering Signal. Figure 3a shows
the radially averaged X-ray scattering proﬁle for a TPOinitiated 60/40 wt % Bis-GMA/TEGDMA resin blend in its
monomer form prior to photopolymerization (solid black line)
and in the polymer state at 6 s of 300 s of constant irradiation
at an intensity of 450 mW cm−2 (dotted black line). We
observed a broad scattering feature, typical in all observed resin
blends, with a peak initially located at q ≈ 1.35 ± 0.0024 Å−1
5380
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Figure 3. Representative plots showing (a) X-ray scattering of a 60/
40 wt % Bis-GMA/TEGDMA resin blend initiated with TPO using
constant light application at an intensity of 450 mW cm−2 for 300 s.
Prior to polymerization (bold black line, at 0 s), a broad scattering
feature is centered at q ≈ 1.35 Å−1, which narrows and moves to q ≈
1.25 Å−1 (broken black line, measured at 6 s). (b) WLS ﬁtting
(broken black line) of scattering data from the individual Bis-GMA
(red) and TEGDMA (blue) monomers to the 60/40 wt % blend
(solid black line) following baseline corrections. Bis-GMA and
TEGDMA contribute 30 and 70% to the signal, respectively. Data
were obtained from I22 (Diamond Light Source).

Figure 4. Chemical structures of Bis-GMA and TEGDMA monomers
used to formulate each blend. MA and TEG were used to simulate the
chemical structure and dynamic behavior of the TEGDMA monomer
during polymerization.

corresponding to a correlation length of 4.65 Å in real space,
which moved to lower values of q, approximately 1.23 ±
0.0024 Å−1 (5.1 Å) and incrementally narrowed throughout
photopolymerization. The shift to lower q is indicative of a net
length increase of the correlation length, while a narrowing of
the peak demonstrates an increase in the medium-range (<10
Å) relative structural order.
Figure 3b demonstrates the WLS ﬁtting of Bis-GMA and
TEGDMA X-ray scattering spectra to the signal of the 60/40
wt % resin blend. WLS helped to identify the structural origin
responsible for the peak shift with respect to individual
monomer contributions to the observed signal. TEGDMA was
the predominant contributor to the observed scattering peak
(q ≈ 1.35 Å−1) and its shift, accounting for 70% of the shift,
while only 30% was attributed to Bis-GMA. The contribution
of each monomer to the signal varied with the composition of
the resin blend.
Figure 4 illustrates the chemical structures of TEGDMAs’
constituent monomers (MA and TEG). Figure 5 shows the
ﬁtting of the TEGDMA X-ray scattering signal based upon the
scattering data for the constituent monomers to approximate
its chemical structure. WLS ﬁtting reveals that ∼68% of the
TEGDMA signal was attributed to MA, representing the
methacrylic functional end groups (34% per end group)
(Figure 4). The remaining ∼32% of the TEGDMA signal
contribution originated from its ether backbone. Furthermore,
∼48% of the 60/40 wt % Bis-GMA/TEGDMA (total) signal
was attributed to MA (representing the methacrylate functional end groups) originating from the TEGDMA monomer
and ∼22% was weighted to the TEG component (representing
the ether backbone) of the same monomer. Only ∼30% of the
change in the scattering peak shift and narrowing following
photopolymerization of the resin-blend was ascribed to BisGMA. For a 60/40 wt % blend, the non-aromatic segments of
the Bis-GMA monomer contribute ∼30% to the total
molecular weight of the 60/40 wt % blend. This was
equivalent to the contribution that Bis-GMA makes to the
scattering signal for the broad feature observed in Figure 3.

Figure 5. WLS ﬁtting of MA and TEG X-ray scattering to that of
TEGDMA. MA and TEG were used to approximate both the
structure and X-ray scattering pattern of the TEGDMA monomer.
Close to 70% of the shift and narrowing in scattering following
polymerization was attributed to MA with the remainder ascribed to
TEG. Data were obtained from I22 (Diamond Light Source).

Figure 6 shows the 1D neutron scattering spectra for TPOinitiated 60/40 wt % (Bis-GMA/d10-TEGDMA) resin blends,
either prior to polymerization as the liquid monomer (solid
black line) or after, when photopolymerized at either relatively
fast (3000 mW cm−2, black dots) or slow (300 mW cm−2,
broken black line) rates. It can be seen that a broad scattering
peak is initially located at ∼0.69 Å−1 (∼9.1 Å), which shifts to
lower q and narrows in width following photopolymerization,
indicative of a net increase in the correlation length and
medium-range order that this scattering peak represents.
Systems polymerized at relatively fast rates demonstrated a
greater peak shift to lower q ≈ 0.57 Å −1 (∼11 Å) compared
5381
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(Figure 7b), with the magnitude of this initial extension more
than double that observed at the lowest polymerization rate
(Figure 7a). An additional decrease in length is also observed
following initial extension for faster polymerization and is equal
to approximately 5−15% of the initial extension, depending on
the intensity of the activating light (see Supporting Data for
additional results). A small subsequent increase was observed
in the correlation length for most blends transitioning either
directly from the initial extension or from this relaxation,
depending on the polymerization rate. It can be seen that the
ﬁnal (observed) correlation length remained smaller for more
slowly polymerized resins. The magnitude of the gradual
extension phase is less for faster polymerization and always
followed relaxation. The slow increase in the correlation length
was larger when the system was polymerized with a lower light
irradiance, whereas resins polymerized more rapidly show little
or no increase.
Figure 7c,d shows the increase in relative structural order,
which provides insight into the distributions of chemical bond
lengths and angles for fast and slower polymerization rates as a
function of time. An initial increase in structural order to a
local maximum occurs simultaneously with similar changes
seen in the correlation length. Faster polymerization
corresponded to a larger and more rapid gain in structural
order. Additionally, fast polymerized systems also demonstrated a relaxation in structural order (see Supporting Data,
Figure S6), where approximately 5−15% of the initial gain was
lost, mirroring changes in the correlation length (see
Supporting Data, Figure S5). Similarly, at slower reaction
rates these systems display negligible or non-existent relaxation
(see Supporting Data, Figures S3 and S4). Relative orders do
not however show a postrelaxation increase as was observed in
the correlation length for all polymerization rates, instead
appearing to plateau (at least for the duration of the
measurements). The ﬁnal (measured) relative value of
structural order was on average greater in resins containing a
higher proportion of TEGDMA monomer (see Supporting
Data, Figures S4 and S6). These less viscous systems also
showed greater diﬀerences in the ﬁnal relative structural order,
for identical blends polymerized at diﬀerent rates.
The relationship between functional end group conversion
and structural changes in the polymer is outlined in Figure 7
(black traces), where the data sets are overlaid for the
respective polymerization rates as a function of time. TPOinitiated systems showed more rapid periods of initiation and
propagation in comparison to the CQ-based resins, reaching
auto-deceleration earlier. Final conversion (DCmax) and
polymerization rate (Rp) are greater in resins polymerized
using TPO initiation and/or high light intensities for each
blend (p < 0.05). The auto-acceleration period, particularly for
TPO-based systems, corresponds to the large initial increase in
the correlation length and relative structural order, that is, as
the polymer network grows, medium-range structural order
and length scales increase. When the system has reached 98%
of the total reactive group conversion, the correlation length
and medium-range structural order also reached a maximum
for faster polymerized systems (Figure 7b,d). However, the
end of auto-acceleration lagged behind the local maxima of the
correlation length and structural order for the slower (CQinitiated) resin systems (Figure 7a,c). Post auto-deceleration
cure appears to correspond to a continued increase in the
correlation length. Greater post auto-deceleration cure in
slowly polymerized resins corresponded to a larger gradual

Figure 6. Representative plot of neutron scattering spectra for resins
with deuterated or hydrocarbon methacrylate functionality based on a
60/40 wt % blend of Bis-GMA/d10-TEGDMA or Bis-GMA/
TEGDMA, respectively. A broad scattering peak is observed for the
deuterated liquid monomer blend at ∼0.68 Å−1 (), which shifts to
lower q and narrows following photopolymerization. Accelerating
polymerization through high light irradiance confers a greater shift to
lower q (···) compared with slower polymerization (---). Blends with a
hydrocarbon methacrylate functionality display no structural features
within this q range (− - −).

with slower polymerization, where q ≈ 0.62 Å −1 (∼10.1 Å).
Similarly, systems polymerized at relatively low and high
irradiances displayed fwhm values of ∼0.13 and 0.15 Å −1,
where a reduced peak width corresponds to greater structural
order. Figure 6 also displays the neutron scattering spectra of a
60/40 wt % (Bis-GMA/TEGDMA) resin blend (dasheddotted line) with a hydrocarbon methacrylate functionality,
which displays no scattering features in the region up to q ≈ 1
Å−1.
3.2. Eﬀect of Polymerization Rate on the Evolving
Polymer Structure. Figure 7 illustrates the real-time behavior
of the correlation length and increase in the relative structural
order for a 50/50 wt % resin blends. The correlation length
corresponds to the average bond length as taken from the peak
position in Figure 3a, while the relative structural order refers
to the distribution of correlation lengths calculated from the
fwhm of the same scattering peak. This formulation displays
typical structural changes observed in all of the resin blends for
varying viscosities at relatively fast and slow polymerization
rates (controlled by light intensity and photo-initiator
chemistry). The peak position of the broad scattering feature
observed in Figure 3a is shown in real space (Å) for each time
point (every second) during light irradiation, representing an
increase in the correlation length (Figure 7a,b).
Resins polymerized at faster and slower reaction rates both
displayed an increase in the correlation length. For slower
polymerization, typically initiated with CQ for all light
intensities, this increase occurs in two stages; a relatively
large and fast increase to a local maxima followed by a gradual
gain with time (Figure 7a, red line). Increasing the polymerization rate (initiating with TPO and photocuring with higher
irradiance) conferred a signiﬁcantly greater increase in the
correlation length (p < 0.01) in a shorter period of time
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Figure 7. Representative plots of; top row: real-time evolution of the correlation length observed in 50/50 wt % resin blends polymerized with
either (a) CQ or (b) TPO photo-initiator at intensities of 25 and 730 mW cm−2, respectively. All resins display an increase in the correlation
length, which is larger and faster for higher polymerization rates. For particularly fast reactions, a subsequent relaxation period can be seen after the
initial increase in length. Bottom row: The relative percentage increase in medium-range structural order during photopolymerization for (c) low
and (d) high irradiances for the same resin blends. Changes in order are similar and occur simultaneously to those observed in the correlation
length. CQ systems polymerized at irradiances of 25 mW cm−2 represent an extreme condition and it can be seen that conversion continues to rise
at 300 s. Identical systems polymerized at higher irradiances typically achieve conversion values of 55−65 %. Data were obtained from I22
(Diamond Light Source).

Figure 8. (a) Plot of the mean temperature rise (n = 6) compensated for heating from the curing light, during photocuring of 60/40 wt % BisGMA/TEGDMA monomer blends containing either a CQ or TPO photo-initiator. Error bars at peak temperature rise represent one standard
deviation. (b) Mean relative increase and associated error bars, obtained from the propagation of errors of peak ﬁtting uncertainties, in the X-ray
scattering correlation length and order following controlled heating of prepolymerized 60/40 wt % Bis-GMA/TEGDMA from 20 to 55 °C.

temperature variations in representative 60/40 wt % resin
blends initiated with either CQ or TPO during photopolymerization. A rapid increase in the temperature of the
resin blend followed by a gradual decrease is observed for both
photo-initiator systems. Resins initiated with TPO demonstrate a larger temperature increase in a shorter period of time
compared with CQ-based systems. Increases and relaxations in
temperature during photopolymerization approximately co-

gain in the correlation length following the initial increase,
while resins cured rapidly showed negligible post autodeceleration cure and changes in the correlation length. This
slow continued polymerization does not appear to aﬀect the
observed relaxation period or the plateau observed in the
medium-range structural order.
3.3. Eﬀect of Temperature Variations on the Evolving
Polymer Structure. Figure 8a illustrates the real-time
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incide with similar behavior seen in the correlation length
(Figure 7a,b) and medium-range order (Figure 7c,d) for the
respective photo-initiator species despite diﬀerences in sample
set up. Figure 8b shows the change in correlation length and
medium-range order as a function of temperature for a
prepolymerized 60/40 wt % resin specimen. It can be seen that
heating confers an almost linear extension of the correlation
length at a rate of ∼0.0016 Å °C−1, while order decreases by
approximately 1.5%.
3.4. Eﬀect of the Polymerization Rate on the
Resultant Polymer Structure. A range of polymerization
rates for each resin blend were achieved by varying photoinitiator chemistry and light irradiance and were characterized
by FT-NIR spectroscopy. In Figure 9, by correlating

increase in the correlation length for equivalent polymerization
rates. A similar relationship was observed when changes in the
medium-range structural order were correlated with the
polymerization rate (see Supporting Data, Figure S8), albeit
that the initial increases in relative order were much greater for
the more ﬂuid systems (greater TEGDMA %).
Direct correlations between X-ray data and the polymerization rate are complicated by the relative diﬀerences in
reactive group conversion for each polymerizing system.
Normalizing the increase in correlation length with respect
to DCmax resulted in a pattern of behavior similar to that
observed in Figure 9. However, normalizing structural order to
DCmax and plotting as a function of polymerization rate (Figure
10) demonstrated that at polymerization rates greater than

Figure 9. Maximum chain extension for each resin blend (viscosity)
vs polymerization rate (irradiance). The maximum extension was
calculated as the diﬀerence between the initial and greatest values of
the correlation length for each blend. CQ-initiated resins are shown
by the ﬁrst four points and are also inset, while the other data points
refer to TPO-initiated resins. Resins polymerized at higher rates
display the greatest increase in the correlation length. Data were
obtained from BM28 (ESRF), see Supporting Materials and Methods.

Figure 10. Normalized maximum increase in relative medium-range
structural order for each resin blend (viscosity) vs polymerization rate
(irradiance). Data have been normalized to the degree of reactive
group conversion to determine structural order per converted CC
bond. CQ-initiated resins are shown by the ﬁrst four points (also
inset), while the other data points refer to TPO-initiated resins.
Systems polymerized at slower rates display the greatest increase in
structural order for a given blend, while increasing viscosity decreases
the medium-range order. Data were obtained from BM28 (ESRF), see
Supporting Materials and Methods.

polymerization rate with changes in X-ray scattering, it was
possible to relate reaction rate to (medium-range) structural
evolution. As the polymerization rate increased, there was a
greater increase in the correlation length (extension) and
relative medium-range structural order. Figure 9 demonstrates
how systems initiated with Lucirin TPO (the last four data
points) display polymerization rates typically an order of
magnitude greater than the CQ counterpart (the ﬁrst four data
points and inset in Figure 9) for similar irradiances. This
conferred larger gains in the correlation length, which were
approximately twice those seen in CQ systems. At lower
polymerization rates (<5% s−1), the increase in the correlation
length was observed to increase linearly with the polymerization rate (Figure 9); however, as the reaction rate increases,
the change in correlation length begins to plateau. More ﬂuid
resins, with a greater content of TEGDMA, displayed a greater

∼5% s−1 the gain in order decreases with increasing reaction
rate for all resin blends. Relative structural order remained
ranked by resin “viscosity” with blends composed primarily of
the Bis-GMA monomer demonstrating greater disorder at all
polymerization rates.

4. DISCUSSION
4.1. Deconvolving the Contributions of Monomeric
Components to the Scattering Signal. Photopolymerization induced an increase in the length of the principal X-ray
scattering feature observed in measurements on the Bis-GMA/
TEGDMA monomer blends (Figure 3a). Previous laboratorybased studies (WAXS) have measured this broad peak feature
but have failed to determine its origin or explain the subtle
diﬀerences in the peak position between resin blends of varying
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viscosities,38 which have been resolved here. In this study, the
correlation length increases from an initial value of ∼4.65 Å up
to ∼5.1 Å (Figures 3a and 7a,b), depending on the resin
formulation and the polymerization rate. WLS ﬁtting of the
scattering data for a 60/40 BisGMA/TEGDMA wt % blend
revealed that the majority of the length change originates from
the TEGDMA monomer (Figures 4 and 5) and speciﬁcally
within the methacrylate functional end groups (∼48% of the
total signal). The remaining portion of this length change is
ascribed to the ether backbone in the TEGDMA monomer,
which accounts for the remaining ∼22% of the total signal.
The mechanism behind the length increase can be
determined by considering that during polymerization the
CC double bond in the methylene functional group is
converted to a single covalent bond with a carbon atom from a
neighboring monomer. Bond conversion confers a length
increase equivalent to 0.2 Å [the diﬀerence in bond length
between a CC bond (1.33 Å) and a C−C bond (1.53 Å)]39
Figures 7a and 9 show that for lower rates of polymerization,
less than 2% s−1, the increases in the observed correlation
length approximate the diﬀerence in length between double
and single carbon−carbon bonds following polymerization.
This implies that at lower reaction rates the predominant form
of length change arises from bond exchange. However, at
higher reaction rates, in excess of 50% s−1, the increase in the
correlation length is more than double the bond exchange
value (Figures 7b and 9). This additional increase in length,
which cannot be accounted for through bond exchange, is
therefore ascribed to chain segment extension. Fu et al.
(2015)40 reported chain extension in methacrylate functionalized monomers which were photo-initiated with UV light.
However, the location(s) of the chain extension were not
elucidated in their study.
Chain extension along the TEGDMA backbone is further
supported by neutron scattering data from partially deuterated
blends (Figure 6). Figure 6 shows a broad scattering peak for a
60/40 wt % (Bis-GMA/d10-TEGDMA) liquid monomer
located at approximately 0.68 Å−1 (∼9.23 Å), which shifts to
lower q and narrows following photopolymerization. This
scattering peak is known to correspond to the correlation
lengths between the deuterated portions of the functional end
groups of d10-TEGDMA, due to the absence of this scattering
peak in a hydrocarbon functionality counterpart (Figure 6),
and was synthesized speciﬁcally for this purpose. Therefore,
this correlation length represents the approximate end-to-end
vector distance of the d10-TEGDMA monomer and gives
insight into the structure of TEGDMA. The increase in the
correlation length is also seen in the X-ray scattering data and
exceeds that which could be attributed to bond exchange. The
relatively small diﬀerence in the peak shift between the high
and low irradiance polymerization regimes for partially
deuterated resins is attributed to fabricating the samples in
advance of the neutron scattering measurements, due to the
scheduling of experiments based at central facilities, which has
likely permitted structural modiﬁcations to occur during a
postcure period. Isotopic substitution of the functional end
groups also prevents the quantiﬁcation of DCmax to normalize
changes in the correlation length, which will likely reduce
apparent diﬀerences in correlation length and structural order
for identical systems polymerized with diﬀerent irradiances.
Deuterated resins polymerized at lower irradiances demonstrated greater medium-range order compared with higher
irradiances similar to changes in order observed with X-ray

scattering at shorter length scales. This strongly suggests that
chain extension is the predominant mechanism for this length
increase which occurs at sights distant from bond conversion/
cross-links and at diﬀerent length scales.
The Bis-GMA monomer also displays a smaller contribution
to the total X-ray scattering signal (∼30%) and subsequent q
shift. Any extension arising from the Bis-GMA monomer is
attributed solely to the nonaromatic portion of the monomer,
including the functional end groups, given the rigidity of the
aromatic rings at the center of the monomer. No reports in the
literature have indicated structural changes to the aromatic
groups via vibrational spectroscopy methods.4,41 Microgel
clusters will also inevitably form at longer length scales,
although it is not possible to interpret structural properties
over this range using standard X-ray/neutron scattering
approaches due to the lack of clearly deﬁnable order. Optical
scattering and computational modeling42 may provide deeper
insight into local density ﬂuctuations. It must also be
acknowledged that irradiance, DC, and polymerization rate
will vary through the resin specimen as a function of sample
thickness.43,44 Therefore, any variation in the rate of reactive
group conversion and hence chain extension is averaged by
both FT-NIR spectroscopy and X-ray scattering measurements, respectively. Additionally, the light source demonstrates
high homogeneity and top hat factor such that lateral variation
of irradiance over the face of the resin specimen is considered
to be negligible.
4.2. Impact of Irradiance on the Resultant Polymer
Structure. Systems polymerized relatively slowly, which were
typically CQ-initiated resins and some TPO systems
polymerized at low light intensities, demonstrated a gradual
increase in the correlation length up to a gain of approximately
0.2 Å (Figure 7a). This is also accompanied by simultaneous
increases in the medium-range structural order during
polymerization, both of which are synchronized with the
real-time DC. Hence, polymerization of the system confers an
increase in the correlation length (corresponding to segments
within a monomeric unit) and medium-range structural order.
In Figure 7a, a gradual increase in the correlation length is
observed representing an increasing contribution of the longer
correlation lengths (arising from increasing CC to C−C
conversion) to the average scattering signal. It can be seen that
the medium-range structural order also displays a similar initial
increase which coincides with polymerization (Figure 7c) and
is attributed to bond conversion. It is known that polymerization limits the range of monomer motion at the end groups,
which reduces the number of possible bond conformations.45
Figure 7a shows that the local maxima in the correlation length
correspond to plateauing of DC. Additionally, the gain in the
correlation length consistently exceeds 0.2 Å after a small
reversal in the extension feature, which may represent a
transition from chain growth-induced length changes to true
chain extension. In systems polymerized at relatively slow rates,
the maximum rate of conversion (Rpmax) occurs at lower
reactive group conversion.46,47 A smaller fraction of monomer/
polymer segments are perturbed at this point in the reaction,
the relaxation time of polymer segments (τ) is signiﬁcantly less
than the rate of conversion46 (Rp), that is, τ ≪ Rp, and fewer
segments are stored in a higher energy conformation within the
forming network. After this point in the reaction, τ < Rp, so the
polymer segments have more time to extend and reorient to
achieve greater structural order. Therefore, chain extension in
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rates, Rpmax will occur at greater values of conversion46,47 and a
larger fraction of polymer segments will be perturbed. Here, τ
≪ Rpmax and the polymer segments will have insuﬃcient time
to relax46,47 following chain extension. Consequently, higher
energy (possibly under strain) extended chain segment
conformations are stored within the network structure, while
the cross-linked network forms and the resultant structures are
unable to undergo further modiﬁcations post auto-deceleration
with respect to medium-range structural order due to mobility
restrictions.
4.3. Eﬀect of the Polymerization Rate on the
Resultant Polymer Structure. It can be seen from Figure
9 that as the polymerization rate is increased there is a greater
increase in the correlation length (extension). At lower
polymerization rates (less than 5% s−1), the relationship
between extension and rate is linear; however, above this
threshold, the extension begins to plateau. This plateau in
extension at higher rates may represent either the maximum
extension of the monomer segment, that is, toward an ideal
conformation or alternatively the maximum length before
solidiﬁcation restricts further extension. A similar pattern is
observed when changes in the medium-range structural order
were correlated with the polymerization rate (see Supporting
Data, Figure S8). Greater relative structural order in resins
polymerized using a fast rate is likely an eﬀect of diﬀerences in
reactive group conversion. A more polymerized system will
inevitably display greater structural order due to the restriction
of the thermal motions and chemical bond distributions.
Direct correlations between X-ray scattering data and the
polymerization rate are therefore complicated by the relative
diﬀerences in reactive group conversion for each polymerizing
system. DC was quantiﬁed using both real-time ex situ
laboratory-based FT-NIR spectroscopy and in situ measurements performed simultaneously to the acquisition of X-ray
data with diﬀerences between the two measurements
considered negligible. Normalizing the increase in correlation
length with respect to DC resulted in a pattern of observations
similar to those seen in Figure 9 (see Supporting Data, Figure
S7). However, Figure 10 shows that normalized structural
order decreases with increasing reaction rate. This implies that
driving the polymerization rate faster reduces the amount of
time that the monomeric structure has to reorient and
optimize its bond geometry during network growth. At slower
polymerization rates, more time is allowed to achieve a lower
energy (a more ordered) conformation.
The generation of macroscopic shrinkage48 associated with
the reduction of free volume during the polymerization of
these materials must be considered when interpreting these
results. When shrinkage is constrained, the result is the
generation of residual stress which will likely impact on the
observed correlation lengths within the polymer system. The
geometry of the test specimens used in this study was largely
unconstrained with a large aspect ratio between the disc
surface and the sample holder, with a readily deformable mica
window. Although shrinkage has not been measured in this
study, residual shrinkage strains would manifest as increased
correlation lengths that may relax over time. When polymerization is accelerated through the use of TPO initiator and the
highest irradiance, a relaxation feature is observed. It is
conceivable that this feature is a form of stress relief
mechanism, such as bond exchange or breakage.

relatively slowly polymerized resins seems to occur after the
majority of the cross-linked network has been formed.
At faster polymerization rates (Figure 7b,d), greater
increases in the correlation length and order in a shorter
period of time are observed. At higher rates (TPO, high
irradiance), the increase in the correlation length is more than
double of that than can be ascribed to bond-exchange
(associated with chain growth) and is followed by a relatively
large reduction in extension length, proportional to the initial
length increase. Rapid heating and cooling (Figure 8a)
coincides with a large gain and relaxation in the correlation
length and order, particularly for systems polymerized at faster
rates through the use of higher irradiance and/or TPO photoinitiator. Thermal data indicate a strong likelihood that this
temperature rise during photopolymerization in the resin
contributes to the chain extension peak/relaxation seen at early
time points. In particular, the peak temperature closely
matches the limit of peak extension at Rpmax. However, in
situ heating/X-ray scattering measurements suggest that this
temperature rise may not account entirely for the extension/
relaxation behavior of the polymer segments at these early time
points. Figure 8b demonstrates that a greater temperature
increase than seen during polymerization (Figure 8a) would be
required to confer the magnitude of chain extension reported
in Figure 9. Furthermore, the gradual decrease in order (Figure
7d) occurs as the resin cools (Figure 8a), yet cooling would be
expected to produce a relative increase in order as polymer
thermal motions are reduced. This relationship is conﬁrmed in
Figure 8b, where heating of a 60/40 wt % resin conferred a
relative decrease in order. A relaxation in order therefore
supports the assertion that rapid polymerization and polymer
growth generates stress within monomeric units, causing
extension of segments (more so than for systems polymerized
with lower reaction rates). Relaxation of these length scales
may therefore represent a reorientation of bond geometry to
lower the energy state of the system, that is, stress relief within
the polymer structure.
Figure 7b also shows that systems polymerized rapidly can
demonstrate varying degrees of chain extension postrelaxation.
This feature is most prominent in systems polymerized using
lower light intensities, achieving lower conversion (see
Supporting Data, Figure S3). In comparison, a system, which
has been polymerized rapidly and has reached a high terminal
conversion, displays negligible extension after the initial
increase and subsequent reduction in correlation length (see
Supporting Data, Figure S5). Any changes in correlation length
after gelation are attributed to continued conversion, that is,
bond exchange. Postcure will be associated with polymerization with less geometric freedom for the reacting monomer.
This restriction of geometric freedom is likely to lead to bond
and chain geometries that are longer than a comparative
unconstrained state and leads to the net increase in correlation
lengths seen at extended times for systems with initially lower
DC.
At lower DC, more free volume is likely to be available and
diﬀusion limits do not fully restrict the movement of radical
species. This allows for continued conversion of reactive
groups (Figure 7a), which causes the monomer segment to
incrementally extend. Resins polymerized rapidly with a greater
terminal DC (>90%) will demonstrate little ﬁnal free volume.
This limited mobility restricts further structural modiﬁcations
such that an extended chain conformation is ﬁxed into the
polymer network. To summarize, at greater polymerization
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5. CONCLUSIONS
The evolving polymer structure of photo-activated dimethacrylate resins has been studied using neutron scattering, time
resolved X-ray scattering, and in situ FT-NIR spectroscopy as a
function of polymerization rate. Photopolymerization induces
structural changes in the monomeric units with regards to
chain segment extension and relative structural order, which to
date is unreported for these materials. It appears that chain
extension occurs predominantly in the methacrylate functional
groups of Bis-GMA and TEGDMA, although extension also
occurs in the ether backbone of the TEGDMA monomer.
Faster polymerization rates generate greater extension in a
shorter period of time, and as a consequence the developing
structure has less time to orient to a lower energy (higher
order) conformation. By polymerizing the system rapidly, to
the point of solidiﬁcation, any residual stresses generated by
chain extension remain ﬁxed into the polymer network. In
comparison, slowly polymerized systems are capable of
modifying the polymer structure after the majority of the
network has formed, which is most likely due to a greater
availability of free volume. This series of experiments within
the context of the photopolymerization of biomedical resins
has shown how operator-induced, environmental and compositional variables may impact polymerization. This may
ultimately explain the discrepancies in the predictive modeling
of the mechanical behavior of these materials used in this ﬁeld
to date.
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