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ARTICLE INFO ABSTRACT

Keywords: In this work, we explore the kinetics of the photopolymerization-induced phase separation (photo-PIPS) process
Photo-PIPS and the interplay of mechanisms controlling the development of the microstructure in a photosensitive resin
Phase separation comprised of pentaerythritol tetraacrylate (PETA) and 2-ethylhexyl methacrylate (2-EHMA) monomers with
gj;gzsets polypropylene glycol (PPG, M;, = 4000 g/mol) linear polymer additive and diphenyl(2,4,6-trimethylbenzoyl)

phosphine oxide (TPO) photoinitiator. We control the kinetics of photopolymerization by interrupting the
irradiation at various stages of the process and varying the light intensity. Evolution of the microstructure is
monitored by transmittance testing and scanning electron microscopy (SEM) inspection of fractured surfaces that
are exposed to methanol for the purpose of removing the phase-separated PPG content. The evolution of the
network is monitored by real-time Fourier-transform infrared (FTIR) spectroscopy during irradiation and
intermittent probing after the cessation of irradiation. Three mechanisms controlling the evolution of the
microstructure are identified: phase separation, photoinitiator consumption, and microstructural refinement.
Phase separation begins immediately after the onset of network development and leads to a rapid reduction of
transmittance due to the formation of PPG-rich subdomains. Microstructural refinement takes place at later
stages leading to a reduction of these subdomains, a gradual increase of the PPG concentration within sub-
domains and an associated increase of transmittance. TPO consumption takes place during irradiation and ac-
counts, to a smaller extent, for the recovery of the transmittance. Interrupting the irradiation allows generation
of materials with various degrees of conversion and sizes of phase-separated subdomains, which provides a new
way to control material properties.

1. Introduction instance, while nanoparticles are able to disperse quite well in a

monomer resin up to high concentrations, they are quite expensive and

It has been established that introducing heterogeneity to thermosets
may lead to enhanced optical and mechanical properties. In terms of
unique optical properties, systems have been developed with phase-
separated liquid crystal domains which offer holographic characteris-
tics [1-5]. Regarding mechanical properties, addition of elastomeric
particles improves the toughness and offers a commercial solution to the
intrinsic, and undesirable, brittleness of thermosets [6-14]. Likewise,
nanoscale solutions based on various alterations of the network archi-
tecture have been considered. The addition of nanoparticles [13,15-20],
the use of block copolymers [21-24], and the use of polymer blends
[25-31] are alternative ways to adjust the microstructure and have
shown to improve the toughness of thermoset materials to various de-
grees. However, all these methods are not free of drawbacks. For
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their use is quite limited [15-20]. For polymer blends, the lack of easily
miscible polymer systems poses a significant challenge [25-32]. For
block copolymers, synthetic conditions to obtain the desired polymer
chain architecture are tedious and restricted [21-24,32]. A somewhat
less restrictive method for producing thermosets with complex micro-
structures is the use of polymerization-induced phase separation (PIPS)
[11,33-50]. PIPS yields these microstructures by forming
phase-separated subdomains during polymer network development.
PIPS can be performed through various methods of polymerization
including cationic [51], anionic [52], and radical photopolymerization
(photo-PIPS) [32,53-69]. In this work, we report our study of kinetics
and the mechanisms which govern network development in radical
photo-PIPS.
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Photo-PIPS proceeds initially with a homogeneous, liquid multi-
component monomer resin consisting of monomer(s), photoinitiator,
and polymer additive(s) or nanoparticles which are immiscible with the
developing network upon light irradiation and photopolymerization
[32,33,53-64]. During photopolymerization, the immiscible species
creates its own phase-separated subdomains and develops a heteroge-
neous material. The PIPS process is driven by thermodynamic driving
forces described by the Flory-Huggins equation,
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where N, and ¢, are the degree of polymerization and volume fraction of
each component, respectively, and n is the total number of molecules
[11,33,53,70-72]. The first two terms are entropic, while the third one
describes the enthalpy of mixing. Polymerization of one component in a
multicomponent resin produces changes in entropy, while particular
chemistries of the polymer chains define y. Larger y corresponds to
larger immiscibility between components. Molecular diffusion controls
the kinetics and ultimately the extent of phase separation possible in the
PIPS process. In resins containing reactive oligomers and linear polymer
chains of the phase-separating agent, as used in this work, the diffusion
of oligomers is faster than that of the polymer additive. From this, the
kinetics of the phase separation process is seen to be controlled by the
initial formation of the network. Systems reaching complete phase
separation attain thermodynamic equilibrium. In all other cases, phase
separation is incomplete, thus the structure is determined by the rate of
photopolymerization.

While PIPS is known to be more convenient for producing a het-
erogeneous polymeric material than the use of block copolymers and
polymer blends, it still has its limitations. Specifically, the following
three phenomena are known to be difficult to control: i) internal stress
state, ii) polymer microstructure (type of phase separation, bicontinuous
structures, subdomain sizes, etc.), and iii) interfacial properties between
phases [11,73]. Residual stress in a polymeric network depends on the
extent of shrinkage as well as the number of defects present in the
resulting network [74]. Fine tuning of the polymerization kinetics could
promote more uniformly crosslinked networks [73,74]. The network
morphology can be adjusted by varying the chemistries of the resin
components, such as chain length of polymer additives or size of
nanoparticles, and concentrations of the polymer additives or nano-
particles [30-32,57]. The use of polymer additives with a small differ-
ence in y to the developing network leads to a low driving force for phase
separation, slow kinetics, and potentially a different phase-separated
morphology (nucleation and growth vs spinodal decomposition) [32,
53,56,60,61,71]. The interfacial properties between the two separate
phases could be adjusted, for example, through the addition of block
copolymers [11].

The present work focuses on the kinetics of the photo-PIPS process
and the mechanisms that govern the developing microstructure. We
control the kinetics by varying the light intensity and by stopping irra-
diation at various stages of the process to observe the evolution of the
structure by intermittent probing. We show that phase separation starts
with the onset of network formation and leads to the rapid reduction of
light transmittance. This initial stage is followed by microstructural
refinement (i.e., reduction of the size of the phase-separated sub-
domains), which leads to enhanced homogeneity and gradual increase
of transmittance. Intermittent irradiation allows for control of the phase-
separated subdomain size. The strategies explored provide a way to
develop photo-curable materials with tunable microstructures and ma-
terial properties.
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2. Materials and methods
2.1. Materials

The resins used in this work are comprised of a photoinitiator and
two acrylate monomers with one and four polymerizable sites, respec-
tively. One of the resins also contains a polymer additive. Pentaery-
thritol tetraacrylate (PETA, M, = 352 g/mol), a four-arm acrylate
monomer, is purchased from TCI Chemicals and used as the first
monomeric component. 2-Ethylhexyl methacrylate (2-EHMA, M, = 198
g/mol), a methacrylate diluent and single-arm methacrylate monomer,
is purchased from Sigma-Aldrich and is used as the second monomeric
component. Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO,
M, = 348 g/mol), is used as the photoinitiator and polypropylene glycol
(PPG, M,, = 4000 g/mol) is used as the polymer additive, both also being
supplied by Sigma-Aldrich. Fig. 1 illustrates the chemical structures of
these components. The monomeric ratio is 3:1 by weight of acrylate
monomer to methacrylate diluent (PETA:2-EHMA 75:25 by wt%). TPO
photoinitiator in powder form is added to this mixture in 0.5 wt% and
stirred with gentle heating at ~60 °C to create a homogeneous photo-
curable neat resin. To develop the phase-separating resin, 15 wt% of
PPG polymer additive is added to the neat resin and stirred at ~60 °C to
fully dissolve within the photo-curable resin. The two resins investigated
in this system are denoted as “PE neat resin” and “PE 4000,” where the
“PE” stands for the two monomeric components contained (PETA:2-
EHMA), and the number denotes the molecular weight of the polymer
additive.

2.2. Custom-built phase separation detection apparatus

To visualize the extent of phase separation in the PPG-containing
photo-curable resin, a custom-built light transmission apparatus is
used to measure the light transmittance. The apparatus consists of a
S120VC Photodiode Power Sensor (wavelength of absorption =
200-1100 nm, ThorLabs), a LX500 OmniCure portable LED UV-lamp,
and a sample compartment. This apparatus was previously described
in our previous works and additional information is provided in Section
1 of the Supplementary Information (SI) [75,76].

Samples are prepared by adding liquid resin to a glass slide prepped
with spacers to allow for uniform thickness and sandwiched with a
coverslip. Transmittance tests are performed using a sample thickness b
= 100 pm. Thicknesses are measured via profilometry upon complete
photopolymerization (see Section 2.3). Samples are exposed for
different durations at constant light intensity using a wavelength of 405
nm (wavelength range at half peak height of the lamp spectrum is
398-412 nm, while the detector is tuned to a wavelength of 405 nm
exactly). If phase separation occurs, a corresponding rapid reduction in
transmittance would be seen due to light scattering. In cases of no phase
separation, transmittance slightly increases over time due to TPO pho-
toinitiator consumption, following the reactive Beer-Lambert Law.
Various durations of light exposure are used to monitor the phase sep-
aration process and network development. Continuous exposure times
of t, =5, 10, 45, 60, and 900 s are applied in separate experiments, at a
light intensity of 4.9 mW/cm?, while transmittance data collection is
performed every 30 ms. To study the process after irradiation has
ceased, the system is irradiated continuously for a duration t. (5, 10, or
45 s), after which the light is turned off and probing is performed with
light pulses of the same wavelength and of 0.4 s duration. These probing
points are equally separated in time on a 1.5x log scale, up to a total
monitoring time of 900 s. The probing duration of 0.4 s is chosen so that
the light detector has enough time to acquire an accurate transmittance
reading while also limiting further photopolymerization of the resin.
This same experiment is also run using a lower light intensity of 1.3 mW/
cm?. In this case, t. = 15, 30, and 105 s, with probing occurring in the
same manner.
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Fig. 1. Monomer resin components and their corresponding chemical structures.

2.3. Material characterization

Monomer conversion, induction time of photopolymerization, and
the rate of photopolymerization of both photo-curable resins are
determined through real-time FTIR spectroscopy analysis using a
Thermo-Scientific Nicolet iS50 FT-IR equipped with an attenuated total
reflectance (ATR) attachment (PIKE Technologies GladiATR). Real-time
FTIR experiments are performed within the wavenumber range of 4000
to 400 cm ! during photopolymerization. Like the transmittance tests, a
LX500 OmniCure portable LED UV-lamp of wavelength 405 nm is used
for photopolymerization. A custom-made 3D-printed part is used to hold
the LED UV-lamp and cover the top of the ATR stage. This allows for the
light dose supplied to the resin sample to be maintained throughout the
experiment. Light intensities of 1.3 and 4.9 mW/cm? are used for the
real-time FTIR measurement. Film thicknesses are maintained at 100 pm
by using Scotch tape as a spacer. Liquid resin is added to the ATR crystal,
a coverslip is placed, and the 3D-printed part holding the LED UV-lamp
is then placed on top, with the lamp aligned with the ATR crystal. The
resin is then continuously irradiated for 900 s while collecting FTIR data
every 0.08 s. Probed systems previously described in Section 2.2 are also
tested using real-time FTIR where the system is irradiated for a certain
duration of time and then probed intermittently for 0.4 s until 900 s is
reached. This experiment is only performed for the 4.9 mW/cm? light
intensity. The durations of exposure prior to probing are 5, 10, and 45 s.

The monomer conversion data is obtained by first acquiring the peak
height ratios of two peaks within the Omnic software. The absorbance of
the (meth)acrylate carbonyl -C—0 stretching peak at 1724 cm ™! is used
as an internal reference. The absorbance of the (meth)acrylate alkene
—C=C stretching peak at 1627 cm ™! is compared to the internal refer-
ence as this C=C bond present in the acrylate and methacrylate
monomers is consumed during photopolymerization. The ratio of
absorbance, A, of these peaks is used to calculate a conversion spectrum.
The monomer conversion, C, is computed as:

C(t) [%)= (1-A(t) / A0)) x 100 2

The rate of photopolymerization is estimated by taking the deriva-
tive of the monomer conversion. The induction time of photo-
polymerization is identified as the time at which monomer conversion
begins to increase from 0 %.

Scanning electron microscopy (SEM), is used to examine the polymer
film morphologies of the phase-separating resin, PE 4000. A Versa 3-D
Focused Ion Beam - Scanning Electron Microscope (FIB-SEM) by
Thermo Fisher Scientific is used. Polymer films are prepared by first
adding a layer of liquid monomer resin to a glass slide with spacers to
allow for uniform thickness of 100 pm, similar to the light transmittance
experiment preparations outlined in Section 2.2. This glass slide is then
sealed with a coverslip and inserted into the custom-built light trans-
mission apparatus. The sample is then irradiated at a light intensity of
4.9 mW/cm? for the durations indicated in Section 2.2 for both the
probed and non-probed systems. Following irradiation, films are gently
separated from the glass slide and coverslip using a razor, being mindful
of the side which was exposed to light. These films are then wiped dry to
remove any residual monomer resin. Next, the films are placed in a bath

of liquid nitrogen for approximately 30 s, removed, and fractured from a
shallow notch incised with a razor. The fractured films are washed for 2
min in methanol to remove the PPG polymer additive and any leftover
monomer resin. The removal of PPG enables the visualization of the
subdomains induced by phase separation of PPG. A piece of double-
sided carbon tape is placed on a SEM sample stub, on which the films
are placed. The films are placed so that their cross sections are facing
upwards and are flush to the edge of the tape. The films are then sputter
coated with a layer of Au/Pd for ~1 min. Secondary electron images are
obtained 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 roughness of the respective polymer
cross-sections (CV is defined as the standard deviation divided by the
mean of the image intensity).

Profilometry using a Dektak 8 Contact Profilometer from Veeco In-
struments Inc. is used to obtain the polymer film thickness for the PE
neat and PE 4000 resins after light transmittance experiments for all the
continuous doses of irradiation considered at 4.9 mW/cm? light in-
tensity (5, 10, 45, 60, and 900 s of continuous exposure). Scan param-
eters include a scanning distance of 4,000 pm, a duration of 60 s, a stylus
force of 5 mg, and a measurement range of 2,620 kA. Samples were
tested starting from the edge of the 5 mm diameter circular film, tracing
across the center.

3. Results and discussion

3.1. Effect of cessation of irradiation on monomer conversion and
transmittance

Phase separation is monitored in this work (and in our previous work
[75]) wusing transmittance, T. A typical T(t) curve for the
phase-separating PE 4000 resin subjected to continuous irradiation for
900 s is shown in Fig. 2a and labeled “continuous.” The curve exhibits a
sharp reduction of T beyond the induction time of phase separation,
followed by recovery and a plateau which emerges once the system at-
tains thermodynamic equilibrium [11,70,72,75]. We conjecture that the
variation of transmittance is associated with the following mechanisms:

Mechanism 1: Phase separation. Transmittance is reduced as the
system phase separates and scatters light. This scattering is caused by a
difference in refractive index of the resin and the PPG subdomains that
emerge by phase separation, as discussed in Section 2 of the SI. This is
also supported by the work of Szczepanski et al. [32] where a reduction
in light transmission was seen in cases of large concentrations and large
molecular weights of PMMA polymer additive. In their works, the
development of phase-separated PMMA subdomains in a TEGDMA
network formed during photopolymerization causes reduction in light
transmission due to differences in RI of the two phases [32].

Mechanism 2: Photoinitiator consumption. TPO absorbs light in the
spectral range used for irradiation and probing (see Section 3 of the SI).
Hence, as the concentration of TPO is reduced during photo-
polymerization, transmittance increases accordingly following the
reactive Beer-Lambert Law.

Mechanism 3: Variation of subdomain size. Continued network
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Fig. 2. The intermittent irradiation transmittance curves for various exposure times for the (a) PE 4000 and (b) PE neat resins. All systems are irradiated with 4.9

mW/cm? light intensity.

crosslinking leads to the shrinkage/fragmentation of the phase-
separated subdomains, ultimately causing microstructural refinement
as illustrated in Fig. 3. A corresponding increase in transmittance results
due to enhanced homogeneity of the material.

We note that higher UV intensities (larger than 15 mW/cm?) cause
PPG crystallization in the PPG 4000 system, but this is not observed at
the intensity used in this work. Therefore, crystallization makes no
contribution to the transmittance in the present experiments. The
following discussion provides evidence and evaluates the relative con-
tributions of these mechanisms to microstructural evolution.

To eliminate mechanism 2 in our phase-separating system, we stop
irradiation after time t. of continuous irradiation and probe the struc-
tural evolution by intermittent irradiation. TPO consumption and the
formation of new radicals is ceased at t.. We select t, = 5, 10, and 45 s in
separate experiments and show the corresponding T(t) curves in Fig. 2a.

T(t) behaves differently at times t > t. for the three values of the
cutoff time, t., for the PE 4000 resin (Fig. 2a). The case of t.= 5 s follows
the decreasing branch of T(t) of the continuously irradiated system and
exhibits a continuous decrease of T(t) after the cessation of irradiation,
as indicated by the probing points. This portrays that phase separation
continues to develop even without light exposure due to the presence of
radicals formed at t <t.. In other words, mechanism 1 supersedes
mechanism 3 at this stage in network development. The case of t,.= 10 s
corresponds to the minimum of the T(t) curve obtained by continuous
irradiation. A slight increasing trend is seen in T(t) for t > t,, which

indicates that mechanisms 1 and 3 compensate each other. Lastly, the
case of t.= 45 s corresponds to a stage of the continuously irradiated
system beyond the minimum of T(t). In this case, T(t) increases steadily
for t > t., which indicates that mechanism 3 dominates.

In the PE neat resin system however, there is little change in trans-
mittance at any of the three cutoff points (t, =5, 10, or 45 s), as shown in
Fig. 2b. In these cases, all mechanisms are inactive for t > t,. In addition,
network shrinkage (which is a component of mechanism 3) takes place
upon crosslinking both with and without phase separation. Since in the
PE neat resin case T(t) has an insignificant change for t > t,, we conclude
that network shrinkage alone has a weak effect on T(t). This is likely due
to the fact that the neat resin is already a much more homogeneous
network than the PE 4000 system. Therefore, when further crosslinking
occurs due to activated radicals in the PE neat resin, little increase in
homogeneity is achieved. In the phase-separated network of PE 4000,
continued network crosslinking leads not only to network shrinkage, but
also to the refinement of the PPG subdomains, as discussed further in
Section 3.2, which turns out to have a greater effect on transmittance.

To demonstrate that the network continues to evolve even after the
light is turned off, real-time FTIR experiments were performed using the
same intermittent irradiation conditions as for the transmittance tests
for both resin systems. Fig. 4a shows the monomer conversion of the PE
neat resin for the continuous irradiation case and all ¢, cases considered.
The conversion increases monotonically in all cases, including in the
intermittent irradiation systems for t > t.. However, the maximum

Microstructural Refinement

Crosslinking of
Residual
Photocurable Resin

Polymer Network
[l PPG Subdomain
I PPG-rich Subdomain

Fig. 3. Schematic illustration of mechanism 3: microstructural refinement. In the phase-separated material, PPG-rich subdomains are present containing some
amount of residual uncured monomer resin. As photopolymerization progresses further, this residual resin is crosslinked with the surrounding network which results

in smaller PPG subdomains.
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Fig. 4. Intermittent irradiation real-time FTIR monomer conversion curves for various cutoffs, t., for (a) the PE neat resin and (d) the PE 4000 resin. The corre-
sponding rate of polymerization curves are shown in (b) and (e), respectively (curves shifted in the vertical direction for clarity). The rate of polymerization vs. time
fort > t. and t, = 5, 10 and 45 s, is shown in semi-logarithmic coordinates in (c) for the PE neat resin and in (f) for the PE 4000 resin. All systems are irradiated with
4.9 mW/cm? light intensity. The dotted lines designate the time at which light irradiation has ceased.

monomer conversion obtained in the systems in which irradiation is
stopped is much lower than that of the continuously irradiated system,
as expected. Fig. 4b shows the rate of polymerization (derivative of the
conversion curves, R,) over time. It is seen that most systems have
negligible rates at the times when probing is performed; an exception to
this is the t. = 5 s system. In this case, multiple small peaks in the rate of
polymerization can be seen in Fig. 4b and e (indicated by arrows) which
indicate that TPO consumption does in fact occur due to probing in this
particular system in the early stages of network development.

In Fig. 4c, the rate of polymerization is plotted vs. time for t > t, for
all PE neat resin intermittent irradiation cases. The plot shows that the
rate of polymerization decreases as a power law in time in the regime in
which no new radicals are formed, i.e. R, ~ t~9, where exponent q is
independent of t. [77]. However, as indicated by Fig. 4c and f, q is larger
in the neat resin case (g ~ —0.892) than in the PE 4000 case (¢ ~ —
0.511), which indicates slower dynamics in the phase-separated system.
The difference is attributed to the more tortuous diffusion path for free
radicals in the phase-separated microstructure.

Fig. 4d shows that a higher conversion is obtained in the PE 4000
resin relative to the PE neat resin at all light doses considered. Addi-
tionally, the small peaks in the rate of polymerization in the t, = 5 and
10 s cases are more pronounced in the phase-separated material

(compare Fig. 4b with 4e, and 4c with 4f). A greater variation of the rate
of polymerization at all probing points is seen, compared to the PE neat
resin. This observation indicates that the PE 4000 phase-separating resin
has a higher degree of TPO consumption at the probing points in all
intermittent irradiation cases. Therefore, it is concluded that the pres-
ence of phase separation induces an increased driving force for photo-
polymerization to occur in the early stages of network development,
thus causing a higher amount of TPO consumption at the probing points
(Fig. 4f) and a higher overall monomer conversion (Fig. 4d). A similar
enhancement of the conversion in the presence of phase separation was
observed in Zakrzewski et al. [75]

To better define the extent to which the short duration of exposure
during probing affects structural evolution and the transmittance curve,
we perform additional experiments with t, = 5, 10 and 45 s, but with
only one probing point att =900 s. Fig. 5 shows a comparison of the T(t)
curves obtained with intermittent probing and the T(t) curves obtained
with only one probing point for t > t., at the end of the investigated
period, for the three values of t.. The effect of intermittent probing on T
(t) is weak in the t. = 5 and 45 s cases. In these regimes, the additional
light added to the system via probing may induce further TPO con-
sumption (mechanism 2), but in the case of t. = 5 s, the effect of phase
separation (i.e. mechanism 1), is dominant, while in the case of t, =45,

100 100 100
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Fig. 5. Transmittance curves obtained by probing intermittently for t > t., as well as at t = 900 s only, for: (a) t, =55, (b) t, = 10's, and (c) t, = 45 s. All systems are

irradiated with 4.9 mW/cm? light intensity.
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the effect of microstructural refinement (i.e. mechanism 3), is dominant.
The discrepancy is more pronounced in the t. = 10 s case. The inter-
mittently probed system has a slight recovery in transmittance, while the
system probed only once, at 900 s, shows a reduction in transmittance.
The t. = 10 s case is special in that cessation of irradiation corresponds
to the minimum of the T(t) curve obtained by continuous irradiation. At
that point, dT/dt = 0, which means that the mechanisms defining the
shape of the transmittance curve balance each other exactly. In these
conditions, the system becomes more sensitive to the number of radicals
available in the network. Hence, the small amount of TPO consumption
associated with intermittent probing is sufficient to introduce a bias
favoring one mechanism or the other such to change the shape of the
transmittance curve for t > t..

The effect of varying the PPG molecular weight on the phase sepa-
ration process was studied in the same system and using continuous UV
exposure in our previous work [75]. Phase separation is not observed
when PPG with M, = 425 g/mol is used, but it is observed with M =
1000 g/mol of same concentration. The drop in T(t) becomes more
pronounced as M, increases, which indicates more pronounced phase
separation, but the overall shape of the respective function remains
identical to that shown in Fig. 2.

3.2. Morphology of phase-separated films

The size of the phase-separated subdomains is evaluated by scanning
electron microscopy (SEM) of films with surfaces treated with methanol
to remove the PPG content, as described in Section 2.3. Fig. 6a shows the
resulting porous morphologies of continuously irradiated samples at 5,
10, 45, 60, and 900 s of continuous light exposure. Minimal phase
separation is observed at 5 s of continuous exposure and hence the
etched samples have little porosity. At 10 s, the system develops a rough
morphology with structures similar to those reported in other works [39,
60,61]. At 45 s and later, the system retains the structure it has at 10 s,
but the size of the phase-separated regions is reduced. To quantify the
difference between these microstructures, we compute the coefficient of
variation (CV) of the image intensity, which represents the roughness of
the respective topology. This non-dimensional measure is shown for
each microstructure in Fig. 6. The t = 5 s system has the lowest CV of
0.350, the t = 10 s system has the highest at 0.648, and the t = 45, 60,
and 900 s systems all have a similar CV around 0.579 on average, sup-
porting the claim made above that subdomain sizes grow up to 10 s of
exposure and then shrink thereafter. This data demonstrates that the
PPG subdomain size is reduced due to the continuous crosslinking. Such

Continuous

49 mJ/cm?
t=10s

24.5 mJicm?
t=5s

) ”
74.48 mJ/cm?
t.=10s

49.98 mJlcm?
t.=5s

220.5 mJ/c
t=45s

244.02 mJ/cm?
t.=45s

Polymer 290 (2024) 126526

refinement is expected to lead to a reduction of scattering and hence
contributes to the increase of the transmittance at exposure times
beyond the minimum of the T(t) curve, therefore substantiating mech-
anism 3 (Fig. 3).

Fig. 6b shows similar images for materials subjected to intermittent
irradiation up to 900 s. It is seen that for all cases considered, t, = 5, 10,
and 45 s, the morphology closely resembles that obtained after contin-
uous irradiation for 45, 60, and 900 s as seen in Fig. 6a. The CV values
obtained for these systems also support this claim: 0.518, 0.586, and
0.526 for t, = 5, 10, and 45 s, respectively. This result also suggests that
in the intermittent irradiation systems, evidence of microstructural
refinement is seen where the subdomain sizes are somewhat reduced
and more uniform.

Volumetric contraction (shrinkage) is generally observed during
curing [67-69,74,78-81]. It is of interest to determine the correlation
between this process and the phenomena reported in Figs. 2 and 6.
Shrinkage is calculated for each resin system after 900 s of continuous
exposure and after intermittent probing for the three cutoff systems
considered (t, = 5, 10, and 45 s) using the volumetric shrinkage
equation:

VS=DB], x C x SF 3)

where VS is volumetric shrinkage, [DB]y is the double bond (-C=C)
concentration, C is the monomer conversion, and SF is the shrinkage
factor [82-85]. The resulting volumetric shrinkage as depicted in
Table 1 portrays increasing shrinkage with increased light dose supplied
to both resin systems, as expected. The more interesting factor is that the
PE 4000 resin possesses a lower amount of shrinkage in the two low dose
systems (t. = 5 and 10 s). This is attributed to the interpenetrating
PPG-rich subdomains causing a lower crosslink density to be obtained
within the network and thus, less shrinkage to occur.

Shrinkage is also monitored in the present setup by measuring the
film thickness using a profilometer. The measurement is performed after
continuous exposure of t, = 10, 45, 60, and 900 s at 4.9 mW/cm? light

Table 1
Volumetric shrinkage (%) of the PE neat and PE 4000 resins after intermittent
probing (t. = 5, 10, and 45 s) or continuous exposure for 900 s.

Irradiation Dose 49.98 (t. = 74.48 (t. = 244.02 (t, = 4410 (t =
(mJ/cm2) 5s) 10s) 45 s) 900 s)
PE Neat Resin 13.2 15.4 18.7 22.8

PE 4000 12.2 13.8 19.6 23.5

 —
m2

294 mJlcm?
t=60s

N % ..‘.—
4410 mJ/cm?
t=900s

Fig. 6. SEM of the (a) continuously irradiated and (b) intermittently probed PE 4000 resin samples. All samples are irradiated using 4.9 mW/cm? light intensity. The
total irradiation dose is reported for each image; in (b) the dose includes the contribution of intermittent probing up to 900 s of observation time. The coefficient of
variation (CV) of the image intensity is also given for each image as a non-dimensional measure of roughness.
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intensity (5 s is not shown as the film was underdeveloped and did not
provide accurate results). Fig. 7 shows that the film thickness is main-
tained until 45 s and then decreases continuously for both the PE neat
and PE 4000 resins. Interestingly, the thickness of films in which phase
separation takes place (i.e. PE 4000), is always larger than the thickness
of the PE neat resin films. This is likely because phase separation re-
stricts contraction to some extent. This also could be directly correlated
with the higher monomer conversion that is seen in the PE 4000 resin in
Fig. 4. The results in Fig. 7 agree qualitatively with those in Table 1.

According to Fig. 7, a sharp decrease of the film thickness takes place
at approximately 45 s of exposure, or a dose of 220 mJ/cm?. This irra-
diation time corresponds to the microstructural refinement observed in
Fig. 6—a stage of the T(t) curve in which mechanism 3 dominates.
Beyond this time, the crosslink density increases leading to continuous
network collapse. This increases the network homogeneity, decreases
scattering, and increases the transmittance. We infer that the rapid in-
crease in transmittance seen from 10 to 45 s in the continuous curve of
PE 4000 (Fig. 2a), is due to the increasing homogeneity of the network in
the un-collapsed state via mechanism 3. After this point, collapse begins
to occur, being fully achieved by ~300 s, causing the transmittance to
flatten out. This also agrees with the extent of monomer conversion seen
in Fig. 4d where conversion also flattens out at ~300 s. However, this
disagrees with the system studied by Kimura et al. [67] In their work, it
was found that in phase-separating PSAF/MMA mixtures, phase sepa-
ration occurred at the same time at which network shrinkage achieved
equilibrium [67]. In our case, this would be at ~300 s. But it is known
through Fig. 2 that phase separation is complete in our system at this
stage. The work of Tran-Cong-Miyata et al. [68] on the other hand,
supports our claim since their systems of PEA-AR/MMA phase separated
prior to network shrinkage.

Our data indicates that the increase in transmittance of the PE 4000
resin is due to a combination of microstructural refinement associated
with continuous crosslinking (mechanism 3) and, to a smaller extent, to
TPO consumption (mechanism 2).

3.3. Light intensity dependence of phase separation kinetics

As previously demonstrated, varying the light intensity alters the
phase separation kinetics [75]. Increasing the light intensity enables

Light Dose (mJ/cm?)

10 100 1000

130 — ——rr S
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o
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100]—8=PEA000 |
1 10 100 1000

Time, t (s)

Fig. 7. Film thickness versus light dose of the PE neat and PE 4000 resins
measured via profilometry after continuous irradiation with exposure times of
10, 45, 60, and 900 s and a light intensity of 4.9 mW/cm?.
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faster photopolymerization, but consequently, a smaller amount of
phase separation results due to partial entrapment of the polymer ad-
ditive chains. This effect of light intensity is illustrated in Fig. 8 by
comparing the reference data from Figs. 2 and 4 obtained with light
intensity of 4.9 mW/cm? with similar data obtained by using an in-
tensity of 1.3 mW/cm?.

The transmittance curves at the two light intensities of 1.3 and 4.9
mW/cm? are shown in Fig. 8a for the phase-separating PE 4000 resin.
The change in transmittance from the induction time of phase separation
to the minimum of the transmittance curve (occurring at t ~ 30 s for 1.3
mW/cm? and t ~ 10 s for 4.9 mW/cm?), is larger at the lower light in-
tensity of 1.3 mW/cm?. This indicates that phase separation occurs to a
larger extent at a lower light intensity due to the reduced photo-
polymerization kinetics, agreeing with Yamashita et al. [60] and our
previous findings [75]. The induction time of phase separation is smaller
when using the larger intensity of 4.9 mW/cm? which indicates faster
phase separation kinetics at a higher light intensity.

Fig. 8b shows the monomer conversion curves at two light intensities
of 1.3 and 4.9 mW/cm? for the phase-separating PE 4000 resin, obtained
via real-time FTIR. The lower intensity is unable to polymerize to the
same extent as the higher intensity, which is expected due to the lower
overall dose of light supplied to the system. Additionally, the induction
time of photopolymerization (denoted by the upturn in the conversion
curves), is smaller at the higher intensity of 4.9 mW/cm?. Furthermore,
the rates of polymerization shown in Fig. 8c further validate that the
kinetics of photopolymerization is much faster at the higher light in-
tensity. Moreover, the induction times of phase separation for both in-
tensities of 1.3 and 4.9 mW/cm? obtained from transmittance are
approximately identical to the respective induction times of photo-
polymerization obtained from real-time FTIR. Therefore, phase separa-
tion and photopolymerization occur simultaneously at both light
intensities considered.

In order to investigate whether the phase separation process at the
lower light intensity of 1.3 mW/cm? occurs differently than in the pre-
viously examined 4.9 mW/cm? intensity case, additional intermittent
irradiation transmittance experiments are performed. These experi-
ments are identical to those performed for the 4.9 mW/cm? case, except
the continuous exposure durations are altered due to the slower kinetics
at this low intensity, i.e. t. = 15, 30, and 105 s. After these durations, the
light is turned off and only turned back on intermittently for 0.4 s at
intervals equally spaced on a 1.5x log-scale.

In the t, = 15 s case and using 1.3 mW/cm? intensity, T(t) decreases
continuously for t > t, (Fig. 9), which indicates that phase separation
continues to develop even after light exposure has ceased. This situation
is similar to the t. = 5 s and 4.9 mW/cm? case (Fig. 2a), which corre-
sponds to approximately the same dose provided to the sample during
continuous irradiation. For t, = 30 s, which corresponds to the minimum
of the transmittance curve, for t > t., transmittance remains approxi-
mately constant, which is in qualitative agreement with the 4.9 mW/
em? case with t, = 10's. When ¢, = 105 s, T(t) shows an increasing trend
for t > t,, indicating increased network development and microstruc-
tural refinement via mechanism 3, similar to the t, = 45 s and 4.9 mW/
cm? system. Through all of this, it is seen that phase separation occurs in
mainly the same manner at various light intensities when the same dose
is provided to the sample during the continuous exposure period, t < t.
An essential difference though is that TPO consumption occurring dur-
ing probing is more significant at a higher light intensity. Further in-
formation on this light intensity variation during probing is given in
Section 4 of the SI.

4. Conclusion

In this work, the evolution of phase separation during
photopolymerization-induced phase separation (photo-PIPS) in a photo-
curable resin was analyzed by halting network development and using
intermittent irradiation probing. Transmittance tests show that during
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Fig. 8. (a) Light transmittance curves for the PE 4000 resin at two light intensities. (b) The monomer conversion and (c) rate of polymerization measured via real-

time FTIR for the PE 4000 resin at 1.3 and 4.9 mW/cm?.
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Fig. 9. Intermittent irradiation transmittance curves for the cutoff times of t, =
15, 30, and 105 s using a light intensity of 1.3 mW/cm?.

photopolymerization of our phase-separating resin, a rapid reduction in
transmittance occurs, which indicates the onset of phase separation due
to light scattering. The transmittance ultimately reaches a minimum
point at which phase separation is at a maximum, and then shows re-
covery to higher percent transmittance. To study this behavior, the
phase-separating resin was irradiated for various durations of light
exposure and then probed intermittently to allow for examination of the
system at different stages of the phase separation process. Real-time
FTIR experiments were performed to validate the significance of TPO
photoinitiator consumption (mechanism 2), at t>t,, on network
development. It was seen that at higher light intensities, intermittent
probing induces further TPO consumption, potentially changing the way
the network evolves. Light transmittance experiments in these inter-
mittent systems indicated that at the early stages of network develop-
ment, i.e. t, = 5 s, phase separation (mechanism 1), is the predominant
mechanism governing the microstructure. At t. = 10 s, mechanisms 1
and 3 (phase separation and microstructural refinement), are in balance
with one another. At t. = 45 s, mechanism 3 supersedes mechanism 1
and light transmittance increases. SEM experiments validated the
occurrence of microstructural refinement through the morphology
changes from 10 to 45 s of irradiation. Further, the film thicknesses of
continuously irradiated samples were measured via profilometry. It was
found that film collapse begins to occur after 45 s of exposure and is
complete by ~300 s. This was supported by the plateaued regions in
both the monomer conversion and continuous transmittance curves.

It is concluded that during the photo-PIPS process, phase separation

is the predominant mechanism governing the microstructure evolution
at the early stages in network development. From there, microstructural
refinement occurs as residual monomer resin within the phase-separated
subdomains gradually crosslinks with the surrounding network. This
information can be used to further understand the parameters control-
ling the resulting microstructure of materials developed using photo-
PIPS, allowing for full control on microstructural development and
material properties.
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