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Frontal ring-opening metathesis polymerization (FROMP) is a promising
energy-efficient approach to fabricate polymeric materials. Recent advances
have demonstrated FROMP for diverse applications, including additive man-
ufacturing, composites, and foams. However, the characteristic properties of
the front are currently controlled primarily by varying the resin composition or
the environmental conditions. In this work we present an approach to control
FROMP of dicyclopentadiene (DCPD) using photochemical methods. A pho-
tobase generator is used to inhibit FROMP of DCPD with UV light while a
photosensitizer and co-initiator are used to accelerate FROMP with blue light,
enabling orthogonal active photocontrol of front velocity. In addition,
photoinhibition-enabled lithographic patterning of frontal polymerizations is

demonstrated. Frontal polymerizations are spatially controlled, redirected,
and even split into diverging fronts. This work establishes a foundation for
advanced control of frontal polymerizations, enabling innovation in tradi-
tional and additive manufacturing, as well as emerging processes like mor-
phogenic manufacturing.

In the last two decades, frontal polymerization (FP) has emerged as a
useful, energy-efficient technique for the preparation of polymeric
materials', including fiber-reinforced composites®*~, nanocomposites™,
hydrogels" ™, and functionally graded polymers*®. In a frontal poly-
merization system, polymerization is initiated by activation of a latent
catalyst through local heating or irradiation and propagates due to the
large exotherm generated during polymerization, rather than using an
external energy source to drive the reaction®. In frontal ring-opening
metathesis polymerization (FROMP) (Fig. 1a) this process often results in
rapid and near-quantitative conversion of monomer to polymer with
minimal energy input, making frontal polymerization an attractive
method for the energy-efficient production of polymeric materials®*.

In FROMP, front velocity is controlled by modifying the resin
composition, while after initiation, it is regulated by boundary condi-
tions such as substrate temperature, ambient thermal environment,
and heat flux at the resin boundaries*'*”. The resin composition
influences the heat release rate, which depends on the product of the

intrinsic enthalpy of polymerization and the polymerization reaction
rate. The enthalpy of polymerization is determined by the monomer,
while the reaction rate is governed by the relative concentrations and
activities of monomer, catalyst, and phosphite inhibitor'®'®'°. Gao et al.
introduced a creative approach to controlling front velocity in
cyclooctadiene FROMP by incorporating phase-changing micro-
particles into the resin®. This innovation highlights the complexity of
managing front velocity, which is highly sensitive to variables such as
resin formulation, part geometry, and substrate or mold material. For
applications like direct ink write (DIW) additive manufacturing®”,
these sensitivities require careful optimization of process parameters
for each specific formulation. To make the additive manufacturing
process more robust, the Sottos group developed a self-regulating
approach for DIW printing by controlling the resin and substrate
temperatures".

Several groups have investigated the photochemical and photo-
thermal initiation of FROMP*>, Wavelength orthogonal control of
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Fig. 1| Overview of orthogonal photocontrol system. a ROMP with DCPD
showing metallacyclobutane intermediate, ring-opening of the cyclopentene is not
shown, b photoactivation of NPPOC-TMG, for inhibition of FROMP and c the
photosensitizer system for wavelength orthogonal acceleration of FROMP.

d Schematic of a 2-channel experiment to compare front velocities with a test and
control (unirradiated) channel. e Still images of FROMP with photoinhibition in a
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2-channel mold. The right channel is unirradiated and propagates to the end of the
channel. The left channel is preirradiated with 30 mW cm light for 180 s and front
propagation is arrested on entering the inhibited region. The resin contains 8 mole
equivalents of NPPOC-TMG:catalyst and a thermochromic dye to enhance visuali-
zation of the front. For scale, the molds have triangular indents spaced 5 mm apart
along the edges.

catalyst activity has also been demonstrated for photoinitiated ROMP
(photoROMP)*° including work by our group which previously
demonstrated acceleration of photoROMP for 3D printing using
photosensitizers®*? as well as selective wavelength-orthogonal olefin
metathesis polymerization (SWOMP) using photobase generators and
photosensitizers®. In this work, we apply similar approaches to FROMP
of dicyclopentadiene (DCPD), demonstrating photocontrol of both
front velocity and direction despite the high frontal temperatures
(~130-220°C for DCPD)** and fast propagation of FROMP. We
investigate the effects of photobase generator loading and light
intensity on front inhibition and compare the efficacy of inhibition
with in situ photobase generation versus preirradiation. We also
demonstrate the use of photosensitizer systems for in situ acceleration
of the front and develop a resin formulation for wavelength-
orthogonal acceleration and inhibition (Fig. 1b,c). Finally, we explore
photopatterning of resins utilizing FROMP inhibition to confine frontal
polymerization to patterned areas and change the front direction
using only light. This work establishes active control over self-
propagating reactions, paving the way for spatiotemporal control of
FROMP in advanced and morphogenic manufacturing®®.

Results and discussion

FROMP resins in this work are formulated with monomer, catalyst, and a
phosphite inhibitor, to prevent rapid polymerization when the catalyst
and monomer are mixed. For all experiments in this work FROMP was
thermally initiated, although prior work has demonstrated both

photochemical and photothermal initiation methods can be effective” .

Front velocity is highly dependent on catalyst and phosphite inhibitor
concentration and significantly varies batch-to-batch due to small varia-
tions in the resin formulation (Supplementary Figs. S1 and S2). To ensure
differences due to variations in the formulations were not misattributed
as effects of irradiation, two-channel and three-channel molds (Fig. 1d, e;
Supplementary Fig. S3), which allow direct comparison of irradiated
fronts to an unirradiated control front from the same batch of resin, were
used for all photocontrol experiments.

NPPOC-TMG stability

Amines are well-known to inhibit solution-state ROMP polymeriza-
tions, although the extent of amine sensitivity depends on both the
specific catalyst and the amine®*2. Mechanistic work by the Fogg"*™*°
group has shown that amine inhibition of N-heterocyclic carbene-
substituted Grubbs’ catalysts can proceed by abstracting protons from
the metallocyclobutane intermediate or by nucleophilic attack at the
vinylidene, depending on the substitution and nucleophilicity of the
amine. We utilized the photobase generator 2-(2-nitrophenyl)propyl-
N-(1,1,3,3-tetramethylguanidinyl)carbamate  (NPPOC-TMG)*” which
generates 1,1,3,3-tetramethylguanidine (TMG) upon photoactivation
(Fig. 1b). While photoROMP inhibition by NPPOC-TMG was previously
demonstrated at room temperature®, it was unknown if NPPOC-TMG
would be stable or if inhibition would be effective at the elevated
temperatures (~130°C-220°C) and rapid reaction rates of
FROMP**545,
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Fig. 2 | NPPOC-TMG in DCPD resins. a Front velocity (vf) and polymerization

enthalpy (H,x,) with standard deviations for unirradiated FROMP resins with varied
mol eq. NPPOC-TMG: catalyst, demonstrating a small decrease in v¢ with increasing
NPPOC-TMG loading but no statistically significant impact on H,x, (Supplementary
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Table S1 and Figures S6-S8). b NPPOC-TMG conversion in DCPD measured by NMR
spectroscopy when 1.3 mm thick samples are exposed to 365 nm and 385 nm light
for varied preirradiation times.

The thermal stability of neat NPPOC-TMG was assessed by ther-
mogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) both of which showed that neat NPPOC-TMG is stable at FROMP
temperatures. NMR of NPPOC-TMG samples after DSC to 200 °C
showed no evidence of degradation products (Supplementary
Figs. S4 and S5).

To determine the stability of NPPOC-TMG under FROMP condi-
tions, FROMP was performed without irradiation on resins containing
6-12mol eq. of NPPOC-TMG vs catalyst. The resins were frontally
polymerized and the front velocities were measured (Fig. 2a). Thermal
activation of NPPOC-TMG, or reaction of unactivated NPPOC-TMG with
the catalyst, should decrease the observed front velocity due to catalyst
deactivation™. A small but statistically significant trend of decreasing
front velocity with increasing NPPOC-TMG concentration was observed
(Fig. 2a, Supplementary Table S1 and Fig. S6). The FROMP front tem-
perature was also measured in unirradiated resin containing 8 mol eq.
NPPOC-TMG and found to be -140 °C (Supplementary Fig. S8). The total
enthalpy of polymerization showed little change with the addition of
NPPOC-TMG below 12 mol eq. (Supplementary Fig. S7), consistent with
previous work which showed that lower catalyst loading does not
change the total enthalpy although the front velocities decrease®.
However, at or above 12 equivalents, NPPOC-TMG was observed to have
a detrimental effect on front stability and propagation, with fronts in
2-channel experiments frequently spontaneously arresting or failing to
propagate after the thermal stimulus was removed, even in the control
channel. We conclude that NPPOC-TMG does not undergo significant
thermal activation during FROMP, but at high concentrations it does
impact front propagation. This could be due to an interaction between
unreacted NPPOC-TMG and the catalyst during the initiation or propa-
gation steps of the polymerization or to small amounts of thermally-
released TMG which only have a measurable effect on FROMP at high
NPPOC-TMG loadings.

Finally, to determine if NPPOC-TMG or TMG have a detrimental
effect on the thermomechanical properties of FROMP-polymerized
pDCPD, DMA and DSC tests were conducted on polymers with uni-
rradiated and irradiated NPPOC-TMG and with directly added TMG.
None of the samples exhibited a significant difference in either T4 or
torsional modulus compared to control specimens (Supplementary
Figs. S9-S11), demonstrating that the thermomechanical properties of
the FROMP polymers are unaffected by the presence of NPPOC-TMG
or released TMG at experimentally relevant concentrations. Future
work will evaluate the long-term effects, if any, of residual NPPOC-TMG
and TMG on polymer thermomechanical properties, such as T,
modulus and toughness, and aging performance.

NPPOC-TMG photoactivation kinetics

The kinetics of TMG release upon photoactivation of NPPOC-TMG are
critical for effective front inhibition, as they directly influence the
thermal dynamics of the region just ahead of the frontal boundary. In
this region the temperature rises due to heat conduction from the
propagating front. This temperature increase, governed by the resin’s
thermal conductivity and the existing temperature gradient, estab-
lishes an elevated temperature zone where polymerization is initiated.
For the front to propagate, the heat released by polymerization in this
zone must exceed the heat lost to the surrounding medium and resin.
The release of TMG inhibits the exothermic polymerization reaction,
lowering the heat generation rate and preventing the initiation zone
from reaching the critical temperature required for self-sustained
propagation. The interplay between the kinetics of TMG release, cat-
alyst deactivation by TMG, resin thermal conductivity, and heat
transfer processes ultimately determines how far the front propagates
into an irradiated region before being quenched.

To determine the approximate range of NPPOC-TMG needed to
inhibit the front the ability of neat TMG to inhibit FROMP was inves-
tigated by adding TMG directly to FROMP resins. We found that with
>6 mol eq. of TMG relative to catalyst the FROMP front arrested
(Supplementary Fig. S13). Based on this we investigated resins with
NPPOC-TMG added at 6 mol eq. relative to catalyst and above.

Bowman and coworkers*’ previously studied the photorelease
kinetics of NPPOC-TMG. Photoactivation kinetics were expected to be
slower in our system due to the ruthenium catalyst, which has sig-
nificant UV absorption (Supplementary Fig. S12). Photoactivation of
NPPOC-TMG was measured directly by NMR and by UV-Vis utilizing an
acid-base indicator to determine how much TMG was released at dif-
ferent light intensities and times*’.

For NMR samples a much higher loading of NPPOC-TMG than
used in photocontrol experiments was needed to provide adequate
signal for the NPPOC-TMG peaks. For 1.3 mm thick samples in DCPD,
irradiating at 180 mW cm™ with 365 nm light NPPOC-TMG reached
50% activation after 90 s and 73% after 180 s (Fig. 2b). Unsurprisingly,
NPPOC-TMG activation was slower with lower intensity 385 nm light
(30 mW cm™), with only 27% activation after 90s and 40% of the
NPPOC-TMG activated after 180 s. The effect of penetration depth was
studied and activation was greater for thinner layers of resin. NPPOC-
TMG activation kinetics were also studied by UV-Vis in DCPD and
dichloroethane (DCE). The UV-Vis results in DCPD were quite similar to
the kinetics measured by NMR. Although the initial activation was
slightly faster when measured by UV-Vis the activation also plateaued
at approximately 70%. In DCE the initial activation rate was similar, but
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Fig. 3 | Front inhibition and acceleration. a Representative curves of front posi-
tion versus time for 2-channel tests with in situ irradiation (365 nm, 180 mW cm™)
and varying molar equivalents of NPPOC-TMG:catalyst (0-12 mol eq.). Purple
indicates the irradiated region. b Inhibition and acceleration in 2-channel tests with
NPPOC-TMG (365 nm, 180 mW cm™) and CQ/EDAB (470 nm, 120 mW cm™) at two
different loadings. Data from three runs are shown for each formulation, indicated
by the different sizes and shades of symbols. The blue and purple shading indicate
the irradiated region. The position of the irradiated front relative to the control
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(unirradiated) front is tracked by subtracting the control front position from the
irradiated front position at time (t) and plotting the relative position versus the
distance of the control front. Negative values show inhibition and positive values
show acceleration. ¢ A 3-channel experiment showing in situ orthogonal control of
FROMP in a single resin with both NPPOC-TMG (8 mol eq.) and CQ/EDAB (0.5 wt%
CQ and 1wt% EDAB) using 220 mW cm 2 365 nm light (left channel, inhibition) and
200 mW cm 470 nm light (right channel, acceleration). See also Supplementary
Movie 2.

the activation proceeded to 95% activation after 180 s. These differ-
ences could be due to many factors including solvent effects and dif-
ferences in light penetration due to the necessity of varying the
compositions of the solutions tested for each method (Supplementary
Figs. S14-S16 and Tables S2-S4).

We also investigated the main byproduct of NPPOC-TMG activa-
tion, 1-nitro-2-(prop-1-en-2-yl)benzene (NO,Sty) (Fig. 1b). We found
NO,Sty has some absorption at 365nm (Supplementary Fig. S17a)
which may contribute to the plateau observed in NPPOC-TMG activa-
tion around 70% for 1.3 mm depth experiments. However, in 2-channel
experiments with 8 mol eq. NO,Sty relative to catalyst the presence of
the NO,Sty byproduct was not found to have a significant effect on
front rate relative to formulations with no photoadditives (Supple-
mentary Fig. S17b), although the average front rate of the irradiated
channels with NO,Sty was slightly lower than in the control (uni-
rradiated) channels with NO,Sty. This suggests that NO,Sty may have a
slight inhibitory effect on FROMP when irradiated.

In situ front velocity control
The efficacy of NPPOC-TMG based photoinhibition for in situ control of
FROMP front velocity was tested using 2-channel experiments. In these
experiments, a light source was turned on as the front passed a desig-
nated point in each channel (x =10 mm) and remained on as the front
propagated along the channel through the 25mm irradiation zone
(Fig. 1d). Formulations with varying equivalents of NPPOC-TMG vs cat-
alyst were tested with 120, 180, and 228 mW cm™ intensity 365 nm light
(Fig. 3a) (Supplementary Fig. S18, Supplementary Movie 1).

Representative curves of front position versus time for resins with
varying NPPOC-TMG loadings irradiated in situ at 180 mW cm™ show
that increased NPPOC-TMG increases inhibition and causes the front to
arrest earlier in the irradiated region (Fig. 3a). At 6 mol eq. NPPOC-TMG,
the front does not typically fully arrest, but FROMP velocity decreases in
the irradiated region. Formulations containing =8 mol eq. NPPOC-TMG,
by contrast, consistently arrest in the irradiated region. Owing to the
photorelease efficiency of NPPOC-TMG and the sensitivity of FROMP to
small variations in resin formulation, the run-to-run variability of these
experiments is relatively high, particularly at low irradiation intensity
and lower NPPOC-TMG loading (Supplementary Fig. S18).

Next, we examined in situ acceleration of FROMP with photo-
sensitizers. In previous work® we showed that the addition of

photosensitizers can accelerate photoROMP, although the exact
mechanism of energy transfer between the photosensitizers and the
Ru catalysts continues under investigation. We reasoned that a similar
acceleration of FROMP, by increasing the activity of the Ru catalyst,
would be possible using photosensitizers and in situ irradiation. A
series of photosensitizers were screened with and without ethyl
4-(dimethylamino)benzoate (EDAB) as a co-initiator (Supplementary
Figs. S19-S21), demonstrating that several combinations of photo-
sensitizers can accelerate FROMP with 365 nm light, and that EDAB
increases the acceleration effect for most photosensitizers. The results
of 2-channel acceleration and inhibition experiments using separate
resins with CQ/EDAB and NPPOC-TMG are shown in Fig. 3b. Irradiation
of resins containing 0.5 wt% CQ (39.9 mol eq. vs GC2) and 1wt% EDAB
(68.8 mol eq. vs GC2) with 470 nm light at 120 mW cm 2 increased front
velocity (vg) by 12 + 2% and by 30 + 3% at 1 wt% CQ and 2 wt% EDAB, as
calculated from the maximum value of the slope of front position
versus time in the irradiated channels vs the control channels.

For the wavelength-orthogonal system, camphorquinone (CQ)
and EDAB with NPPOC-TMG were selected. As the Bowman group
previously reported, NPPOC-TMG has very low absorption above
420 nm and extremely slow activation upon irradiation at 455nm®*.
Thus, we expected NPPOC-TMG activation at 470 nm would also be
negligible. To demonstrate the orthogonality of this system, 3-channel
experiments with formulations including both NPPOC-TMG and CQ/
EDAB were performed. In these experiments, the front was split into
three channels and irradiated with 365 nm light (left channel), uni-
rradiated (center channel), or 470 nm light (right channel). To increase
the visual contrast of the front, 0.5 wt% of a thermochromic dye with a
color transition from black to clear at 35 °C was added. Upon irradia-
tion the accelerated front propagates ahead of the unirradiated con-
trol and the inhibited front trails behind (Fig. 3¢, Supplementary
Movie 2).

Photoinhibition with preirradiation

Though effective, the high intensities of light used for in situ photo-
control are not always feasible to employ. Thus, we also investigated
FROMP inhibition with lower intensity light using a preirradiation
approach. In these experiments the irradiated region of the test
channel was irradiated for varying lengths of time and then the light
turned off prior to FROMP initiation.
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Fig. 4 | Front inhibition with pre-irradiation. Representative curves of front
position vs time data for varying NPPOC-TMG loadings preirradiated at 30 mW cm™
for (a) 120, b 180, and ¢ 240 s. d Average x-position and standard deviation of front
cessation for varying NPPOC-TMG mol eq. vs catalyst. The purple area represents
the irradiated region.

We performed 2-channel experiments with preirradiation at
30 mW cm™ and three different preirradiation times, with 6-12 mol eq.
NPPOC-TMG (Supplementary Fig. S22, Supplementary Movie 3).
Representative curves of front position versus time for each NPPOC-
TMG loading and light intensity are compared and the efficacy of
inhibition is quantified by the average distance the front propagates
into the irradiated region (Fig. 4a-d). With 120 s of preirradiation, a
correlation between inhibition and NPPOC-TMG loading was
observed, although the fronts did not consistently arrest, even at
higher loadings. At 180 s and 240 s of preirradiation, front cessation
occurs rapidly for all formulations, nearly independent of NPPOC-TMG
loading between 6 and 12 equivalents.

Photopatterning FROMP

Typically, a FROMP front propagates radially in all directions unless
blocked by a barrier, such as the wall of a mold or another propagating
front***°. Given the efficacy of the preirradiation strategy, we con-
sidered whether photobase generation could be used to create a
chemical barrier to front propagation with a well-defined spatial pat-
tern. Specifically, in which TMG photorelease inhibits FROMP in irra-
diated regions while the front propagates within a patterned dark
region.

All patterning tests were performed using 1.3 mm thick layers of
DCPD resin between two 1 mm thick glass slides and were preirradiated
for 180 s with 30 mW cm™ 385 nm light. The resins contained 8 mol eq.
NPPOC-TMG versus catalyst.

To initially quantify patterning capabilities, lines of varied widths
were frontally polymerized using patterned projections (Fig. 5a, Sup-
plementary Movie 4). Samples were preirradiated with patterned light
then FROMP was initiated at the edge of the dark “T” shaped region.
The widths of the horizontal bar were varied to determine the mini-
mum line width for FROMP propagation, given the inherent instabil-
ities of the FROMP system (Fig. 5a,b). At widths <10 mm, the fronts
failed to propagate the length of the patterned region. At widths of
10 mm, front cessation still occurred in one out of three tests. We

attribute this variability to the balance between effective photo-
inhibition and the volumetric requirements of front propagation.
When the volume of resin available to sustain a propagating front is
decreased, as in a narrower channel, the heat generated during poly-
merization may be insufficient to sustain the front, resulting in
quenching of the front®?'. Polymerizations using projected channels
with widths >10 mm were found to propagate reliably but with varying
fidelity along the length of the patterned channel (Fig. 5¢).

To better characterize the pattern fidelity samples with 10, 15, and
20 mm wide horizontal bars were prepared and the width of the pat-
terned polymer (W) compared to the nominal projected width
(Wprojection) (Fig. 5a-c). Near x = 0, all patterns exhibit some overcure as
the propagating front is directed from the vertical to horizontal pat-
terned regions (Fig. 5d-f). The pattern fidelity is also poor at the far
end of the channels, likely due to additional heat loss from the resin at
the exposed end of the glass slides.

These results demonstrate the sensitivities of this photopattern-
ing strategy to multiple variables. Heat loss to the surroundings can
cause the front to quench in the dark region if the total volume of the
propagating front is too small. Thermal diffusion from the propagating
front and polymerized material adjacent to the inhibited regions may
also overcome the inhibition and result in overcuring or thermal
breakout, e.g. the propagation of the front into the irradiated region.
Finally, diffusion of TMG from the irradiated region into the dark
region can both decrease TMG concentration in the irradiated region
and increase TMG concentration in the dark region. This can con-
tribute to breakout into irradiated regions or to unwanted arrest of the
front in the dark region. Despite these limitations, this patterning
approach enables a level of spatial control of front propagation that
has not yet been achieved except by physical barriers.

To test the limits of this method we investigated photopatterning
of more complex shapes. Arrows with a radiused 90° turn (Fig. 6b,
Supplementary Movie 5), ‘U’s with two square 90° turns (Fig. 6a,
Supplementary Movie 6), and “traffic islands” with rectangular and
hexagonal central regions were patterned (Fig. 6¢, d, Supplementary
Fig. S24 and Movies 7 and 8). As in earlier experiments, patterned
regions of insufficient width (<12 mm) resulted in fronts that fre-
quently quenched (Supplementary Movie 9). The width and geometry
of the central inhibited regions (Fig. 6b-d) were also found to be cri-
tical to the success of the patterning. In our system the efficacy of
inhibition is highly sensitive to local temperature and therefore to the
volume of inhibited resin between propagating fronts. The resin in the
central regions is heated from multiple sides during FROMP pattern-
ing, thus smaller central inhibition regions, or geometries like the
hexagonal “traffic island,” are more susceptible to thermal breakout
and subsequent curing of the entire central region. TMG diffusion may
also be an increasingly important factor as the geometries of the
central irradiated region are varied.

Though the limitations on the width of the inhibition regions are
very important when fronts converge, when fronts propagate parallel
to each other, relatively narrow inhibition regions are possible. Dog
bones with a 5.5 mm inhibited region separating the fronts at the clo-
sest points (Fig. 6e) were patterned and breakout between the pro-
pagating fronts was not observed. Finally, we demonstrated FROMP
patterning with embedded objects to create multimaterial parts. A
polypropylene shim was sequentially embedded into multiple FROMP-
patterned regions to create a simple model wind turbine blade (Fig. 6f,
Supplementary Movie S10).

In summary, our work demonstrates that front propagation in
frontal ring-opening metathesis polymerization is effectively con-
trolled through well-designed photochemistries, despite the high
temperatures and rapid reaction rates of frontal polymerizations. We
have shown that front velocity is controlled using catalyst-based
inhibition with photobase generators or orthogonally accelerated
through the addition of photosensitizers. The effects of photobase
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Fig. 5 | Fidelity of frontal polymerization photoinhibition. a Schematic of line
width patterning experiments. b Image of patterned frontally polymerized pDCPD
after removal of unpolymerized resin. ¢ Grayscale and binarized images of pat-
terned polymers for image analysis, and d-f pattern fidelity across the length of the
patterned channel for different channel widths, the insets show the grayscale
images of the polymerized regions for each run. To quantify the pattern fidelity the
difference between the width of the patterned polymer, Wy, and that of the

Projection, Wy yjeceion, Was compared along the length of the patterned region. A
perfectly patterned polymer would have Wy, mer — Wprojection = 0 OVer the entire
length. A value less than O indicates the polymerized region is narrower than the
projected pattern and a value greater than O indicates that the polymerization front
has propagated outside the patterned region (overcure). See Supplementary
Movie 4 for channel experiments. See Fig. S23 for additional plots.

a

~—

Fig. 6 | Photopatterning FROMP. Projections and resulting patterned polymers
for (a) a square “U” with 180° front redirection (b) a 90° radiused arrow and traffic
island patterns with (c) a rectangular island and (d) an elongated hexagonal island,
showing how geometry can impact inhibition and breakout. Thermal images for the
sample with the hexagonal island show FROMP back propagation through the

inhibited area when the parallel propagating fronts converge, whereas with the
square inhibition area breakout into the central region does not occur when the
fronts converge. FROMP photopatterned (e) tensile bars and (f) turbine blades with
embedded struts are also presented. Scale bars are 10 mm.
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generator loading, light intensity, and irradiation dose were examined,
and a resin system was developed for photopatterning of FROMP
polymers. Using photopatterning, we demonstrated directional con-
trol of front propagation to generate predefined geometries and fea-
tures such as 180° turns, “punch-out” dogbones, and patterned
overmolding. We anticipate that this system can be used in DIW
additive manufacturing with FROMP for in situ control of the front
velocity and in morphogenic manufacturing®®* to introduce active
spatial control of front propagation and spin modes. Moreover, we
hope this system will inspire the development of analogous photo-
control chemistries for other frontal polymerization systems. Future
investigations will seek to better understand the mechanism of
catalyst-based inhibition and the contributions of thermal and che-
mical diffusion to front propagation and pattern fidelity.

Methods
Materials
All DCPD resins in this work contain 5 wt% 5-ethylidene-2-norbonene to
lower the melting point so that they are liquids at room temperature.
Dicyclopentadiene (DCPD, ULTRENE, 97%) was obtained from
Cymetech. Tributyl phosphite (TBP, 93%), 5-ethylidene-2-norbornene
(ENB, 98%), 2-(2-nitrophenyl)propanol (98%) and ethyl 4-(dimethyla-
mino)benzoate (EDAB, >98%) were obtained from TCI. Grubbs’ second
generation catalyst (1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinyli-
dene)dichloro (phenylmethylene) (tricyclohexylphosphine)ruthenium
(GC2, CAS 246047-72-3), dichloromethane (DCM, 99.8%), 1,2-dichlor-
oethane (DCE, 299%), 1,1,3,3-tetramethylguanidine (TMG, 99%), carbonyl
diimidazole (CDI, 96-98%) camphorquinone (CQ, 97%) and tetra-
decyltrihexylphosphonium chloride (=95%) were purchased from
Sigma Aldrich. 2-(2-nitrophenyl)propyl carbonochloridate (95%) was
purchased from Aaron Chemicals. Benzophenone (98%),
2-isopropylthioxanthone (ITX, 98%), and 1,2-diphnylethane-1,2-dione
(bengzil) (98%) were purchased from aaBlocks. Methanol (MeOH, 99.9%)
and sodium hydroxide (NaOH >97%) were purchased from Fischer Sci-
entific. Thermochromic pigment (black/clear 95 °F/35°C) was pur-
chased from Atlantic Chemical. Phenolsulfonphthalein (phenol red) was
purchased from Matheson Coleman & Bell. Sodium sulfate (Na,SO,,
99.5%), CD,Cl, (99.8%) and DMSO-dg, (>99.8%) were purchased from
Oakwood Chemical. Chloroform-d (CDCl;, 99.8%) was purchased from
Cambridge Isotope Laboratories. All commercial chemicals were used
without further purification. Silicone molds were made using RTV-630
silicone rubber molding compound (Momentive).

2-(2-Nitrophenyl)propyl-N-(1,1,3,3-tetramethylguanidinyl)car-
bamate (NPPOC-TMG) Synthesis

NPPOC-TMG was synthesized by two methods depending on the most
readily available starting material. Note: Due to the light sensitivity of
NPPOC-TMG if autocolumns are used the UV detector should be
turned off.

Route 1: Starting with 2-(2-nitrophenyl)propanol a modified
method similar to that reported in Foster, et al’. was used. 2-(2-
Nitrophenyl)propanol (3.50 g, 14.32 mmol, 1 mol eq.) is loaded into a
150-mL round-bottom flask equipped with a magnetic stir bar. DCM
(55mL) is added, followed by carbonyl diimidazole, portion-wise
(4.85g, 29.94 mmol, 1.55mol eq.). The reaction is capped with a sep-
tum vented with a needle, covered in aluminum foil to prevent light
from entering, and stirred at room temperature for 4 hours. 1,1,3,3-
Tetramethylguanidine (9.94 mL, 79.20 mmol, 4.1mol eq.) is then
added slowly and the reaction is stirred at room temperature over-
night for ~18 hours. The reaction is quenched with water (30 mL) and
extracted with DCM (20 mL). The organic extracts are combined,
washed with water (3 x15 mL), brine (20 mL), and dried over anhydrous
Na,S0,. The solvent is removed in a rotary evaporator at 60 °C and the
crude product is purified using column chromatography (SiO,, 20%
MeOH/DCM, liquid-loading), resulting in NPPOC-TMG as a dark red-

orange oil that crystallized under high vacuum (<50 mTorr). Yield:
5.23g, 84%.

Route 2: 2-(2-nitrophenyl)propyl carbonochloridate (5.0g,
20.52mmol, 1mol eq.) is loaded into a 500-mL round-bottom flask
equipped with a magnetic stir bar. Dichloromethane (160 mL) is added
and cooled to 0 °C.1,1,3,3-Tetramethylguanidine (5.15 mL, 41.04 mmol,
2mol eq.) is added dropwise to the reaction mixture, which is then
capped with a septum vented with a needle, covered in aluminum foil
to prevent light from entering, and allowed to warm to room tem-
perature overnight for a period of ~18 hours. The reaction is quenched
with water (50 mL) and extracted with dichloromethane (30 mL). The
organic extracts are combined, washed with water (3 x25mL), brine
(30 mL), and dried over anhydrous Na,SO,. The solvent is removed in a
rotary evaporator at 60 °C and the crude product is purified using
column chromatography (SiO,, 20% MeOH/DCM, liquid-loading),
resulting in NPPOC-TMG as a brown-orange oil that crystallized under
high vacuum (<50 mTorr). Yield: 5.08 g, 77%.

'H NMR (500 MHz, CDCl5, SI Figure S5): § (ppm) 7.72 (d, 1H), 7.53
(m, 2H), 7.30 (td, 1H), 4.27 (d, 2H), 3.69 (m, 1H), 2.80 (s, 12H), 1.36 (d, 3H).

Resin formulations

Monomer stock formulation. A mixture of 95:5 (wt:wt) of DCPD and
ENB is prepared by adding melted DCPD (40-50 °C) to a jar with ENB
and mixing.

FROMP stock formulation. Tributyl phosphite (TBP, 2.85 pL) is added
to a 20-mL vial then diluted with monomer stock mixture (15g) to
reach 100 ppm TBP. Mixtures are used within 1hour to minimize
effects of TBP evaporation. GC2 is added to a 20-mL vial (9.6 mg) and
dissolved with stock TBP inhibited resin (15 g). The resin is then soni-
cated for 5 minutes to dissolve GC2. After the addition of GC2 resins
should be used within 1h.

Photocontrol resin formulation. Photocontrol resins are prepared by
massing all additives (photobase generator, photosensitizers) into 20-
mL glass vials, dissolving in DCM (12 pL/g of total resin), and adding
FROMP stock formulation to reach the target NPPOC-TMG or photo-
sensitizer loading. Nominal values for a 15g DCPD resin formulation
are included in Supplementary Table S5. Resins shown in the text with
0 molar equivalents of NPPOC-TMG to catalyst or Owt% photo-
sensitizer are still mixed with 12 pL DCM/g resin to ensure consistency
with the active formulations.

Resins with TMG. Resins with known quantities of TMG are prepared
by diluting 6.6 LL TMG in 7 g of FROMP resin to yield a10 mol eq. TMG:
GC2 solution. This stock is then diluted with standard FROMP resin to
8, 6, 4, and 2mol eq. TMG: GC2. See discussion for Supplementary
Fig. S13 for additional details of the testing of resins with direct addi-
tion of TMG.

Light sources

Exposures with 365nm light use a Dymax Qx4 LED. Patterning
experiments were performed at 385nm with a Titan projector
(PRO6500). Exposures with 470 nm light use a ThorLabs M470L5-C1
LED. Irradiation intensity is measured using a TA Silverline radiometer
for 365 and 385 nm light or a ThorLabs PM100D radiometer with an
S120VC sensor for 470 nm light.

2- and 3-channel tests

Front velocity is highly dependent on catalyst and phosphite inhibitor
concentration and significantly varies batch-to-batch due to small
variations in the resin formulation. Multichannel tests were used to
enable measurement of control and irradiated channels with resin
from the same batch, with fronts initiated at the same time. In the
multichannel tests, silicone molds were filled with a single batch of
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resin, covered with a 1mm thick glass cover slide, and a front was
initiated at the top of the mold. The mold geometry (Supplementary
Fig. S3) splits the propagating front into multiple channels so that the
front velocities of the unirradiated control channel and the irradiated
test channel can be directly compared (Supplementary
Movies 1 and 2). Previous work has shown that, at resin depths thinner
than 1.25mm, FROMP becomes unstable”, thus, the channels were
made 1.3 mm deep to ensure optimal light penetration while main-
taining a sufficient volume of resin to sustain front propagation. Pho-
tographs of the molds, and images and stl files of the negatives are
included (Supplementary Fig. S3, Supplementary Dataset 1).

2-channel tests. Two channel tests were used for quantification of
inhibition and acceleration. Silicone molds with channels (45 mmx10
mm x 1.3 mm) and an initiation area at the top were prepared (Figs. 1,
3¢, Supplementary Fig. S3). The initiation region splits the propagating
front into 2 channels and directs front propagation so that the fronts
enter the channels at the same time. The molds are covered with 1 mm
thick glass slides secured with binder clips. The mold is arranged
vertically and then loaded with resin.

Samples were irradiated using a Dymax QX4 with a Redicure
attachment and an 8 mm lens. The lens was positioned 3.5cm away
from the sample, and a radiometer was used to create a source power
vs light intensity standard curve at the beginning of each experiment
session. The irradiation pattern was a 25 mmx25 mm square positioned
to cover one channel from x =10 to 35 mm. During in situ irradiation
testing the light was turned on when the front crossed the x =10 mm
hash mark. During preirrradiation tests, the internal timer on the QX4
was used to control preirradiation time at a fixed intensity and FROMP
was initiated as the light turned off.

FROMP is initiated by holding a Weller soldering iron heated to
450 °C against the glass slide near the top of the resin in the mold until
FROMP begins. For 2-channel experiments one channel is a control
(unirradiated) and one channel is irradiated. Tests with thermo-
chromic dye were not used for front velocity quantification. Tracker
(version 6.1.6, open source, https://physlets.org/tracker/) is used to
monitor the front positions versus time in 2-channel tests.

3-channel tests. Three-channel tests were performed only for quali-
tative demonstration of orthogonal inhibition/acceleration, quantita-
tive measurements of the inhibition and acceleration of front velocity
were made with two-channel tests. Silicone molds with three channels
(45 mmx10 mm x 1.3 mm) and an initiation area at top were prepared
(Figs. 1, 3¢, and Supplementary Fig. S3). The initiation region splits the
propagating front into 3 channels and directs front propagation so
that the fronts enter all three channels at the same time. The molds are
filled with resin and the front initiated in the same manner as described
for the 2-channel tests. For the three-channel experiments the center
channel is the control and the right (365 nm, inhibition) and left
(470 nm, acceleration) channels are irradiated with different wave-
lengths of light. Both channels were irradiated for 30 s of preirradia-
tion and then irradiated continuously in a zone from 10 to 30 mm
during FROMP propagation. For some of these tests 0.5 wt% thermo-
chromic dye (black/clear 35 °C, Atlantic Chemical) is incorporated into
the resin to improve the visualization of the front.

Patterning experiments

Patterning samples were prepared using a standard FROMP resin with
8mol eq. NPPOC-TMG versus catalyst. Shims (2 stacked shims,
60 mmx5mm x 0.635mm) were clamped between glass slides
(45 mmx70 mm x 1 mm). Resin was carefully pipetted between slides
to form a 1.3 mm thick layer. A Titan projector (PRO6500, 385 nm) on a
support stand projects images onto the resin filled glass slides at
385 nm and 30 mW cm™ with preirradiation times as specified for each
experiment. The projector was focused with a biconvex lens (@2”;

f=100 mm; NA, 0.76; Thorlabs, LB1630). FROMP was initiated with a
Weller soldering iron heated to 450 °C and held against the glass until
FROMP begins. Front progression and patterning fidelity images and
video were recorded. Thermal videos were taken with a FLIR One
thermal camera. The maximum light intensity in these experiments is
limited by the light engine used to project the patterned images.

Patterning — channel width image analysis. Glass slides were pre-
pared as described above without resin. Paper was clamped to the top,
and the projected pattern was traced and used to define the projection
region. After patterning, unreacted resin was washed away and the
polymerized pDCPD samples were darkened with a black marker.
Digital photographs were taken before and after darkening. The ima-
ges of the darkened samples were then cropped to a standard size
for analysis. A custom MATLAB code resized images, converted to
grayscale, and binarized. The width of the projection and pattern were
determined by summing the pixel count at regular x-axis intervals (100
pixels = 1mm). Nominal projection widths are subtracted from the
widths of the patterned polymer to determine the pattern fidelity.

Differential scanning calorimetry (DSC)

All DSC measurements were conducted on a TA instruments Discovery
X3 differential scanning calorimeter in sealed aluminum hermetic
pans. All DSC plots are presented as “exo up.” Cure kinetics tests are
conducted by loading 2 pL of resin into a pan, sealing, then loading
into an autosampler. Samples are run immediately after loading or
kept in a =20 °C freezer until they can be run. The DSC procedure is:
cool to 0 °C, I-minute isotherm, cool to —20 °C at 20 °C/min, 5-minute
isotherm, heat to 250 °C at 7 °C/min. The exotherm resulting from
polymerization is measured by integrating the normalized heat flow
from 45 to 160 °C. For DSC on polymerized samples, samples are cut
into small pieces and are loaded into pans at ~-10 mg/pan and analyzed
with a heat-cool-heat process from 0 °C to 250°C at 10 °C/min. NPPOC-
TMG is analyzed using the same parameters.

TGA

Thermogravimetric analysis was performed on a TA instruments
Q5500 thermogravimetric analyzer. Samples are heated at 10 °C/min
under nitrogen from 25 °C to 300 °C in platinum pans.

DMA

Dynamic mechanical analysis was conducted on an ARES-G2 rhe-
ometer (TA Instruments) at 1Hz and 1% strain. Variable temperature
tests are run from 50 °C to 250 °C at 3 °C/min. Samples are 9 mm wide
by 2 mm thick by ~15 mm long.

NMR

Nuclear magnetic resonance spectra were recorded using a Bruker
AVANCE 1l 500 spectrometer with chloroform-d (CDCl;) or
dichloromethane-d2 (CD,Cl,) as a solvent. Shifts are reported in parts
per million (ppm) relative to solvent residual peak (7.26 ppm, CDCl5;
5.32 ppm CD,Cl,).

UV-Vis

UV-Vis experiments were performed on an Agilent Cary 60 UV-Vis.
Samples were measured either in 1cm or 0.1 cm path length quartz
cuvettes as indicated for specific experiments. Spectra were acquired
from 200 to 800 nm with an averaging time of 0.0125 s, a data interval
of 1nm, and a scan rate of 4800 nm/min.

NPPOC-TMG activation experiments: NMR

A 1:100 NPPOC-TMG:DCPD/ENB mixture was prepared by dissolving
50 mg of NPPOC-TMG (0.16 mmol) in minimal DCM and then com-
bining with 2g of DCPD/ENB (15.2 mmol). This solution was then
pipetted into 1x1 cm wells of varying depth (0.5-1.5 mm) and irradiated
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with 365nm light (30 mW cm? or 180 mWcm?) or 385nm light
(30 mW cm?) for varying times up to 300 s. After irradiation 25 pL of
the mixture in each well was then dissolved in 600 pL of CD,Cl, and the
NMR spectrum of each was collected. The DCPD/ENB peaks at 5.98 (d,
1H) and 5.52 (d, 1H) ppm are normalized to 1, then the NPPOC-TMG
(starting material) peaks at 7.75 (d, 1H), 7.60 (m, 2H), and 7.39 (td, 1H)
ppm are integrated and the average 1H integration value is used to
calculate NPPOC-TMG activation, relative to the initial (unirradiated)
concentration. Note that the NPPOC-TMG peaks at 7.60 and 7.39 ppm
overlap with a 1H peaks of the nitrostyrenyl byproduct of NPPOC-TMG
degradation. The integration values must be corrected by subtracting
the byproduct peak value estimated by using the integrated values for
the byproduct peaks at 7.89 (dd, 1H) and 7.46 (td, 1H) ppm to obtain
accurate integration values for the NPPOC-TMG peaks.

NPPOC-TMG activation experiments: UV-Vis in dichloroethane
Samples were measured in quartz cuvettes with a 1cm path length.

A 1mM solution of phenol red pH indicator was prepared by
dissolving 88.5 mg of phenol red in 250 mL of dichloroethane (DCE).
Calibration controls with varying TMG concentrations (1.74 mg,
3.47 mg, 5.21 mg, 6.94 mg, and 8.68 mg) were prepared in 10 g of DCE,
corresponding to the TMG concentrations generated for a nominally
100% efficient activation of 2, 4, 6, 8, and 10 mol eq. of NPPOC-TMG
relative to the catalyst in the standard resin formulation. A volume of
100 pL of TMG solution was added to 300 pL of the indicator solution
and 800 pL of DCE. The absorbance values of these controls were used
to generate a calibration curve for TMG concentration.

The activation of NPPOC-TMG was then measured by irradiating a
dichloroethane solution matching the GC2 and NPPOC-TMG con-
centrations in a resin with 8 mol eq. NPPOC-TMG:GC2. A solution was
prepared by dissolving 6.4 mg of GC2 and 19.5 mg of NPPOC-TMG in
10 g of DCE. DCE was chosen over DCPD to prevent background curing
during light exposure and to limit solvent evaporation. Activation rates
were measured in 1.3 mm-deep wells at 30 mW/cm? (385 nm), which
corresponds to the intensity and wavelength used for photopattern-
ing, as well as at 180 mW/cm? (365 nm), the intermediate intensity
employed in 2-channel front inhibition experiments. Test solutions
were pipetted into the wells and irradiated for varying times up to
300 seconds. After irradiation, aliquots of the solutions (100 uL) were
collected, mixed with 300 pL of the indicator solution, and diluted with
800 L of DCE to match the preparation of the calibration samples. The
UV-Vis spectra were then measured. Photobase generation was asses-
sed by comparing the phenol red absorption peak intensity at 570 nm
in the irradiated samples to the calibration standards to calculate the
concentration of released TMG. All irradiation conditions and con-
centrations were tested in duplicate, and the results were averaged.

NPPOC-TMG activation experiments: UV-Vis in DCPD
Samples were measured in quartz cuvettes with a 0.1 cm path length.

Indicator solution. A 0.0072 M solution of ionic liquid phenol red
indicator was prepared by dissolving 80.8 mg of the ionic liquid phe-
nol red in 8.5 mL of DCPD.

Calibration curve. Calibration controls with varying TMG amounts
(1.74 mg, 3.47 mg, 5.21mg, 6.94 mg, and 8.68 mg) were prepared in
10 g of DCPD, corresponding to the TMG concentration generated for
a nominally 100% efficient activation of 2, 4, 6, 8, and 10 mol eq. of
NPPOC-TMG relative to the catalyst in the standard resin formulation.
A volume of 100 pL of the TMG standard solutions was added to 350 pL
of the indicator solution and diluted with 600 uL of DCPD, and 100 pL
of DCM. The resulting absorbance values of these controls were used
to generate a calibration curve for comparison to NPPOC-TMG con-
taining samples after irradiation.

The activation of NPPOC-TMG was then measured by irradiating a
solution matching the NPPOC-TMG concentration of an 8 mol eq.
resin. GC2 was omitted from the resin to eliminate background curing
of the DCPD containing samples. A solution was prepared by dissolving
19.5 mg of NPPOC-TMG in 10 g of DCPD. Activation rates were mea-
sured in 1.3 mm-deep wells at 180 mW/cm? (365 nm), the intermediate
intensity employed in 2-channel front inhibition experiments. Test
solutions were pipetted into the wells and irradiated for varying times
up to 240 seconds. After irradiation, aliquots of the solutions (100 uL)
were mixed with 350 uL of the indicator solution, and diluted with
600 L of DCPD and 100 of uL of DCM to match the preparation of the
calibration samples. The UV-Vis spectra were then measured. Photo-
base generation was assessed by comparing the ionic liquid maximum
absorption peak intensity between 550 and 600 nm in the irradiated
samples to the calibration standards to calculate the concentration of
released TMG.

Phenol red sodium salt synthesis

This procedure is adapted from Pramanik et al*>. Phenol red (700 mg,
1.98 mmol, 1 eq) is dispersed in MeOH (100 mL). Separately, NaOH
(79 mg, 1.98 mmol, 1 eq) is dissolved in MeOH (100 mL), then added to
phenol red solution. The reaction is stirred for 4 hours at room tem-
perature. The solvent is removed in a rotary evaporator at 60 °C,
resulting in a dark red solid, which is used in the following step without
further purification. Yield: 715 mg (96%).

Phenol red ionic liquid synthesis

This procedure is adapted from Pramanik et al.*>. Phenol red sodium
salt (500 mg, 1.33 mmol, 1 eq) is dissolved in water (45 mL). Separately,
tetradecyltrihexylphosphonium chloride (1.38 g, 2.66 mmol, 2 eq) is
dissolved in DCM (90 mL), then added to phenol red sodium salt
solution. The reaction is capped with a septum equipped with a vent
needle and stirred at room temperature for 17 hours. The reaction is
quenched with water (50 mL) and extracted with DCM (50 mL). The
organic extracts are combined, washed with water (3 x500 mL), and
dried over anhydrous Na,SO,. The solvent is removed in a rotary
evaporator at 60 °C, resulting in the phenol red ionic liquid as a dark
red, viscous oil (composition = 1:2 phenol red: P ¢ ¢14Cl). Yield: 1.61 g
(92%). 'H NMR (500 MHz, DMSO-dg, 25°C): & (ppm) 10.04 (br s, 1H),
7.89 (d, 1H), 7.40 (t, 1H), 7.35 (t, 1H), 7.30-7.01 (br m, 4H), 6.93 (d, 1H),
6.71-6.34 (br m, 4H), 2.21-2.14 (m, 16H), 1.49-1.42 (m, 16H), 1.39-1.34 (m,
16H), 1.31-1.26 (m, 32H), 1.24 (s, 32H), 0.89-0.84 (m, 24H).

Nitrostyrene fragment isolation/purification

NPPOC-TMG (500 mg, 1.55 mmol) is dissolved in DCM (10 mL) and the
solution is placed into a crystallization dish (60 x15 mm) with a stir bar,
then irradiated with 365nm light (Dymax BlueWave AX-550) at
130 mW/cm? intensity for 5 min while stirring. The resultant mixture is
extracted with DCM (50 mL) and washed with water (3 x250 mL), brine
(100 mL), and dried over anhydrous Na,SO,. The solvent is removed in
a rotary evaporator at 60 °C and the crude product is purified with
column chromatography (SiO,, solid-loading) using a gradient elution
from O to 100% DCM/hexanes over 5 minutes, resulting in the nitros-
tyrene fragment as a light brown oil. Yield: 90 mg, 35.6%. 'H NMR
(500 MHz, CD,Cl,, 25°C): § (ppm) 7.84 (dd, 1H, CHy,), 7.57 (dt, 1H,
CHy,), 742 (dt, 1H, CHp,), 7.35 (dd, 1H, CHp,), 5.17 (t, 1H, C=CH,), 4.93
(s,1H, C=CH,), 2.08 (s, 3H, C-CH,).

Data availability
The data that supports the findings of this study are available within
the paper and its supplementary information files. Supplementary data
files are identified by Figure or Sl Figure numbers. All data are available
from the corresponding author upon request. Source data are pro-
vided with this paper.
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