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ABSTRACT: The utilization of photopolymers in diverse applica-
tions such as microfluidic devices, gas inhibitors, and biomimetic
tissues has surged due to advancements in digital light processing
technologies that now support multimaterial platforms, facilitating
micrometer-scale control over material heterogeneity. However,
significant knowledge gaps remain in our understanding of
spatiotemporal evolution within these multimaterial actinic films
and layers. To help bridge these gaps, a thiol-acrylate system is
employed for photopatterning, and atomic force microscopy is
leveraged to map through-thickness modulus profiles at various UV
exposure levels, in both flood and masked curing setups. This
approach enables the evolution of material properties to be tracked
through the film thickness for incremental light exposure durations
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and across different photopatterned feature sizes. The results illustrate complicated modulus profiles that highlight the complex

interplay among light exposure parameters, polymerization kinetics,

oxygen inhibition, and light scattering.
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1. INTRODUCTION

Photopolymers are increasingly utilized across diverse
applications, including the fabrication of microfluidic devices,
gas inhibitors, and biomimetic tissues.'~* This surge in usage
can be attributed to a shift in digital light processing (DLP)
technologies from single-material printing paradigms to the
emergent multimaterial platforms that provide micrometer and
potentially submicron control over heterogeneity.”~” DLP
processes photopolymers by building objects layer by layer,
enabling the manipulation of mechanical properties through
controlled light exposure.”'” An ongoing challenge in layer-by-
layer printing is the uncertainty over material properties
through the thickness of a single printed layer. Despite the
expansive literature on the kinetics of photopolymeriza-
tion,"'~** significant gaps remain in our understanding of
spatiotemporal evolution within heterogeneous photopat-
terned layers.

Local material characteristics in photopolymer systems are
influenced by the degree of polymerization. In network
forming resins, progressing monomer conversion is associated
with higher cross-link densities and increasing elastic
modulus."> ™ If the mechanical properties of a cured actinic
resin are a function of the total energy dose (the product of
intensity and duration) only, then the system is considered
reciprocal, and material properties, alon§ with degree and
depth of curing, are readily predictable.”"** This phenomenon
is captured in “working curve” models, which predict cure
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depth based on light exposure parameters.”> >° In general,
these models predict that the cross-link density in a light-
exposed region diminishes over the thickness of polymer films,
yielding inferior mechanical properties toward the far end.

However, there are practical limitations to reciprocity law,
and covariates, such as oxygen inhibition, photobleaching, and
heat generation, undermine its predictions.”*’** Addition-
ally, in single-film processing applications, use of a photomask
can impart additional complexities in material heterogeneity.”
A thorough investigation into the through-thickness modulus
variations in photopolymer films remains outstanding, and
such studies are crucial for controlling material heterogeneity
on different scales.

This research focuses on a thiol-acrylate photopolymer
system, exploring the orthogonal reactions that drive its
polymerization. An initial Michael addition click reaction
provides a rubbery network,® and subsequent radical-
mediated acrylate homopolymerization is characterized via
atomic force microscopy (AFM) through the film thickness.
AFM modulus maps are collected at several UV exposure
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Figure 1. (A) Schematic of the UV-curing setup, where the rubbery film is laminated between the superstrate photomask (top) and the substrate
cover film (bottom). (B) Rubbery film begins the transition to a glassy state upon UV exposure. (C) Prenotched photopatterned film is fractured
along the patterned line to achieve a smooth cross section. (D) Film’s cross section is scanned using AFM with several overlapping scans for

subsequent stitching to achieve a through-thickness modulus map.

durations to spatially resolve network evolution from a rubbery
state through the leathery transition regime and into a glassy
state. Both flood and masked curing setups are employed, and
consideration is given to the length scale of the masked
features. The insights gained here will further our ability to
precisely engineer the mechanical behavior of photopolymers
in technologically relevant applications.

2. MATERIALS AND METHODS

2.1. Materials. Pentaerythritol tetrakis(3-mercaptopropionate)
(PETMP), trimethylolpropane triacrylate (TMPTA), 2,2-Dime-
thoxy-2-phenylacetophenone (DMPA), triethylamine (TEA), and
butylated hydroxytoluene (BHT) were procured from Sigma-Aldrich.
The chemical structures of chemicals are shown in Figure S1 in the
Supporting Information.

2.2. Film Processing. An off-stoichiometric ratio of 1:2.75 is
selected between the thiol (PETMP) and acrylate (TMPTA)
functional groups with excess acrylates. TEA (0.1 wt %) is added as
the catalyst, and DMPA (1.5 wt %) is added as the photoinitiator. A
trace amount of BHT (0.05 wt %) is added as the inhibitor to
improve the shelf life of the polymer. All chemicals were purchased
from Sigma-Aldrich. The first polymerization process, initiated upon
the mixture, is a step-growth Michael addition “click” reaction
between thiol and acrylate monomers. The solution is cast on large
glass slides (4 X 5”) and allowed to reach full conversion overnight.
To ensure uniform thickness, shim stock sheets of known thickness
are placed on the glass slides as spacers (see Figure S1 in the
Supporting Information). The result is a rubbery polymer film with
excess unreacted acrylate functional groups and an average thickness
of 100 + 6 pm across all synthesized polymer films. Therefore, slight
variations in film thickness are neglected in this work.

The “top” surface of the rubbery film is then laminated by hand
against a soda lime superstrate photomask with etched-chrome
patterns. This is accomplished by bringing one edge of the sample
surface into contact with the photomask and then allowing that
contact region to spread outward as the sample is gently “rolled” onto
the mask. A visual inspection is then performed to ensure no obvious
air bubbles have been trapped between the mask and sample. The
treatment of the bottom surface in this work is noteworthy. To
mitigate light reflection back into samples, index-matching oils and
neutral density filters are commonly applied along the “bottom” of
samples in curing setups. However, these oils were observed to
contaminate the sample surfaces and frustrate AFM characterization.
To preserve the cleanliness of surfaces, an index-matching rubbery
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cover film is made from a 1:1 stoichiometric ratio of PETMP and
TMPTA and rolled against the bottom surface using the previously
described lamination technique. For context, an additional benefit of
using index-matching oils and neutral density filters is the mitigation
of oxygen inhibition during the curing process. The diffusivity of
oxygen in the present material system is not explicitly measured but
can be approximated from other thiol-ene rubbers in the literature
(see Section S3 in the Supporting Information). While orders of
magnitude lower than PDMS (commonly used in DLP processes),
the diffusivity of oxygen through the index-matching cover film used
as a substrate in this study is much higher than that of the soda lime
photomask and traditional neutral density filters. Accordingly, the
substrate may act as a limited reservoir for the diffusion of molecular
oxygen into the sample during curing. The potential impacts of this
boundary condition are discussed in Section 3.1. The configuration of
the described material stack is depicted in Figure 1A. The stack is
then positioned above a black felt box prior to illumination.

Upon exposure to ultraviolet (UV) light (OmniCure S1500 lamp,
300—400 nm wavelength filter, 30 mW/cm?), the photoinitiator
generates free radicals that initiate the homopolymerization of excess
acrylates in the polymer network, increasing the cross-linking density
and elastic modulus in illuminated regions, Figure 1B.>* UV exposure
time is set to 0.5, 1, 3, 10, 30, and 300 s, translating to energy doses of
15, 30, 90, 300, 900, and 9000 mJ/ cm?, respectively. Four different
feature widths of 10, 20, 50, and 100 ym are photopatterned on
polymer films. The UV light is subsequently absorbed by a box filled
with black felt (see Figure S1 in the Supporting Information).

2.3. Tensile Testing. Polymer films are patterned with three
different interlayer geometries, consisting of one flat line and two
sinusoidal geometries with amplitudes of 2 and 5 mm and a constant
wavelength of 1.4 mm. Each geometry is patterned at four different
interlayer widths of 10, 20, 50, and 100 gm. The composite films have
a dog-bone outline with a 15 mm length, a 9 mm width at the ends,
and a 7 mm width at the middle of the specimens. Photopatterned
films are subject to 2% strain ramp using dynamic mechanical analysis
(DMA, Q800, TA Instruments) to measure the modulus of
photopatterned composites across different line widths and patterns,
with five replicates per group.

2.4. Atomic Force Microscopy. To obtain sufficiently flat cross
sections, a pre notch was placed on the edge of the dog-bone samples
(Figure 1C), which were subsequently stretched until failure. The
fractured samples were taped to a 90° sample mount for imaging.
Prior to modulus mapping, optical microscopy, followed by
topographic tapping mode scans, was used to identify regions of the
fracture surface that were both flat and oriented orthogonally to the
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Figure 2. Through-thickness modulus gradient of flood-cured polymer films represented as (A) log-scale mean modulus, along with mean modulus
of top and bottom surfaces, and (B—G) log-scale AFM color maps for 0.5—300 s UV exposures. The presented data illustrates the S—95 ym depth
of the film cross section considering the challenges associated with scanning cross-sectional edges.

surfaces of the dog bone. A surface roughness on the order of 10s of
nm is still observed on these samples of these surfaces. This roughness
contains features of similar length scale to the probe tip and
introduces a faint artifact into the modulus maps, as described in the
discussion.

The fractured films are carefully mounted onto a metallic stage,
orienting the cross section upward, for subsequent characterization
using an atomic force microscope (AFM, Asylum Research Cypher
S). Modulus maps are obtained through AFM fast force mapping
mode using a 300 Hz scanning rate and a 40 N/m tip (Tap300Al-G,
BudgetSensors). As shown in Figure 1D, multiple modulus maps are
scanned with a small overlap to compile a comprehensive map of
modulus variations throughout the thickness of the polymer films.

Fast force mapping is ideally suited for comparing the modulus
values within a single scan. However, given that the objective of this
study is to integrate multiple AFM maps, it becomes crucial to address
potential inconsistencies arising from factors such as tip wear and tip
contamination. To surmount this challenge, all maps associated with a
single specimen are collected on the same day without removing the
tip cantilever, using a consistent indentation force across multiple
scans. An indentation force of 500 nN was selected due to its
suitability for measuring both rubbery and glassy surfaces. This set
point provides a good signal-to-noise ratio, and small changes to this
value (+50 nN) do not result in significant changes to the measured
modulus values of the sample. Calibration scans are conducted on the
surface of a fully cured polymer film with a similar formulation to
track any potential tip wear that rarely occurs after multiple scans.

2.5. Processing of Modulus Maps. To stitch modulus maps
acquired from the film’s cross section, we use a custom MATLAB
code. This code combines raw data spreadsheets of overlapping AFM
maps through the user identification of corresponding points. Stitched
maps do not align in a perfectly linear fashion through the film
thickness because (1) the work tracks certain interfacial features
laterally, and (2) small amounts of lateral drift are generally
unavoidable. The final, stitched data set is used to plot the through-
thickness modulus map of the film. Some challenges that may
question the reliability of modulus maps arise when regions are
scanned close to the cross-sectional edges. These challenges are
further discussed in Section 3.1.
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3. RESULTS AND DISCUSSION

3.1. Evolution of Modulus Profiles during Flood
Exposure. Rubbery films were flood-cured with UV at
incremental exposure times, fractured to expose the cross
section, and then imaged using AFM fast force mapping to
quantify modulus variations through the thickness. Imaging the
outermost edges of the cross-sectioned film presents two
concerns: (1) the Hertzian contact model used to interpret
force curves assumes an infinite substrate, and the presence of
an edge impinging on the volume actuated by the AFM probe
undermines this assumption in unknown ways; and (2)
significant aggregations of dust and debris often occluded
these regions of the surface (see Figure S2 in the Supporting
Information). Accordingly, presented modulus maps exclude
the upper and lower 5 um of the sample thickness, and
modulus values at the edges are collected from the two film
surfaces directly. During irradiation, the top side of every film
was laminated against a transparent soda lime plate, and the
bottom side was laminated against a cover film.

Figure 2A depicts the evolution of modulus gradients
through the films’ thickness, accompanied by the moduli
measured at the top and bottom surfaces, for six incremental
irradiation times of 0.5, 1, 3, 10, 30, and 300 s. Before
discussing the evolution of the through-thickness modulus
profiles, some observations should be noted. First, the
horizontal lines in the modulus maps (especially evident in
Figure 2D) are artifacts that occasionally appear during AFM
scans. Second, the Hertzian contact mechanics model that is
used to calculate the sample modulus from force—displace-
ment data assumes the sample surface to be a flat plane.
Surface topography and roughness have the potential to
introduce artifacts into the modulus maps. In several stitched
modulus maps, most strikingly evident in Figure 2C, a
feathered texture is discernible as curved, linear features,
submicrometer in width. It should be noted that these are

https://doi.org/10.1021/acsapm.4c01257
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Table 1. Relative Standard Deviation for Each Modulus Profile”

exposure duration (sec) 0.5 1

RSD = % X 100% 33.67 19.71

“oy is the modulus standard deviation, and yg is the modulus average.

3 10 30 300

19.22 12.83 9.42 2.62

artifacts that directly correspond to topographic features.
Accordingly, the discussion that follows focuses on micrometer
and larger-scale trends in the modulus gradients.

While the cross-sectional scans demonstrate that stiffness
increases with exposure time, the modulus profiles contain
interesting trends beyond this intuitive observation. For all
tested exposure times of 30 s and less, the moduli near the top
and bottom film surfaces are significantly lower than the
moduli near the center of the films. The phenomenon is most
pronounced at shorter exposure durations. After 0.5 s of
exposure, a modulus of 30 MPa was measured at the top
surface, increased until reaching a peak value of 70 MPa at a
depth of approximately 45 pm, decreased exponentially to 25
MPa at an approximate depth of 85 yum thickness, and then
sharply dropped to around 10 MPa and remained somewhat
consistent for the 15 pm adjacent to the bottom surface.
Longer exposure times flatten out this profile, as shown in
Table 1 comparing the relative standard deviation (RSD) of
each modulus profile. While the 300 s sample shows excellent
modulus uniformity, 30 s is enough to capture a relatively
uniform glassy modulus throughout most of the film, with
reductions in modulus observed only within ~10 gm of the top
surface and ~15 um of the bottom surface (RSD = 9.42%).
This is a relevant consideration for time-sensitive layer-by-layer
DLP applications.

To understand this data, light intensity as well as the
concentration and diffusivity of oxygen and chemical species
should be considered, but this endeavor is not trivial. As
photopolymerization proceeds, the films evolve from a rubber,
across their leathery glass transition regime, to a glass.
Throughout this process, coeflicients of diffusivity will change
by an order of magnitude or more, and the concentrations of
oxygen, photoinitiator, and free radicals will experience
spatiotemporal complexity.

Specifically, upon UV exposure, DMPA breaks down and
introduces free radicals in the network, leading to homo-
polymerization of excess acrylates and increasing cross-link
density. While the specific relationship is complex and
dependent on proximity to the material’s glass transition
regime, the modulus has a monotonic relationship with cross-
linking density. At early exposure times, when DMPA
concentration can be approximated as uniform, the light
intensity will decrease as a function of depth, with an
approximate 25% drop in intensity at the bottom of the 100
um film, per Beer—Lambert law (see Figure S3 in the
Supporting Information). The corresponding modulus profile
would, in the absence of other covariates, monotonically
decrease throughout the depth at early time periods in the
curing process, but deviations from this trend are clear.

A likely covariate is oxygen, which inhibits free radical
polymerization by scavenging radicals and forming peroxy
radicals that cannot initiate polymerization immediately.”***
The diffusivity of oxygen (Do,) in this material system is not
known but can be approximated from measurements in similar

materials (see Section S3 in the Supporting Informa-
tion).>**~* Employing a simple scaling relationship
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2
(‘r = DL—OZJ to approximate the diffusion times (7) and length
(L) scales of oxygen indicates that the characteristic time scale
for oxygen to diffuse across a 100 ym thick rubbery film falls in
a range of 150 < T.ppe(sec) < 200 in the initial rubbery film
and increase to 2500 < Tglass(sec) < 3800 in the fully cured,
glassy network. At the shortest, 0.5 s exposure time, where the
material is still predominantly rubbery, this corresponds to a
characteristic diffusion length scale of ~$ um, a value relevant
to the observed length scales in the modulus profile associated
with deviations from the monotonic trends expected from light
absorption, warranting additional discussion.

Prior to UV exposure, polymer films are cast, covered in foil,
and given 24 h for the initial step-growth polymerization to
reach full conversion. Throughout the mixing, casting, and
curing processes, oxygen is expected to diffuse into the
samples. During the UV-curing process, oxygen can diffuse
within the film, scavenging radicals, although the coefficient of
diffusion of oxygen drops with increasing cross-link density.
The potential for additional oxygen to enter the sample from
the top and bottom surfaces is an important consideration.
While imperfect sample lamination may trap small amounts of
oxygen between the soda lime photomask, visual inspection
was used to mitigate this chance, and diffusion across the soda
lime plate itself is expected to be negligible across the time
scales investigated here.

As mentioned earlier, the increasing modulus profile at the
top half of the films, especially at shorter irradiation times of
0.5 and 1 s, is counterintuitive when compared to the light
intensity profile. Although a simple explanation is not apparent,
the authors infer that this phenomenon is caused by a
competition between the light intensity and oxygen diffusion.
The concentration of free radicals is highest at the incident
surface due to the higher light intensity. The higher the
concentration of free radicals, the larger the amounts of oxygen
consumed, scavenging the free radicals near the top region.
This could lead to an oxygen concentration gradient that
causes the oxygen from within the film to diffuse upward to the
top surface. However, this context is necessarily incomplete
and requires investigations of spatiotemporal oxygen concen-
trations within the polymer in mask-based curing techniques.

The cover film at the bottom of the rubbery polymer is a soft
material with diffusivity similar to that of the sample at short
irradiation times and, thus, facilitates the diffusion of oxygen
into the curing sample. This phenomenon, in addition to light
attenuation, results in a relatively uniform 10 MPa “dead
zone”**™* near the bottom of the film after 0.5 s of exposure
in Figure 2A,B, where polymerization is almost entirely
arrested. Although the modulus profile exhibits a minor
gradient in this region, no measurable contrast in the modulus
relative to the initial film stiffness is observed. Oxygen
diffusivity within the network rapidly decreases with longer
irradiations, and the stiffness within the dead zone increases
measurably after 1 s of exposure. Even after curing begins, this
region consistently exhibits the lowest modulus values for all
irradiation times up until full conversion.

https://doi.org/10.1021/acsapm.4c01257
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Figure 3. (A) Schematic of photopatterned film’s cross section and overlapping AFM modulus maps that are stitched together. Masked areas in the
superstrate photomask cover the film from incident light and inhibit immediate polymerization. (B—F) Through-thickness modulus map with
exposure durations of 0.5—30 s. The interface does not extend throughout the film’s cross section at 0.5 s exposure (B). Fringe patterns are formed
at the masked/exposed boundary around the 1 s mark (C) and become more prominent at higher doses (D—F). (G) AFM scan from the top
surface exhibits a sharp interface between masked and exposed regions, while (H) AFM scan from the bottom surface shows the irregularities at the
interface due to the expansion of fringe pattern through the thickness.

Other covariates impacting modulus profiles include
gradients in DMPA concentration as well as the moieties
resulting from DMPA photolysis, known to cause minor
variations in light absorption profiles over time.***> While
DMPA consumption is not tracked over time, the achievement
of a uniform profile after 300 s indicates its residual presence,
although it is still possible for polymerization to occur without
the presence of photoinitiator at high doses.* Finally, we note
that thiol-ene systems have low susceptibility to UV
degradation, and no evidence of degradation is observable in
the modulus profile at 300 s UV exposure.*’

3.2. Evolution of Modulus Profiles during Photo-
patterning of a 10 um Line. Next, we employ a photomask
pattern with a 10 um wide strip of chrome in a transparent
field and characterize the evolution of a compliant line in a
glassy matrix. A schematic of modulus mapping at the masked/
exposed interface, along with modulus profiles of photo-
patterned films with 0.5, 1, 3, 10, and 30 s exposure durations,
is depicted in Figure 3. Upon illumination, an interface takes
shape along the masked and exposed regions, Figure 3B. There
are several consistencies between these results and those of the
flood-cured samples. Specifically, the modulus is lower near the
two surfaces and higher in the middle of the exposed region,
with a similarly uncured region at the bottom of the film after
0.5 s of exposure, associated with an oxygen saturated region
that inhibits cross-linking events. Eventually, a nearly uniform
glassy profile, with drop-offs near the surfaces, is again reached
after 30 s of exposure.

Below the masked feature’s interface, an evolving modulus
profile is observed through the thickness of the film. At early
exposure times of 0.5 and 1 s, the boundary exhibits a parabolic
shape, indicating that oxygen from the shaded material
volumes is diffusing laterally into the exposed regions,
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inhibiting polymerization. As oxygen inhibition is overcome
at higher doses, this boundary evolves into a straight line, tilted
around 2° off the vertical axis. Modulus maps of the top and
bottom film surfaces indicate that the pattern in material
modulus exhibits a 10 ym line width on the top surface,
consistent with the photomask geometry, and broadens to a
thickness of approximately 12 ym at the bottom surface. This
feature broadening phenomenon may be attributed to the light
scattering and flaring angle of light rays after colliding with the
superstrate soda lime glass.

Another consistent phenomenon that appears at 1 s
exposure and becomes more prominent with longer irradi-
ations is the irregular fringe pattern in the modulus profile at
the interface between the masked and exposed regions (Figure
3D—H). Light diffraction at the edge of the chrome mask and
a resulting spatial pattern in light intensity is inferred to be the
cause of the local modulus gradients at the interface.**>° This
hypothesis is supported by the presence of a sharp interface in
AFM modulus maps of the top surface (Figure 3G), which
develops into a nonuniform interfacial modulus gradient that
broadens as a function of depth through the film, evident on
the bottom surface (Figure 3H). It is noteworthy that certain
samples contained the unintended presence of particulate
contaminants that generated similar fringe patterns within the
illuminated volume (see Figure S4 in the Supporting
Information).

The stability of the modulus in the masked regions is critical
to a broad range of photopatterning applications. Figure 3
provides clear evidence of curing in masked regions, with a
peak modulus of ~300 MPa arising in the middle of the 10 ym
feature after 30 s exposure. The modulus profile in the masked
region exhibits minima in proximity to the surfaces and
maximums near the center of the film thickness, a similar trend

https://doi.org/10.1021/acsapm.4c01257
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Figure 4. Through-thickness modulus gradient for four different feature sizes illustrated as (A) mean modulus of the masked region and (B—E) log-
scale color maps. (F) Dog-bone sample outline and dimensions. Embedded sine waves have a wavelength of 1.4 mm, with the interlayer width (1)
and amplitude (A) varying among different groups. It is worth noting that samples are not prenotched for tensile testing. (G) Modulus of
composites embedded with various geometries reported by dynamic mechanical analysis, shown as box plots. Fiber laminate theory (FLT) is used
to predict the composite modulus using data obtained from AFM, shown as dots.

observed in flood-cured films (Figure 2). Several factors such
as light scattering and reflection, radical diffusion, and oxygen
diffusion may contribute to the partial curing of the masked
regions. Light reflection from the transparent substrate may
contribute to the partial curing. Diffusion of free radicals from
the exposed regions into the masked regions is possible at early
time scales. However, unintended curing extends several
micrometers into the masked region, and the characteristic
diffusive length scales of radicals are likely significantly smaller
than those of oxygen due to differences in the size of the
diffusing molecules, so the effects are most likely relegated to
submicrometer length scales adjacent to the interface. Still,
additional investigations are needed to confirm this hypothesis.
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3.3. Effect of the Line Width of Photopatterned
Features on Through-Thickness Pattern Fidelity. In this
section, we explore modulus profiles in the masked region for
larger feature sizes of 20, 50, and 100 gm and compare them to
the 10 um line width. Here, an exposure duration of 30 s was
selected since it results in near-uniformity and is comparable to
exposure times and doses used in digital light processing
techniques.' ">

For line widths of 10, 20, and 50 ym, a nonuniform through-
thickness profile is observed, with a maximum value near the
center of the films (Figure 4B—D), consistent with flood curing
results. The peak modulus of the masked feature scales
inversely with the feature width. For a 10 ym line width,
modulus in the masked region increases to a maximum of 300

https://doi.org/10.1021/acsapm.4c01257
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MPa in the middle (~40—60 um) of the film thickness. This
value drops to 160 and 60 MPa for line widths of 20 and 50
um, respectively. At the largest feature width of 100 ym, the
modulus is constant throughout the thickness and equal to the
modulus of a rubbery film prior to UV exposure (~10 MPa).
These trends indicate that the final modulus of the masked
regions is largely governed by competition of unintended
dosing and oxygen inhibition. Larger feature sizes provide a
larger reservoir of oxygen that will diffuse toward the masked-
exposed interface and inhibit spurious polymerization. Smaller
feature widths will result in a larger average dose within the
masked volume and consume the oxygen dissolved in the
masked regions of the network more rapidly. A scan of a 100
pum feature after 300 s of exposure (see Figure S4 in the
Supporting Information) indicates that overexposure will
eventually result in partial curing within these larger features,
supporting the interpretation that oxygen inhibition is critical
for the preservation of pattern fidelity.

3.4. Effect of Pattern Fidelity on Overall Mechanical
Properties. Even if unintended curing is present, interrogating
the degree to which it occurs enables better prediction of bulk
composite properties for a given, arbitrary pattern. In a recent
study, we examined the geometry—performance relationships
of a wavy, compliant interlayer embedded within stiff matrices
but were limited to larger, 100 pum, interlayer widths due to
unpredictable partial curing.>® Following the results displayed
in Figure 4A—E, we apply fiber laminate theory (FLT) to
anticipate the bulk modulus of composite films in relation to
the interlayer’s geometric features and compare FLT
predictions with experimental data (see Section S5 in the
Supporting Information).

Polymer films are photopatterned with three different
amplitudes and four different interlayer widths for 30 s with
a light intensity of 30 mW/cm? Specifications on interlayer
geometries and sample dimensions are shown in Figure 4F. It
is worth noting that the films embedded with flat line patterns
are similar to the polymer films studied earlier. Box plots in
Figure 4G show the modulus values obtained from dynamic
mechanical analysis (DMA), with the upper and lower
quartiles represented by the box and minimum and maximum
values represented by the whiskers. The results indicate that
the higher amplitudes exhibit lower moduli for an interlayer
width of 100 ym, but the contrast between different geometries
diminishes with smaller feature sizes.

To estimate the overall modulus of the composite, FLT
requires modulus values of the rubbery and glassy components.
The bulk modulus of the glassy polymer is measured with
DMA using flood-cured films and used in FLT. However, since
measuring the bulk modulus of the partially cured interlayers is
not possible, AFM modulus values exhibited in Figure 4A are
averaged for each feature size and input in the FLT model (see
Section SS in the Supporting Information). FLT predictions of
the composite modulus values are shown as circles in Figure
4G. Although discrepancies between macroscale and nanoscale
modulus measurements are acknowledged, FLT results show
an excellent ability to predict experimental measurements of
bulk composite moduli associated with different interlayer line
widths and waviness.

4. CONCLUSIONS

In this study, we investigated the evolution of modulus profiles
in UV-cured, nonstoichiometric thiol-acrylate films, employing
AFM fast force mapping to elucidate modulus variations
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through the films’ thicknesses at various stages of UV exposure.
Modulus profiles were examined in flood-cured films as well as
films masked with a line feature of varying widths. Our findings
provide new insights into the spatial variability of mechanical
properties in these films, highlighting the influence of UV
exposure time (and dose), oxygen diffusion, light diffraction,
and light reflection on spatiotemporal modulus distributions.

Results revealed that while modulus generally increases with
UV exposure time, nonuniform modulus gradients are readily
observed through the thickness of films. Lower moduli are
present near the top and bottom surfaces of a film’s cross
section, and peak modulus values are found near the center.
This trend was especially pronounced at shorter exposure
times, highlighting the complex interplay among light intensity
profiles, oxygen diffusion, and polymerization kinetics.
Observed modulus gradients diminish with longer exposure
times, leading to a nearly uniform modulus profile after 30 s of
exposure with gradients present only near the surfaces. A flat
modulus profile is achieved through the thickness after 300 s.

Masked line features with widths of 10, 20, 50, and 100 y#m
were photopatterned into films to create glassy composites
with a compliant interlayer, and the fidelity of the compliant
lines was characterized. Results show that smaller features
exhibit greater degrees of unintended curing underneath the
photomask, likely due to the reduced availability of oxygen
reservoirs to inhibit curing coupled with increased light dosage.
This was in contrast to larger features that exhibited excellent
pattern fidelity and minimal spurious curing. The results from
through-thickness modulus characterization were integrated
into fiber laminate theory, demonstrating that a quantitative
understanding of modulus drift in masked features enables the
successful prediction of bulk composite properties for various
interlayer geometries and line widths.

In conclusion, this study provides spatiotemporal character-
ization of modulus evolution in UV-photopatterned thiol-
acrylate films, offering insights that are critical for predicting
and potentially optimizing photopolymerization processes and
the mechanical properties of the resulting composites. Future
work quantifying the evolution of oxygen and photoinitiator
concentration gradients in these systems would address the
limitations of this study and further refine our understanding of
actinic polymerization processes.
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