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ABSTRACT: In this work, photopolymerization-induced phase separation (photo-PIPS) is implemented into a polymer network
consisting of both acrylic and epoxy-based chemistries to allow for the development of an acrylic network through
photopolymerization and for enhanced strength and stiffness to be obtained via thermal cross-linking of the epoxy-based
chemistries. Two epoxy-based end-group terminated polydimethylsiloxane (PDMS) polymer additives [hydroxy-terminated PDMS
(OH-PDMS) and diglycidyl ether-terminated PDMS (epoxy-PDMS)] are added to enable phase separation, creating a
heterogeneous polymeric material. During thermal treatment applied after photopolymerization, these additives can cross link
together, concurrently with the cross-linking of the epoxy-based monomers which are part of the network, therefore creating
elastomeric, phase-separated subdomains. Mixtures of OH-PDMS and epoxy-PDMS of various molar ratios are used to alter the
extent of phase separation and the amount of cross-linking that occurs within the subdomains. It is observed that OH-PDMS does
not phase separate when present alone, while it separates in the presence of epoxy-PDMS. Cross-linking within the phase-separated
domains containing both types of PDMS leads to enhanced ductility, with the optimal ductility and toughness enhancement being
obtained for the PDMS stoichiometry (OH-PDMS:epoxy-PDMS 80:20 by mol %). This composition retains good creep resistance
and has only a slightly smaller strength than the neat resin.
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1. INTRODUCTION or interpenetrating subdomains, obtained by a simple variation

The development of diverse thermosetting network architec- of the chemical composition and/or light intensity used for

tures is of great interest in the field of materials science. Vast
potential applications exist for heterogeneous thermosets
including polymer dispersed liquid crystals,' > polymer
membranes,®”” polymer composites,'”™"* and applications

photopolymerization. Due to this, PIPS is used in this study.

PIPS begins with an initially homogeneous liquid photoc-
urable mixture consisting of monomers, which polymerize into
a thermosetting network, and a phase-separating agent, which

e 1,39,40,42—46 oy

enabled by stereolithography (SLA) 3D printing."* ™" phase-separates upon polymerization. This process

Various techniques have been developed to create can be initiated through several reactive pathways such as
heterogeneous polymeric materials including polymer anionic, cationic, thermal, or radical-light-initiated polymer-
blends,"®™** block copolymer self-assembly,”*™*° the addition
of elastomeric particles and of nanoparticles,n_}7 and Received: December 23, 2023 St
polymerization-induced phase separation (PIPS)."*"**7%* All Revised:  February 28, 2024
of these methods have their own advantages and disadvantages, Accepted:  April 4, 2024
such as the cost and strict processing conditions. However, Published: April 18, 2024
among them, PIPS offers unique opportunities such as the

development of various microstructures, including droplet-like
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Figure 1. (a) Structure of the photopolymerizing network components including monomers and photoinitiator and (b) polymer additives used for

phase separation.

ization (photo-PIPS). Among these polymerization processes,
photo-PIPS was selected for this work due to the ease of
controlling the polymerization kinetics.

Several challenges have been identified when using photo-
PIPS: (i) the interfacial properties between the network and
phase-separated subdomains need to be controlled, (ii) the
morphology and dimensions of the phase-separated subdo-
mains are often only indirectly controlled, and (iii) internal
stress can develop during the photopolymerization proc-

31,51
ess.

Controlling the interfacial properties is important, as
poor adhesion weakens load transfer between the network and
subdomains, which typically reduces the strength and stiffness
of the material. The interface strength can be controlled using
block copolymers, or by bonding the material within the phase-
separated subdomains to the network after photopolymeriza-
tion and phase separation.>"*>** The sizes and shapes of these
subdomains can be altered by varying the phase-separating
agent’s molecular weight, concentration and/or chemistry, and
by adjusting the photopolymerization kinetics.*”***>* In-
ternal stresses may develop during curing and network
shrinkage and can cause early failure of materials. Controlling
the polymerization kinetics and the extent of monomer
conversion can help minimize the stress and reduce the extent
of network shrinkage during polymerization.”*~**

Alterations of the monomer chemistries within the initially
homogeneous resin, such as variation of the reactive end-group
chemistry, can have effects on the network and the resulting
material properties. Using acrylic or epoxy-based monomers,
different reactive pathways exist; acrylics typically react via
photopolymerization,”> ™ and epoxies react via chain-growth
ring-opening polymerization or step-growth polymeriza-
tion.”* " Combining the various chemistries of epoxies and
acrylics into one photo-PIPS resin may allow for further
control of the microstructure and material properties.

5029

While various solutions to improve the ductility and
toughness of acrylic- and epoxy-based thermosets exist,
including the use of elastomeric microbeads, copolymers, and
nanoparticles, little attention has been given to a phase-
separation-based approach for the same purpose. In our
previous study,® we explored the mechanical properties of
several photocurable resins in which phase separation of
polypropylene glycol (PPG) occurs. This work indicated that
PPG works both as a plasticizer and as a phase-separating
agent and that the plasticizing effect may be dominant.
Furthermore, it was observed that the state of the subdomains
is critical, with a drastic reduction of properties resulting if the
additive is in the liquid state at room/testing temperature. A
solution to this is to use an additive that is in the solid state at
room temperature and to perform polymerization at an
elevated temperature to temporarily melt the polymer additive,
enabling diffusion and phase separation. Another solution,
which is explored in this work, is to allow phase separation to
occur under ambient conditions and later cross-link the
polymer additive after the subdomains are formed.

Thus, this work focuses on the development of a network
composed of both acrylic- and epoxy-based monomers,
allowing for photopolymerization of the acrylic-based end-
groups to develop the network and, in a subsequent processing
step, for the thermal cross-linking of the epoxy-based end-
groups to enhance the material stiffness and strength.
Furthermore, linear polymer chains of PDMS with epoxy-
based end-groups are used as the phase-separating agents.
Phase separation takes place during photopolymerization. The
PDMS chains within the phase-separated subdomains cross
link with each other during the thermal processing step. This,
in turn, yields an enhanced ductility and toughness of the bulk
material. The epoxy-based end-groups of PDMS are also
expected to be able to cross-link with epoxy-based end-groups
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present within the network, enhancing subdomain-network
interfacial properties.

2. MATERIALS AND METHODS

2.1. Materials. A diacrylate oligomer, polyethylene glycol
diacrylate (PEGDA, M, = 575 g/mol), an acrylate diluent, isobornyl
acrylate (IBoA, M, = 208 g/mol), two methacrylate diluents, glycidyl
methacrylate (GMA, M, = 142 g/mol), and 2-hydroxyethyl
methacrylate (HEMA, M, 130 g/mol), and a photoinitiator,
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO, M, = 348
g/mol), are used for the development of the photopolymerized acrylic
network. Additionally, the methacrylate diluents are specifically used
to enable thermal cross-linking of their epoxide and alcohol
chemistries after photopolymerization of the acrylic chemistries.
Figure la portrays the chemical structures of the various components
used to develop the photopolymerized acrylic network.

Various polymer additives are considered for the implementation of
phase separation, including hydroxy-terminated polydimethylsiloxane
(OH-PDMS, M, = 550 g/mol) and diglycidyl ether-terminated
polydimethylsiloxane (epoxy-PDMS, M, = 800 g/mol). The two
polydimethylsiloxane polymer additives are used in conjunction with
one another to allow for thermal cross-linking within the phase-
separated subdomains. Figure 1b depicts the chemical structures of
the polymer additives considered. All chemicals used are purchased
from Sigma-Aldrich.

The neat resin consists of a molar ratio of 15:85 PEGDA/IBoA
with an additional 20 mol % of GMA and 20 mol % of HEMA
(15:85:20:20 PEGDA/IBoA:GMA/HEMA or 11:61:14:14 PEGDA/
IBoA:GMA/HEMA). To this mixture, 0.3 mol % of TPO photo-
initiator is added and dissolved in powder form with stirring and
gentle heating to ~60 °C to create the photocurable neat resin,
denoted as “PIGH20” for “PEGDA/IBoA:GMA/HEMA” with “20”
standing for the mole percent of GMA and HEMA.

Phase-separating resins which contain OH-PDMS and epoxy-
PDMS consist of 10 wt % of total polymer additive, which is dissolved
into the PIGH20 neat resin with stirring and gentle heating to ~60
°C. Various molar ratios of OH-PDMS to epoxy-PDMS within the
PDMS-containing resins are considered: 0:100, 20:80, 40:60, 60:40,
80:20, 90:10, and 100:0. These stoichiometries are considered to not
only alter the amount of cross-linking capable during the thermal
cross-linking step but also alter the amount of phase separation
present in the material, as discussed in Section 3. The notation for
these resins is “PIGH20 OH-PDMS:epoxy-PDMS,” (e.g., PIGH20
0:100, PIGH20 20:80, etc.). Seven different phase-separating resins
based on PDMS are created and characterized.

2.2. Material Characterization. A custom-built light trans-
mission apparatus previously described and employed in our previous
studies™*>* is used to evaluate the extent of phase separation in the
photocurable resins. Transmittance tests are performed using a film
thickness, b, of 100 ym, which is controlled using Scotch tape placed
on a glass slide as a spacer. Liquid resin is added to the glass slide
prepped with spacers; a coverslip is placed on top, and the sample is
placed in the light transmission apparatus and irradiated with light of
wavelength 405 nm and of intensity 5.2 mW/ cm? for 15 min with
transmission data collection occurring every 30 ms.

Resin samples developing phase separation exhibit a reduction in
light transmission due to light scattering caused by the different
refractive indices (RI) of the developing network and the phase-
separated subdomains. The scattering is likely due to a combination of
both Rayleigh and Mie scattering since the phase-separated
subdomains likely have a large size distribution, with dimensions on
the order of tens of nanometers, as well as larger than the wavelength
of light used for irradiation (405 nm), respectively.”” The induction
time of phase separation is defined as the time at which such a
reduction in transmittance occurs. After the initial reduction,
transmittance increases again due to the mechanisms discussed in
our previous study®’ (ie, TPO consumption and microstructural
refinement).
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Real-time FTIR spectroscopy is performed during photopolyme-
rization using a Thermo-Scientific Nicolet iSS0 FT-IR equipped with
an attenuated total reflectance (ATR) attachment (PIKE Technolo-
gies GladiATR) to determine various factors, including monomer
conversion, induction time of photopolymerization, and rate of
photopolymerization of the various resins. A LX500 OmniCure
portable LED UV lamp of wavelength 405 nm is used for
photopolymerization. A wavenumber range of 4000 to 400 cm™ is
used during photopolymerization. Scotch tape is added to the ATR
stage to maintain a sample thickness of 100 ym; a drop of liquid resin
is added to the ATR crystal, and a coverslip is placed on top. A
custom-made 3D-printed part is used to hold the LED UV lamp and
cover the stage. This part is positioned over the top of the resin
sample, and photopolymerization occurs for a duration of 30 min with
data collection occurring every 0.08 s. The light intensity is
consistently held at 5.2 mW/ cm?.

Monomer conversion is obtained by comparing the peak heights of
the (meth)acrylate carbonyl —C=0 stretching peak at 1724 cm™
and the (meth)acrylate alkene —C=C stretching peak at 1635 cm™".
Within the Omnic software, these ratios in units of absorbance, A, are
then used to calculate the conversion with respect to time using the
equation

C(t)[%] = (1 — A(t)/A(0)) x 100 (1)

From the monomer conversion curves, the induction time of
photopolymerization can be obtained and is defined as the time at
which monomer conversion begins to increase from 0%. Additionally,
taking the derivative of the monomer conversion curve results in a
rate of photopolymerization with respect to time.

Polymer film morphologies are examined using a Versa 3-D
focused ion beam — scanning electron microscope by Thermo Fisher
Scientific. Polymer films of 100 ym thickness are prepared in the same
manner as for light transmittance experiments—with a duration of
light irradiation of 15 min and a light intensity of 5.2 mW/cm? Films
are then removed from the glass slide and coverslip, patted dry of
residual resin, and placed in a bath of liquid nitrogen for 30 s. These
are then fractured with a razor and washed for 2 min with ethyl ether
to remove the phase-separated PDMS polymer additive. Films are
then placed on an SEM stub, sputter coated with a layer of Au/Pd,
and imaged using an accelerating voltage of 5.0 kV, a working distance
of 10 mm, and a beam current of 5.9 pA. MATLAB is used to
calculate the coefficient of variation (CV) of the grayscale of the SEM
images to acquire a unitless measurement of roughness. CV is the
ratio of the standard deviation to the mean of the pixel-by-pixel SEM
image intensity.

Differential scanning calorimetry (DSC) Q2000 instrument from
TA Instruments is used for running DSC on various resins to detect
the temperature of thermally activated polymerization. For sample
preparations, approximately 5—20 mg of solid photopolymerized
sample is placed into a DSC pan, which is sealed with a lid. During
experimentation, a temperature range of 30 to 225 °C is used with a
temperature ramp of 10 °C/min. Photopolymerized samples are
created using a light intensity of 5.2 mW/ cm? and a duration of 30
min.

Dynamic mechanical analysis (DMA) is performed with a TA
Instruments Discovery DMA 850. Samples with dimensions 40 X 12
X 3.2 mm? are used. Samples are prepared with custom-made silicone
molds, a glass plate to cover the top and ensure planarity, and the
UVO-Cleaner as previously described to irradiate with light of a
wavelength of 405 nm for 30 min at 52 mW/ cm? light intensity.
DMA is performed with a temperature range of —150 to 150 °C and a
temperature ramp of 3 °C/min. Liquid nitrogen and a TA
Instruments gas cooling accessory (GCA) are used to achieve low
temperatures. DMA tests are performed using the single cantilever
method in bending mode with an oscillation amplitude of S ym, a
frequency of 1 Hz, and an initial preload force of 0.01 N.

Molded polymer materials are subjected to tension using an Instron
5943 instrument equipped with a 1 kN load cell. Tensile dogbone
specimens of dimensions 26 X 3.2 X 1.8 mm gauge length by width by
thickness are prepared using custom-made silicone molds, a glass plate

https://doi.org/10.1021/acsapm.3c03155
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to cover the top and ensure planarity, and a UVO-Cleaner 342 from
Jelight Companies, Inc. to irradiate for 30 min with light of 405 nm
wavelength and 5.2 mW/cm? intensity. The ASTM638 standard is
followed for tensile tests with dogbone specimens subjected to a strain
rate of 6.4 X 107 s™" at room temperature. Young’s modulus from the
tensile experiment is calculated by obtaining the slope of the stress—
strain curve in the range of strains 0 to 1%.

Creep experiments are performed using the same dogbone
specimen dimensions. Samples are subjected to constant stress at
room temperature. The applied stress is varied from sample to sample
and is a percentage (10, 20, and 35%) of the given sample’s respective
peak stress as determined from the stress—strain curve measured in
monotonic uniaxial tensile tests. All creep experiments are performed
for 8000 s or until fracture.

3. RESULTS AND DISCUSSION

3.1. Phase Separation Detection and Photopolyme-
rization Kinetics. To create elastomeric subdomains, we
consider the use of PDMS-based phase-separating additives
which can cross-link upon thermal curing. Specifically, two
different end-group terminated PDMS polymer additives (OH-
PDMS and epoxy-PDMS as defined in Section 2.1), are added
with a total concentration of 10 wt % to the PIGH20 neat resin
to enable thermal cross-linking of the polymer additives. In the
PIGH20 system, OH-PDMS does not induce phase separation,
while epoxy-PDMS does, as indicated by the light trans-
mittance curves in Figure 2. Specifically, the curve of the resin
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Figure 2. Light transmittance versus time curves for the PIGH20
PDMS-containing resins of various weight percent concentrations.
Light irradiation begins at t = 0's.

containing only OH-PDMS has no reduction in transmittance
and increases over time, following the reactive Beer—Lambert
law as mentioned in previous studies,*”** implying that the
transmittance increases due to TPO photoinitiator consump-
tion. When the two PDMS additives are mixed, the OH-PDMS
also phase separates along with epoxy-PDMS because the two
polymer additives possess the same polymer backbone, which
enables the affinity of the PDMS molecules with each other.
The 5/5 wt % OH/epoxy-PDMS curve of Figure 2 confirms
this claim as the change in transmittance of this curve is larger
than for 5 wt % epoxy-PDMS, indicating that more than S wt
% of epoxy-PDMS has phase separated.

Therefore, the mixed systems of OH-PDMS and epoxy-
PDMS phases separate simultaneously, which creates the
premise for cross-linking within the subdomains to take place
in a subsequent thermal curing step. However, to obtain the
desired increase in material ductility by producing elastomeric-
type properties within the subdomains, the degree of cross-
linking within these subdomains needs to be controlled.
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Therefore, the relative molar ratio of OH-PDMS and epoxy-
PDMS is varied to determine the optimal amount of cross-
linking.

The light transmittance curves of Figure 3a correspond to
various molar ratios of OH-PDMS/epoxy-PDMS. An expected
trend of increasing extent of phase separation with increasing
concentration of epoxy-PDMS and reducing concentration of
OH-PDMS is seen. This effect is also shown in Figure 3b,
where the change in transmittance is plotted with respect to
the OH-PDMS concentration. In addition, a trend of
increasing induction time of phase separation with increasing
OH-PDMS concentration is shown in Figure 3c. This validates
further that OH-PDMS is nonphase-separating and reduces the
drive for phase separation when present in larger concen-
trations with epoxy-PDMS.

Real-time FTIR is performed on all these systems, and the
corresponding monomer conversion curves are depicted in
Figure 4. There is no particular trend in monomer conversion
with increased extents of phase separation (ie. increasing
epoxy-PDMS content). Table 1 shows the relevant conversion
data obtained from Figure 4, ie., the maximum conversion
reached within the exposure time considered, the induction
time of photopolymerization, and the maximum rate of
polymerization. A comparison of the photopolymerization
induction times and the induction times of phase separation
(Figure 3) indicates that phase separation occurs after the
onset of photopolymerization in all PDMS-containing resins,
and the delay becomes longer with increasing OH-PDMS
content. This means that since OH-PDMS is nonphase-
separating, increasing the OH-PDMS content reduces the
phase separation kinetics.

The morphology of the PIGH20 neat and PDMS-containing
resins after photopolymerization, before thermal cross-linking
and after removal of PDMS, is studied by SEM and depicted in
Figure S. The PIGH20 neat resin exhibits no visible pores.
However, large pores (subdomains) are visible in the PIGH20
0:100 system after washing with ethyl ether. With increasing
concentration of OH-PDMS, the pores decrease in size and
ultimately disappear in the PIGH20 100:0 resin due to the
OH-PDMS being nonphase-separating. The CV of the gray
level is computed for each of the images to provide a unitless
measurement of the roughness of the observed surface. This
provides a quantitative evaluation of the porosity and extent of
phase separation of the corresponding resin systems (Figure
5). The PIGH20 neat resin and PIGH20 100:0 have
comparable and low CVs (0.080 and 0.08S, respectively),
agreeing with the transmittance data, which indicates that
phase separation is absent in these systems (Figure 3). The
CVs for all the phase-separating resins are comparable and
rather large (0.344 to 0.430 for PIGH20 0:100, 20:80, 40:60,
and 60:40). The less phase-separating resins show a reduction
in CV with a reducing extent of phase separation (CV = 0.301
for PIGH20 80:20 and CV = 0.206 for PIGH20 90:10). These
SEM results confirm that the extent of phase separation in
PIGH20 PDMS-containing resins is controlled by the amount
of epoxy-PDMS present in the resin.

3.2. Thermal and Mechanical Properties of PDMS-
Containing Resins. After photopolymerization, the resins are
subjected to thermal curing by exposure to 165 °C for 48 h.
The conditions for thermal curing are determined based on a
separate study whose results are discussed in Figure S1 of the
Supporting Information.
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Figure 4. Monomer conversion curves of the PIGH20 neat and
PDMS-containing resins obtained via real-time FTIR. Light
irradiation begins at t = 0 s.

To verify whether thermal curing indeed enables cross-
linking of the epoxy-based chemistries, DSC has been
performed to visualize the temperature at which thermal
polymerization is activated for both acrylate and epoxy-based
chemistries. Figure 6a portrays the DSC curves of a resin
comprising PEGDA/IBoA 15:85 by mol % with 0.3 mol %
TPO and of the PIGH20 neat resin. Both samples are
photopolymerized for 30 min at 5.2 mW/cm’ light intensity
prior to DSC testing as indicated in Section 2.2. It shows that a
broad exothermic peak exists for the PIGH20 neat resin
around 160—210 °C, while a narrower exothermic peak around
180—215 °C exists for the PEGDA/IBoA 15:85 resin. This
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Table 1. Values of Monomer Conversion After 900 s of
Exposure Time, Induction Time for Photopolymerization,
and Maximum Rate of Polymerization for the PIGH20 Neat
and PDMS-Containing Resins, as Obtained from Figure 4.
The Reported Error Represents the Standard Error of Three
Replicates

conversion, induction time maximum rate of
resin C (%) (s) polymerization, Rp (s—1)

PIGH20 neat 75.7 + 3.6 10.03 + 0.22 0.60S + 0.013
resin

PIGH20 81.7 +£ 0.1 11.09 + 0.39 0.600 + 0.004
0:100

PIGH20 83.3 + 0.6 11.36 + 0.02 0.579 + 0.007
20:80

PIGH20 81.9 + 0.8 11.28 + 0.20 0.585 + 0.012
40:60

PIGH20 819 + 04 11.11 + 0.07 0.561 + 0.008
60:40

PIGH20 834 £ 1.5 11.54 + 0.08 0.543 + 0.002
80:20

PIGH20 82.4 + 0.5 9.70 + 0.84 0.561 + 0.011
90:10

PIGH20 83.0 +£ 0.3 11.41 + 0.0S 0.568 + 0.008
100:0

indicates that acrylates do in fact polymerize via thermal
activation at temperatures higher than 180 °C, as supported by
the PEGDA/IBoA resin, which contains no amount of epoxy-
based chemistries. However, the addition of the epoxy-based
chemistries lowers this thermal activation temperature, as
indicated by the PIGH20 neat resin curve of Figure 6a. The
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Figure 5. SEM images of the fractured cross sections of the PIGH20 neat and PDMS-containing polymer films as prepared using the parameters
discussed in Section 2.2. A magnification of 10 000x is used for imaging. The CV of the gray level for each image is provided as a unitless measure
of roughness and hence of phase separation.
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Figure 6. (a) DSC curves for the PIGH20 neat resin and a resin comprised of PEGDA/IBoA 15:85 by mol % with 0.3 mol % TPO photoinitiator.
(b) FTIR spectra of the PIGH20 neat resin uncured, photopolymerized, and photopolymerized with additional thermal treatment.
Photopolymerization was performed via light irradiation for 30 min at 5.2 mW/cm? light intensity, and thermal treatment was performed at
165 °C for 48 h.
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Figure 7. (a) The storage modulus and tan(5) curves obtained by DMA analysis for the PIGH20 neat and PDMS-containing resins thermally cured
at 165 °C for 48 h. (b) A zoomed view of the low-temperature region of the tan(5) curves for easier visualization of the PDMS T,. Two replicates
are performed for each resin system.

thermal activation temperature exists as a broad peak, H bend) diminish from the uncured state to the photo-
indicating that both acrylic and epoxy cross-linking occur polymerized state, as expected. These peaks slightly reduce
between temperatures of 160 and 210 °C in the PIGH20 neat further from the photopolymerized state to the photo-
resin. polymerized and thermally treated state, which is an indication

Further, FTIR probing is performed for the PIGH20 neat that further acrylate polymerization occurs during thermal
resin in the liquid uncured state, the photopolymerized state, treatment. Additionally, epoxy cross-linking is confirmed to
and the photopolymerized and thermally treated state to occur during thermal treatment due to the visible reduction of

support the findings from DSC. Figure 6b portrays these three the OH stretch at ~3500 cm™ (present from HEMA), from
samples’ FTIR spectra and indicates that the acrylate peaks the photopolymerized state to the photopolymerized and
present at 1635 cm™ (C=C stretch) and at 809 cm™' (=C— thermally treated state. Furthermore, the C—O—C “breathing”
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stretch at ~1180 cm™ (present from GMA) also reduces in
the same manner. Interestingly, these two peaks slightly reduce
from the uncured state to the photopolymerized state,
indicating that some amount of thermal activation for epoxy
cross-linking occurs even during photopolymerization alone
due to the heat expelled from the light source used. However,
this is a minor effect.

The PIGH20 neat and PDMS-containing resins are
subjected to DMA characterization, and their results are
shown in Figure 7. Figure 7a depicts the storage modulus and
tan(5) curves for various resins. Interestingly, there appears to
be no particular trend in cross-link density between these
resins as indicated by the rubbery plateau of the storage
modulus. This is likely an indication that the behavior in the
rubbery plateau is controlled by the network and not by the
subdomains. The tan(5) curves of Figure 7a indicate a slight
reduction in the network T, from ~78 to ~74 °C with
increasing OH-PDMS content (i.e., with reducing the extent of
phase separation), which is also shown in Table 2. This trend is
likely due to more PDMS being trapped in the network and
acting as a plasticizer rather than being phase separated.

Table 2. Glass Transition Temperatures, T,, of Both the
Network and of the PDMS Subdomains of the PIGH20
Neat and PDMS-Containing Resins Thermally Cured at 165
°C for 48 h, as Obtained from Figure 7. PDMS T, Values for
PIGH20 80:20 and PIGH20 90:10 Represent a Range.
Provided Error Represents the Standard Error of the Two
Replicates

network glass transition

PDMS glass transition
temperature, Ty (°C)

resin temperature, Typ (°C)

PIGH20 76.9 + 0.1
neat resin

PIGH20 782 + 0.6 —109.8 + 0.2
20:80

PIGH20 749 £ 0.5 —1249 + 0.3
40:60

PIGH20 742 + 0.2 —-1299 + 1.1
60:40

PIGH20 71.1 + 2.6 —134.1 + 1.6 to
80:20 —115.7 + 0.6

PIGH20 742 £ 0.5 —137.3 £ 0.3 to
90:10 —112.0 + 0.6

The low-temperature segment of the tan(5) curves in Figure
7a is shown in Figure 7b to visualize the peaks associated with
the PDMS subdomains. The PDMS T, is highest in the case of
the largest amount of phase separation (for PIGH20 20:80, the
PDMS T, ~ —109.8). In other words, with larger subdomains,
larger degrees of cross-linking within the subdomains become
possible, even though the stoichiometry of OH-PDMS to
epoxy-PDMS becomes more drastically offset. For instance, in
the PIGH20 20:80 system, at most 40% of the total PDMS
additive may cross-link (20% OH-PDMS, 20% epoxy-PDMS),
but cross-linking is more eftective due to the larger subdomains
that arise from phase separation. On the other hand, as the
extent of phase separation decreases, the PDMS T, shifts to
lower temperatures and ultimately the peak becomes a broad
shoulder. The presence of this shoulder (e.g, in the PIGH20
80:20 and 90:10 cases, the PDMS Tgis ~ —134.1 to —115.7
and —137.3 to —112.0 °C respectively) indicates that PDMS is
distributed in the network (it is confined by the network) and
undergoes different degrees of thermal cross-linking based on
the local environment. These results indicate that with smaller
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subdomains (i.e., more confinement), there will be less cross-
linking within the subdomains and a lower PDMS T,. Table 2
shows the value or range of the PDMS T,’s for the PIGH20
resins tested. The peak in tan(§) at ~ —80 °C is a secondary
transition of the PIGH20 acrylic network since this peak is
present in all systems, including the PIGH20 neat resin.

The mechanical properties of the PIGH20 neat and PDMS-
containing resins thermally cured for 48 h at 165 °C are
obtained via tensile testing, and the resulting stress—strain
curves are shown in Figure 8a. The dashed black line and the
black line of the largest peak stress correspond to the PIGH20
neat resin in the states before and after thermal curing,
respectively. The respective increase in strength and stiffness of
the neat resin after thermal curing is attributed to the
predominant cross-linking of epoxy-based chemistries and
minor cross-linking of acrylate chemistries as previously
confirmed in Figure 6. All PDMS-containing resins have a
lower stiffness and strength relative to the thermally cured neat
resin. Moreover, the Young’s modulus of the various PDMS-
containing resins seems to be independent of the OH-PDMS
content (Figure 8b), while the peak stress increases with
increasing OH-PDMS content as shown in Figure 8c. The
elongation at break (Figure 8d) is maximum in the PIGH20
80:20 resin case. The toughness (Figure 8e), determined as the
area under the tensile curves of Figure 8a, is largest in the
PIGH20 80:20 resin case. We attribute the increase in the
ductility in this system to the elastomeric nature of the
subdomains. While we cannot probe the mechanical properties
of the subdomains directly, we infer from this result that a
weakly phase-separated system with lower cross-link density
within the subdomains leads to the best ductility and strength
combination. Further studies on the mechanical properties of
this resin formulation subjected to various thermal curing
durations are shown in the Supporting Information (Figure
S1).

Since creep is a concern in structural applications, the
PIGH20 neat and PIGH20 80:20 resins are subjected to creep
resistance testing. Figure 9 shows the variation in time of the
creep strain of samples loaded with constant stress equal to
10% of the peak stress of the same material measured in the
monotonic uniaxial tension test (Figure 8). Both systems
exhibit little creep, with the phase-separating system possessing
even better creep resistance than the neat resin when the ratio
of the creep stress to the uniaxial peak stress is kept constant.
This same trend holds true when samples are subjected to a
stress equal to 20% of the peak stress and 35% of the peak
stress (Figure 9). This data indicates that the presence of small
phase-separated ductile subdomains does not promote creep.
When the two materials are instead subjected to the same
stress level, it is seen that they creep roughly the same amount
as shown in Figure S2 of the Supporting Information.

With all data considered, it is concluded that the PIGH20
80:20 resin formulation produces the desired increase in
ductility of the thermosetting network due to the presence of
small, loosely cross-linked subdomains. When evaluated at the
same stress level, the creep resistance is similar to that of the
neat resin, even in the presence of a phase separation.

4. CONCLUSIONS

In this work, photopolymerization-induced phase separation
(photo-PIPS) was implemented into a photocurable multi-
component monomer resin which possesses both acrylic-based
and epoxy-based monomer chemistries (PIGH20 neat resin).
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Figure 8. (a) Tensile nominal stress—strain curves for the PIGH20 neat and PDMS-containing resins thermally cured for 48 h at 165 °C. The
dashed line shows the stress—strain curve for the PIGH20 neat resin before thermal curing. (b) Corresponding Young’s modulus, (c) peak stress,
(d) elongation at break, and (e) toughness (area under the tensile curve) of the PDMS-containing resins plotted versus OH-PDMS concentration.
The respective mechanical property values of the PIGH20 neat resin thermally cured for 48 h at 165 °C are also represented in plots (b—e). Error

bars represent the standard error out of four replicates per sample.
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Figure 9. Creep strain versus time curves determined for the PIGH20
neat and PIGH20 80:20 resins thermally cured at 165 °C for 48 h.
Several constant applied stresses of 10, 20, and 35% of the peak stress
of each resin are used.
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Photopolymerization develops the network by reaction of the
acrylic monomers, while subsequent thermal curing produces
increased strength and stiffness of the network by cross-linking
between the epoxy-based monomers. Phase separation was
created by the addition of two PDMS-based polymer additives
to the PIGH2O0 neat resin, one with alcohol and the other with
epoxide end groups, which form PDMS-rich subdomains
during network photopolymerization. The two PDMS
components react during the thermal curing step, rendering
the phase-separated subdomains elastomeric.

The extent of phase separation depends on the relative
concentration of the epoxy-PDMS and OH-PDMS, with OH-
PDMS present alone being nonphase-separating. Systems with
multiple relative concentrations of the two moieties were
considered, and it was observed that the strength increases
with increasing the concentration of OH-PDMS, the stiffness is
approximately insensitive to this parameter, and the ductility is
maximum in the PIGH20 80:20 system. This system has small
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subdomains, and the degree of cross-linking within the
subdomains is likely low, which suggests that soft, deformable,
and small (micrometer and below) subdomains well bonded to
the surrounding network improve the toughness of the
photocurable thermoset. Furthermore, by altering the chem-
istries of the phase-separated material, different applications
can be feasible, including polymer membrane technologies,
polymer composites, and even polymer-dispersed liquid crystal
applications.
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