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ABSTRACT: In this study, we explore the distinct reactivity
patterns between frontal ring-opening metathesis polymer-
ization (FROMP) and room temperature, solventless ring-
opening metathesis polymerization (ROMP). Despite their
shared mechanism, we find that FROMP is less sensitive to
inhibitor concentration compared to room temperature
ROMP. By increasing the initiator-to-monomer ratio for a
fixed inhibitor:initiator quantity, we find reduction in the
ROMP background reactivity at room temperature (i.e., in-
creased resin pot-life). At elevated temperatures where in-
hibitor dissociation prevails, accelerated frontal polymeri-
zation rates are observed due to the concentrated presence
of initiator. Surprisingly, the strategy of employing higher
initiator loading enhances both pot-life and front speeds,
leading to FROMP rates exceeding prior reported values by
over 5 times. This counterintuitive behavior is attributed to
an increase in the proximity of the inhibitor to the initiator
within the bulk resin and whether the temperature favors
coordination or dissociation of the inhibitor. A rapid
method was developed for assessing resin pot-life and a
straightforward model for active initiator behavior was es-
tablished. Modified resin systems enabled direct ink writing
of robust thermoset structures at much faster rates than
previously possible.

Ring-opening metathesis polymerization (ROMP)
isaversatile and robust technique for synthesis of polymers
tailored to diverse applications.!> Manipulation of mono-
mer, inhibitor, and initiator concentrations and identities
has enabled precise control over polymer microstructure,
size, and architecture.t15 Existing literature predominantly
emphasizes the significance of conducting ROMP under me-
ticulously controlled, air-free conditions, mild reaction tem-
peratures, and (semi-)dilute concentrations.'¢2! As we ven-
ture beyond these 'ideal’ conditions to explore bulk reac-
tions, elevated temperatures, and non-inert environments,
the applicability of traditional ROMP principles becomes in-
creasingly ambiguous. This study investigates the bounda-
ries of ROMP reactivity in unconventional settings, chal-
lenging established norms, and sheds light on the nuances

that govern ROMP under diverse and less explored condi-
tions.

Frontal polymerization is a promising application
of ROMP, relying on a self-sustaining, exothermic reaction
front directly converting bulk monomer into a polymeric
material.22-?7 Specifically, frontal ROMP (FROMP) relies on
the opening of strained cyclic olefins to generate heat as the
monomer is consumed creating a localized and propagating
front with a temperature gradient from room temperature
up to 250°C.28-37 Unlike ROMP where initiation, propaga-
tion, and termination happen both sequentially and glob-
ally, the presence of the propagating front in FROMP has
these steps activating locally. As the local reaction occurs,
the heat generated diffuses to surrounding regions to again
trigger initiation then propagation. The saturated conditio-
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Figure 1: (A) Reaction scheme for frontal ring-opening metath-
esis polymerization (FROMP) of dicyclopentadiene (DCPD,
monomer) using Grubbs’ 2nd generation catalyst (initiator), and
tributyl phosphite (TBP, inhibitor). (B) FROMP of DCPD resin
(pink, 10,000:1:1 monomer:initiator:inhibitor, 0.01mol% initi-
ator & inhibitor) to pDCPD thermoset (yellow, scale
bar=10mm) from local heat activation. (C) Proposed inhibition



mechanism for FROMP and background ROMP with depiction
of relative proximity for varying initiator loadings.
-ns, rapid local reaction rates, and large temperature vari-
ance of FROMP make direct correlation to solution-state
ROMP unrealistic. To understand these polymerizations a
top-down approach becomes necessary, evaluating front
propagation rate, temperature profile, and resulting mate-
rial properties. Additionally, reactivity of the bulk resin at
lower temperatures (pot-life) gives insight to the trends be-
tween resin mixtures and the practical working window of
the resin prior to gelation (viscoelastic liquid to solid tran-
sition). Ideally, FROMP resins possess long pot-life (low
room temperature reactivity) but fast fronts (high temper-
ature reactivity); intuitively, these reaction rates are cou-
pled.’8
In this work, we successfully decouple the rates of
frontal polymerization and bulk ROMP, despite their shared
reaction mechanism. Our objective is twofold: first, to de-
crease the background reactivity of the resin, and second, to
significantly enhance the FROMP rate beyond the conven-
tional ~1mm/s benchmark. To achieve this, we manipulate
both initiator and inhibitor levels, thereby altering the ef-
fective initiator concentration at both room temperature
and the elevated temperatures encountered during FROMP.
Given the preference for inhibitor dissociation at higher
temperatures, we hypothesize that FROMP will exhibit re-
duced sensitivity to inhibitor concentration compared to
room temperature ROMP, as illustrated in Figure 1.3% Addi-
tionally, we harness the controlled nature of ROMP to gen-
erate polymers with lower molecular weight at higher initi-
ator loading. This deliberate choice limits polymer entan-
glement, thereby extending the pot-life of the resin.4
We began our study by examining FROMP resins
under prior initiator loading conditions (10,000equiv mon-
omer to initiator, 0.01mol% initiator) to establish a baseline

for our subsequent initiator variation experiments.4!-45 By
manipulating only the inhibitor loading relative to the initi-
ator concentration, we observed a notable increase in the
front velocity of FROMP (vr), reaching 1.54+0.09mm/s at
0.25equiv inhibitor compared to 0.27+0.02mm/s at
8.00equiv inhibitor (Figures 24, S1-13). This exploration re-
vealed a clear correlation: reducing the inhibitor content led
to a higher vr. To gain deeper insights into the reactivity of
these resins, we conducted room temperature studies using
oscillatory shear rheology, analyzing parameters such as
storage modulus (G, representing the elastic component)
and loss modulus (G”, representing the viscous component).
The crossover point at which G’ equaled G”, provides an ap-
proximation of the resin’s gelation time and pot-life—when
the material transitions from a viscoelastic liquid to a visco-
elastic solid. Our observations revealed a trade-off: the en-
hanced vr came at the expense of increased resin back-
ground reactivity. Resins with faster fronts exhibited signif-
icantly accelerated background ROMP reactions (Figures
2B, S14-16). At 30°C, the crossover times were 2,500+600s,
6,100+800s, and 21,000+1,500s for 0.25, 1.00, and
4.00equiv inhibitor, respectively, highlighting the balance
between front velocity and background reactivity in FROMP
resins. Lastly, glass transition (T, glassy to rubbery transi-
tion temperature) of the polymer network remained rela-
tively constant for loadings 2.00equiv or lower before a
large drop in T; for inhibitor loadings over 4.00equiv (Fig-
ures 2C, S17-22), further emphasizing the tradeoff of high
inhibitor loadings.

In our pursuit of efficient and high-throughput
testing methods for FROMP resins, we established a pro-
torheology approach, designed for straightforward quanti-
tative rheologic analysis (Figure 2D).%¢ To assess the gel
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Figure 2: (A) Front velocity (vf) of FROMP resins with varied loadings of inhibitor (10000:1:x monomer:initiator:inhibitor) showing
a decrease in vf with increasing inhibitor loading. (B) Shear rheology of FROMP resins at 0.25, 1.00, and 4.00equiv inhibitor showing
an increase in resin lifetime (pot-life) at 30°C. (C) Glass transition temperatures (Tg) for the pDCPD after FROMP showing plasticiza-
tion of networks at high inhibitor loadings (=4.00equiv TBP). (D) Representative protorheology “inverted vial tests” for the evalua-
tion of gelation at different trest at 0.25, 1.00, and 4.00equiv TBP (scale bar=10mm) agreeing well with observed viscoelastic crosso-

ver from shear rheology.



point of the resin network using protorheology, we em-
ployed an inverted vial test. This test entails heating the
sample and, after a specific rest time (trest), inverting the vial
to observe its ability to creep—deform under the influence
of gravity—for an observation time (tobs) of 10s. We hypoth-
esized that no observable resin displacement after inver-
sion (<1mm within tos) corresponds to a large increasing
viscosity and an approximation of the gel point. We inferred
gel times of 3,500+600s, 7,500+£700s, and 21,600+100s, for
0.25, 1.00, and 4.00equiv inhibitor, respectively at a resting
temperature of 30°C. These values closely align with the vis-
coelastic moduli crossover times obtained through shear
rheology (Figure S23), validating the utility of protorheo-
logical data for rapidly estimating gel point.

In our quest to strike a balance between front rate,
background reactivity, and material properties, the findings
above suggest an optimal range of 1-2equiv of inhibitor at
the 10,000:1:x monomer:initiator:inhibitor loadings. It may
appear that further adjustments in initiator and inhibitor
loadings could jeopardize either fast front speed or slow
background reactivity. Moreover, the bulk nature of these
resins means that altering the monomer to initiator ratio
not only changes the inhibitor and initiator concentration
but also impacts the inhibition equilibrium, the initial step
in the polymerization mechanism, affecting both initiation
and propagation processes.

We investigated the pivotal role of G2, where it
transitions from the inhibitory state to the active initiator
state (G2*, the coordinatively unsaturated 14-electron com-
plex), a crucial step governed by the local proximity of the
initiator and inhibitor (Figure 3A, Equations S1-2, Tables
S1-3). Employing a simple equilibrium approximation, we
observed a consistent increase in onset temperature with
increasing inhibitor in the model profile, predicting the
trends in the DSC thermograms (Figures 3B, S24-25). When
the same model is applied to samples with heightened initi-
ator and inhibitor loadings, the model revealed a static on-
set temperature but a proportional increase in [G2*] load-
ings at the elevated temperatures characteristic of FROMP
(>200 °C). This static onset suggests a constant [G2*] across
all samples at lower temperatures but a higher [G2*] (pro-
portional to initiator loadings) at higher temperatures, re-
sulting in similar background ROMP rates but more rapid
FROMP rates at higher initiator loadings. This observation
aligns well with the DSC cure kinetic profiles, highlighting
the effectiveness of the model in capturing the intricate dy-
namics of the polymerization process (Figure 3C).

We hypothesized that low-temperature ROMP
would exhibit similar behavior across all samples with
equivalent initiator and inhibitor loadings (x:1:1 mono-
mer:initiator:inhibitor), while significant differences in re-
action rates would emerge at the elevated temperatures
characteristic of FROMP. ROMP kinetics from (proto)rheol-
ogy and molecular weight measurements conducted at 30°C
(Figures 4A-B, S26-35, Tables S4-5) revealed that high initi-
ator concentrations prolonged the resin lifetime, a phenom-
enon attributed to the lower molecular weight achieved at

similar conversion rates. This extension in resin lifetime is
attributed to the longer time required to attain the critical
polymer entanglement molecular weight at the resulting
polymer concentration (proportional to initial initiator
loading),*” a consequence of the living nature of ROMP. We
proceeded to investigate frontal polymerization kinetics at
varied loadings (Figures S36-65, Table S6-7), and observed
a consistent increase in front velocity (vf) with higher inhib-
itor loadings. Frontal polymerization rates were measured
at 1.0£0.2mm/s, 1.5£0.4mm/s, 2.0£0.4mm/s,
2.5+0.2mm/s, and 3.7+0.2mm/s for 10,000:1:1, 5,000:1:1,
2,500:1:1,1,000:1:1, and 500:1:1 loadings, respectively. No-
tably, the final materials exhibited minimal changes in T,
affirming the integrity of the produced polymers under var-
ying conditions (Figures S66-S73).
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Figure 3: (A) Scheme of inhibition equilibrium with equation
relating active initiator with temperature. (B-C) Differential
scanning calorimetry (DSC) and [G2*] for varied inhibitor load-
ings vs temperature at 10,000:1:x and x:1:1 monomer:initia-
tor:inhibitor.
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Figure 4: (A) Inverted vial tests for the evaluation of gelation at different trest for varied monomer loadings showing increased resin
pot-life of higher initiator loadings (scale bar=10mm). (B) Molecular weights from ROMP kinetics for x:1:1 at 30 °C before gel point
obtained from size exclusion chromatography using conventional calibration from polystyrene standards. (C) Inferred gel point from
ROMP inverted vial tests and (D) FROMP front velocity (vr) for varied loadings of monomer and inhibitor (TBP) to initiator showing

rates up to 5.3mm/s.

We systematically explored various monomer-to-
initiator loadings, each coupled with inhibitor molar equiv-
alents ranging from 0.25 to 8.00 (10000-500:1:x mono-
mer:initiator:inhibitor), employing both protorheology at
30°C and FROMP kinetics. Protorheology analysis revealed
a consistent trend: higher initiator equivalence extended
the resin lifetime, delaying the gel point, until reaching the
lowest inhibitor loadings (0.25equiv), where the trend re-
versed (Figure 4C). This inversion stemmed from the inhib-
itor’s diminished ability to effectively deactivate the initia-
tor at such low concentrations. Concurrently, FROMP reac-
tion rates increased as monomer and inhibitor decreased
(Figure 4D). The 500:1:0.5 loading achieved a remarkable
rate of 5.0+0.2mm/s, while retaining 70% of the resin life-
time. Similarly, the 1,000:1:1 formulation exhibited a rate of
2.5+0.2mm/s and an additional 20% increase in resin life-
time compared to the traditional 10,000:1:1 formulation at
1.0+0.2mm/s, showcasing the significant advancements
achieved in optimizing both reaction speed and resin lon-
gevity.

FROMP resin formulations that result in higher
front velocities without sacrificing pot-life have significant
benefits for 3D printing applications. We evaluated the per-
formance of our optimized FROMP resins for direct ink writ-
ing (DIW) of several truss structures. We modified the resin
rheology through background ROMP, enabling brief shape
retention post extrusion from the print nozzle, followed by
the precise printing of cantilevers to measure the front ve-
locity (vr) of the modified resin. A significant increase in vr

(2.70£0.13mm/s) was observed during printing of the mod-
ified 1,000:1:1 (monomer:initiator:inhibitor) resin formu-
lation compared with the 10,000:1:1 resin formulation
(0.85%£0.03mm/s), demonstrating the translation of our
strategy to direct ink writing (Figures S74-5S81).

To highlight the advantages of the modified resin
formulations, we free-form printed prismatic structures
consisting of two connected triangles (Figure 5), either off-
set (£33°) or aligned (0°). The £33° configuration demon-
strated the ability to make prints at an angle without the
need for additional support. Remarkably, the +33° printed
parts using the 1,000:1:1 formulation were completed 50s
faster than their counterparts using the 10,000:1:1 formu-
lation (Figures 5A-B). We then proceeded to print the 0°
parts to assess the integrity of the printed structures (Fig-
ure 5C). These 0° printed parts (weighing between 400-
500mg) supported a load of 4.6kg (x10,000 mass, Figure
5D) without failing. Impressively, the printed components
began to fail only under a 6.8kgload (>x15,000 mass, Figure
$82). Coupled with the high thermal stability and energy ef-
ficiency, the increased printing rate enhances FROMP based
direct in writing as an attractive method for the manufac-
turing of high-performance thermoset materials.
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Figure 5: (A) Timelapse for direct ink writing of 10000:1:1 and (B) 1000:1:1 DCPD:G2:TBP on a heated bed for +33° specimens from
FROMP. (C) Images of +33° and 0° 1000:1:1 post print. (D) 0° printed specimen (~400mg) supporting 4.6kg (scale bars=10mm).
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