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ABSTRACT: We investigate the frontal photopolymerization
of a thiol—ene system with a combination of experiments and
modeling, focusing on the interfacial conversion profile and its
planar wave propagation. We spatially resolve the solid-to-
liquid front by FT-IR and AFM mechanical measurements,
supplemented by differential scanning calorimetry. A simple
coarse-grained model is found to describe remarkably well the
frontal kinetics and the sigmoidal interface, capturing the
effects of UV light exposure time (or dose) and temperature,
as well as the front position and resulting patterned
dimensions after development. Analytical solutions for the
conversion profile enable the description of all conditions with
a single master curve in the moving frame of the front position.
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Building on this understanding, we demonstrate the design and fabrication of gradient polymer materials, with tunable properties
along the direction of illumination, which can be coupled with lateral patterning by modulated illumination or grayscale

lithography.

B INTRODUCTION

Photoinitiated polymerization of multifunctional monomers
provides a facile and rapid method for the synthesis of three-
dimensional cross-linked polymer networks."” Advantages of
photopolymerization include that it can be carried out at room
temperature, without solvents, and within very short conversion
times. UV curing technology has found a large variety of
industrial applications, including coatings,3 adhesives,* dental
restorative materials,’ hydrogels,6 contact lenses,’ photo-
lithography, and 3D prototyping.~'* In particular, thiol—ene
(i.e, monomers containing mercapto and vinyl groups)
photopolymerization chemistry is relatively well under-
stood."'™"* Thiol—enes polymerize via a free-radical step
growth mechanism and exhibit significant advantages compared
to other types of free-radical polymers, such as reduced
shrinkage and shrinkage stress, resistance to oxygen inhibition,
and the possibility to be photoinitiated even in the absence of a
photoinitiator."*"

A promising type of photopolymerization for three-dimen-
sional patterning is the so-called frontal photopolymerization
(EPP).”'%'7 EPP is a process in which polymerization fronts
develop and propagate as planar traveling waves into the
monomer material, driven by an external light source. FPP
occurs in the presence of strong optical attenuation and limited
mass and heat transfer, resulting in the formation of a sharp
interfacial profile between polymer network and monomer. The
solidification front starts from the surface closest to the
illuminating source, initially forming a “skin”, and then invades
the un-cross-linked medium. This frontal aspect of the
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polymerization process is particularly apparent in the photo-
polymerization (and cross-linking) of thick (millimeter—
centimeter) material sections and permits rapid 3D patterning
by modulated or multistep illumination® (without resorting to
stereo, two-photon, or multistep lithography and alignment).
FPP is directional and generally isothermal, being controllably
initiated and stopped by collimated light exposure, which is
advantageous from a manufacturing perspective.

FPP is a distinct mode of polymerization from thermal
(TFP) and isothermal (IFP) frontal polymerizations, which are
autocatalytic reaction processes.'® While these polymerization
methods also develop wavelike polymerization fronts, the
propagation is (self-)sustained by the thermal energy released
from an exothermic polymerization reaction. In TFP, the
process is initiated by a localized heat source, and the rate of
front propagation is governed by both the rate of thermal
diffusion and the nonlinear temperature dependence of the
polymerization rate constants. In IFP, also known as “interfacial
gel polymerization”, the reaction occurs in a viscous fluid or gel
matrix that inhibits chain termination (Trommsdorff or “gel”
effect), and the polymerization develops into self-sustaining
front through the introduction of a polymer “seed”. Such
frontal polymerization methods have been reviewed by Pojman
and co-workers.'®"”
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A number of g)hotoinitiation and polymerization models have
been reported,** ¢ explicitly addressing the complex chemistry
and reaction kinetics of FPP. Some treatments account for
photochemical reaction details with various degrees of
complexity, including initiator photolysis, chain initiation,
propagation, transfer, and termination. The utilization of such
models requires the determination of a large number of
parameters describing the kinetic coefficients and transport
properties and their coupling as these variables change. Given
the complexity of these systems, we have previously developed
a minimal FPP model”'®"” based on physical observables and
their evolution in time. In particular, our model describes (i)
the position of the solid-to-liquid front z; which defines the
pattern thickness, and (ii) the light transmission of the material
T. The model captures the nonlinear spatiotemporal FPP
growth through a system of coupled integrodifferential
equations expressing the extent of monomer-to-polymer
conversion ¢(z,t) and the optical attenuation T(zt) as a
function of the distance from the illuminating surface z and
exposure time . The order parameter ¢ is normalized such that
the boundary conditions are ¢(z, t = 0) = 0 and ¢(z, t = 00) =
1. The rate of change of ¢)(zt) is taken to be proportional to
the light intensity I(zt), the fraction of material available for
conversion 1 — ¢)(z,t), and an overall reaction conversion rate
K:

op(z,t) _
ot (1)
The transmission T is defined as T = I(z,t)/I,, with I, = I(z =

0). The light intensity profile with depth is modeled as a two-
component Beer—Lambert law:

ol(z, t)

K[l - Q(Z; t)]I(Z, t)

—p(z, t)I(z, t

28 - (e, 0162, D) o
where the effective attenuation coefficient (f) is defined as the
weighted average of the attenuation coefficients of the
unexposed monomer (y;) and polymer material () with
composition (¢):

f(z, t) = /’to[l -z, t)] + ﬂm¢(zf t) 3)

Three possible cases are conceivable within the FPP model,
depending on the relative magnitude of the final and initial
attenuation coefficients: (i) photoinvariant polymerization, in
which the optical attenuation of the polymerized medium is
unchanged from the pure monomer (yy = o, = f), (ii)
photobleaching, in which the photopolymerized material
becomes increasingly transparent to UV radiation during
photolysis (iy > o), and (iii) photodarkening, in which the
cross-linked material becomes increasingly opaque to UV
radiation during polymerization reaction (i < f,). While our
FPP model was found to quantitatively describe the (highly
nonlinear) solidification kinetics,”'® the suitability of the model
in predicting the actual spatial conversion profiles has never
been evaluated. This is one of the objectives of the paper.
FPP inherently yields a conversion gradient along the
direction of illumination, which can be further coupled with a
lateral gradient, imposed by a photomask. Gradient polymer
materials, exhibiting property gradients (optical, rheomechan-
ical, etc.) in one or more dimensions, have generated great
interest in recent years”’ > owing to the potential of rapidly
manufacturing systems with customized, modulated properties
for different applications, including fabrication of organic
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optical limiters,*® direct assembling of soft materials,>' and
directed cell growth within tissue-engineered scaffolds.>*

In this work, we explicitly investigate the interfacial profiles
generated by FPP, the factors governing the profile shape and
propagation, and the conditions relevant for pattern develop-
ment (by selective dissolution) and thus manufacturing. In
order to fabricate gradient materials, we seek to tune precisely
the conversion profiles along the sample depth controlling the
UV curing conditions (including time, intensity, and temper-
ature of irradiation). While photopolymerization profiles have
been previously modeled®** and investigated experimen-
tally,*>*” we are not aware of a detailed, combined experimental
and modeling study of spatiotemporal polymerization kinetics.
We find that the FPP model can describe the evolution of the
front profile of a thiol—ene system with remarkable accuracy,
despite its simplicity (effectively combining all steps into a
single kinetic constant K and neglecting mass and thermal
diffusion). Building on this understanding, we demonstrate the
design of a polymer network with a gradient of mechanical
modulus.

B EXPERIMENTAL SECTION

Materials and Methods. A multifunctional thiol—ene based
optical adhesive (NOAS81, Norland Products) was used as the
photopolymerizable material for this study. It is an optically clear
UV-curable prepolymer with relatively low viscosity (0.3 Pa s) and
good adhesion to glass and metal surfaces. The material exhibits high
sensitivity to long wavelength UV radiation (sensitivity peak around
365 nm). Once cured, the resulting solid network has a rather high
modulus and becomes insoluble to an array of solvents (including
toluene, methanol, hexane, and methyl ethyl ketone, but excluding
chlorinated solvents). However, the uncured prepolymer remains
soluble in ethanol and acetone, which we used as developers. The UV
source used for photopolymerization is a monochromatic 365 nm
Spectroline SB-100P flood lamp, equipped with a 100 W mercury
lamp (Spectronics). Light intensity was measured with a UVItec RS-
365 digital radiometer. Polydimethylsiloxane (PDMS) Sylgard 184
elastomer kit was purchased from Dow Corning. All other chemicals
were obtained from VWR Chemicals.

The prepolymer was placed between a glass slide (top surface) and
thermally cured PDMS (bottom surface) with a spacer between them
(3 mm thick PDMS membranes were cut in frames and used as gasket
materials). Photocuring was carried out for different exposure times ¢
(5—5000 s) and sample-to-lamp distances to adjust the incident
intensity (I, = 0.3—1 mW cm™2). A wide UV dose (d = I, X t) window
covering 0—5 J cm™ was investigated. For the photopolymerization
experiments at high temperature, we used a hot plate to heat up the
system and a RayTemp8 infrared thermometer to control the
prepolymer temperature. Development of the patterned polymer
networks was performed with acetone and ethanol to remove un-cross-
linked material.

Characterization. The thickness of the cross-linked samples was
measured with a reflection optical microscope (Olympus BX41M)
and, for large thicknesses, with a digital caliper. At least five
measurements were recorded to calculate mean and maximum error.

The photopolymerization conversion () was monitored by Fourier
transform infrared (FT-IR) spectroscopy, using a Bruker Tensor 27
spectrometer equipped with a Hyperion microscope. The cross-linked
samples were cryofractured in thin (about 200 ym) slices along their
depth (z) with liquid nitrogen. For each sample different spectra were
acquired along z. The decrease of the area of the absorption band of
reactive functionality (thiol groups centered at 2572 cm™') was
observed. A reference band at 1735 cm™, assigned to carbonyl groups,
was used to calculate conversions in Az & 50 ym steps, corresponding
to the FT-IR field of view. The conversion of the material was
determined as follows:

dx.doi.org/10.1021/ma5021215 | Macromolecules 2015, 48, 198—205
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where A, is the initial absorbance (before UV irradiation) and A, is the
absorbance at time t.

The conversion on the sample surfaces (both the one in contact
with the glass substrate and the one in contact with the liquid
prepolymer during photopolymerization) was measured by means of a
FT-IR spectrometer (PerkinElmer Spectrum 100), equipped with a
Specac attenuated total reflection (ATR) unit.

Differential scanning calorimetry (DSC) curves were recorded using
a TA Instruments DSC Q2000 in nitrogen in the temperature range
—100 to 150 °C using a cool/heat method at a scanning rate of 10 °C
min~". DSC analyses were performed on thin (100 ym) UV cured
films, which could be considered uniformly cross-linked. The glass
transition temperature (Tg) was determined using the midpoint
method on the heating cycle thermogram.

Elastic moduli of the cured materials were measured by atomic force
microscopy (AFM) with a Bruker Innova instrument. The optical
microscope enabled us to position the AFM tip on the area of interest
of the sample. Force curves were acquired along the sample depth (2).
FESPA and TESPA silicon probes (Bruker) with rectangular shape, tip
side angle of 22.5° and spring constant of 2.8 and 42 N m,
respectively, were used. Cantilevers were calibrated by measuring the
thermally induced motion of the unloaded cantilever.*® The Young’s
modulus E was calculated following the Sneddon model*** for a cone
pushing into a flat surface.

B RESULTS AND DISCUSSION

Our FPP experimental setup is depicted in Figure 1. The planar
polymerization wave emanates from the top, illuminated,

UV light

glassiide % % % % ,
polymer ~ '\ ZF_)

network
liquid
monomer

developmentl

gradient crosslinked
~ sample

Figure 1. Schematic of the FPP experimental setup showing the
photopolymerization front propagation from the UV illuminated
surface and the profile of the extent of monomer-to-polymer
conversion ¢ within the network. After UV exposure and development
(to remove the uncured prepolymer), samples with thickness z; and
displaying a cross-linking gradient in z (along their depth) are
obtained.

transparent surface which anchors the growing solid network.
The polymerization front propagation generates a nonlinear
profile of the monomer-to-polymer conversion ¢ within the
material. After UV exposure and development to remove the
uncured prepolymer, a gradient cross-linked polymer is
obtained. FPP reaction confined between two surfaces (e.g,
glass), and modulated through a photomask, readily yields
microfluidic devices by ultrarapid prototyping.” In this work, we
use a commercial thiol—ene system as the photopolymerizable
resin, characterized by optical clarity and negligible shrinkage
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upon curing (Supporting Information Figure S1), whose
propagation kinetics has been previously reported.”'

We first confirm the frontal nature of photopolymerization
process by measuring the solid thickness of different samples
exposed to UV light for increasing time intervals. We confirm
that exposure time ¢ and UV dose d can effectively be used
interchangeably, as the dose (the product of light intensity and
exposure time, d = I, X t) controls the front kinetics. The
thickness of the resulting cured films (z;), corresponding to the
front position after development, grows logarithmically with d
(Figure 2a), consistent with previous results.”' Controlling the
dose transferred to the prepolymer yields film thicknesses
ranging from a few microns to millimeters. Figure 2a also shows
that the formation of a solidification front does not occur
instantaneously with light exposure, and a threshold UV dose is
required before a solid front (a “skin”) starts propagating from
the illuminated surface. Below 9.6 + 1.0 mJ] cm™>
(corresponding to t ~ 32 s at 0.3 mW cm™) the material is
washed away upon development, defining its critical dose d. for
the onset of frontal propagation. The dose d, corresponds to a
critical conversion fraction ¢ below ¢, the material is soluble
upon development, while above ¢, it is insoluble. The position
of the solid/liquid interface front z; (corresponding to the
sample thickness after exposure and development) is defined
implicitly when ¢ reaches ¢, ie., z; = z(¢ = ¢@.).

According to the FPP model,'® the inverse of the slope (1/u)
of the curve in Figure 2a corresponds to the optical attenuation
coefficient (i = 3.7 + 0.2 mm™'). From the experimental
data, it is clear that y remains constant in the dose range
considered, effectively corresponding to photoinvariant poly-
merization conditions (yy = pio, = J). In the photoinvariant
case, the system of eqs 1 and 2 of the FPP model can be solved
analytically, and the conversion fraction in this case becomes'®

)

and the front position z; corresponding to the solidified
thickness, is given by

@(z, t) = 1 — exp[—KI, exp(—puz)t]

In| X
=)
u (6)

Substituting eq 6 into eq S returns the critical conversion
fraction ¢. imposed above:

@ =1 — exp[—KI, exp(—puz)t] (7)

Experimental data of Figure 2a could be described using ¢, =
0.052 + 0.002. Parameters ¢, and KI, are coupled and
previously could only be resolved by self-consistency of
numerous measurements.”'® Given our ability to spatially
resolve the actual interfacial profile ¢)(z,t), we first determine
KlI, by fitting eq S and then unequivocally determine ¢, by
either locating the minimum conversion at the solid/liquid
interface or substituting the measured z; and KI, into eq 7.
Further details of this procedure and parameter sensitivity are
included in Supporting Information (Figure S2a,b).

Interfacial Profile. In order to precisely characterize the
gradient obtained throughout the photocured material, we
measured the monomer-to-polymer conversion along the
sample thickness, indicated as z (see Figure 1). The conversion
x, measured by FT-IR spectroscopy, was calculated as the
decrease of the thiol absorption peak (centered at 2572 cm™")

dx.doi.org/10.1021/ma5021215 | Macromolecules 2015, 48, 198—205
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Figure 2. FPP frontal kinetics for a thiol—ene system measured at room temperature (T = 23 °C). (a) Sample height z{t) dependence on UV dose
d, exhibiting logarithmic growth with proportionality constant 1/u. This trend is representative of the photoinvariant polymerization, in which
transmission remains constant upon UV exposure. The UV dose window 0.01—4.5 J cm ™2 was obtained using a light intensity of 0.3 or 0.9 mW cm ™
and varying the exposure time (from S to S000 s). (b) FT-IR spectra of the thiol—ene material used to measure the polymerization conversion j.
The inset details the decrease of the thiol (S—H) absorption peak (centered at 2572 cm™) with time. The constant carbonyl (C=0) band was used
as reference. The three spectra correspond to samples irradiated for different times: d = 0 J cm™ (blue line), d = 0.18 J cm™ (red line), and d = 0.81
J cm™ (green line). (c) Conversion y profiles along the sample depth z for increasing UV irradiation time t (corresponding to a dose range of
0.036—3.24 J cm™2). (d) Extent of conversion ¢(z,t) = y(z,t)/¥max dependence on z and t. Dots are experimental data, while solid lines are model
fits. The inset details the intersection of the solid conversion threshold ¢, with ¢(z,t), defining the front position z{t). Photopolymerization was
performed with a dose range of 0.036—3.24 J cm™ (e) Master curve representing the extent of conversion ¢(zt) as a function of the coordinate of
the moving front A =z — z;

with irradiation dose (or time). Figure 2b reports the spectrum agreement between model results and experimental data is
evolution of the thiol—ene material: increasing the UV dose, remarkable, in particular given the simplicity of the theoretical
the area of the thiol peak diminishes (inset of Figure 2b) as S— assumptions. Normalized conversion ¢)(z,t) exhibits a simple
H groups take part in the curing reaction, while the area of the sigmoidal form and translates logarithmically in time with a
carbonyl peak remains nearly constant. The experimentally time-invariant shape, although the full front does not enter into
measured conversion y profiles along z for samples UV the positive z-axis until a sufficient dose has been reached.
irradiated at room temperature with an increasing dose value From data reported in Figure 2d we find an upper estimate for
(ranging from 0.036 to 3.24 ] cm™?) are shown in Figure 2c. As the critical ¢, value to be <0.088, which corresponds to the
expected, a conversion gradient was obtained for all samples, average of the minimum measured ¢ values (see inset). This
whose extent depends on UV curing conditions. The estimate agrees well with the value of ¢, reported before from
conversion at the solid/liquid interface (y.) is 0.062, as fitting front position kinetics (¢, = 0.052 + 0.002).
estimated by FT-IR ATR measurements from the top surface of Conversion profiles can be rescaled equivalently in terms of
the solidified sample. This value is much lower than the gel the coordinate A moving with the polymerization front: A =z
point conversion expected for multifunctional thiol—ene — z; Figure 2e shows the master curve obtained representing
systems by the Flory—Stockmayer theory.*"** This is the experimental ¢ data as a function of A. The normalized
unsurprising since our photocurable system comprises conversion (zt) propagates as a moving sigmoidal-shaped
oligomeric species (“prepolymers”), instead of a mixture of front whose position is defined by z; corresponding to the
reactive multifunctional monomers. critical conversion point ¢, of the front that advances in space.
We defined the extent of polymerization ¢(z,t) as the Similar results can be obtained defining the front position with
normalized conversion y measured experimentally, i.e., ¢(zt) = different criteria (Supporting Information, Figure S3). For this
X(2t) /Y may Where ¥, has been determined to be 0.7 for this system, the interfacial width is of the order of 1 mm.
data series. Calculated ¢ values as a function of z and UV Effect of Temperature on Front Profile. At increasing
irradiation time ¢ are reported in Figure 2d (points). We then temperatures, the FPP reaction generally proceeds faster,
fitted the calculated ¢ data with eq S of the FPP model, and the yielding thicker solid samples for a fixed UV dose. In agreement
resulting profiles are shown as solid lines in the figure. These with our previous work,'® z{(t) still grows logarithmically with
were obtained using the experimentally measured attenuation the dose, but more rapidly, as illustrated in Figure 3a for T = 23

coefficient y and the fitting parameter KI, = 0.0016 s~'. The °C and T = 100 °C. The slope of the two logarithmic profiles

201 dx.doi.org/10.1021/ma5021215 | Macromolecules 2015, 48, 198—205
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Figure 3. FPP frontal kinetics for polymerizations performed at high
temperature. (a) Comparative sample height z{(t) dependence on UV
dose for T = 23 °C and T = 100 °C, exhibiting logarithmic kinetics
with nearly constant slope (1/u). UV irradiation was performed with
light intensity I, = 0.3 mW cm™> (for low doses) or 0.9 mW cm™> (for
high doses) and varying the exposure time (150—2400 s). (b) Extent
of conversion ¢ profiles along the sample depth z for increasing UV
irradiation time ¢ (corresponding to a dose range of 0.045—2.16 ]
cm™?). Points are experimental data, while solid lines are model fits to
eq S. Photopolymerization was conducted at T = 100 °C.

(1/u) is nearly constant, indicating that the attenuation
coeflicient 4 does not change with temperature, as expected
for a material property. By contrast, the critical UV dose d,
decreases with increasing temperature, and we find d (T = 23
°C) = 9.6 + 1.0 mJ cm™* and d.(T = 100 °C) = 2.1 + 0.6 m]J
cm™? for the two profiles in Figure 3a.

In order to evaluate the effect of temperature on the
interfacial profiles and master curve, we measured by FT-IR the
conversion along the thickness (z-direction) for samples
polymerized at T = 100 °C. Also in this case, the ¢
experimental values are found to be in good agreement with
the FPP model (Figure 3b), even though the level of agreement
is poorer than at lower temperatures. This may be due to finite
heat and mass transfer or to the onset of an interfacial
instability at sufficiently high temperatures that disrupts strict
planar propagation. The data of Figure 3b were described by
KI, = 0.0438 s™" as a fitting parameter, higher than the value
found at 23 °C, at constant I,. We find that the solidification
threshold measured at the polymer/liquid interface does not
depend on temperature, ie., y.(T = 100 °C) = 0.069, as could
be expected for a network property, depending only on the
chemical structure of the prepolymer.

Figure 4a depicts the front position z; obtained at increasing
temperatures for a fixed dose (d = 1.08 J cm™?). Above 100 °C
the reaction equilibrium shifts, altering the monotonic trend. In
the following, we have thus considered only the temperature
range 23—100 °C. In Figure 4b are represented the conversion
x values measured by FT-IR for the fixed dose d = 1.08 J cm™>
as a function of temperature, corresponding to the specimens in
Figure 4a. We find that the maximum conversion, obtained on
the surface closest to the illuminating source (z = 0), increases
with temperature. It appears that larger mobility afforded at
high temperature permits achieving marginally larger con-
version of polymer network. In order to obtain ¢ values, each

(a) 22 b (b) 1.0 ot o (c) 1.0
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= c exposure
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Figure 4. Influence of temperature on FPP kinetics at fixed UV light dose (d = 1.08 J cm™2) within temperature range 23—100 °C. (a) Front position
(determined as the developed sample thickness) z; as a function of temperature of polymerization T. (b) Dependence of conversion y profiles
(measured by FT-IR) on curing temperature along sample depth z. (c) Normalized conversion ¢) dependence on z and T. Points are experimental
data, while solid lines are model fits. (d) Kinetics constant KI as a function of photopolymerization temperature, showing an Arrhenius behavior
(depicted in the inset). (e) Master curve representing ¢, at all studied temperatures, rescaled in the coordinate of the moving front A (A =z — z;)
by the parameters in (d).
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series was thus normalized separately by the respective y,,, for
each temperature. The normalized front profiles, depicted in
Figure 4c, were then individually fitted to a different parameter
KI,. At a fixed dose, we find that KI, increases exponentially
with temperature, as shown in Figure 4d. KI, can be in fact
considered an overall polymerization kinetics constant, and the
data are well fitted to an Arrhenius form (inset in Figure 4d).
Close inspection of Figure 4c indicates that upon increasing the
curing temperature, the experimental data deviate gradually
from the fitting model, which we have associated with finite
heat and mass transfer processes. Rescaling all data in the
moving coordinate frame A yields a well-defined master frontal
profile in Figure 4e, characterizing the frontal shape and
propagation of this thiol—ene system. Alternative front position
criteria, including the inflection point, yield similar results
(detailed in Supporting Information, Figure S4).

The isothermal nature of this FPP system, at four
representative temperatures (20—80 °C), was ascertained by
monitoring the local temperature variation during wave
propagation, which is found to be minimal, AT = 0-2 °C
(Supporting Information, Figure SS). We can thus exclude
nontrivial autoacceleration effects (characteristic of the
Trommsdorff—Norrish effect) in our FPP kinetics modeling.

After demonstrating that gradient cross-linked polymers can
be easily obtained by FPP, we have studied the thermal and
mechanical properties of the resulting materials. In particular,
we also seek to elucidate whether the solidification front
corresponds to a gelation or glass-formation condition. We
have thus measured the glass transition temperature of
sufficiently thin polymer films (approximately 100 ym) to be
considered homogeneously cross-linked. We computed sepa-
rately their degree of conversion by FT-IR and plotted the
combined results in Figure Sa. The experimental data are well
described by a geometric average (analogous to a Flory—Fox
relationship), calculated between the T, value of the liquid
prepolymer (—60.7 °C) and the T, value of a cross-linked
polymer network with y = 0.824 (28.7 °C). We conclude that
the networks only become glassy at very large conversions (y >
0.79). At very low conversions, below the critical threshold y.
(x < 0.062), the material is a liquid. For most of the conversion
range accessible 0.062 < y < 0.79, we thus obtain a polymer
network below its glass transition. During the course of light
exposure, the liquid—solid transition is found to occur via
gelation at an early stage, followed by a glass transition at much
longer exposure times, at sufficiently low temperatures (<40
°C).

Simultaneously plotting the conversion profiles obtained for
samples cured at different temperatures and the corresponding
T, values (Figure 5b), it is clear that we can controllably design
gradient material properties with well-defined depth profiles,
ranging from a stratified glass-to-elastomer (higher UV curing
temperature) to a gradient elastomer profile (lower UV curing
temperature).

Similarly, the mechanical properties display a gradient profile
along the sample thickness, accompanying conversion. We
measured the local Young’s modulus E along the cross section
of the film by AFM force—distance measurements, depicted in
Figure 6a. The mechanical properties of the two faces of one
sample can be designed to be very different: gradually ranging
from a soft surface, across the material depth, to a rigid
opposite surface. Selecting the UV curing temperature, it is
possible to control the mechanical properties of the final
material and its profile. For instance, increasing the temperature
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Figure S. (a) Dependence of glass transition temperature of the
material on conversion. The data follow a geometric average trend
(solid line). (b) Conversion y profiles along the sample depth z for
increasing UV exposure temperature within 23—100 °C, correlated
with the T, of the polymer. At high conversion (T, > RT) the material
is a rigid cross-linked glassy polymer (dark blue), then a flexible
elastomer at lower y values (blue), and finally a liquid when y < y.
(light blue).

from 23 to 100 °C, the modulus of the surface closest to the
illuminating source (z = 0) increases 7-fold, while the gradient
becomes similarly more pronounced. In Figure 6b the Young’s
modulus is reported as a function of conversion y for different
UV curing temperatures. In all cases, E slightly increases with y
until around y = 0.75 and then grows much faster, as the
network’s T, exceeds room temperature when y > 0.79 and the
material vitrifies. The surface tackiness and adhesion
qualitatively follow the reverse trend suggesting possible
applications in supported gradient adhesives.

The gradient along the direction of illumination, given
naturally by FPP reaction and controlled by parameters KI; and
U, can be further coupled with a lateral gradient imposed by a
grayscale photomask. We demonstrate this approach by FPP
patterning through a circular gradient mask with optical density
increasing radially (further examples of gradient and step
patterns are provided in Supporting Information, Figure S6).
The resulting pattern and measured conversion profiles in x, ,
and z are shown in Figure 6¢. Curved, lens-shaped features
exhibiting well-defined conversion gradients in all directions are
readily fabricated.

B CONCLUSIONS

We have directly resolved the interfacial profiles and
propagation kinetics during frontal photopolymerization
(FPP) using a thiol—ene model system. The experimentally
measured conversion profiles in the resulting gradient polymer
networks and frontal kinetics were found to be quantitatively
well-described by our coarse-grained FPP model. Depth
conversion profiles are governed by optical attenuation and
reaction kinetics, modeled by parameters y and KI;, and front
position can be finely controlled by changing photopolymeriza-
tion conditions (including time and temperature of irradiation).
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Figure 6. Mechanical properties of the gradient cross-linked photopolymer and three-dimensional gradients. (a) Young’s modulus E profile along the
sample depth z for materials UV cured at different temperatures (temperature range 23—100 °C) and with fixed UV light dose (d = 1.08 J cm™2). (b)
E as a function of the polymer conversion. (c) Exemplar of an FPP gradient pattern obtained by grayscale lithography yielding a lens-shaped pattern
with tunable conversion gradients in all directions: along z (sample height) and along x and y (lateral dimensions). The data points in the graphs are
normalized conversion ¢ measured by FT-IR along z (defined by x, y = 0, 0 mm) and along an x line (defined by y, z = 0, 0.2 mm). Solid lines are
model predictions based on our FPP model and parameters determined above.

An understanding of FPP enables the design of thermal and
rheomechanical properties of the gradient polymer networks,
by tuning conversion profile across a critical threshold and glass
formation conditions. We finally demonstrate the FPP
fabrication of gradient cross-linked polymers along the light
propagation direction, which can further be coupled to lateral
spatial gradients through grayscale photomask pattern transfer.

B ASSOCIATED CONTENT

© Supporting Information

Evaluation of ¢, and KI, parameters and rescaling in the
coordinate of the moving front, photopolymer shrinkage study,
temperature evolution during FPP and further examples of
gradient and step patterns. This material is available free of
charge via the Internet at http://pubs.acs.org.
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