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Polymer Chemistry

Abstract

Controlling phase separation during radical/cationic hybrid photopolymerization may provide a method
for manipulating polymer morphology and material properties of photocured networks. However,
regulating phase separation during the highly dynamic cross-linking process remains challenging. In this
study, we combined a cationic oxetane/epoxide comonomer system with a methacrylate resin to examine
the effects of the cationic comonomer ratio on reaction kinetics, network morphology, and bulk material
properties. At high loadings of oxetane, the dissimilar reaction rates between the rapid free-radical and
relatively slow cationic photopolymerization led to highly phase separated structures. Conversely, small
additions of epoxide significantly accelerated the cationic polymerization enabling control over the rate
difference between hybrid photopolymerizations. Ultimately, modifications to the comonomer ratio
enabled substantial control over kinetics and polymer structure. When the dual photopolymerizations
occurred on similar time scales, greater network interpenetration was exhibited, whereas increased phase
separation was induced with more sequential polymerizations. This ability to control polymer structure
through comonomer content permits a broad range of tailorable mechanical properties for photocured
films. Notably, although photopolymer tensile strength and elongation can be adapted, tensile toughness
is maintained across a wide array of phase separated morphologies and is significantly improved relative
to the neat methacrylate network. Finally, these systems were incorporated in 3D constructs using
stereolithography, demonstrating that decreased phase separation size-scale enables greater impact
strength of 3D printed objects. The results of this work show that internally regulating cationic
polymerization rate using comonomer composition provides control over polymer structure and material

properties in radical/cationic photopolymer systems.
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1 Introduction

Photopolymerization of cross-linking monomers to form in situ polymer networks with high
stiffness and solvent resistance has become an attractive technology for applications such as protective
coatings, adhesives, biomedical materials, and 3D printing.'™ Free-radical polymerization of
(meth)acrylate monomers is commonly used in photopolymerization due to inherent fast reaction rates
which allows for rapid material production. However, low mechanical resiliency, which is largely
dependent on polymer structure, limits the application and expansion of photopolymers as engineering
materials.® Fast reaction rates through chain growth mechanisms lead to gelation at early stages in the
reaction and create exceedingly irregular network structure accompanied with high degrees of internal
stress.> These irregularities can be attributed to the formation during network evolution of
nano/microgels which contain high internal cross-link density and relatively low covalent connectivity.®
The low connectivity manifests through bulk material properties with fracture prone pathways that
increase material failure rates in high stress applications.” To overcome these challenges, considerable
attention has been focused on directing polymer structure to ultimately control the macroscopic
properties of photocured materials.

Significant work has focused on exploring alternative photopolymerization-compatible
chemistries to produce materials with greater functionality and mechanical resilience. Methods such as
molecular templating, controlled radical polymerization, and nanoparticle inclusion have shown promise
in tuning photopolymer architecture to produce unique properties.21? Particularly, simultaneous
hybrid/orthogonal photopolymerizations, e.g., mixtures of cationic and free-radical monomers, have
produced composites with various morphologies ranging from interpenetrating polymer networks (IPNs)
to photopolymerization-induced phase separated (PhIPS) materials.’3-¢ IPNs are produced with at least
two highly entangled polymer networks that are not chemically connected. IPNs may be formed through

the simultaneous polymerization of orthogonal reactions and display little to no evident phase
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separation due to compatibility throughout the cross-linking process.'” Conversely, although PhIPS
networks incorporate multiple polymers, distinct regions or phases ranging from the nano- to
macroscale develop with substantially different composition.'®*® The domain morphology and size scale
is determined by the competition between phase separation and the polymerization kinetics during
network evolution.?° The fast reaction kinetics afforded by photopolymerization, in contrast to other
polymerization processes, provide the distinct advantage of regulating the degree of phase separation
by kinetically entrapping morphologies before spinodal decomposition.?%??2 Therefore, by manipulating
chemical and physical parameters during photopolymerization, it may be possible to control intraphase
structure, size, composition, and interphase connectivity to tailor photopolymer performance.

Previous work has demonstrated that substantial influence over polymer morphology can be
achieved by varying comonomer concentrations.?> de With and coworkers examined the effects of
comonomer concentration of a (meth)acrylate/epoxide system on phase miscibility before and after
photopolymerization. Interestingly, their findings suggest that miscibility of the monomeric solution
predicts dual phase development in the polymeric state and that monomer solubility parameters can be
used to predict phase separated morphologies.?* Additionally, photopolymerization kinetics also play a
large role in dual phase development.?> Recent results have demonstrated that increased initiating light
intensity significantly alters the reaction kinetics and resulting morphology of an oxetane/acrylate hybrid
resin.?! At relatively low light intensities, the initiation and subsequent polymerization of acrylate
species is much faster than the oxetane homopolymerization. Therefore, the acrylate polymer develops
and begins to phase separate from the monomeric oxetane during photopolymerization. By increasing
light intensity, the differences in polymerization rate are greatly reduced, and the two networks form at
more similar rates. The simultaneous evolution of both networks reduces macromolecule diffusion and

phase separation which results in greater interpenetration between networks. The retention of dual
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phases in combination with greater interconnectivity was shown to produce materials with significantly
improved toughness relative to a highly phase separated structure.

While dual phase materials can be prepared by taking advantage of the dissimilar reaction
kinetics in hybrid photopolymerizations, the manipulation of external stimuli such as light intensity can
be limited in applications such as 3D printing. Therefore, it is important to investigate chemistries that
can endogenously control reaction rate differences in hybrid systems independent of external
parameters. One such system that may allow rate changes without changing light intensity incorporates
epoxides in oxetane cationic photopolymerization. Crivello and coworkers have shown that the onset of
oxetane polymerization can be finely tuned through copolymerization with epoxide-bearing
monomers.2® Homo-photopolymerization of oxetane often results in a delayed polymerization onset and
low final monomer conversion due to the relatively high energy barrier for the four-membered ring
opening.?” However, when oxetane is polymerized in the presence of epoxide, the higher-ring strain
epoxide rapidly produces oxiranium ions that can promote ring-opening and enhanced reactivity of
oxetane through copolymerization.?62?8 Additionally, onset of photopolymerization and rate can be
controlled by tuning the comonomer ratio. Thereby, it may be possible to precisely regulate the cationic
reaction in a hybrid polymerization and manipulate differences in the development of free-radical and
cationic polymerizing networks.

In this work, we investigated the effects of the oxetane/epoxide comonomer ratio on reaction
kinetics and network morphology in a hybrid photopolymerizable system. A mono-oxetane and di-
epoxide, the cationic monomer system, were incorporated into a methacrylate resin. The ratio of
oxetane to epoxide was varied to accelerate the cationic photopolymerization and control the onset and
domain evolution in relation to the free-radical based network. Functional group conversions during
photopolymerization were monitored individually using real-time infrared spectroscopy to determine

differences in free-radical and cationic photopolymerization rate and conversion. Dynamic mechanical
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analysis was used to measure the tan 6 of hybrid networks and provide details regarding individual
phase and bulk thermomechanical properties. Photopolymer morphology information such as relative
phase size, interconnectivity, and relative moduli was characterized using atomic force microscopy.
Tensile testing was used to correlate polymer structure with bulk properties and illustrate the impact of
domain morphology on mechanical performance. Additionally, hybrid formulations were polymerized
using stereolithography to investigate the impact of internal control over phase morphology in 3D
photopolymerization. This research thereby aims to show that photopolymer structure and bulk
properties can be controlled using monomer composition and reaction kinetics in hybrid

polymerizations.

2 Materials and Methods

2.1 Materials

The hybrid photopolymerizable system investigated was a formulation of orthogonally
polymerizable monomers. 40 wt% of the formulation consisted of monomers incorporating cyclic ethers
that polymerize through cationic mechanisms while the remaining 60 wt% of the formulation consisted
of methacrylates that undergo free-radical polymerization. The cationic formulation for study contained
various ratios of monooxetane, 3-ethyl-3-[(2-ethylhexyloxy)methyl] oxetane (EHOX, Toagosei), and
diepoxide, 3,4-epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate (EEC, Sigma). The free-radical
portion of the system was comprised of 60 wt% bisphenol A ethoxylated methacrylate (BisEMA, SR540,
Sartomer) and 40 wt% hydroxyethyl methacrylate (HEMA, Sigma). The hydroxyl group on HEMA can
participate in cationic polymerization enabling covalent bonding between the two networks thereby
increasing compatibility. Figure 1 shows the chemical structures of the monomers used while Table 1
lists cationic comonomer compositions examined. The cationic photoinitiator and photosensitizer used

were 2.0 wt% triarylsulfonium hexafluoroantimonate salts (TSA, 50 wt% in propylene carbonate, Sigma),
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and 2.0 wt% isopropyl thioxanthone (ITX, Irgacure), respectively. 0.10 wt% phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO, Ciba) was added as a radical photoinitiator, and 0.17 wt% 2,5-
Bis(5-tert-butyl-benzoxazol-2-yl)thiophene (Sigma) was incorporated as a light blocker for 3D printing
resolution. Concentrations of photoactive species were based on the total monomeric formulation. All

chemicals were used as received.
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Figure 1. Chemical structures of free-radical polymerizable monomers, BisEMA and HEMA, and cationic polymerizable
monomers, EHOX and EEC.
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Table 1. Cationic monomer weight ratio in hybrid resin?

Formulation EHOX EEC
1000-0E 100 0

750-25E 75 25
600-40E 60 40
500-50E 50 50
00-100E 0 100

aAll formulations contain 60 wt% free-radical and 40 wt% cationic monomers based on the ratios in Table 1.
2.2 Methods
Photopolymerization Kinetics. Real-time Fourier transform infrared spectroscopy (RT-IR) was used to
monitor peak area of the absorption bands for methacrylate (1642-1631 cm™)?°, oxetane (987-976 cm-
1),28 and epoxide (793-775 cm™)28 functional groups during photocuring. 10 puL samples were placed
between two NaCl plates and mounted on a horizontal stage for an RT-IR spectrometer (Nexus 670,
Thermo-Nicolet). Samples were illuminated with a mercury arc lamp (1500 Series, Omnicure) equipped
with a 400-500 nm band pass filter at an incident light intensity of 20 mW/cm?2. Data collection preceded
illumination by 30 seconds to ensure a stable baseline. Fractional conversion as a function of time was
determined by dividing the instantaneous peak area by the initial peak area.?!
Dynamic Mechanical Analysis. Thermomechanical and phase behavior of cured films were examined
using a dynamic mechanical analyzer (DMA Q800, TA Instruments). Polymer films were prepared by
placing liquid samples between glass slides separated using 150 um spacers. The samples were then
exposed to a 405 nm light (LED Spot 100 IC, Honle) at an incident intensity of 20 mW/cm? for 5 minutes.
After photocuring, Samples were thermally post-cured for 2 hours at 150°C and then cut into strips to
yield 12 mm x 2 mm bars. The loss factor (tan 6) was measured using DMA in frequency sweep mode
with a frequency of 1 Hz and an oscillation amplitude of 15 um while ramping temperature from -60°C
to 150°C. Here, the maxima of the tan & versus temperature curves are reported as the domain glass

transition temperature.3°
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Atomic Force Microscopy. Surface morphology of polymer films were probed using an atomic force
microscope (AFM, MFP-3D, Asylum Research) in tapping mode. Sample were prepared by coating a glass
slide with the liquid formulation and exposing to a 405 nm LED at 20 mW/cm? for 5 minutes under an N,
atmosphere. After photocuring, samples were thermally post-cured for 2 hours at 150°C. Phase images
were obtained by linearly scanning an oscillating nano-sized probe (SPM Probe, MikroMasch) across the
polymer surface at a tapping rate of 1 Hz.?! The interaction between the probe and material is measured
by a change in oscillation/phase angle. Output data was processed using Igor software (WaveMetrics).
Tensile Property Analysis. Bulk mechanical properties were determined using the same sample
preparation and instrument as the dynamic mechanical analysis experiments. For stress-strain analysis,
samples were clamped in a DMA tensile fixture and subjected to an increasing load at a constant force
rate of 2 N/min until material failure. Tensile modulus was determined using the initial slope (< 0.1%
strain) of the stress/strain curve. Ultimate tensile strength and elongation is noted at the point of
material failure, and toughness was calculated by area under stress-strain curve. Creep testing was used
to examine deformation behavior before and after sudden load. For creep analysis tensile bars were
subjected to an instantaneous stress of 10 MPa. This level of force was maintained for 10 minutes and
then released. The deformation behavior was monitored continuously as a function of time.

3D Printing and Impact Testing. A modified DLP 3D printer (Ember, Autodesk) was used to construct
stereolithography working curves for the hybrid formulations and print Izod impacts test specimens. A
panel composed of 10 distinct squares was printed by exposing a filled resin vat with a transparent FEP
window to a 405 nm LED projector at 20 mW/cm?. Each spatially resolved square was subjected to a
different light dose and the resulting cure depth of each square was measured using a micrometer
(Mitutoyo). A linear model was used to fit cure depth versus light dose where the slope is related to the
light absorptivity of the resin and the x-intercept is equal to the energy needed to induce macro-gelation

at the resin surface.?! Izod-notched impact blocks with dimensions of 40 x 10 x 6.25 mm?3 (L-W:D), notch
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radius of 1 mm, and notch depth of 0.5 mm were constructed using CAD software (Fusion 360,
Autodesk). CAD models were sliced into 25 um thick layers using 3D printing software (Print Studio,
Autodesk). Printing was performed with 8 seconds of light exposure per layer. Impact blocks were post-
cured for 2 hours at 150°C. Impact testing was performed with a 1 J pendulum impact tester (HIT5.5P,

Zwick/Roell) with the direction of impact energy perpendicular to layer lamination.

3 Results and Discussion

Prior studies have shown that the reactivity and induction period of oxetane
photopolymerization can be endogenously regulated by the presence and relative concentration of an
epoxy comonomer. Therefore, in a simultaneous cationic and free-radical polymerization, using epoxy to
change the onset of cationic polymerization and thereby the inherent time scales of network formation
may allow control of phase separation between both systems and ultimately material properties.
Combining orthogonal polymerizations while regulating phase separation can lead to enhanced
properties relative to the neat homopolymer networks, e.g. toughness, surface hardness, and
shrinkage.3?33 These changes may be attributed to the incorporation of domains that impart desirable
and synergistic characteristics for ultimate material performance. This work focuses on manipulating
cationic polymerization kinetics in cationic/free-radical hybrid systems to control network evolution and
the resulting polymer network morphology. We hypothesize that altering the cationic comonomer ratio
will enable control of the degree of dual network interpenetration and will induce significant changes in
mechanical properties of these photopolymerized materials.

Reaction kinetics directly impact the resulting morphology through phase separation processes.
To determine the range of kinetic behavior that could be used to control morphology in these hybrid
systems, photopolymerization kinetics were examined. Figure 2A-C compares the real-time reactive

group conversion of methacrylate, oxetane, and epoxide functional groups, respectively, for hybrid
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polymerizations with varying ratios of EHOX to EEC (epoxide monomer). Independent of cationic
monomer content, the free-radical polymerization initiates almost instantaneously when exposed to
light (Fig 2A). Conversely, in the absence of EEC (Fig 2B, 1000-0E) very little oxetane conversion (~5%) is
achieved even after 10 minutes while only reaching 40% conversion after 30 minutes of light exposure.
With this large disparity between the orthogonal polymerizations, the free-radical reaction establishes
polymer structure and possibly phase separates well before any significant cationic polymerization
occurs. Additionally, this material qualitatively exhibited macroscopic phase-separated characteristics
such as optical opacity and brittleness3* providing further evidence that the differences in reaction rate
have significant impact on polymer morphology. Included in the supplementary information are digital
images showing the presence of opacity post photopolymerization (S.1-2) indicating that phase

separated structures are induced during light irradiation.
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Figure 2A-C. Conversion as a function of time for (A) methacrylate, (B) oxetane, and (C) epoxide functional groups during hybrid
photopolymerizations. All formulations contained 60 wt% free-radical and 40 wt% cationic polymerizing monomers. The weight
fraction of the two cationic monomers in the cationic portion was varied as denoted in the plot legends. Respective peak areas
for methacrylate, oxetane, and epoxide functional groups were monitored using RT-FTIR. Samples were cured using 400-500 nm
light at 20 mW/cm?2.

The large time scale differences in kinetics between the free-radical and cationic polymerization
can be reduced by accelerating the oxetane polymerization through the inclusion of epoxide. Upon the

addition of EEC, i.e., the 750-25E formulation in Figure 2B, the polymerization onset of EHOX occurs in
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less than 40 seconds of light exposure and reaches greater than 90% conversion within five minutes.
Furthermore, the EHOX induction period is progressively reduced by increasing EEC content. The onset
of polymerization for the 600-40E and 500-50E formulations occurs at approximately 30 seconds and 20
seconds of light exposure, respectively, showing that the time difference between polymerizations is
controllable through comonomer composition. The reduced induction time leads to more simultaneous
polymerization of the separate cationic and free-radical reactions thus potentially altering the size scale
of phase separation. The combination of these two monomers also influences the epoxide conversion.
As the EHOX-EEC ratio is increased, considerably higher conversions for epoxide groups are observed as
shown in Figure 2C. The increase in conversion may be due to the epoxide co-propagating within a less
viscous oxetane phase as opposed to the reaction occurring in an already highly cross-linked and
vitrified methacrylate network. As the cationic domain becomes more cross-linked with greater EEC
concentration, the ultimate epoxide conversion decreases and only reaches 40 % conversion when no
EHOX is present, i.e., the 00-100E system. Moreover, the addition of EEC enhances methacrylate
polymerization rate which likely stems from the higher reactivity of the epoxide functional group
relative to oxetane. The faster reaction in the cationic domain generates additional heat in the system
increasing temperature and thereby increasing the speed of the methacrylate reaction.3®

Controlling the induction period of the EHOX polymerization with epoxide addition may change
phase separated morphology and enable control over polymer structure. To determine the effect of
reaction kinetics and oxetane/epoxide composition on structural morphology, thermomechanical
behavior of photopolymerized hybrid materials was determined using dynamic mechanical analysis
(DMA). In DMA, a stress is applied to the material which is either stored or dissipated as heat with the
ratio of dissipated to stored energy defined as the tan 6.36 Tan & behavior is highly dependent on
temperature due to accessible molecular configurations. As temperature is increased, greater molecular

motions are accessible, and macromolecular rearrangements can occur allowing greater dissipation.
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Hence, a less cross-linked material will exhibit increased dissipation of energy at lower temperatures

due to the greater ability to deform under an applied stress.
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Figure 3A-B. Tan & versus temperature for hybrid photopolymer systems containing (A) only one cationic monomer and (B)
mixtures of cationic comonomers. All formulations contained 60 wt% free-radical and 40 wt% cationic polymerizing monomers.
Polymer films were fabricated by photocuring for 5 minutes using a 405 nm LED at 20 mW/cm? and then thermally post curing at
150°C for 2 hrs. Samples were subjected to an oscillating strain (1 Hz) at an amplitude of 15 um while ramping temperature.

Shown in Figure 3A are tan & profiles for hybrid materials that contain only one cationic
monomer in the formulation. When no epoxide is present in the system, 1000-0E, the material displays
two distinct maxima corresponding to regions of considerably different domain structure. The high
temperature maximum is likely due to a highly cross-linked, primarily methacrylate domain which has a
glass transition temperature greater than 100°C. The maximum below -50°C is likely due to EHOX rich
domains that, due to low cross-link density, allow greater translational motion and are only glassy at

very low temperatures. The presence of two maxima suggests phase separated morphology within the
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bulk material coming from distinctly different structural environments in each domain. The phase
separated behavior is consistent with the considerably different rates of photopolymerization for the
free-radical and cationic networks. As shown in the kinetics experiments, the free-radical polymerization
is much faster implying that the methacrylate network propagates much more rapidly than the cationic
polymer and phase separates from the oxetane monomer rich matrix. On the other hand, when only EEC
is present (00-100E) the two polymer networks develop on similar time scales which significantly
reduces diffusion and phase separation from occurring. Therefore, greater integration and
interpenetration between networks is observed as represented by the single thermal transition in the
00-100E tan delta plot.

The position and magnitude of the low temperature tan & maximum can be altered depending
on the epoxide content as shown in Figure 3B. Increasing the epoxide concentration induces a reduction
in relative peak height and shift to higher temperatures. It should be noted that inclusion of EEC can
change domain properties in addition to photopolymerization rate effects. Since EEC contains two
reactive epoxide groups, the addition of EEC increases the cross-link density of the cationic domain.
Therefore, in addition to enhanced polymerization kinetics, the physical presence of a more cross-linked
cationic domain can limit diffusion and phase segregation between the two orthogonal polymerizations.
Additionally, as the cationic domain becomes more cross-linked with increasing EEC, chain
rearrangements are impeded, increasing storage modulus. Therefore, the disappearance of the low
temperature maximum stems not only from increasing interpenetration but also from a stiffer cationic
network.

Significant evidence of different phase separation with various ratios of cationic monomers is
observed from tan delta peaks. To determine how these changes manifest spatially in bulk morphology,
atomic force microscopy (AFM) phase imaging was used. In AFM, a nano-sized probe with a radius of

curvature on the atomic level is oscillated and tapped across a sample surface. The interaction between
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the probe and material is then measured by a change in oscillation/phase angle. When the probe
interacts with a relatively low modulus material, the phase angle will increase due to the material
allowing greater deformation. In contrast, materials with a high modulus will show reduced phase angle
stemming from a more elastic interaction.?” Figure 4 shows the AFM phase images for the hybrid
formulations containing mixtures of EHOX and EEC after photopolymerization and thermal post cure. At
low EEC concentration (Fig 4, 750-25E), which provides the greatest evidence of dual phase formation
from tan & results, the two domains are distinct and clearly visible. The cationic domain containing
relatively low cross-linking is represented by a high phase angle and is relatively continuous through the
material. On the other hand, the high modulus domain from densely cross-linked (meth)acrylate,
corresponding to the low phase angle, is comparatively discontinuous with low connectivity between
localized regions. Additionally, the steep gradient between domains illustrates minimal entanglements

at the phase interface and confirms high degrees of separation between the two domains.
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Figure 4. Atomic force microscopy phase images of hybrid polymer networks at varied oxetane to epoxide ratios (750-
25E, 600-40E, and 500-50E) as denoted in each image. All formulations contained 60 wt% free-radical and 40 wt% cationic
polymerizing monomers. Samples were prepared by exposing liquid formulations to 405 nm LED at 20 mW/cm? for 5 minutes
and then thermally post cured at 150°C for 2 hrs. The degree scale corresponds to a change in oscillation frequency of the probe
due to material modulus.
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With further increases in epoxide content, considerable integration of the orthogonal networks
is evident (Fig 4, 600-40E). At this ratio, a much more pronounced tertiary domain (i.e., interphase)
develops in addition to the domains correlating to the primarily radical and cationic orthogonal
networks. This interphase corresponds to a mixture with both free-radical and cationic derived networks
with high levels of entanglement as indicated by the gradual change in phase angle. In contrast to the
750-25E material, the 600-40E morphology can be attributed to both polymerizations producing
networks at similar rates which restricts macromolecule diffusion and spinodal decomposition thus
leading to greater interpenetration. Also, the greater EEC content increases cross-linking and modulus in
the cationic domain which decreases the phase angle. At the 500-50E ratio, the two phases are nearly
indistinguishable, exhibiting a relatively homogenous structure. Since both polymerizations are
occurring on nearly the same time scale, the two networks are forming simultaneously which results in
near-IPN like structure. As a control, AFM phase images were obtained prior to thermal post cure to
confirm phase separation and basic polymer morphology were induced during photopolymerization and
not during thermal post cure. As shown in Figure S.3, phase separation is apparent post
photopolymerization with decreasing domain size scales with higher EEC loadings. Ultimately, the ability
to regulate reaction rate and cross-linking in the cationic phase provides a method for tailoring the
structure of the material which may considerably influence material performance.

Due to the large changes in kinetics and material morphology, it is likely that considerable
differences in mechanical properties will also be observed. Additionally, composites formed with
localized regions of differing chemical composition and strong interfacial adhesion do exhibit unique
properties relative to their neat components.3® To determine if materials properties are influenced by
composition and morphology, creep behavior was determined for these hybrid networks to understand
the interplay between relative domain size, interconnectivity, and cross-link density (Fig. 5). Creep

testing involves applying an instantaneous and constant load to the material and measuring resulting
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elongation.° In highly cross-linked polymers, molecular rearrangement is highly restricted due to the
covalent linkages between chains. This rearrangement limitation is apparent for the formulation with
the highest epoxide loading, 500-50E, which displays very little elongation under stress (ca. 1%). This
limited chain mobility also displays high deformation recovery by returning to nearly the original
dimension after 20 minutes of relaxation. At higher loadings of the mono-oxetane (600-40E), the
material exhibits a twofold increase in elongation under stress due to the reduction in cross-link density
in the cationic domain. Additionally, since the material contains greater degrees of phase separation,
the continuous and more linear EHOX-EEC phase allows additional chain mobility. This trend in creep
behavior is continued for the 750-25E formulation which elongates to over 5% and corresponds to a
nearly threefold increase in maximum elongation relative to 600-40E. Furthermore, this more phase
separated system exhibits less recovery and only recovers 80% of the maximum deformation. These
results ultimately show that relative domain size scales and individual phase mechanical properties

dictate macroscopic creep behavior of hybrid systems.

— 750-25E
GOO-40E

S00-508

Elongation (3%}

Time (min)

Figure 5. Creep testing of hybrid photopolymers with varied ratios of the cationic comonomers. Samples were subjected to
sudden and constant pressure of 10 MPa, and this pressure was released after 10 minutes. All formulations contained 60 wt%
free-radical and 40 wt% cationic polymerizable monomers. Samples were fabricated by polymerizing liquid formulation
between two glass slides using a 405 nm LED at 20 mW/cm? for 5 minutes and then thermally post cured at 150 °C for 1 hour.
Experiments were conducted at 25 2C.
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Depending on phase morphology, significant differences in deformation behavior of hybrid
networks are possible. Therefore, these structural changes should also translate to a considerable
impact on tensile properties. The stress/strain behavior of hybrid networks is shown in Figure 6A, and
tensile properties are summarized in Table 2. When no epoxide is present in the system (1000-0E), very
little mechanical resiliency is observed. The material displays a relatively low modulus, accompanied by
low ultimate elongation and tensile strength. This behavior is consistent with the tan 6 and phase
morphology studies in that the bulk structure is highly phase separated. The soft, more continuous
phase is composed of linear oxetane polymer and provides low structural integrity to the system.
Moreover, continuity of cross-linking in the methacrylate domain is hindered by the large magnitude
phase separation which further reduces bulk material stiffness. These structural features produce a
material that is not able to withstand substantial stress loading or deformation and is thus prone to
fracture. On the other hand, when only epoxide is present in the system (00-100E), the material is very
stiff with a tensile modulus that is over forty times greater than the 1000-0E. Additionally, 00-100E
displays a twenty-fold increase in tensile strength, but maximum elongation is significantly reduced. At
this composition, the morphology is relatively homogenous with highly intertwined networks that
inherently contain greater physical connectivity. Also, both domains contain high degrees of cross-
linking which restricts translational movement to an even greater extent that manifests through low

elongation.
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Figure 6A-B. (A) Representative stress/strain curves for hybrid formulations with either EHOX or EEC cationic monomers and
intermediate mixtures of the two. (B) Tensile toughness for hybrid formulations. All formulations contained 60 wt% free-radical
and 40 wt% cationic polymerizable monomers. Samples were stressed at a constant force rate of 2 N/m until failure. Samples
were photopolymerized using a 405 nm LED at 20 mW/cm? for 5 minutes and thermal post cured at 150 °C for 1 hour.
Experiments were conducted at 25 °C.

Table 2. Tensile properties for hybrid photopolymer systems with changing ratios of cationic comonomers®

Tensile Modulus (MPa) Ult. Strength (MPa) Ult. Elongation (%) Toughness (MJ/m?3)
00-100E 2200 (+100) 57.0 (£6.0) 5.0 (0.8) 1.8 (+0.4)
500-50E 1100 (+40) 44.1 (x0.5) 22.8 (+0.7) 8.1(x0.4)
600-40E 620 (£60) 33.6 (£1.2) 34.4 (+2.8) 9.2 (+1.1)
750-25E 460 (+20) 23.6 (+1.3) 41.4 (£5.8) 7.6 (£1.3)
1000-0E 50 (+4) 2.7 (+0.3) 13.1 (#3.1) 0.26 (+0.1)

aTesting was performed in triplicate for each formulation and the reported values represent the mean + standard deviation.

Vastly different tensile properties are demonstrated when comparing the extremes (i.e., highly
phase separated to nearly full IPN structure). However, the greatest augmentation in mechanical
robustness comes when balancing phase separation with domain interconnectivity to produce

intermediate morphologies. As shown in Figure 6A, accelerating the EHOX polymerization with EEC
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results in substantial property enhancements relative to the single cationic component formulations.
The mixture with the lowest epoxide content (750-25E) exhibits a 700% tensile strength increase, and
elongation is possible over a much broader range (> 40% strain) relative to the 1000-0E formulation.
These differences indicate much greater integration of the two domains from the enhanced
polymerization rate and increased cross-linking in the EHOX-EEC phase. Moreover, with this significant
integration between the stiff and flexible domains, toughness is markedly increased from 0.26 to 7.6
MJ/m3 (+2800%). Increasing the epoxide content further to 600-40E results in a 50% greater tensile
modulus and strength relative to the 750-25E but reduces ultimate elongation at failure to
approximately 30%. At this concentration, the EHOX-EEC phase is no longer continuous (See Fig. 4) and
long-range translational motion is extensively inhibited compared to the 750-25E material. The
amplified cross-linking in the EHOX-EEC domain and decreased phase separation between the networks
increases the ultimate tensile strength of the material. This trend is continued at higher loadings of
epoxide by imparting greater tensile strength while reducing elongation. Hence, as the EHOX-EEC
network evolves at a faster rate and incorporates greater cross-linking, interpenetration between
domains becomes prevalent and the global structure becomes more rigid. Compared to the IPN-like and
highly phase separated structures (00-100E and 1000-0E, respectively), material toughness for the
formulations containing both EHOX and EEC exhibit an average eight-fold increase as shown in Figure
6B.

Interestingly, materials with different ratios of EHOX to EEC exhibit similar toughness values
despite the large variations in stress/strain behavior. The results in Figure 6 show that modulus, tensile
strength, and elongation can be modulated while maintaining overall toughness. By manipulating phase
separated morphology, independent phases can impart higher modulus and/or higher elongation within
the bulk material. Additionally, balancing phase separation with domain interconnectivity is essential to

maintain structural stability. These findings establish that control over polymer morphology through
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kinetics and monomer structure can allow tailored bulk mechanical properties in hybrid photopolymer
systems.

To demonstrate the utility of internal control over phase separation in 3D constructs, the 750-
25E and 500-50E hybrid systems were implemented using stereolithography. These formulations were
selected since they exhibited the widest range in phase morphology while displaying similar tensile
toughness. External processing parameters such as initiating light intensity, which has been shown to
have a large influence on controlled phase separation,?! are often limited in additive manufacturing.
Therefore, the ability to control polymer structure and morphology independent of these processing
factors enhances the versatility of 3D photopolymerization. Figure 7A shows the resin cure depth as a
function of light dose for the 750-25E and 500-50E formulations. Linearizing these plots yields curing
models for the photobleaching resins with a slope related to the light attenuation of the resin and an x-
intercept indicative of the energy needed to reach gelation at the resin surface.3® These models allow for
guantitative comparison of curing characteristics between formulations and can be used to calculate
the light dose required to cure a desired layer thickness. As expected, the penetration depth does not
significantly change as the photo-active species concentration is the same with both formulations.
Additionally, very little difference is evident between the energy to reach gelation between 750-25E (59
mJ/cm?) and 500-50E (64 mJ/cm?) ultimately showing that materials exhibiting a wide range of phase
morphology can be printed independent of processing parameters.

With these similar curing parameters, identical print settings (e.g., layer thickness and
layer exposure dose) were used to 3D print Izod impact blocks with the 750-25E and 500-50E
formulations. Figure 7B shows images of the 3D printed blocks and the difference in optical
characteristics between the two materials. The 750-25E is opaque which is a result of the larger size
scale of phase separation that reduces transmission of visible light.3* The 500-50E exhibits greater

transparency due to greater entanglements between the two networks that reduces individual domain
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size and interaction with light. The impact strength of these printed objects is shown in Figure 7C.
Interestingly, the 500-50E shows a nearly twofold increase in impact strength relative to the 750-25E.
Within layer-by-layer fabrication such as stereolithography, impact strength is dependent on bulk
mechanical properties in combination with connectivity across the layer interface. Considering bulk
mechanical properties, an argument could be made that the higher tensile modulus with similar tensile
toughness (Fig. 6A and Table 2) balances structural rigidity with energy absorption permitting greater
impact strength. However, the surface morphology at the layer interface also plays an important role in
interlayer adhesion and ultimately impact strength of the 3D printed construct. The surface morphology
of these two materials varies widely because of differences in phase separation and may influence
bonding between layer laminations. Since the orthogonal polymerizations occur more simultaneously in
the 500-50E formulation, the resulting morphology contains less phase separation with a smaller
surface dispersity of chemical composition relative to 750-25E. The more homogenous dispersity of
domains enables greater probability for similar domains to interact and covalently bond across the
interface. Therefore, smaller and more integrated domains imparted by similar reaction kinetics in
hybrid systems provides superior interlayer adhesion that manifests through increased impact

resistance of 3D printed objects.
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Figure 7A-C. (A) Photopolymer cure depth as a function of incident light dose (stereolithography working curve) for selected
hybrid formulations: 500-50E (red) and 750-25E (blue). An array of squares was printed using stereolithography with each square
receiving an increasing light dose. Individual square thickness was measured and plotted against the corresponding dose to
construct the model. (B) Images of 3D-printed Izod impact test specimens for select formulations showing the large contrast in
material opacity due to domain size/extent of phase separation. Printed objects consist of 300, 25 um layers exposed for 8 s/layer
with a 405 nm LED at 20 mW/cm?. (C) Izod impact strength of the 3D-printed hybrid photopolymers. Samples were tested
subjected to a 1J pendulum hammer.

4 Conclusion

In this work, the effects of the oxetane/epoxide comonomer ratio on cationic
photopolymerization kinetics, phase separation, and bulk material properties were examined in a hybrid
photopolymer system. The system consisted of 60 wt% free-radical and 40 wt% cationic polymerizable
monomers while the cationic comonomer ratio of a mono-oxetane (EHOX) to a di-epoxide (EEC) was

altered. Without epoxide, the orthogonal polymerizations demonstrated vastly different reaction
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kinetics with the free-radical monomers polymerizing within a few seconds under illumination while
very little cationic polymerization occurred even after multiple minutes of light exposure. Inclusion of
epoxide comonomer reduced the cationic induction period and increased polymerization rate. As a
result, differences in the rate of formations for the two orthogonal networks were reduced resulting in
the polymerizations occurring on similar time scales. Most importantly, the onset in cationic
polymerization was controlled through adjustments in the oxetane/epoxide comonomer which enabled
control over the magnitude of phase separation. For example, at low epoxide concentrations, materials
exhibited dual tan 8 maxima and discontinuous morphology as determined by DMA and AFM,
respectively, indicating two localized areas of vastly different structural composition. Conversely, a
single tan & maximum and co-continuous phases were observed upon increasing the epoxide content.
More pronounced dual phase morphology provided enhanced flexibility and elongation while greater
network interpenetration increased stiffness and ultimate tensile strength. Thereby, tensile behavior
was significantly modified without sacrificing polymer toughness. Furthermore, hybrid systems with
controllable phase separation were fabricated using stereolithography to examine the effects of dual
phase materials in 3D printing. Processing parameters were unaffected by resin formulation and domain
morphology, although smaller domain size led to improved impact strength of 3D constructs, potentially
through improved interlayer adhesion. This work on hybrid photocurable systems illustrates that control
over phase separation, network structure and morphology can be employed to tune and improve

photopolymer mechanical performance in thin film and 3D printing applications.
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