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ABSTRACT

In this work we develop thermoset materials with heterogeneous microstructures on sub-micron scales by
photopolymerization-induced phase separation (photo-PIPS). To this end, we designed a photo-curable resin
based on pentaerythritol tetraacrylate (PETA), an acrylate monomer, combined with 2-ethylhexyl methacrylate
(2-EHMA), a methacrylate diluent. Polypropylene glycol (PPG) was used as a phase separation agent. Phase
separation was monitored by reactive light transmittance using a custom-built light transmission apparatus and
through dynamic mechanical analysis (DMA). The photopolymerization kinetics and the microstructure
morphology were characterized using real-time Fourier transform infrared spectroscopy (FTIR) and scanning
electron microscopy (SEM), respectively. We observe double phase separation: PETA and 2-EHMA separate due
to different reactivities, while PPG phase separates as the network develops due to immiscibility. A synergy is
observed between the two processes: PPG phase separation leads to an enhanced separation of 2-EHMA. Phase
separation leads to reduced transmittance due to scattering, which is primarily associated with the separation of
2-EHMA. Phase separation also causes the reduction of stiffness due to the formation of PPG subdomains. The

kinetics is enhanced by increasing the PPG molecular weight and increasing the irradiation intensity.

1. Introduction

Controlling the structure of polymeric networks is a growing pursuit
in the field of material science for its broad applications, ranging from
polymer membranes for fuel cells to liquid polymer crystals for optical
displays [1-23]. Producing materials with diverse morphologies is of
particular interest as it can replicate similar enhanced properties to
naturally occurring, heterogeneous materials [24-30]. Several ap-
proaches have been explored for this purpose, such as block copolymer
self-assembly, polymer blends, and polymerization-induced phase sep-
aration (PIPS) [31-39]. For block copolymer self-assembly, the reaction
and processing conditions need to be carefully controlled and the
preparation of each individual block needs to be done with a high degree
of precision [16,31,32]. In the case of polymer blends, it is difficult to
control the degree of heterogeneity as mixing often introduces various
constraints on the ability to blend [33-39]. The viscosities of each
polymer used, the method of mixing, and the time or rate used to mix the
polymers all affect the degree of network heterogeneity [16,33-39].
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Compared to polymer blends and block copolymer self-assembly, PIPS
produces phase-separated structures without such strict processing
constraints [1,2,9,11,13-16,18-21,40-47].

PIPS begins with an initially homogeneous, liquid multicomponent
monomer resin [1,2,15,16,40-47]. Upon polymerization, an immiscible
component present in the multicomponent mixture phase separates,
forming its own subdomains and creating a heterogeneous material
[40-47]. In the PIPS process, phase separation occurs due to the ther-
modynamic driving force captured in the Flory-Huggins equation,
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where n is the total number of molecules, N, and ¢, are the degree of
polymerization and volume fraction of each component [1-3,48-50].
The first two terms relate to the entropy of the process and the last term
relates to the enthalpy. As polymerization of one component occurs,
entropy changes. Specific chemistries cause differences in y, and
increasing y indicates greater immiscibility. The degree of phase
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separation also depends on the kinetics of the process which is
controlled by the diffusion of the molecules. In solutions of reactive
oligomers and linear chains of the phase-separating component, as used
in this work, the oligomer diffusion is fast, and kinetics of phase sepa-
ration is conditioned by the formation of the network. Systems that
reach complete phase separation are those which have attained ther-
modynamic equilibrium. In all other cases, the constituent phases
remain partly mixed, and the structure is defined by the rate of
polymerization.

PIPS may proceed through various reaction types including cation,
anion, and even radical photopolymerization (photo-PIPS) [1-3,5-11,
13-23,40-47]. Among them, photo-PIPS is the most desirable as it could
be used in various applications including stereolithography 3D printing,
which is a high-resolution printing technique that has grown in popu-
larity in recent years [45,51-53].

To induce photo-PIPS in thermosetting materials, a multicomponent
liquid comprised of monomer(s), a photoinitiator, and an additive which
induces phase separation upon monomer polymerization is used [2,15,
16,18,19,42,44-46]. Various immiscible species such as a polymer or
nanoparticles may be used as phase-separating additives. The resulting
phase separation creates a complex nano- and/or microstructure which
affects the material mechanical properties, such as enhancing the
strength and/or ductility. Alternately, the phase-separated additives
may be removed using solvents or pyrolysis to yield a structure with
nanoscale porosity [40,45,54]. This method offers additional opportu-
nities to adjust and control the overall mechanical properties.

There are (at least) three main challenges with PIPS: i) controlling
the morphology (subdomain sizes, bicontinuous structures, etc.), ii)
controlling the properties of the interfaces between separating phases,
and iii) controlling the internal stress state [3]. To adjust the
morphology and subdomain size, the chain length of the polymer ad-
ditives, or the size and concentration of nanoparticles, can be modified
[15,16,38,39]. The interfacial properties may be adjusted using block
copolymers [3]. The residual stress depends on the type of polymeri-
zation and degree of defectiveness of the resulting network.

Herein we study photo-PIPS in a system that exhibits two phase
separation processes. We use a photo-curable diacrylate resin with a
methacrylate diluent and polypropylene glycol (PPG) as the phase-
separating additive. The resin and diluent tend to phase separate due
to their different polymerization rates, while the additive PPG drives
additional phase separation. We observe a synergy between the two
processes, i.e. both phase separation processes become more pro-
nounced as the driving force for PPG separation increases. The kinetics
of photopolymerization is monitored by measuring the rates of poly-
merization and monomer conversion through real-time FTIR [55-57].
The phase separation kinetics and degree are monitored by reactive light
transmittance and dynamic mechanical analysis (DMA). The effects of
the additive molecular weight, light intensity and film thickness are
determined. The resulting materials are tested in uniaxial tension and
compression to determine the effect of phase separation on the stiffness,
strength and ductility.

2. Materials and methods
2.1. Materials

An acrylate monomer, pentaerythritol tetraacrylate (PETA, M, =
352 g/mol), was purchased from TCI Chemicals. Additionally, a meth-
acrylate diluent, 2-ethylhexyl methacrylate (2-EHMA, M;, = 198 g/mol),
a photoinitiator, diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
(TPO, M, = 348 g/mol), and a polymer additive, polypropylene glycol
(PPG, M, = 425, 1000, 2000, and 4000 g/mol) are used, all of which are
supplied by Sigma-Aldrich, are used. Gel permeation chromatography
(GPC) experiments were performed to validate these molecular weights
and the results are shown in Table S1 of the Supplementary Information
(SI). Resins containing PPG additive are referred to here as “PE M,”, (e.
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g., PE 425, PE 1000, etc.). The chemical structures of these components
are shown in Fig. 1. The ratio of acrylate monomer to methacrylate
diluent is 3:1 by weight (PETA:2-EHMA 75:25 by wt%). The photo-
initiator is added in powder form at 0.5 wt% and dissolved into the
monomer mixture via gentle heating to ~60 °C while stirring to create
the photo-curable neat resin. The polymer additive is added to this
photo-curable resin in an amount of 15 wt% and dissolved via stirring
and gentle heating to ~60 °C to create phase-separating, photo-curable
resins. Resin samples containing polymer additive of different molecular
weights are created.

2.2. Custom-built phase separation detection apparatus

Light transmittance was performed using a custom-built light
transmission apparatus, Fig. 2a and b, to evaluate the extent of phase
separation in the PPG-containing resins. The apparatus includes a
S120VC Photodiode Power Sensor (wavelength of absorption =
200-1100 nm, ThorLabs), a LX500 OmniCure portable LED UV-lamp,
and the sample compartment. A diffusive glass plate which polarizes
the incident beam was also used to provide a uniform intensity of light.
Samples are contained between a glass slide and a coverslip, both of
which are UV-ozone cleaned to remove any contaminants, using a UVO-
Cleaner 342 from Jelight Companies, Inc. Tests were performed using
various sample thicknesses, b, of 50, 100, 200, or 300 pm. This param-
eter is controlled in the state before curing using spacers. Thicknesses
were maintained upon complete photopolymerization. Liquid resin is
added to the glass slide prepped with spacers as shown in Fig. 2c and a
coverslip is gently placed on top. This setup is then placed in the center
compartment of the light transmission apparatus. The sample is exposed
for 15 min to light of various intensities (5.2, 15, and 36 mW/cm?),
while transmittance data collection is performed every 30 ms. If phase
separation occurs, the transmission decreases initially due to scattering,
and then increases due to TPO consumption. The exposure time to the
onset of transmittance reduction is considered the induction time of
phase separation. Scattering occurs since the refractive index (RI) of the
phase-separated subdomains differs from that of the parent phase
(Table S2). Both Rayleigh and Mie scattering may take place caused by
phase-separating subdomains of dimensions of tens of nm, or compa-
rable to and larger than the probing radiation wavelength (405 nm),
respectively [58]. The reliability of this method and apparatus in iden-
tifying phase separation was evaluated in a separate study [59].

Monomers.
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Fig. 1. Chemical structures of monomer components.
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Fig. 2. Custom-built light transmittance apparatus (a) image and (b) schematic. (c) Schematic of sample setup. The path length, ‘b,” denotes the film thickness and

varies from 50 to 300 pm.

2.3. Material characterization

The monomer conversion and induction time of photo-
polymerization are determined by real-time FTIR spectroscopy which
was performed using a Thermo-Scientific Nicolet iS50 FT-IR equipped
with an attenuated total reflectance (ATR) attachment (PIKE Technol-
ogies GladiATR). FTIR measurements are performed in the range of
wavenumbers from 4000 to 400 cm™! during resin curing. A LX500
OmniCure portable LED UV-lamp of wavelength 405 nm is used for
curing. A 3D-printed part was created to cover the top of the ATR stage
and hold the LED UV-lamp to maintain the light dose supplied to the
resin sample during the experiment. The light intensity for the FTIR
measurement is held constant at 5.2 mW/cm? for the duration of the
experiment. Monomer conversion real-time FTIR tests are performed
using 100 pm thick films. A layer of liquid resin is added on top of the
ATR crystal and the 3D-printed part holding the LED UV-lamp is posi-
tioned over the top. The resin is then cured with light for a duration of
15 min with FTIR data collection occurring every 0.08 s. The conversion
is obtained by first acquiring the peak height ratios between two peaks
within the Omnic software. The internal reference of the (meth)acrylate
carbonyl stretching peak at 1724 cm™! and the (meth)acrylate alkene
-C=C stretching peak at 1635 cm™! are used, respectively. Within the
Omnic software, these ratios are used to calculate and acquire a con-
version spectrum in units of absorbance, A. The percent conversion, C, is
computed as:

C(1) [%] = (1 - A(r) / A0)) x 100 . ®))

Dynamic mechanical analysis (DMA) was performed using a TA In-
struments Discovery DMA 850. Samples were prepared with dimensions
40 x 12 x 3.2 mm® using custom-made silicone molds. Glass plates are
used to cover the top of the mold and ensure planarity. Samples are then
irradiated for 8.5 min at 5.2 mW/cm? light intensity. DMA tests are run
at temperatures ranging from —150 °C to 150 °C with a temperature
ramp of 3 °C/min. Liquid nitrogen is used along with a TA Instruments

Gas Cooling Accessory (GCA) to achieve these low temperatures. The
single cantilever method is used with an oscillation amplitude of 5 pm
and frequency of 1 Hz. The initial preload force is 0.01 N.

To examine the morphologies of polymer films via scanning electron
microscopy (SEM), a Versa 3-D Focused Ion Beam - Scanning Electron
Microscope (FIB-SEM) by Thermo Fisher Scientific is used. Samples are
prepared by first applying a layer of liquid monomer resin to a glass slide
with Scotch tape placed as spacers to allow for a uniform thickness of
100 pm. This setup is then sandwiched with a coverslip and placed in the
light transmission apparatus. The sample is irradiated at a light intensity
of 5.2 mW/cm? for 60 s. Following irradiation, films are separated from
the glass slide and coverslip using a razor, being mindful of the exposed
side. These films are then wiped to remove any residual monomer resin
and are placed in a bath of liquid nitrogen for approximately 30 s,
removed, and fractured down the center with a razor. The fractured
films are washed for 2 min in methanol to remove leftover monomer
resin and to dissolve the PPG polymer additive, enabling pore visuali-
zation. A piece of double-sided carbon tape is placed on a SEM sample
stub. The films are then placed on the tape, with the cross section facing
upwards, flush to the edge of the tape. The films are sputter coated with
a layer of Au/Pd for a duration of 60 s. Secondary electron images were
obtained using an accelerating voltage of 5.0 kV, a working distance of
10 mm, and a beam current of 53 pA. ImageJ software was used to
analyze images obtained via SEM to acquire the pore size and pore size
distribution.

Uniaxial tension and compression testing are performed with an
Instron 5943 equipped with a 1 kN loadcell. Tensile dogbone samples
(26 x 3.2 mm gauge length by width) are prepared using custom-made
silicone molds. The planarity of the sample surface is ensured by
covering the mold with a glass plate before curing. Samples are tested
following standard ASTM638 at a strain rate of 6.4 x 10~ s~!. Disk-like
compression specimens of height 1.6 mm are produced by using an O-
ring of 3.6 mm inner-diameter as a mold. Samples are subjected to
uniaxial compression using the same machine at a strain rate of 1.28 x
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10~*s~! until rupture or until the upper limit of the load cell is reached.
Both compression and tensile tests are performed at room temperature
with samples cured for 8.5 min at 5.2 mW/cm? light intensity.

3. Results and discussion

3.1. Effect of sample composition and process parameters on phase
separation

The interplay of photopolymerization and phase separation is stud-
ied with the transmittance apparatus shown in Fig. 2, which allows
exposing samples and measuring their transmittance at the same time.
The parameters of the study are the polymer additive molecular weight
and the light intensity.

3.1.1. Kinetics and emergence of structure: effect of sample composition
and polymer additive molecular weight

The neat resin and resins containing PPG with various molecular
weights, M, = 425, 1000, 2000, and 4000 g/mol, are considered. The
variation of transmittance during exposure (light intensity 5.2 mW/cm?)
is shown in Fig. 3a. For the neat resin and low M, resin (PE 425), the
only change visible is a slight increase in transmittance throughout the
duration of the experiment. This trend is due to the consumption of the
photoinitiator, TPO. In resins with M;, > 1000, an incubation time of
2-3sis observed during which the transmittance is constant—regardless
of the presence of, or the M, of the PPG additives. The transmittance
decreases rapidly after this stage, which is interpreted as an indication of
phase separation. The magnitude of the drop increases with increasing
M. The transmittance increases again after approximately 10 s of
exposure. This recovery is likely due to TPO consumption [60]. In resins
with large PPG M,, (PE 2000 and 4000) a plateau in transmittance is seen
following the recovery period, where the network and phase separation
are believed to have reached thermodynamic equilibrium. The trans-
mittance never fully recovers to the original transmittance prior to
photo-polymerization due to the presence of phase-separated sub-
domains which cause light scattering. In resins with low PPG M, (PE 425
and 1000), the plateau is not seen. It is believed that in these low

Polymer 280 (2023) 126032

molecular weight systems, smaller subdomains are formed and PPG is
partly trapped within the network.

Larger subdomains and more pronounced scattering are expected
when the molecular weight of the PPG additive increases. Szczepanski
et al. [16] found that photo-PIPS is favored when the polymer additive
concentration is larger for low molecular weight additives, while only a
small loading level is needed to obtain the same level of phase separation
for larger molecular weights. Our results agree with their findings that at
a given polymer additive concentration (15 wt% in our case), the
photo-PIPS effectiveness increases with increasing PPG molecular
weight. This is shown in Fig. 3b where the maximum variation of
transmittance from the initial time, t = 0 s, to the minimum of the curves
in Fig. 3a, t ~10 s, is plotted against the PPG molecular weight.

Phase separation in these systems is driven by the higher hydrophi-
licity of PPG relative to the developing polymer network. Larger M;, PPG
should induce phase separation to a larger extent as the longer chains
(larger N at given ¢) correspond to a smaller (in absolute value) entropic
term in Eq. (1) and hence a larger thermodynamic driving force for
separation. Moreover, in systems with larger M;, PPG, the monomers in
the photo-curable resin have larger diffusivity relative to PPG. Never-
theless, since all molecular weights of PPG considered are less than the
entanglement molecular weight, diffusion of PPG is likely also signifi-
cant during phase separation [61]. Table S3 shows the viscosities of the
pure PPG additives and of the PPG-containing resins. The viscosity
varies linearly with M, for both the pure PPG melts and for the
PPG-containing resins before photo-curing, which indicates that both
types of systems are unentangled. In the PE 425 system, the driving force
of phase separation is smaller and the diffusivities of the resin monomers
and PPG molecules are closer to each other. This suggests that a larger
probability of PPG entrapment in the developing network exists, which
is equivalent to more homogeneously distributed PPG and less phase
separation, as indicated by the transmittance data, Fig. 3a. The PE 1000
system shows a situation similar to that observed in the PE 425 case.

The kinetics of phase separation and polymerization processes are
compared in Fig. 3c. The induction time of polymerization is determined
by real-time FTIR. The data indicates that, within the present accuracy,
the induction times are identical and largely independent of PPG M.

Fig. 3. (a) Transmittance versus irradiation time for
all resin formulations. Samples were irradiated with
light intensity 5.2 mW/cm? for 15 min. The arrow
indicates the induction time of phase separation. (b)
Maximum variation of transmittance (difference be-
tween the initial transmittance and the minimum of
the curves in (a)) versus PPG molecular weight. (c)
Induction times of photopolymerization (obtained
from real-time FTIR) compared with the induction
time of phase separation (obtained from trans-
mittance). (d) Monomer conversion as obtained from
real-time FTIR after 15 min of irradiation. Error bars

represent the 95% confidence interval.
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This suggests that the onset of measurable phase separation is controlled
by the kinetics of the resin monomers at the initial stages of network
formation.

In Fig. 3d, the monomer conversion after 15 min of irradiation is
shown as a function of PPG M,,. The raw monomer conversion curves are
shown in Fig. S1. Conversion is higher in resins with PPG relative to the
neat resin. A small decrease of conversion with increasing the PPG My, is
seen in PPG containing resins, Fig. S1. The difference between the resin
without PPG and any of the systems containing PPG is interpreted as an
indication that PPG separation favors the formation of a more regular
network.

To explore the structure of these materials, DMA is performed with
samples irradiated to states in the plateau region of Fig. 3a. Fig. 4 shows
the storage modulus and tan § curves for all samples. All curves exhibit
broad and/or multiple peaks in tan 5. The neat resin shows a broad peak
spanning from —26 °C to 56 °C, which indicates that the neat resin
network is heterogeneous. Pure poly (PETA) has a Ty of ~100 °C and
pure poly (2-EHMA) has a Tg of ~ —10 °C [62,63]. Hence, the broad tan &
peak for the neat resin indicates that phase separation of PETA and
2-EHMA takes place. This is due to the different reactivities of these two
components; acrylate monomers react order of magnitude faster than
the methacrylates [57,64]. Additionally, since PETA has a high func-
tionality of 4 acrylates per monomer unit, it is likely a fast reacting
acrylate. Therefore, in the neat resin system, PETA reacts quickly forcing
the 2-EHMA monomers to diffuse away, which leads to regions rich in
PETA and others regions rich in 2-EHMA. Further validation of the faster
reactivity of PETA versus 2-EHMA is demonstrated in Fig. S2 and
Table S4 where it is shown that increasing the PETA fraction in
PETA:2-EHMA without PPG leads to smaller induction times for poly-
merization, but lower overall conversion rates. The networks with
increased PETA fraction are expected to be more defective. Note that, in
agreement with the observation indicated above that PPG phase sepa-
ration increases the degree of conversion (Fig. S1), Fig. S2 also indicates
that 2-EHMA phase separation increases the overall degree of conver-
sion in PETA:2-EHMA systems.

As PPG is added, further changes of the tan 6 function are seen. For
M, = 425 g/mol the tan § peak broadens and shifts to the left. Since the
Ty of PPG is approximately —70 °C [65], the shift is associated with the
presence of PPG. No clear peak forms though, which indicates that phase
separation in this system is not pronounced - as also seen in Fig. 3a —and
PPG performs the function of a plasticizer in this case. With increasing
the PPG M,,, a clear peak appears in tan § at ~ —60 °C which is associated
with the phase separation of PPG. Interestingly, an intermediate peak at
~ —6 °C emerges; this temperature is comparable with the Ty of

10000
— Tan(d) - - - PE Neat Resin 0.12
- - Storage Modulus (MPa) _ _ _pE 425 1™
§ - - -PE 1000
Z - - ~PE 2000 10-10
-4 - - —PE 4000 1
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3 | 3
S | =
ke 1000 Jo.0s g
o | c
o (3]
® Jo.04 F
ie]
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40.02
100 ; ; , ; , ; 0.00
200 -100 0 100 200

Temperature (°C)

Fig. 4. The storage modulus and tan § curves versus temperature for all resin
formulations as determined by DMA analysis. A temperature range of —150 to
150 °C was considered, with a 3 °C/min ramp.
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2-EHMA. Most interestingly, the phase separation of 2-EHMA appears to
be promoted by the phase separation of PPG, which demonstrates the
existence of a synergy between the two processes. Note that the position
of the PPG-related peak is identical for PE 2000 and PE 4000, while the
2-EHMA-related peak shifts to lower temperatures (i.e. towards the T, of
pure poly (2-EHMA)) as PPG M, increases from 2000 to 4000. The
material becomes more heterogeneous as the PPG M,, increases and this
contributes to reduced transmittance seen in Fig. 3b.

It is interesting to investigate which component of the heterogeneous
microstructure, PPG or 2-EHMA subdomains, contributes most to the
transmittance reduction. To this end, we analyze the transmittance of
neat and PPG-containing films of 50, 100, 200 and 300 pm thickness.
Fig. 5a-b shows transmittance versus irradiation time data for the neat
and PE 4000 resins, respectively, with various film thicknesses. The
overall transmittance decreases for all resins with increasing film
thickness, which is expected based on the Beer-Lambert law. For all
phase-separating resins (PPG M, > 1000), the variation of the trans-
mittance from the initial time, t = 0 s, to the minimum point in the curve
(t ~ 10 s), increases with increasing film thickness as shown in Fig. 5c.
As the molecular weight of the PPG resins increases, steeper slopes in the
variation of transmittance are seen, which is expected due to the in-
crease in phase separation with higher molecular weight of PPG addi-
tive. To gain further insight into the process, we assume that the
variation of transmittance is due to both absorption and scattering. We
write the Beer-Lambert law T = I,y /I;; = e~®, where T is transmittance,
b is the film thickness, and a is the absorption coefficient [66,67].
Considering that the contribution of the two processes (i.e., absorption
and scattering) is additive, the following equation can be written,

T=e =e¢%be™b = T,T, 3)

Where q, is the absorption coefficient and a; is the scattering coefficient.

Since at t = 0 s no phase separation is present, T ~ T,. Thus, we use
the data at t = O s for each resin to evaluate the coefficient a,. Fig. 5d
shows the variation of —In T, with b for all resin compositions
considered. All lines have a similar slope, which indicates that aj is in-
dependent of the sample composition. This is expected since absorption
is primarily controlled by the photoinitiator (TPO), which is present at
the same concentration in all samples. The intercept of the lines in
Fig. 5d decreases slightly with increasing PPG M,,, which indicates the
contribution to background absorption of the PPG. Further, we plot the
variation of —In Ty = —InT/T,—o with the film thickness in Fig. 5e and
observe that the slope of the curves (i.e., a;), increases with increasing
PPG M,,. Larger a; implies enhanced scattering due to more pronounced
phase separation. With this, it is seen that increased film thickness does
not produce larger extents of phase separation. Rather, increasing the
film thickness merely increases the amount of light absorption.

The absorption coefficients, a4, obtained from Fig. 5d and the scat-
tering coefficients, as, obtained from Fig. 5e are shown in Fig. 6 for all
resin formulations. It is seen that absorption is independent of PPG M,
while scattering increases as M, increases above M, = 1000 g/mol.
Scattering is most pronounced in PE 2000 and PE 4000, cases in which
both PPG and 2-EHMA phase separate effectively, Fig. 4. However, PPG
phase separates in PE 1000 and reaches full separation in PE 2000 and
4000 (the PPG tan 5 peaks in these 2 cases are identical), while the 2-
EHMA tan 6 peak becomes more individualized in PE 2000 and 4000.
This correlates with the increase of the scattering coefficient, Fig. 6,
suggesting 2-EHMA phase separation is primarily responsible for scat-
tering and the reduction of transmittance shown in Fig. 3a, although
PPG phase separation should also play a role.

Direct evidence for phase separation of PPG is obtained by SEM in-
spection. The samples of Fig. 3a, exposed for 60 s, are processed to
remove the PPG content and examined by SEM. Fig. 7a shows the cross-
sectional morphologies of these resins. The granularity and size of the
voided regions in the cross-sectional area increase with increasing My,
showing structure development similar to structures observed by Seo
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et al. [40] using styrene-based networks and a PLA-based polymer
additive.

Fig. 7b shows the distribution of pore sizes measured in the PE 4000
case, as provided by ImageJ. The distributions for the PE 4000 resin are
rather broad and pores of large dimensions, up to 200 nm, exist. The
table of Fig. 7c shows the corresponding mean pore diameters and mean
network granule diameters of all of the PPG-containing resins. The
estimated pore size data suggests the scattering that occurs during the
transmittance experiment in the phase-separating resins is

predominantly Rayleigh scattering as the pore sizes are much smaller
than the wavelength of light used (405 nm) [58]. We note that the values
reported in Fig. 7c represent the size of the intersection of the fracture
plane with the PPG subdomains and may be somewhat different from
the pore size measured in 3D.

3.1.2. Effect of light intensity

PPG-containing resins are further analyzed via reactive trans-
mittance using various light intensities of 5.2, 15 and 36 mW/cm?.
Fig. 8a shows transmittance curves for the PE 2000 resin as a function of
irradiation time. Similar to Fig. 3, an incubation period is observed
initially, after which the induction time of phase separation is seen and
transmittance drops. The induction time (indicated by triangles in
Fig. 8a) decreases with increasing light intensity since the network forms
faster at higher intensities. Fig. 8b shows the induction time plotted
against light intensity. It is seen that induction time is not only reduced
with an increase in light intensity, but it also is reduced with increasing
PPG M, as previously confirmed in Fig. 3c. As the light intensity in-
creases, the drop in transmittance decreases, which is indicative of
reduced phase separation. With this increasing light intensity, the fast-
developing polymer network partially entraps the PPG polymer chains
restricting complete phase separation from occurring. The trend of
decreasing extent of phase separation with increasing light intensity is
further demonstrated in Fig. 8c where the change in transmittance is
plotted against the PPG molecular weight, with each curve corre-
sponding to a different light intensity. This result agrees with previous
findings from Yamashita et al. [44] who demonstrated reduced sub-
domain sizes with increasing UV or visible light exposure in a PS-PMMA
double network, phase-separating system. Similar reduced phase sepa-
ration has been demonstrated in other systems [15,16,36,39].
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3.2. Mechanical properties characterization

The neat and PPG-containing resins irradiated with light intensity
5.2 mW/cm? for 8.5 min are subjected to uniaxial compression and
tensile testing to evaluate the extent to which PPG phase separation
modifies mechanical properties. We note that PPG of all molecular
weights considered here is liquid at room temperature and hence the
phase-separated subdomains are expected to have lower shear modulus
than the neat resin.

Fig. 9a shows representative tensile nominal stress-strain curves for
all materials considered. These samples are cured by exposure to light of
parameters indicated in the previous paragraph to allow for sufficient
curing. The full curing was confirmed using real-time FTIR as discussed
in Sl section 5 and Fig. S3. The behavior is brittle in all cases, with strains
at failure of approximately 2% (Fig. 9b). Young’s modulus decreases
slightly as phase separation becomes more prominent. This effect is
shown in Fig. 9c where Young’s modulus is represented versus PPG
molecular weight for both tensile and compressive testing. The reduc-
tion is expected based on the observation made in the previous

paragraph that the phase-separated PPG subdomains are expected to
have lower stiffness than the surrounding resin. The modulus levels off
as PPG M, increases from 2000 to 4000 g/mol, which agrees with the
observation in Fig. 7a that the microstructures of PE 2000 and PE 4000
are similar. Another potential effect leading to modulus reduction is the
plasticizing contribution of PPG [68]; this is expected to control the
difference between the stiffness of the neat resin and the PE 425 case,
but be of smaller importance as PPG M, increases further and PPG phase
separates.

4. Conclusion

In this work, photopolymerization-induced phase separation (photo-
PIPS) is implemented into a photo-curable multicomponent monomer
resin with polymer additive to create a heterogeneous phase-separated
polymer network. As the monomer components are polymerized into a
thermosetting network, the polymer additive, PPG, as well as the
diluent, 2-EHMA, phase separate. It is proved through transmittance,
DMA, and SEM analysis that the molecular weight of the polymer
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Fig. 9. (a) Representative tensile stress-strain curves. (b) The elongation at break measured in tension. (c) Young’s modulus measured in tension and compression for

the various resins. Error bars represent the standard error.

additive directly influences the extent of phase separation achievable in
the system; not only that the phase separation of PPG becomes more
pronounced as PPG M, increases, but a synergetic effect is observed in
that PPG separation favors the phase separation of 2-EHMA. Further
validation of this was shown in the film thickness study which implied
that scattering was highest in the PE 2000 and 4000 resins. Moreover,
when comparing to the DMA analysis, it seems as though scattering is
mostly caused by the 2-EHMA subdomains. Light intensity also shows an
effect on the extent of phase separation possible within the photo-
curable resin. With increasing intensity, the extent of phase separation
decreases. This is because the rate of phase separation becomes slower
than that of photopolymerization. Phase separation leads to a reduction
of the material stiffness and strength, while the strain at failure is in-
dependent of the degree of phase separation. Through this work, we
demonstrate that complex microstructures can be fabricated through the
photo-PIPS process which have implications for the mechanical
behavior of the material. In particular, some of the methods demon-
strated in this work can be used in other systems to fine tune the extent
of phase separation and heterogeneity of the network to alter the overall
material properties.
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