Open Access Article. Published on 18 April 2024. Downloaded on 4/4/2026 8:40:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Soft Matter, 2024,
20, 3854

curingf

Sabrina J. Curley

Interfacial energy as an approach to designing
amphipathic surfaces during photopolymerization

and Caroline R. Szczepanski (2 *

Received 10th November 2023,
Accepted 17th April 2024

DOI: 10.1039/d3sm01528a

Photopolymerization induced phase separation (PIPS) is a platform capable of creating heterogeneous
materials from initially miscible resin solutions, where both the reaction’s governing thermodynamics
and kinetics significantly influence the resulting phase composition and morphology. Here, PIPS is used
to develop materials in a single photopolymerization step that are hydrophobic on one face and
hydrophilic on the other. These two faces possess a water contact angle difference of 50°, bridged by a
bulk-scale chemical gradient. The impact of the PIPS-triggering inert additive is investigated by
increasing the loading of poly(methyl methacrylate) (PMMA) in an acrylonitrile/1,6-hexanediol diacrylate
comonomer resin. The extent of phase separation in the sample network depends on this loading, with
increasing PMMA corresponding to macroscale domains that are more chemically and mechanically
distinct. A significant period between the onsets of phase separation and reaction deceleration,
determined using in situ FT-IR, facilitates this enhanced phase segregation in PMMA-modified samples.
Spatially directed domain formation can be further promoted using multiple interface types in the
sample mold, here, glass and stainless steel. With multiple interface types, interfacial rearrangements to
minimize surface energy during resin photopolymerization result in a hydrophobic face that is nitrile-rich
and a hydrophilic face that is nitrile-poor (e.g., acrylate-rich). Using this strategy, patterned wettability on
a single face can also be engineered. This study illustrates the capabilities of PIPS for complex surface
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1 Introduction

Heterogeneity within the bulk volume of a polymer introduces a
complexity not attainable through solely homogeneous materi-
als, expanding the horizon of what is possible in soft matter
research. Heterogeneous polymer systems are leveraged to
increase toughness by modifying stress distributions throughout
a bulk material'™ and also to finely control gloss, antifouling,
and extreme wettabilities*® not attainable using homogeneous
counterparts. There exist a range of synthesis methods to
produce and manipulate heterogeneity in polymeric materials,
including but not limited to chemical reaction driven phase
separation’ ! and the self assembly of block copolymers.****
One type of chemical-reaction-driven phase separation is
photoolymerization induced phase separation (PIPS), where the
reaction of initially miscible components (monomers, inert
additives, etc.) causes a decrease in Gibbs free energy during
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design and in applications requiring stark differences in surface character without sharp interfaces.

polymerization, promoting phase separation. While the
reduction in Gibbs free energy during polymerization is a
thermodynamic driving force promoting phase separation, with
PIPS, the kinetics of polymerization also has a significant role,
impacting the ease at which molecules diffuse to form distinct
phase domains. As one example, if the reaction kinetics corre-
spond with a rapid onset of gelation and/or vitrification of the
network, the mobility of immiscible domains will be hindered
and phase separation can be suppressed.'® The interplay
between kinetics and thermodynamics is complex, with the
relationship between the two discussed below.

The thermodynamic driving force for phase separation is
ultimately dictated by the change in Gibbs free energy of
mixing, AGmix, Which is in turn determined by the system’s
enthalpy, AH,,ix, entropy, ASmix, and absolute temperature, T
(eqn (1)). If the free energy (AGmix) of a system is negative,
the mixture will remain in a well-mixed, single-phase state.
However, a positive AGnjx indicates that spontaneous de-
mixing of the components is thermodynamically favorable.
Enthalpic-driven phase separation occurs from a lack of com-
patibility between the mixture components, resulting in condi-
tions where there is a higher preference for aggregation of

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0003-3598-3695
https://orcid.org/0000-0001-6991-970X
http://crossmark.crossref.org/dialog/?doi=10.1039/d3sm01528a&domain=pdf&date_stamp=2024-04-23
https://doi.org/10.1039/d3sm01528a
https://doi.org/10.1039/d3sm01528a
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm01528a
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM020018

Open Access Article. Published on 18 April 2024. Downloaded on 4/4/2026 8:40:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

similar species as opposed to equal mixing of different species.
Alternatively, entropic-driven phase separation occurs from
changes in the system’s available degrees of freedom. The
number of possible distinct configurations Q available to a
system influences AGy,;, in that more configurations enables a
larger entropy, related through the Boltzmann constant kg
(eqn (2))." In a polymerizing system, the growth of polymer
chains from initial monomers gradually reduces the degrees of
freedom, decreasing S.'® AGni > 0 can be linked to the
combination of decreased miscibility between developing
species and a reduction of available macromolecular conforma-
tional states.™

AGmix = AI_Imix - TASmix [1)

S = kg In(Q) )

However, as mentioned, thermodynamic equilibrium as
dictated by AGnx is not the only determining factor on the
final morphology of phase separated polymer networks; reac-
tion kinetics also play a significant role.”®*' The evolving
physical state of a sample undergoing PIPS can constrain or
limit phase separation by impacting the mobility of reactive
species. Most significantly, cross-linking events and the intro-
duction of inert additives will influence mobility within the
system.'® Both a solution’s initial viscosity as a function of
its resin chemistry and its change in viscosity as monomer
converts into polymer result in a wide range of time dependent
viscosity environments that are possible in a polymerizing
system.”” Since the viscosity environment impacts diffusion
of immiscible species within a system, it has a direct influence
on the final microstructure formed from PIPS. Transient
changes to the local viscosity environment can be probed via
reaction kinetics, typically via characterization of overall rate of
polymerization (R;). This type of kinetic analysis can identify
the onset of diffusion-limitations during a polymerization, i.e.
the moment where the viscosity environment is such that
diffusion is limited for all reactive species. As highlighted in
previous works, resin compositions and reaction conditions
(e.g., rate of initiation) can be adjusted to tailor the final
polymer morphology attained via phase separation.>*'® For
instance, a system with a low initial resin viscosity will take
longer to reach this upper limit viscosity threshold during
polymerization, and thus can be employed to favor extensive
phase diffusion.>® Understanding the impact of the available
kinetic parameters can ultimately be a powerful tool, as manip-
ulation of reaction kinetics is one strategy to tailor PIPS to yield
diverse morphologies and phase structures, as phase separa-
tion can be halted or frozen in a non-equilibrium state.

This phase separation can come about by either spinodal
decomposition or nucleation and growth, both of which are
influenced by the thermodynamic and kinetic environment of the
developing polymer. Both mechanisms can result in a multi-
domain morphology but their associated thermodynamic stability
and deviation from equilibrium differ from one another.”***> On
one hand, the nucleation and growth mechanism follows a meta-
stable increase in domain size, while spinodal decomposition is
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inherently unstable and forms distinct domains from local
fluctuations. When considering crosslinking polymerizations,
domain development competes with the actively reacting network,
as discussed in the kinetics section. Therefore, the phase separa-
tion mechanism can be manipulated via reaction kinetics, with
slower rates allowing for a more equilibrium nucleation and
growth approach while fast rates prevent thermodynamic equili-
brium from being reached and instead favors spinodal
decomposition.'® Manipulating the mechanism of phase separa-
tion presents an approach to tailor morphology, as nucleation and
growth typically results in isolated domains within a matrix
whereas spinodal decomposition is associated with more co-
continuous morphologies.'®**

While controlling heterogeneity via phase separation
involves complex interactions between thermodynamics and
kinetics, the applications of these phenomena provide an
avenue to create and tailor exemplary compositional gradients
in materials. Such gradients can be leveraged for enhanced
mechanical properties. A number of organisms in nature
already make use of such gradients in their bodily systems
across a range of length scales, including mussel filaments
(centimeter), squid beaks (millimeter), and human teeth
(micrometer).”*° These gradients in a given mechanical
property, such as modulus or toughness, can be facilitated by
a gradient in chemical concentration.”®**" Having a chemical
concentration change gradually over a distance as opposed to a
sharp interface between the two endpoint concentrations
has the benefits of reducing stresses that can lead to fracture
as well as increasing overall toughness by preventing
crack propagation.”®*? Despite the advantages associated with
chemical gradients and heterogeneity in natural systems, there
still exist challenges in creating similar gradients on the order of
hundreds of microns in engineered materials. The majority of
research in obtaining chemical gradients via phase separation
focus largely on nanometer to micrometer thick samples.****
This limitation in length scale minimizes the benefit of such
compositional gradients in terms of stress dissipation. Prior
works have demonstrated that PIPS can be leveraged to engineer
chemical gradients in phase separating resins by providing the
relevant controls over the reaction, but such gradients have yet to
be demonstrated on larger length scales.

This study demonstrates how PIPS can be employed to
create macroscale chemical gradients in photopolymerized
materials, ultimately creating surfaces with contrasting wett-
abilities. The rapidly formed acrylate networks with inert
poly(methyl methacrylate) additions examined here develop
chemical gradients without lengthy processing procedures. By
varying the chemical component ratios and the UV curing
conditions, the resins undergo macro-scale phase separation
yielding chemical gradients spanning several hundred micro-
meters. Furthermore, spatially-directed bulk phase separation
is achieved by tailoring the interfacial energies between the
polymer resin and the sample mold configuration. This results
in a final material where the location of phase domains is
guided by the interfacial energies present between the devel-
oping polymer and the sample mold materials. Specifically, two
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different interfacial environments employed here (glass and stain-
less steel) impart hydrophobic character to one side of the formed
polymer while the other possesses hydrophilic character. This
work demonstrates the application of knowledge on thermody-
namic compatibility between chemical species and the impact of
reaction kinetics in developing phase separated polymer materials
with macroscale gradients and dissimilar chemical domains. We
develop spatially-resolved domains over large length-scales and
generate stark differences in surface character from initially
miscible resins in a single step procedure, opening avenues for
streamlining complex surface manufacture.

2 Experimental
2.1 Materials

Co-monomer formulations consisted of acrylonitrile (AN, Sigma
Aldrich) and 1,6-hexanediol diacrylate (HDDA, Sigma Aldrich),
with HDDA acting as a cross-linker (Fig. 1). In certain resin
formulations, an inert polymer additive, poly(methyl methacrylate)
(PMMA; M,, = ~120000 g mol ', Sigma Aldrich) was included to
promote phase separation during polymerization. 2,2-Dimethoxy-
2-phenylacetophenone (DMPA, Sigma Aldrich) was employed in all
formulations as photoinitiator (0.5 wt%). All chemicals were used
as received and without further purification.

2.2 Resin preparation

Resin formulations in this study contained varying weight
fractions (wt%) of components AN, HDDA, and PMMA, as
described in Table 1. In all resins, DMPA loading was held at
0.5 wt% relative to the combined weight of the other species. To
further increase the free energy in the system and promote
phase separation, PMMA was incorporated in increasing
amounts up to 20 wt%. For ease of reference throughout the
following text, sample names are listed as A,X,P,, where A
corresponds to acrylonitrile, X corresponds to the cross-linker
1,6-hexanediol diacrylate, and P corresponds to PMMA. The
subscript values indicate the weight fractions present, where
a and b are the wt% values of AN and HDDA relative to one
another within the comonomer resin, respectively, and c is the
wt% of PMMA relative to the whole resin sans DMPA.

To prepare resins, DMPA was first massed in a glass vial, and
if necessary, PMMA was subsequently added to the same vial.
These solids were then allowed to completely dissolve in the
appropriate mass of AN and HDDA following the resin formula-
tion. Haziness in the solution was not observed for any of the
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Table 1 Full compositions of resins with nomenclature

AN (wt%) HDDA (wt%) PMMA (wt%) DMPA (wt%)
Ay X3Py 69.65 29.85 — 0.50
AoX50Ps  66.17 28.86 4.98 0.50
A0X30P10  62.69 26.86 9.95 0.50
AyoXz0Ps0  55.72 23.88 19.90 0.50

samples in the monomer state, indicating good mixing
and macroscopic miscibility. After magnetic agitation for
30 minutes at ambient temperature, resins were degassed via
N, bubbling for 10 minutes prior to photopolymerization to
eliminate any inhibition effects as a result of dissolved oxygen.

2.3 Viscosity measurement

The viscosity of the 4 A,(X30P, resins at ambient conditions was
measured using a sine-wave vibration viscometer SV-10A (A&D
Company Ltd, Tokyo, Japan). For each resin formulation, 15 mL
was added to the well for measurement, with each formulation
tested three times.

2.4 Bulk photopolymerization

To investigate multiple length scales of phase separation beha-
vior using mechanical testing and surface characterization
techniques, rectangular samples were made. For these bulk
sample photopolymerizations, 1 mL of the desired resin for-
mulation was injected into a rectangular mold consisting of
glass slides (two glass substrates with glass spacers), creating
samples with approximate dimensions of 10 mm X 25 mm x
2 mm (length x width x thickness) (Fig. 2a). The glass mold
was clamped together on both ends to prevent delamination.
Samples were then immediately cured using a UV lamp (UVi-
tron, Intelliry 600) with the 365 nm intensity (I,) value at the
sample interface recorded using a handheld radiometer (Exce-
litas, OmiCure R2000 with Cure Site Detector attachment).
Exposure time was 10 minutes with I, = 0.1 W cm 2.

To investigate directionally-guided macro phase separation,
the molds used for bulk photopolymerization were modified
to introduce a difference in interfacial energies at the mold
interfaces. In these cases, bulk samples were made using a
procedure similar to that described above, however one of the
glass substrates was replaced with a stainless steel plate
(Fig. 2b). Samples were oriented so that the metal substrate
was on the bottom to allow UV light to pass through the upper
glass substrate and interact with the resin to facilitate curing.

|
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AN HDDA

PMMA DMPA

Fig. 1 Chemical structures of species included in resin formulations (left to right): acrylonitrile (AN comonomer), 1,6-hexanediol diacrylate (HDDA —
crosslinker), poly(methyl methacrylate) (PMMA — inert additive), and 2,2-dimethoxy-2-phenylacetophenone (DMPA — photoinitiator).

3856 | Soft Matter, 2024, 20, 3854-3867

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm01528a

Open Access Article. Published on 18 April 2024. Downloaded on 4/4/2026 8:40:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Glass
Slide

View Article Online

Soft Matter

Steel
Metal

Fig. 2 Two mold geometries were utilized in curing the resins to manipulate surface energy gradients. One geometry consisted completely of 1 mm
thick glass slides (a) and in the other, a stainless steel plate replaced the bottom face (b). In both geometries, resin was injected into the open cavity left by
the glass slides, and all polymerizations proceeded upon exposure to 0.1 W cm™ irradiation of 365 nm light for 10 minutes.

2.5 Dynamic mechanical analysis (DMA)

Thermo-mechanical properties of polymerized specimens without
PMMA were assessed using a dynamic mechanical analyzer (DMA,
TA Instruments, Discovery DMA850). Samples were measured in a
three-point-bending configuration, with 15 mm between the outer
points. An initial preload force of 0.01 N was selected, with a
20.0 pm amplitude and 1.0 Hz frequency selected for the duration
of the run. A temperature ramp of 5.0 °C min~ ' was employed to
scan over a range of 20 °C to 200 °C. To ensure that residual,
unreacted monomer in the photocured samples did not influence
the collected data, all specimens were annealed for 1 hour at
150 °C prior to analysis. The annealing temperatures was chosen
based on the reported T, of poly(acrylonitrile) in the range of 75 °C
to 105 °C.>>*°

2.6 Raman spectroscopy

To better characterize chemical gradients, cross sections of
polymerized samples were imaged using Raman spectroscopy
(Horiba Jobin Yvon LabRAM HR). 2D chemical mapping of the
cross sections allowed for confirmation of optically-observed
phase separation. After an initial Si calibration, scans at 10x
magnification were carried out over a 0.5 mm x 2.0 mm
mapping area. A 785 nm laser was used with a 750 nm grating
to excite the sample. Spectra were collected along a 25 x 100
point grid, collecting a total of 2500 data points. 2D maps were
generated based off of the nitrile C=N functional group peak
at 2250 cm ™, present only where polyacrylonitrile has formed
in the sample. Raman mapping of the sample cross section was
performed by stitching together multiple screening areas to
compile the whole observed area.

2.7 Small angle X-ray scattering (SAXS)

To check for nanoscale phase separation, 5 mm diameter,
0.5 mm thick sections were taken from bulk rectangle samples
after curing to collect small angle scattering data (12-ID-B
beamline, Advanced Photon Source, Argonne National Lab).
The incident X-ray beam used was set at 13.3 keV (1 =
0.935 angstrom). The sample/detector distance was 2.1 m for
all measurements, corresponding to a range of scattering wave
vector (g) of 0.003-0.9 A™". A two-dimensional (2D) Pilatus 2 M
detector was used. The scattering angles were calibrated
with silver behenate and the absolute scattering intensity was
determined from a glassy carbon standard. Polymer samples
were secured to a solid sample plate using clear tape. SAXS

This journal is © The Royal Society of Chemistry 2024

measurements were taken of the clear tape by itself to provide a
spectrum for background subtraction to yield the polymer
material spectra. The corresponding d-spacing was calculated
by taking the inverse of ¢ and multiplying by a factor of 2m.

2.8 Real time Fourier-transform infrared spectroscopy (FT-IR)

Real time Fourier-transform infrared spectroscopy (FTIR, Thermo-
Nicolet, Nicolet iS50) was employed to monitor real-time photo-
polymerization kinetics of select formulations. For in situ
photopolymerizations, the desired formulation was injected into
a rectangular mold comprised of glass slides with a spacer of
0.1 mm thickness. The molds were designed to limit atmosphere
exposure during testing; the glass slides were clamped together
to prevent delamination. Samples were placed in the sample
chamber with a UV light source (EFOS Ultracure 100ss Plus,
A ~ 320-500 nm) equipped with a flexible light guide directed
to irradiate the sample area (I, = 0.01 W cm~ > measured at sample
surface), to enable simultaneous UV exposure and collection of
FTIR spectra. All samples were angled to ensure that the incoming
UV light was perpendicular to the specimen while maintaining
transmittance of the IR beam. This was done to mitigate the
cosine error associated with light intensity experienced by non-
perpendicular surfaces, where the intensity experienced at the
surface decays as a Lambertian function with an increased change
in the incident angle.”” The FTIR sample chamber was kept
dark throughout the experiment by folding thick absorbent pads
over the opening. Real-time conversion curves were generated by
monitoring the integral area between 6100 cm ™" and 6240 cm ™",
corresponding to the C—=C vinyl peak at 6165 cm ™.

2.9 Contact angle measurements

The wettability of sample surfaces was characterized via water
contact angles () measured using a goniometer (Kruss, Drop
Shape Analyzer - DSA30). Prior to measurement, each side of
the sample was washed with water for cleaning and gently
wiped with a Kimwipe to dry. Contact angle values were
calculated from a 2.0 pL sessile drop mechanically deposited
by syringe. 5 images were collected per drop, and 5 drops were
measured across the sample surface to obtain an average value.
Contact angles were measured using an ellipse-tangent fit
between the drop and surface. Surface energy values (y) were
calculated using the OWRK model pairing the water contact
angle with a toluene contact angle to calculate polar and
disperse contributions.*®

Soft Matter, 2024, 20, 3854-3867 | 3857
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Surface free energy of initial comonomers were character-
ized using the pendant drop method, where 6.0 uL of monomer
liquid was suspended from the deposition needle and calcu-
lated from the drop’s shape factor.

3 Results and discussion

Phase separation in the 70 wt% acrylonitrile 30 wt% 1,6-
hexanediol diacrylate system with increasing poly(methyl
methacrylate) additions (denoted as A,(X30P.) was robustly
investigated using optical (macro-imaging), thermomechanical
(DMA), surface (contact angle), and spectroscopy (Raman,
SAXS) characterization techniques. Combining the performed
analyses enabled assembly of a full picture of PIPS. This
determined how domain formation and its manipulation can
be utilized to establish stark chemical gradients over large
length scales using rapid photopolymerizations.

View Article Online
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3.1 PIPS system domain structures as a function of PMMA loading

To ensure that the PIPS observed in the platform studied here is
due to the increase in entropy via addition of the inert pre-
polymer (PMMA), it was necessary to first ensure that the base
copolymer matrix (AN:HDDA) formed a single-phase network.
With this design, a homogeneous control (AN:HDDA network)
is easily defined and the proclivity for phase separation is
tailored via PMMA addition. It should be noted that crosslinked
networks formed via free radical polymerization have an intrin-
sic degree of heterogeneity in their structure.***° The hetero-
geneity arises from the mechanism of nanosized gel formation,
clusters of which form quickly after radical initiation. These
local variations in network structure are different than discrete
domains formed via phase separation observed in PIPS sys-
tems, and typically differ in length scales (nano vs. micro scale
domains).

Ultimately, the A;,X30P, comonomer system was chosen as
the base formulation as it does not undergo phase separation

Increasing PMMA Fraction
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Fig. 3 By increasing the PMMA loading in the A;oX30P. system, the phase separated domains increase in size until reaching the macroscale. Bulk samples
have a stark change in morphology (top row) with increasing PMMA fraction, starting with the transparent A;oX3oPo (ai) which transitions to contain an
opaque white phase in samples A;oX30Ps (bi), A70X30P10 (Ci), and A7oX30P20 (di). Raman imaging confirms that the macroscopic observations are related to
phase separation. Bright red regions indicate high concentrations of nitrile functional groups. In A;oX30Po (aii) and A7oX30Ps (bii), the uniform bright red
throughout the entire cross section indicate domains rich in poly(acrylonitrile), containing a nitrile intensity of 50 or higher. A7oX30P10 (cii) and A70X30P20
(dii) have domain segregation, with the regions of highest nitrile concentration located within the sample interior. These latter two samples exhibit lower
total nitrile concentrations than the two former. All Raman analyses were conducted with the scanning laser perpendicular to sample cross-sections (e).
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during polymerization (e.g., A;¢X30P, forms a random copolymer
network). This selection of comonomer system was determined
by investigating the photopolymerization behavior of a series
of AN:HDDA copolymers (e.g., AX,P,) consisting of 5 wt% to
100 wt% HDDA. The visual opacity of each copolymer
network was used as an initial indicator for microscale phase
separation®*' (Fig. S1, ESIT). From this analysis, it was clear that
an HDDA loading of 30 wt% (e.g, A;oX30Po) presented the
smallest fraction of crosslinker that did not have associated
phase separation of the copolymer network.

Specifically, A;0X30Po samples were fully transparent after
curing at I, = 0.1 W em ™2, indicating a lack of phase separation
at a domain size larger than the wavelength of the interacting
visible light>*" (Fig. 3ai). Furthermore, thermomechanical
characterization via DMA testing revealed a single, symmetric
peak in the tand profile, indicative of a well-mixed homopoly-
mer network with a single glass transition temperature (T, =
110 °C, Fig. S2, ESIt). This T, confirms that the base copolymer
network is glassy at ambient conditions. Consistent with prior
works highlighting nanoscale heterogeneities in networks
formed via free-radical polymerization,>**° some domains
between 70 and 100 nm in size are observed in the A,y X;,P,
system via small-angle X-ray scattering (SAXS) Fig. S3 (ESIT).
These local fluctuations in sample density are in line with
previous descriptions of this behavior.**

As demonstrated in prior works,*>** the addition of an inert
additive to a polymerizing resin can increase the viscosity
environment, thus limiting reaction kinetics, while also mod-
ifying free energy conditions to promote phase separation.
Implementing a similar design, in this study PMMA was
employed as an inert additive based on its miscibility with
the comonomers investigated (AN and HDDA), ensuring a
stable and homogeneous precursor resin that does not phase
separate prior to polymerization. PMMA loadings of 0 wt%,
5 wt%, 10 wt%, and 20 wt% were explored (i.e., A;oXz0Po,
A;0X30P5, A70X30P10, and A;oX30P,0). The influence of PMMA
on the viscosity of the precursor resins was characterized to
better understand the starting conditions for each formulation
(Table 2). Unsurprisingly, viscosity increases with increased
PMMA loading, resulting in a viscosity range from 0.66 mPa s
for the comonomer control (A;oX30P,) to 45.1 mPa s at max-
imum PMMA loading (A;0X3z0P20)-

The integration of PMMA also impacts the compositional
gradients that arise after photopolymerization, as depicted in
Fig. 3. All resins were polymerized with standardized UV
irradiation of 0.1 W cm ™2 for 10 minutes. The compositional
gradients that arise in PMMA-modified formulations, despite
the initial precursor formulations being macroscopically

Table 2 Viscosity of uncured resins

Viscosity (mPa s)

A70X30P0 0.66 + 0.03
A70X30P5 1.61 + 0.03
A70X30P10 5.64 4+ 0.06
A70X30P20 45.1 + 0.3

This journal is © The Royal Society of Chemistry 2024
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homogeneous, confirms that PIPS occurs in this system. After
photopolymerization, the control A;,X;30P, sample is macrosco-
pically homogeneous with yellow-tinted transparency (Fig. 3ai).
Initial addition of PMMA (5 wt%, e.g. A,(X30P5) changes the
sample appearance dramatically. A;oX3oPs is defined by a
chalky, opaque white phase that is uniform throughout the
macroscopic volume. Increasing the PMMA loading to 10 wt%
(A70X30P10) results in a marbling appearance (Fig. 3cii). At this
loading level, the sample is no longer uniform in appearance,
indicating that distinct macroscale domains have formed, how-
ever, their spatial distribution is irregular. The transparent,
yellow-tinted domains appear like those observed in the control
comonomer sample and the opaque white domains appear like
those observed in A;pX30Ps. The maximum PMMA loading
studied here, (e.g., 20 Wt%, A;oX30P,) resulted in full phase
separation, consisting of an exterior, yellow-tinted transparent
region and an interior opaque white region (Fig. 3dii). The
structure after polymerization of A;oX30P, is of particular inter-
est, as stark phase domains on the macroscale have yet to be
reported in rapidly-forming, glassy phase-separated materials.

Analyzing the cross-section of the samples in Fig. 3 revealed
that the opaque domains (observed in A;oX30Ps5, A70X30P10 and
A;0X30P20) had a rough, powdery texture similar to chalk.
Meanwhile, the translucent domains (observed in A;oX30Po,
A;0X30P10 and A;oX30Py0) were glassy, hard, and smooth with
no discernible texture. This noted rigidity in the translucent
domains and lack of such in the opaque domains indicate a
difference in the relative degree of crosslinking present in those
domains of the sample. Additionally, based on light scattering
interactions, the opacity of the powdery region indicates a
degree of microscale phase separation is likely occurring within
these domains. These observations signify that two scales of
phase separation occurring within a single sample: macro- and
microscale.

Raman spectroscopy confirms the suspected compositional
gradients made from optical observation of the A,X30P, samples
with varied PMMA loadings, particularly on the macroscale. 2D
maps of the nitrile content were constructed from the exposed
cross section of each sample (Fig. 3e), enabling classification of
macroscopic domains as nitrile-rich or nitrile-poor. The nitrile
functionality was chosen for mapping since it is a functional
group unique to the acrylonitrile (AN) monomer within the resin
system. In the Raman maps, regions with bright red indicate
domains rich in poly(acrylonitrile) and thus dark regions corre-
spond to domains with relatively lower local concentrations.
A;0X30Po and A;¢X30P5 samples exhibit uniform concentrations
of the nitrile group distributed across the entire sample volume
(Fig. 3aii and bii). It is of note that though there are similar
concentrations of C=N throughout these two samples, they
have very different optical appearances, transitioning from com-
pletely clear to opaque with the initial addition of PMMA, which
may indicate microscale variations within the sample volume.
With higher PMMA loadings in A;¢X30P10 and A;¢X3oP,0, more
distinct chemical segregation is apparent from the Raman maps.
The dramatic interior/exterior bulk phase separation noted in
A;0X30P,0 is verified to consist of two bulk domains with varying

Soft Matter, 2024, 20, 3854-3867 | 3859


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm01528a

Open Access Article. Published on 18 April 2024. Downloaded on 4/4/2026 8:40:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

nitrile content (Fig. 3dii). The interior has a higher local concen-
tration of nitrile groups and it is thus assumed that the acrylate
species preferentially migrate to the glass mold interface.
Additional experiments discussed in the next section leverage
this observed chemical segregation to explicitly direct where
domain formation occurs by changing the mold configuration
used during curing.

Chemical segregation on a macroscopic length scale, as
observed in Fig. 3d for the A;oX;0P, system, is of particular
note since prior studies have emphasized phase separation-
driven polymer morphologies in submicron systems, primarily
thin films with thicknesses less than 0.1 mm."******* Within
these submicron examples, the difference in interfacial ener-
gies during fabrication, such as glass vs. exposed atmosphere,
allows for a steep chemical gradient due to the extremely small
distance between the two employed interfaces. For example,
Vitale et al.®® demonstrated stark contrast in wettability on
differing faces of photopolymerized films (10-200 um) due to
the segregation of siloxane oligomers throughout the film
thickness. The results in Fig. 3 highlight how similar guiding
principles, e.g. variations in surface energy, can be leveraged in
larger samples, with thicknesses on the order of 10® pm.
Specifically, the two prominent domains observed in
A;0X30Ps0, nitrile-rich interior and nitrile-poor exterior, are
visible to the eye without the need of microscopy. Leveraging
PIPS allows this patterning to span a sample volume of multi-
millimeter thicknesses, which has yet to be highlighted.

The observed macroscale phase segregation, particularly at
higher PMMA loadings (e.g., A;oX30P20) is significantly influ-
enced by the kinetic environment. Specifically, macroscale
phase separation is enabled by a decreased polymerization rate
and delay in autodeceleration, predominantly due to the addi-
tion of the inert PMMA additive, which can be tracked via FTIR
spectroscopy (Fig. 4). Real-time kinetic data including extent of
double bond conversion and overall polymerization rate (R,),
which is taken as the first derivative of the conversion data,

100+

Conversion %

Time (min)
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were characterized for both the control comonomer matrix -
A;0X30Pp, and the A;oX30P,o resin with macroscale phase
separation. In this analysis, R, was normalized by initial double
bond concentration to account for the reduction in overall
concentration of double bonds within the polymerizing system
due to the introduction of inert PMMA. In the control como-
nomer resin A;oX3oPo, an initial sharp increase in double bond
conversion, and thus an associated increase in R, is observed
throughout the first 1.5 minutes of polymerization. After this
period, R, decreases for the remainder of the reaction and the
double-bond conversion eventually plateaus at approximately
90% (solid black series, Fig. 4b). This is consistent with auto-
acceleration behavior of free-radical photopolymerizations.
Analysis of PMMA-modified resins (e.g., A;0X30Py0, dashed blue
series Fig. 4) reveals a similar period of increasing R, during
the first minute of UV exposure. However, after 1 min the R,
behavior of A,X;0P, and A,,X50P20 Ultimately,
A;0X30P;0 has a longer period of autoacceleration (e.g., increasing
Rp); an overall decrease in polymerization rate is not observed
until much later (roughly 2.2 min) (Fig. 4b). This onset of
autodeceleration, e.g. the period during the reaction where R,

deviates.

steadily decreases, provides critical insight on diffusivity within
the reactive medium. At the onset of autodeceleration, diffusion
of all reactive species is significantly hindered, which manifests
as a steady decline in observed reaction events.

Taking the maximum in R;, as the onset of deceleration,
we estimate this transition occurs at 1.7 and 2.2 minutes after
initial UV exposure for the A;oX3oPy and A;oX30P,o resins,
respectively. This delay in onset of viscous and diffusive limita-
tions within the reactive medium supports the stark phase
segregation observed in Fig. 3d; there is ample time for phase
separating domains to diffuse within the bulk system to mini-

45,46

mize free energy prior to becoming kinetically trapped. It is
important to note that the free-radical photopolymerizations
employed here are exothermic in nature, impacting the mor-
phology by both decreasing viscosity, which improves diffusion

[y
o
]

— A70X30P0
=== AroX30P20

b.

Normalized
Polymerization Rate (%/min)

Time (min)

Fig. 4 The reaction kinetics for A;oX30P. systems are characterized by monitoring the disappearance of the C—C bond peak at 6165 cm™t for the
duration of the 0.1 W cm™2 UV cure (a). A sharp Sshaped curve is observed in the Conversion % vs. time plot for A7oXzoPo. Addition of PMMA in the
A70X30P20 resin results in a slower reaction. The curve shape is consistent with autoacceleration behavior characteristic of the acrylate crosslinker used.
The rate of polymerization (Ry) is obtained by taking the derivative of the Conversion % plot with respect to time, and the rate is normalized by the initial
C=C concentration (b). The maximum polymerization rate is reached earlier for the non-PIPS control resin, which also has a larger observed rate
maximum. The overall rate is halved for A;oX30P»0, and the rate maximum and onset of deceleration occurs later in the reaction timeline.
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of components, and increasing mixing through the inverse
relationship of temperature with the Flory-Huggins mixing
parameter. The thermal evolution for select resins was char-
acterized during curing and confirms the exothermic nature of
the polymerizations (Fig. S4, ESIT). However, the results also
highlight that a larger exotherm evolves in the control resin,
A;0X30Py, which experiences a larger maximum temperature
(Tmax) during polymerization initiated by incident irradiation of
0.1 W cm ™2 If phase domain formation was merely dictated by
changes in the viscosity and the associated impact on diffusiv-
ity of immiscible domains in a polymerizing resin, one would
expect a higher exotherm in samples with distinct, macroscale
phase domains (e.g. PMMA-modified samples). However, since
a larger exotherm arises in the non-phase separated control -
A;0X;30Py, it is clear that other factors, including the evolution of
R, plays a significant role. It is difficult to fully resolve the two
competing factors of viscosity and thermodynamic mixing
(Flory-Huggins parameter) when considering the influence of
temperature generated by the reaction, especially given that the
Flory-Huggins parameter is also constantly changing due to
propagation and termination events that impact molecular
weight of resin constituents.

It is expected that other phase separating resins, i.e. A7oX30P5
and A;oX30P10, also have a delayed onset of autodeceleration.
However, this was not probed directly as the phase separation
in A;0X30P5 and A;¢X30P10 resins resulted in samples that
become IR opaque, thus giving only partial in situ FT-IR
conversion curves (Fig. S5, ESIt). Cessation of IR transmission
indicates the formation of domains capable of scattering IR
irradiation. For both A;oX30P5 and A;¢X30P;0 samples, the IR
signal from the measured 1620 nm wavelength (corresponding
to the C=C vinyl peak at 6165 cm ') stops approximately
1.4 minutes after initial UV light exposure, indicating that
phase separation is ongoing at least by 15% conversion
(Fig. S5a, ESIT) This is important, as it indicates that phase
segregation on the microscale is ongoing prior to any obser-
vable onset of autodeceleration (e.g., decrease in R;,). An impor-
tant distinction here is that phase domains of size below this
threshold likely form at earlier timepoints in the reaction, but
are not fully detected with this specific wavelength of irradia-
tion. Even though complete, dynamic in situ FTIR measure-
ments were not possible for A;yX3oPs and A;(X30P;0, the extent
of conversion for these two systems can still be estimated via
gravimetric analysis. In brief, cured samples were placed in
toluene for 2 days and dried, and the associated change in mass
was recorded (Table S1, ESIt), yielding 75% and 71% conver-
sion, respectively. This was also performed for the A;,X;30P, and
A;0X30P50 resins, with final conversions matching those
recorded from FT-IR (Fig. 4). The non-monotonic nature of
these extents of conversion is related to the viscosities of the
A;0X;30P, resins. Formulations with higher initial viscosities
enhance autoacceleration and thus enable higher extent of
conversion, which is observed with A,(X3,P,, (Table 2).

To address the impact of this developing opacity on the
photopolymerization, and it’s associated impact on the resulting
phase domains, PIPS resins were optically monitored throughout

This journal is © The Royal Society of Chemistry 2024
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curing with subsequent video analysis in Image] to relate opacity
and polymerization rate (Fig. S6, ESIt). For samples A;oX3,P, and
A70X30P50, it has already been established that R, is roughly the
same at the beginning of the polymerization and these two curves
do not deviate until after 1.1 minutes of UV exposure (Fig. 4b).
However, characterization of the optical evolution during poly-
merization reveals that the onset of optical opacity for A;,X3oP20
occurs between 0.28 and 0.35 minutes (a similar onset in opacity
is observed for A;oX;30Ps and A;oX30P1,, see Fig. S6, ESIT). Since R,
evolution does not deviate between the control comonomer
system (A;0X30P,) and samples undergoing PIPS (such as
A70X30P50) during this initial period of increasing opacity (first
1.5 mins of polymerization), we conclude that the opacity is not a
significant hindrance on the photopolymerization of these resins.
Furthermore, given the rapid onset of opacity (e.g. slope of the
absorbance data at the onset of opacity), we suspect that phase
separation arises from an unstable state and follows the spinodal
decomposition mechanism. This data does not point to a steady
and consistent growth of scattering domains that would be
expected from a nucleation and growth process.

To determine the influence of PMMA addition on the free
energy state of each of the PIPS resins, theoretical estimates of
each systems’ AG;x was performed (Table S2 and Fig. S7, ESIT).
This was achieved by calculating the derivative of AGp,ix from
(eqn (1)) at multiple points throughout the polymerization using
estimations provided by the energy of cohesion for the developing
molecules, with further details found in the Supplemental.*’>°
The difference in AGI'nix between the A,(X;,P, resins is minimal
when tracking the changing favorability for phase separation,
particularly at high degrees of polymerization. Given that mole-
cular weight builds rapidly in free-radical network polymeriza-
tions, the observed similarities in AG,; further emphasizes that
the kinetic environment is a determining factor in the phase
morphologies observed here.

3.2 Guiding domain formation though use of glass and
steel molds

The phase separation behavior probed thus far uses glass as the
surrounding mold, which results in nitrile-rich domains
migrating towards the center of the sample. This migration,
which reduces the contact between nitrile-domains and glass,
becomes more significant with increasing PMMA loading (wt%)
due to the reduced polymerization rate (Fig. 4b). To further
explore the phase domain length scales possible from interface-
driven phase segregation, curing molds were delibrately mod-
ified to have significant variations in surface energy within the
mold geometry. Specifically, one substrate was modified to be a
steel metal plate (Fig. 5a). This produced two types of inter-
faces: glass against resin and metal against resin.

With this modification, directional segregation during the
photopolymerization process driven by the surface energy
imbalance from the two different mold materials was leveraged
to design particular compositional gradients. With two differ-
ent interfaces present, one resin/glass and the other resin/
metal, the final morphology adopted by a resin undergoing
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Fig. 5 Preferential segregation of resin constituents is possible using substrates of differing surface energy, such as glass and stainless steel (a). After

photopolymerization of A;oX3oPs samples (0.1 W cm™) in this configurat

jon, a 2D Raman map (b) reveals that nitrile functional group containing

polymers preferentially migrate to the metal interface, leaving the majority of the acrylate-containing regions at the glass interface. This results ina 2 mm
thick sample with two faces of different chemical character. (c) The gradual change in the nitrile intensity occurs over a 500 um region between the

maximum and minimum values, one quarter of the total 2 mm thickness.

PIPS minimizes the interfacial free energy at both faces (Fig. 5b
and c). This is demonstrated by the polymerization of A;(X3(Ps
in this configuration, where the separate mold materials
further promote phase segregation and drive macroscale phase
separation. This is in stark contrast to that observed during
polymerization of A;oX30P5s within a uniform curing mold
(Fig. 3b). In the new configuration, the nitrile-rich domains
are preferentially located near the metal interface (Fig. 5b),
compared to being positioned in the center of the sample when
only glass was used in the molds. This introduction of multiple
interface types in the mold configuration serves as an addi-
tional driving force to promote phase separation.

This long-range phase segregation, which was not possible
for the A;(X30P5 sample when cured in a uniform glass mold, is
achieved through deliberate selection of the mold materials.
Specifically, incorporating a contacting mold surface with a
characteristic surface energy can direct segregation of phase
domains to minimize overall free energy.’"*> The surface
energies (y) of the two substrates (glass and steel) are suffi-
ciently distinct, and they can be quantiatively determined using
the OWRK model from water and toluene contact angles (6)
(eqn (3)).*® With this approach, a linear regression is used to
calculate the polar (y°) and dispersive (y%) parts of the total
substrate surface energy using two reference liquids (water and
toluene) with known polar (yF) and dispersive (y{) components.
Using this method, untreated glass had a y of 72.4 mJ m >, and
the stainless steel a y of 36.0 mJ m™~? (Table 3). These 7y values

Table 3 Substrate contact angle (water 0,, and toluene 0y) and surface
energy measurements (total surface energy 7, polar component 7P, and
dispersive component )

7P ¥

7
Substrate (Mm? (mm? (mm?

0w () 0c ()

9.8+ 05 9.8+14 72.4+0.6 443 £04
68.0 £59 9.8+ 43 36.0£6.7 17.8+£5.1

28.1 £ 0.2
18.2 £ 1.6

Plain glass
Stainless
steel

3862 | Soft Matter, 2024, 20, 3854-3867

are consistent with previous reports (Fig. S8, ESIT).>*™® The
ratio between polar and dispersive components for the stain-
less steel and glass substrates are rather similar, with the
greatest difference between these two substrates being the total
net surface energy value. As such, the significant difference in
total net surface energy suffices in driving phase segregation,
not the specifics of polar vs dispersive character.

7L(1 4 cos(0)) n
T = P x [y
Ve ¥

24/

(3)

Given the surface energy calculations (Table 3), the compo-
sitional gradients observed in the A;,X3,P5 sample (Fig. 5) are a
result of minimizing system energy through selective migration
of lower energy moieties to lower energy interfaces and likewise
for higher energy moieties to higher energy interfaces. This
phenomenon has previously been explored in both thin films
from polymer melts and thin films from ongoing polymeriza-
39-1 Directing phase separation in each of these
scenarios is accomplished via deliberate selection of polymer
components and substrates used for forming the thin film. By
using different monolayer coatings of a substrate, researchers
Genzer and Kramer could switch which of two polymer phases
migrated to a substrate face depending on which polymer/

tion reactions.

substrate monolayer combination minimized interfacial free
energy.”® These cited examples use the interplay between
minimizing interfacial free energy and mixture phase separa-
tion to predict a polymer system’s final morphology.

Here, nitrile groups migrating to the steel substrate while
acrylate groups migrate to the glass substrate can be explained
by the monomer surface energies relative to the two available
mold interfaces. Pendant drop analysis of the individual mono-
mers recorded y of 9.5 mJ m~? for AN and 7 of 26.4 mJ m™ 2 for
HDDA (Table 4). The lower energy AN monomer selectively
diffuses to wet the lower energy metal substrate while the
higher energy HDDA selectively diffuses to wet the higher
energy glass substrate, forming a depthwise gradient in nitrile

This journal is © The Royal Society of Chemistry 2024
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Table 4 Surface free energy measurements of resin comonomers

Comonomer 7 (mJ m™?)
AN 9.5 £ 0.2
HDDA 26.4 £ 0.5

composition. The established chemical gradient also results in
a mechanical gradient between the two sample faces. From
characterization of the phases in Fig. 3, the nitrile-rich domains
have a lower local modulus than the acrylate-rich domain. The
acrylate crosslinker forms a more rigid network at the glass
substrate interface compared to the monofunctional nitrile
monomer. Compared to the results highlighted in Fig. 3, here
a stark compositional gradient is achieved with a reduced inert
additive loading (A;(X30Ps) due to the influence of the differing
surface energy environments imparted by the mold materials
(steel and glass). This is important, as it broadens the range of
resin compositions over which macroscale, stark gradients can
be achieved. Furthermore, the gradual chemical gradient
accompanied with a gradual modulus change (e.g. variation
in cross-linking density) has potential benefits in applications
where biomimetic stress dissipation is desired.

3.3 Tuning surface wettabilities as a function of PMMA
loading

Introducing a mold interface with distinctly different surface
energy from glass, such as metal explored here when curing
A;0X30P, resins, drives the opaque nitrile-rich phase to the
metal surface and the transparent nitrile-poor phase to the
glass surface. In addition to the compositional gradients
afforded by this design (Fig. 5b), this segregation also results
in differing wettabilities on each face. As highlighted in Fig. 6,
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the measured contact angles of sample surfaces varied based
on both the PMMA wt% loading and the surface energy of the
mold interface (e.g., glass or metal).

The control homopolymer network, A;,X;0,P, had a consis-
tent water contact angle of 57° measured on both faces of the
sample. Given that no macroscale phase separation occurs in
this resin formulation, a uniform contact angle on all sample
faces is not surprising. As PMMA is introduced to the resin
system, a stark difference in wettability between the two sample
faces emerges. The nitrile-rich phase of A;,X3,Ps had a water
contact angle of 106° while the nitrile poor phase had a water
contact angle of 53°. The two surfaces here straddle the transi-
tion from hydrophilic to hydrophobic behavior. A higher PMMA
fraction in A;¢X30P;0 drops the recorded contact angle values,
reducing the metal side by ~20° and the glass side ~30°
relative to A;(X30Ps. Increasing PMMA loading beyond 10 wt%
in A;X30P,0 does not appear to change the contact angle values
significantly compared to the previous additions of PMMA.
A;0X30P5 possessed the most hydrophobic surface within the
formulations explored.

Building upon this behavior, macroscale wettability design/
patterning is possible via select application of steel plate
sections on a glass substrate. This enables a single face of a
sample to exhibit spatially-dependent wettability. Both hydro-
philic and hydrophobic character can be imparted onto a given
surface depending on the initial arrangement of the metal as
depicted in Fig. 7. This mold arrangement illustrates that the
phase separation in A;X30P, is not limited to the z-direction
depth, rather, discrete regions of a given face can have differing
wettabilities.

The addition of PMMA produced a significant contact angle
difference of ~50°-60° between the two sample surfaces in the
A;0X30P. PIPS systems. While changing the PMMA loading

120+
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€ g0 A500 2
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Fig. 6 Chemical gradients arising from phase separation driven by intrinsic differences in substrate free energy results in an extreme difference in
contact angles of the two sample faces. In the non-phase separating control A;oX30Po, the difference in surface energy of the two substrates did not
impact the surface contact angle as it was equivalent on all faces of the sample (57°). With the introduction of PMMA and phase separation, stark contrasts
in wettability are observed, with the interface contacting metal adopting a more hydrophobic character (and the glass interface hydrophilic). The metal-
contacting surface of A;oX30Ps possessed the most hydrophobic behavior within this set of resin formulations. A slight decline is observed with increased
PMMA loading as the contact angle for the metal interface dips below 90°. This reduction is also present on the glass interface, dropping from its initial
57°to 23° with increased PMMA wt%. Both of the two main sample surfaces trended towards the surface character of the mold substrates with increasing
PMMA loading.
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Fig. 7 Surface energy gradients can be utilized to create local variations across a single interface, expanding potential future applications of using metal
as a way of patterning wettability in polymer materials. This has been illustrated by creating striped line design using metal ribbons arranged in parallel on
the bottom glass substrate before assembling the mold (a). After curing, phase segregation in the A;oX3oP. sample here is not merely in the z-direction,
but can be selectively engineered to guide chemical domain formation across a single surface (b).

appears to shift the absolute value of the contact angles of the
faces in contact with the glass and metal substrates, a similar
difference between the two values is maintained. This demon-
strates an opportunity to move the absolute values of the high
and low contact angle values without sacrificing the distinct
contrast in wettability between domains, maintaining a large
window between the two faces. Increasing concentrations of
PMMA lead to contact angles that trend towards the intrinsic
contact angles of the glass and metal substrates, a phenom-
enon noted in literature focused on interfaces of polymer melts
cast against different mold materials.**

From the contact angle behavior observed in Fig. 6, a
balance is observed between introducing PMMA to induce PIPS
and the associated decrease in the fraction of copolymer net-
work in the overall formulation based on this modification.
Specifically, higher PMMA loading increases the thermody-
namic driving force for phase separation, however this comes
at the cost of available nitrile content per volume. It is estab-
lished that phase separation of the A;oX;0P, resins yield che-
mically distinct domains. Furthermore, the specific
compositions and concentrations of these domains depends
on the PMMA loading fraction, as highlighted in Fig. 3e-h.
Given that the nitrile-rich domains are responsible for the
sample’s hydrophobicity, the variable composition of the
nitrile-rich phase as a function of PMMA loading conditions
results in variable wettability. Increased PMMA loading leads to
nitrile-poor domains having a greater composition of
unbounded free polymer chains. The increase in free polymer
chains facilitates an increased ability of the nitrile-poor domain
to reorient chains and side groups to better match the surface
of the mold material, resulting in differing wettability (Fig. 6).
Polymer rearrangement at different interfaces has been docu-
mented in previous literature to have a significant impact on
the final surface character for a given sample.*>** A relevant
example of this from Chihani et al. shows how the melt of a
random copolymer containing both polar and non-polar func-
tional groups had different ways of arranging itself at the
interface depending on the polar character of said interface.

The ability of polymers present at the resin/mold interface to
reorient in an attempt to increase compatibility between the
sample and mold is supported by contact angle measurements

3864 | Soft Matter, 2024, 20, 3854-3867

taken 2 months after sample photopolymerization, removal
from the curing mold, and storage under ambient conditions
(Fig. S9, ESIt). After the elapsed time, samples with higher
PMMA loading (e.g., A70X30P10, A70X30P20) have a larger increase
between the initially measured contact angle associated with
the glass substrate (e.g., hydrophilic side) and that measured 2
months later. For the A;,X30P, sample, this change was 24° to
62°, and for A;oX30P10 @ smaller change from 28° to 38° was
observed. No significant change in the contact angle on the
hydrophilic face was noted for A;,X3,Ps. During curing in the
mold, we suspect that HDDA domains initially migrate to the
glass interface and reorient functional groups for interfacial
energy reduction, yielding a relatively low contact angle. How-
ever, once this glass substrate is removed after curing and the
sample is left untouched for several months, a gradual reor-
ientation that minimizes the surface energy of the sample/air
interface occurs. The new contact angle values measured on the
hydrophilic face after 2 months can be rationalized when
considering that acrylic polymers, such as PMMA are known
to have water contact angles around 70° to 90°, a range
supported by both previous literature and our own measure-
ments of a pure PMMA film.*

At the same time, the contact angles for the hydrophobic
faces (e.g. faces in contact with the steel substrate that are
nitrile-rich) did not change for A,,X;z,P1o and A;X3oP5, but did
for A,;oX30Ps where the contact angle dropped from 102° to
roughly 85°. Still, the contact angles of the nitrile-rich domains
remained hydrophobic and did not revert to the highly hydro-
philic wettability as would be expected of generic
poly(acrylonitrile). This is most likely due to the presence of
the chains of PMMA present in the nitrile-rich domains, able to
maintain hydrophobicity.

This concept of environmentally-influenced surface energy
is demonstrated here by uniting the measured surface proper-
ties with the distribution of nitrile and acrylate groups within
the A;oX30P, system sample volumes (Fig. 5¢ and 6). While pure
poly(acrylonitrile) is commonly though of as a more hydrophilic
polymer and pure PMMA is commonly thought of as a more
hydrophobic polymer, the polymerization environment can
modify how these polymer surfaces present themselves. It is
possible for the intrinsic surface behavior of these polymers to

This journal is © The Royal Society of Chemistry 2024
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be influenced by the substrate material as shown in Fig. 6.
Referring to the kinetics studies of this system in Fig. 4, in
phase-separated systems there is an enhanced period for
domain formation allowing developing polymers to adopt an
energy-minimizing arrangement prior to being Kkinetically
trapped by the crosslinked network.

4 Conclusions

In this work, macroscale heterogeneity from homogeneous
starting resins is demonstrated in nitrile-acrylate photopoly-
merizing systems, forming domains of differing wettability
bridged by a bulk chemical gradient. The network morphology
and resulting surface properties can be tailored by varying the
polymerization mold materials and chemical ratios within a
four component resin system. No macroscale phase separation
occurred in the control sample A;,X30P,, however, the addition
of 5 wt%, 10 wt% and 20 wt% PMMA in the resins A;oX30Ps,
A;0X30P10, and A;(X30P, caused photoinitiated PIPS to occur.
This separation is due to the increase in AGy;x that occurs
during the polymerization. The domains in A;oX30P. from PIPS
were confirmed with optical microscopy and Raman spectro-
scopy, consisting of a transparent, glassy, nitrile-poor domain
and an opaque, chalky, nitrile-rich phase. Under the highest
PMMA loading condition, A;(X30P,0, macroscale phase separa-
tion was observed, with the chalky nitrile-rich phase preferen-
tially migrating to the center of the sample surrounded by the
glassy nitrile-poor phase on the exterior at the interface
between the sample and the glass molds.

Further experiments investigated the role of interfacial
energies on resulting phase-separated morphology by modify-
ing the mold materials used during curing. Differences in
interfacial energies within the mold geometry provide an addi-
tional driving force to form distinct gradients via phase separa-
tion. Replacing one interface of the curing mold with a
substrate of differing surface energy, such as stainless steel,
spatially directed the resulting phase separation and created
chemical gradients spanning 500 um. In the case of A;yX30Ps,
the guided phase separation resulted in a hydrophobic face
with a contact angle of 101° from the nitrile-rich phase at the
metal interface and a hydrophilic face with a contact angle of
53° from the nitrile-poor phase at the glass interface. The
placement of these domains is driven by mitigation of the
interfacial energy, with the low surface energy acrylonitrile (y =
9.5 m] m~ %) migrating to the low energy metal surface (y = 36.0
mJ] m?) and the high surface energy 1,6-hexanediol diacrylate
(y = 26.4 mJ m~ %) migrating to the high energy glass surface (y =
72.4 m] m ). The relationship between PMMA loading and
wettability properties is explained by recognizing two aspects of
this resin system: (1) there is a delay between the onset of phase
separation and onset of deceleration, enabling domains to
migrate within the sample volume, and (2) polymers at the
mold interfaces are capable of orienting themselves to increase
compatibility between the resin sample and the glass or metal
surface, resulting in samples with a contact angle difference of

This journal is © The Royal Society of Chemistry 2024
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~50°-60° between its two faces. These two findings allow for
increased control over the polymerization design. Systems can
be engineered to have a lengthened period prior to autodece-
leration to allow for domain coalescence and significant phase
separation by increasing the inert additive fraction, as demon-
strated in A;oX30P,0 samples. Additionally, in systems where the
delay is not as significant, changes in surface energy of the
substrate can help further drive the phase separation as
demonstrated in A;oX;0Ps using multiple interfaces, facilitating
development of macroscale domains.

Future implementation of this work has potential for
streamlining surface patterning while simultaneously reducing
energy and waste associated with templating materials. Steel
can be reclaimed and reformed into sheets much easier com-
pared to frequently-used crosslinked silicone polymer
photomasks.®*"®® Using steel substrates as opposed to plastic
photomasks can make the recycling and reuse of mold materi-
als more efficient while still maintaining robust patterning
abilities. The surface energies of the glass and metal used
require no additional modification or functionalization to
spatially direct bulk phase segregation. This approach serves
as a facile method for developing macroscale chemical gradi-
ents across a range of wettability characteristics in a single
polymerization procedure, without the need for separate steps
of patterning and depositing.
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