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Abstract

Frontal ring-opening metathesis polymerization (FROMP) involves a self-perpetuating

exothermic reaction, which enables the rapid and energy-efficient manufacturing of ther-

moset polymers and composites. Current state-of-the-art reaction-diffusion FROMP
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models rely on a phenomenological description of the olefin metathesis kinetics, limit-

ing their ability to model the governing thermo-chemical FROMP processes. Further-

more, the existing models are unable to predict the variations in FROMP kinetics with

changes in the resin composition and as a result are of limited utility towards acceler-

ated discovery of new resin formulations. In this manuscript, we formulate a chemically

meaningful model grounded in the established mechanism of ring-opening metathesis

polymerization (ROMP). Our study aims to validate the hypothesis that the ROMP

mechanism, applicable to monomer-initiator solutions below 100oC, remains valid under

the non-ideal conditions encountered in FROMP, including ambient to >200oC tem-

peratures, sharp temperature gradients, and neat monomer environments. Through

extensive simulations, we demonstrate that our mechanism-based model accurately

predicts FROMP behavior across various resin compositions, including polymerization

front velocities and thermal characteristics (e.g., Tmax). Additionally, we introduce a

semi-inverse workflow that predicts FROMP behavior from a single experimental data

point. Notably, the physiochemical parameters utilized in our model can be obtained

through DFT calculations and minimal experiments, highlighting the model’s potential

for rapid screening of new FROMP chemistries in pursuit of thermoset polymers with

superior thermo-chemo-mechanical properties.

2

https://doi.org/10.26434/chemrxiv-2024-32jjb ORCID: https://orcid.org/0000-0001-8433-3504 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-32jjb
https://orcid.org/0000-0001-8433-3504
https://creativecommons.org/licenses/by-nc-nd/4.0/


Introduction

Frontal polymerization (FP) is a self-sustain-

ing reaction initiated by an energetic stim-

ulus – thermal, chemical, or photo – which

ignites a localized reaction front.1 This pro-

cess is characterized by the exothermic na-

ture of the polymerization reaction as heat

released from the unreacted monomer near

the front raises the temperature locally. Cru-

cially, the rise in temperature stems from the

balance between the rate at which heat is re-

leased and the rate at which heat diffuses

through the sample and is lost to the sur-

roundings. With sufficient temperature rise,

the polymerization front continues to propa-

gate through the unreacted monomer phase

until all reactants are consumed or signifi-

cant heat loss stalls the reaction. Due to

their self-sustaining nature, FP-curing routes

have become a cost-effective and environmen-

tally friendly alternative to the traditional,

more resource-intensive manufacturing pro-

cesses.1–3 This advancement has spurred their

versatile application in the efficient produc-

tion of high-performance polymers, thermose-

ts, composites, and hydrogels.4–7

Among the various polymerization meth-

ods, such as radical,8–10 ionic,11–13 and addit-

ion-type,5 frontal ring-opening metathesis po-

lymerization (FROMP) stands out significant-

ly. FROMP utilizes well-defined initiator com-

plexes, whose chemistry can be intentionally

manipulated to fine-tune every step of the

reaction, from inhibition, initiation, propa-

gation, and termination. The capability to

precisely control the reaction parameters en-

hances FROMP’s attractiveness as it enables

one to vary microscopic features such as heat

release rate to in turn influence macroscopic

features like front instabilities, front velocity,

and resin storage time (i.e., pot life). The suc-

cessful application of FROMP critically de-

pends on the ability to balance rapid front

progression with the risk of premature bulk

polymerization at or near ambient tempera-

tures.14,15 Thus, synergistic experimental and

computational efforts are crucial to accelerate

the development and optimization of FROMP

systems in light of the vast chemical design

space.

Computationally, conventional FROMP

models consist of a set of reaction–diffusion

partial differential equations that govern the

polymerization kinetics in terms of two gov-
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erning field variables, the degree of cure, α(x, t)

and the temperature, T (x, t),
κ∂2T (x,t)

∂x2 + ρHr
∂α(x,t)

∂t
= ρCp

∂T (x,t)
∂t

∂α(x,t)
∂t

= f(α, T ) = Aexp
(
− Ea

RT

)
g(α).

Here, κ [ W
m·K ], Cp [ J

kg·K ], ρ [ kg
m3 ], respectively

denote the thermal conductivity, specific heat

capacity, and density of the resin, while Hr

[ J
kg ], the total enthalpy of the polymerization

reaction. Moreover, to describe the temper-

ature dependent reaction kinetics, an Arrhe-

nius equation is typically employed with A

denoting a pre-exponential rate constant, Ea,

the activation energy, and R, the universal

gas constant. Lastly, as shown in Fig. 1(a),

g(α) denotes an empirical reaction model.

While informative,16–23 the existing com-

putational FROMP models are phenomeno-

logical in their description of FP-kinetics, with

cure kinetics parameters {A,Ea, g(α)} extract-

ed from thermal analysis by differential scan-

ning calorimetry (DSC) performed at differ-

ent heating rates
(
c.f. Fig.1(a)

)
.19,24,25 Com-

pounding to this, the standard DSC heating

rates vary between 2 – 200C/min, making the

interface between experiments and computa-

tional models costly (≈ 5 hours/resin formu-

lation), while significantly undermining the

localized FROMP rapid heating rates.

The existing literature has successfully es-

tablished the mechanism of olefin metathe-

sis for Grubbs’ catalysts under meticulously

controlled reaction conditions
(
i.e., low tem-

peratures, (semi)dilute concentrations
)
.26–28

However, the conditions employed in these

studies are significantly different than those

encountered in FROMP. Understanding the

kinetics of olefin metathesis beyond such "ide-

al" conditions (i.e., neat monomer at elevated

temperatures) is scantly explored. Parame-

terized to DSC data, state-of-the-art empir-

ical FROMP models are limited in their ca-

pacity to describe the underlying thermo-che-

mical processes governing the different FROMP

reaction steps. Moreover, the restrictive one-

way transfer of FROMP information from ex-

periments to simulations,
(
c.f. Fig. 1(a)

)
lim-

its the utility of conventional models for rapid

screening of new resin formulations and accel-

erated material discovery. These limitations

motivate the need for a mechanism-based,9,29

chemically predictive model in concert with a

closed-loop integration between experiments

and simulations to facilitate the efficient nav-
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Figure 1: (a) Current state-of-the-art phenomenological FROMP reaction models, illustrat-
ing the one-way bypass of information from experimental DSC tests to empirical continuum
level models. Owing to their strict reliance on DSC data, the existing models are limited in
chemical predictability, time costly, and inefficient towards accelerated discovery of new resin
formulations. (b) A mechanism-based reaction-diffusion model for systematic description of
reaction kinetics associated with each FROMP step (inhibition, initiation, propagation).
Constructed upon the conventional kinetics principles and chemically predictive in nature,
the model establishes a rapid closed-loop communication between experiments and compu-
tational models to enable for the fast-screening of new resin formulations.

igation of the vast chemical design and para-

metric space.

To this end, we formulate a novel reaction-

diffusion model, which systematically describ-

es the FROMP mechanism through a three-

step route
(
c.f. Fig. 1(b)

)
. Constructed

upon the conventional kinetics principles, the

framework presented herein tests the Occam’s

razor hypothesis that adoption of the stan-

dard kinetics principles and physiochemical

parameters established for ring-opening meta-

thesis polymerization (ROMP) under ideal co-

nditions can simultaneously capture FROMP

attributes at elevated temperatures in neat
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monomers. Validation of this hypothesis is

not only of fundamental interest, but would

additionally enable the computational screen-

ing of new chemical initiators and inhibitors

for FROMP using computed activation ener-

gies and reaction thermodynamics. The pro-

posed framework is grounded on a mechanism-

based description of FROMP kinetics and sys-

tematically models the three steps outlined in

Fig. 1(b), including the:

1. Inhibition step, which thermally gates

the reactivity of the dormant inhibitor-

bound ruthenium initiator by dissocia-

tion of the coordinated phosphine lig-

and prior to entry in the ring-opening

olefin metathesis cycle.

2. Initiation step, which involves the 14-

electron ruthenium initiator coordinat-

ing a strained olefin monomer to first

form a metallacyclobutane by a [2+2]

cycloaddition with the monomer, fol-

lowed by a [2+2] ring-opening cyclore-

version. This process is accompanied

by heat release owing to the strained

nature of the cyclic olefin and is irre-

versible for highly strained norbornene

olefinic monomers.

3. Propagation step, which involves the se-

quential reaction of the initiated species

with more olefin monomers (same mech-

anism as the initiation step) in a chain-

growth polymerization process, which

continues until the reaction stalls or all

the monomer is consumed.

Through the proposed mechanism-based

reaction model, we importantly demonstrate

that the systematic adoption of conventional

ROMP kinetics principles — including a temp-

erature-dependent activation step – effectively

applies to the non-ideal FROMP conditions

(i.e., neat monomers at elevated temperatures)

and can enable for high-fidelity predictions of

macroscopic FROMP observables (e.g. front

velocity). Importantly, we note that these

macroscopic FROMP observables (e.g., front

velocity) are experimentally acquired within

seconds via high throughput FROMP reac-

tivity screening across many resin formula-

tions, Fig. 1(b), eliminating the reliance on

time-costly DSC tests. Consistent with ex-

periments, we demonstrate the capacity of

the model to predict FROMP reactivity with

variation in the monomer:initiator:inhibitor

composition for a dicyclopentadiene – Grubbs’
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2nd generation initiator – tributyl phosphite

(DCPD:G2:TBP) system recently reported by

Lessard et al.30 Apart from variations in the

resin chemical composition, the change in poly-

merization front speed with process condi-

tions, respectively the initial resin tempera-

ture, is additionally simulated for the same

DCPD:G2:TBP system and shown to be in

good quantitative agreement with in-house

experiments.

Lastly, we demonstrate the utility of the

model towards rapid screening of different res-

in chemistries (i.e., monomer/initiator/inhibi-

tor). Concretely, we develop a "semi-inverse"

workflow – detailed at the end of the manuscr-

ipt – and simulate FROMP reactivity for a

separate resin formulation, which includes a

distinct ruthenium complex to the previous

G2 initiator, respectively a M207 Grubbs’ ini-

tiator. In doing so, we demonstrate consis-

tent predictions in FROMP reactivity with

in-house experiments and critically establish

a closed-loop integration between experiments

and simulations
(
c.f. Fig. 1 (b)

)
, a missing

link in the conventional empirical FROMP

models.

All in all, the proposed framework presents

a time-efficient, chemically predictive compu-

tational tool which – jointly with experiments

– can accelerate the identification of optimal

resin chemistries for the efficient manufactur-

ing of thermoset polymers with superior en-

gineering properties.

Results and Discussion

Formulation of a three-step react-

ion-diffusion FROMP model

We describe herein a systematic formulation

of a three-step reaction-diffusion model for

ruthenium-initiated FROMP. Ruthenium-ba-

sed complexes have been extensively used in

organic and polymer chemistry due to their

high reactivity with olefinic substrates in the

presence of most common functional groups.31

Without loss of generality, we consider a class

of ruthenium complexes with the general for-

mula L(PR3)(X)2Ru=CHR1 as schematically

shown in Fig. 2(a).† Here, {L, R, X, R1} rep-

resent different substituents, whose selection
†As the developed mechanism-based framework is

general in nature and can be equivalently applied
across a variety of ruthenium-initiated FROMP sys-
tems, we present the formulation in its general form,
prior to specializing for resin formulations of choice
in subsequent sections.
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modulates the kinetics of both the initiation

and propagation steps as detailed in Sanford

et al.31 For convenience, Fig. 2(b-c) illustrate

a set of typical ruthenium complexes obtained

for different substituents.

Prior to entry of the ruthenium complex

into the olefin metathesis cycle, dissociation

of the inhibitory phosphine ligand (i.e., PR3)

must occur to unveil the reactivity of the dor-

mant 16-electron ruthenium initiator, (II).

This step, known as the pre-initiation or the

inhibition step, is schematically shown in Fig.

2(d). At room temperature, the phosphine

ligand, PR3, is thermodynamically favored to

coordinate to the metal center of the ruthe-

nium complex, which inhibits polymerization.

At high temperature, increased entropic ef-

fects favor phosphine dissociation, leading to

formation of an active ruthenium complex

shown as (AI) in Fig. 2(d). Modeling the

dissociation of the inhibitory phosphine lig-

and is critical as it allows for entry of the

ruthenium initiator into the olefin metathesis

catalytic cycle, directly affecting the kinetics

of the subsequent initiation and propagation

steps.

To numerically resolve the temperature

Figure 2: (a) Chemical representation of
ruthenium complexes with the general for-
mula L(PR3)(X)2Ru=CHR1. (b–c) Repre-
sentative ruthenium complexes obtained for
different {L, R, X, R1} substituents. (d) In-
hibition equilibrium step, illustrating the dis-
sociation of the inhibitory ligand, PR3, from
the dormant ruthenium initiator to form an
active complex. (e) Initiation step, during
which a ring-opening olefin metathesis reac-
tion initiated by the active ruthenium com-
plex instigates, resulting in the formation of
a ruthenium-olefin complex followed by heat
release. (f) Propagation step, illustrating
the sequential addition of olefin monomers
to the initiated ruthenium-olefin complex to
produce a solid polymer material.

dependent evolution in concentration of the

active ruthenium initiator, (AI), a fast-equili-

brium assumption is employed. As a result,

the pre-initiation step which gates reactivity
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can be characterized by its equilibrium con-

stant, Keq. By virtue of the Van’t Hoff re-

lationship, the temperature-dependent evolu-

tion of the equilibrium constant, Keq, can be

related to the standard enthalpy, ∆Ho, and

standard entropy, ∆So, of the phosphine dis-

sociation reaction, yielding

Keq = exp
(
− ∆Ho

RT
+

∆So

R

)
(1)

Furthermore, on the basis of the law of

mass action, the dissociative inhibition equi-

librium can be further expressed as the prod-

uct of the reactants’ concentrations,

Keq =
[AI][PR3]

[II]
(2)

Here, [II] denotes the concentration of the

dormant inhibitor-bound ruthenium complex,

[PR3], the concentration of the dissociated

inhibitor, and [AI], the concentration of the

active ruthenium complex (i.e., active initia-

tor).

Jointly, eqns. (1) and (2) describe the

temperature-dependent evolution of the con-

centration of reaction species participating in

the inhibition step. Establishing such associ-

ation is critical for numerically resolving the

temperature-dependent evolution in concen-

tration of the active initiator, [AI], the latter

directly entering the metathesis catalytic cy-

cle for FROMP.

Towards this goal and starting with a(
[II0], [AI0],[PR0

3]
)

composition, let [AI+]

denote the amount of the active ruthenium

complex produced during the phosphine dis-

sociation reaction. Combining eqns. (1) –

(2) and performing a series of algebraic ma-

nipulations, it can be shown that the tem-

perature dependent amount of the generated

active initiator, [AI+], evolves as a function

of the starting composition † through the fol-

lowing relationship,

[AI+] = − [AI0] + [PR0
3] +Keq

2
+ ...

+
1

2

√√√√√√
(
[AI0] + [PR0

3] +Keq

)2

...

− 4
(
[AI0][PR0

3]−Keq[II0]
)
(3)

Eqn. 3 importantly governs the temperature-

dependent activation of the ruthenium initia-

tor prior to entry in the metathesis catalytic
†Numerically, we update the starting composi-

tion
(
[II0], [AI0],[PR0

3]
)

at each solution step of the
model to accordingly account for the activation of a
[AI+] amount of the dormant initiator from the pre-
vious inhibition solution step.
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cycle for FROMP.

We transition next to describing the initi-

ation step kinetics. During this step, the ac-

tive ruthenium complex, (AI), binds to the

strained olefinic monomer substrate first to

form a four-coordinate intermediate rutheni-

um-olefin adduct, (B) as shown in Fig. 2(e).

The ruthenium-olefin adduct undergoes initi-

ation by [2+2] cycloaddition and subsequently

cycloreversion, resulting in the formation of a

ruthenium-olefin complex with a single ring-

opened monomer attachment, (C). This pro-

cess is accompanied by ring-strain relaxation

in the latter, contributing to the heat release.

For later use and nomenclature convenien-

ce, we introduce [M0] to denote the initial

concentration of the olefinic monomer in the

system, while [M], the respective concentra-

tion of the olefinic monomer consumed through

polymerization. The degree of cure, α, can

then be evaluated as,

α =
[M]

[M0]
∈ [0, 1] (4)

Here, a state of α = 0 represents the uncured

liquid monomer resin, while α = 1, a state of

complete conversion of the liquid resin into

a solid polymer. All intermediary α–states

denote a partially-cured resin.

Application of the steady-state approxi-

mation to the four-coordinate ruthenium-olefin

adduct, that is d[B]
dt

= 0, in conjunction with

the rate law for first-order reactions yields the

following equality,

k1[AI][M0 − M] = (k−1 + k2)[B] (5)

Solving for [B] from eqn. 5 gives,

[B] =
k1

k−1 + k2
[AI][M0 − M] (6)

By virtue of the rate law and making use of

eqn. 6, the rate at which the ruthenium-olefin

complex, (C), forms can be computed as fol-

lows,

d[C]

dt
= k2[B] = k̄i[AI][M0 − M]† (7)

Here, k̄i = k1k2
k−1 +k2

denotes an effective initia-

tion rate constant in units of [ liter
mol·s ]. Alter-

†We remark here that [AI] denotes the net concen-
tration of the active initiator during the current initi-
ation kinetics solution step. We continuously update
[AI] in our numerical implementation of the model to
account for the combined (i) production of the active
initiator, [AI+] during the current pre-initiation so-
lution step and (ii) consumption of the active initiator
by an amount of δ[C] during the initiation reaction
from the prior solution step.
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natively, factoring out [M0], one can addi-

tionally introduce an effective concentration-

dependent initiation rate constant, keff
i =

k̄i[M0] with units of [1
s
]. On this note, eqn. 7

can be rewritten as follows

d[C]

dt
= keff

i [AI](1− α) (8)

As is standard, to describe the temperature

dependence of the effective initiation reaction

constant, keff
i , we append an Arrhenius-type

kinetics to our formulation, such that keff
i =

Ai ·exp
(
− Ei

a

RT

)
. Here, Ai, denotes an effective

initiation pre-exponential factor in units of

[1
s
], while Ei

a, an effective initiation activation

energy in units of [ J
mol ].

Lastly, as evident from eqn. 8, we remark

that the rate of formation of the ruthenium-

olefin complex, (C), is proportional to the

concentration of the active initiator, [AI], re-

flecting the direct coupling between the inhi-

bition and the initiation step in our mechani-

sm-based model.

We transition next to describing the re-

action kinetics associated with the propaga-

tion step. During this step, the ruthenium-

olefin complex, (C), sequentially reacts with

n-olefin monomer units in a irreversible chain

growth polymerization process, similar in me-

chanism to the initiation step. This results

in the formation of a solid polymer material,

Fig. 2(f). By virtue of the law of mass ac-

tion and accounting for the one-at-a-time se-

quential coordination of the olefin monomers

to the ruthenium-olefin complex, one can de-

scribe the rate of the olefin units conversion

into a solid poly-olefin as follows

d[M]

dt
= kp[C][M0 − M] (9)

Here, kp, denotes a propagation reaction con-

stant in units of [ liter
mol·s ]. Similar to our earlier

discussion on the initiation reaction kinetics,

factoring out [M0], one can introduce an ef-

fective concentration-dependent propagation

rate constant, keff
p = kp[M0] in units of [1

s
].

Rewriting eqn. 9 in terms of the degree of

cure, α, then yields

[M0]
dα

dt
= keff

p [C](1− α) (10)

To describe the temperature dependence of

the propagation rate constant, keff
p , we again

append an Arrhenius-type kinetics to our for-

mulation such that keff
p = Ap · exp

(
− Ep

a

RT

)
.
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Here, Ap, denotes an effective propagation

pre-exponential factor in units of [1
s
], while

Ep
a, an effective propagation activation en-

ergy in units of [ J
mol ].

Additionally, as evident from eqn. 10, we

remark that the evolution in the degree of

cure, α, is proportional to [C], highlighting

the cascade coupling between the initiation

and the propagation steps in our formulation.

Upon full conversion of the monomer to a

solid polymer, that is α = 1, the propaga-

tion step concludes. We additionally remark

that – as a first approximation to the model –

an assumption of no termination step, cross-

metathesis or catalyst decomposition is em-

ployed (c.f. Cooper et al.32).

As a last constituent to our three-step rea-

ction-diffusion formulation, we discuss next

the governing equation for temperature evo-

lution with heat release during frontal poly-

merization of the liquid monomer resin. To

describe both the time and spatial evolution

of the temperature field, T (x, t), we invoke

the standard heat balance equation, such that

κ
∂2T (x, t)

∂x2
+ ρHr

∂α(x, t)

∂t
= ρCp

∂T (x, t)

∂t

(11)

Here, κ [ W
m·K ], Cp [ J

kg·K ], ρ [ kg
m3 ], respectively

denote the thermal conductivity, specific heat

capacity, and density of the resin, while Hr

[ J
kg ], the total enthalpy of the polymerization

reaction. The delicate balance of reaction

rates, exothermicity, and efficient heat trans-

port into the unpolymerized media is critical

and determines both the propensity for the

polymerization front to sustain itself in addi-

tion to characteristics of the latter (i.e., stable

versus unstable propagation).

All in all, our three-step reaction-diffusion

formulation can be summarized by the follow-

ing set of equations for a total of four solu-

tion variables,
(
[AI+(x, t)], [C(x, t)],α(x, t),

T (x, t)
)
,

[AI+] = − [AI0] + [PR0
3] +Keq

2
+ ...

+
1

2

√√√√√√
(
[AI0] + [PR0

3] +Keq

)2

...

− 4
(
[AI0][PR0

3]−Keq[II0]
) (1)

d[C]
dt

= keff
i [AI](1− α) (2)

[M0]
dα
dt

= keff
p [C](1− α) (3)

κ∂2T (x,t)
∂x2 + ρHr

∂α(x,t)
∂t

= ρCp
∂T (x,t)

∂t
(4)

(12)

subjected to the hereinafter initial conditions,

[C(x, 0)] = [C0], α(x, 0) = α0, and T (x, 0) =

12
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T0, for a starting
(
[M0], [II0], [PR0

3]
)

mono-

mer-initiator-inhibitor composition. As is con-

ventionally the case in the literature, these

equations are supplemented with a thermal

trigger applied as either a Dirichlet tempera-

ture, Ttrig, or Neumann heat flux, −q ·n = q̃,

boundary condition on one end of the simula-

tion domain over a short time interval [0, ttrig].

Beyond this time interval, the thermal stimuli

is removed to enable for self-sustained poly-

merization consistent with experiments.

We transition next to discussing a series

of numerical simulations serving to highlight

the capabilities of our framework in predict-

ing FROMP kinetics with variation in both

the monomer:initiator:inhibitor composition

and chemical system identity. Throughout

this process, we validate our numerical find-

ings against published experimental data in

the literature or in-house experiments.

On the role of monomer:initiator:

inhibitor on dicyclopentadiene

FROMP kinetics.

While FP-curing has been shown to be viable

for a range of monomers including acrylates33

and epoxies,34 dicyclopentadiene (DCPD) has

attracted much research attention owing to

its engineering properties, including high re-

activity, good strength to weight ratio, high

flexibility and durability.2 In particular, the

ring-opening metathesis reaction of DCPD ini-

tiated and propagated by ruthenium alkyli-

denes containing N-heterocyclic carbene (NHC)

ligands
(
i.e., Grubbs’ 2nd generation initia-

tor, c.f. Fig. 2(c)
)

has been widely reported

in the literature owing to the dramatically in-

creased reactivity of the latter with olefinic

substrates.31,35 Nevertheless, such high reac-

tivity comes at the expense of a reduced stor-

age time due to background reactivity at room

temperature depleting the amount of avail-

able initiator and monomer.

To temper background reactivity, while

enabling FROMP to occur upon thermal acti-

vation, different catalytic inhibitors have been

explored, including triphenylphosphine,36 4-

dimethylaminopyridine37 etc. These studies

have reported sustained storage times of up

to 10 minutes. Nevertheless, a longer storage

time is desirable for processing purposes, re-

quiring the liquid monomer solution to persist

in excess of one hour.

13
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Towards this goal, Robertson and co-work-

ers demonstrated that introduction of an in-

hibitory alkyl phosphite ligand in a ruthenium-

benzylidene Grubbs’ 2nd generation complex,

(G2), significantly suppresses room-tempera-

ture reactivity towards DCPD, while main-

taining efficient reactivity at high tempera-

tures.38 Depending on the concentration of

the dissolved tributyl phosphite (TBP) in-

hibitor in a DCPD/G2 (monomer/initiator)

solution, the degree of control on both stor-

age life and FROMP reactivity can be modu-

lated. Fig. 3(a) illustrates a schematic of the

DCPD/G2 solution (light orange) in which

the TBP inhibitor is dissolved for controlled

bulk reactivity. Moreover, Fig. 3(b) addi-

tionally illustrates the dissociation mechanism

of the inhibitory ligand in the form of ei-

ther (i) a tricyclohexylphosphine (PCy3) lig-

and coordinated to the initial dormant Grubbs’

2nd generation initiator or (ii) a tributyl phos-

phite ligand, P(OBu)3, initially dissolved in

DCPD, which coordinates to the ruthenium

alkylidene complex to form a latent precata-

lyst complex in situ.

Experimental investigations of the effect

of variations in the monomer:initiator:inhibitor

Figure 3: (a) Schematic illustration of
a DCPD:G2:TBP liquid resin (light or-
ange), mimicking the experimental setup by
Lessard et al.30 For convenience, the fully-
polymerized resin is shown in yellow, dis-
tinctively demarcating the polymerization
front. (b) Illustrates the inhibitory ligand,
PR3, dissociation for a Grubbs’ 2nd gener-
ation initiator during the pre-initiation ac-
tivation step. (c) Illustrates a represen-
tative volume element (RVE) for [2500 –
10000]:1:1 monomer:initiator:inhibitor resin
compositions. From left to right, as the
monomer-to-initiator loading ratio decreases,
the molar concentrations of both the inhibitor
and the initiator equally increase.

loading on the rate of frontal polymerization

have only recently been reported. In particu-

lar, Lessard et al.30 reported such a system-

atic experimental study on the DCPD:G2:

TPB system illustrated in Fig. 3(a). Stud-

ies of this nature and their further supple-

mentation with robust computational models

are promising for the identification of novel

frontally-polymerized thermosets.
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Using the newly-proposed mechanism-bas-

ed FROMP model, we perform finite element

simulations to numerically reproduce the ex-

perimentally reported variation in FROMP

reactivity of a DCPD:G2:TBP system with

(i) changes in the relative DCPD:G2 monomer

to initiator loading, while fixing the inhibitor

equivalence and (ii) changes in the TBP in-

hibitor loading, while preserving the DCDP:

G2 monomer to initiator loading ratio fixed.

The fully-coupled system of equations out-

lined in eqn. 12 is numerically solved using

the finite element method through develop-

ment of a 1-D staggered solver discretized

with continuous first-order Lagrange elements

using the open-source FEniCS computing plat-

form.39 To numerically solve for the concen-

tration degrees of freedom,
(
[C(x, t)], α(x, t))

, an explicit Euler scheme with a sufficiently

small time discretization for numerical accu-

racy is utilized. Upon casting eqn. 12(4)

into a linear variational problem, the partial

differential equation governing heat diffusion

is implicitly solved for the temperature field,

T (x, t), using an iterative conjugate-gradient

Krylov solver.

A key challenge associated with FP mod-

eling is the need to capture the sharp gradi-

ents in temperature and degree of cure present

in the moving front. The ability to resolve

such sharp gradients requires a highly-refined

spatial discretization of the simulation do-

main. On this note, a uniform mesh with

a sufficiently small element size (dx = 1µm

for a simulation domain length, L = 0.02m)

is employed for our meshing needs.

The fully-coupled system of equations is

supplemented with the following initial condi-

tions, α(x, 0) = 0.01, [C(x, 0)] = 0, T (x, 0) =

23oC for a starting
(
[M0], [II0], [PR0

3]
)

mo-

nomer:initiator:inhibitor composition. We nu-

merically prescribe the initial resin compo-

sition to systematically replicate the exper-

iments by Lessard et al.30 In particular, we

model FROMP reactivity for [500 - 10000]:1:x

DCPD:G2:TBP resin formulations, with x de-

noting the inhibitor molar equivalents rang-

ing from 0.25 – 1
(
c.f. Fig. 3(c)

)
. We refer

the reader to Tab. S1 – S3 in the Supplemen-

tary Information (SI) for tabulated concen-

tration data across the different resin compo-

sitions,
(
[M0], [II0], [PR0

3]
)

simulated in this

work.

To initiate FROMP, we apply a trigger
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Table 1: Physiochemical parameters for numerical simulation of FROMP reactivity in a
DCPD:G2:TBP resin system

Parameter Value Source
Heat Diffusion κ 0.15 W/(m·K) Vyas et al. 40

ρ 980 kg/m3 Vyas et al. 40

Cp 1600 J/(kg·K) Vyas et al. 40

Hr 381482 J/kg Lessard et al. 30

Reaction Kinetics ∆Ho 26.1 kCal/mol Adlhart and Chen41

∆So 57 Cal/(mol· K) Adlhart and Chen41

Lessard et al. 30

Aeff
i 1.1–2.25 · 1011 1/s Sanford et al. 31

Aeff
p 1.1–2.25 · 1013 1/s Fitted to Lessard

et al. 30

Eeff
p 74000 J/mol Kessler & White24

Eeff
i 74000 J/mol This work

temperature, Ttrig = Tmax = T0 +
Hr
Cp
(1− α0),

for a short period of time, t ∈ [0, ttrig], at

the left edge (x = 0). Past t = ttrig, the left

boundary is insulated. Adiabatic conditions

are imposed at x = L throughout the simu-

lation.

The relevant physiochemical parameters

for our DCPD:G2:TBP system are tabulated

in Tab. 1. While the mechanism-based na-

ture of the framework allows virtually all ma-

terial parameters to be found from the lit-

erature, (either experimentally or from ab-

initio computations), the following remarks

are made concerning the prescription of the

effective initiation activation energy, Eeff
i , and

the effective propagation pre-exponential con-

stant, Aeff
p ,

(i) Motivated by the scarcity of the litera-

ture data, we assume from the start the

effective initiation activation energy, Eeff
i ,

to be equal to the effective propaga-

tion activation energy, Eeff
p , reported

in Kessler and White.24

(ii) With the initiation pre-exponential con-

stant, Aeff
i , prescribed from Sanford et al.,31

Aeff
p is computed through an iterative

fitting process until a converging front

velocity is achieved to the experiments

by Lessard et al.30 for a single DCPD:G2:

TBP resin composition. FROMP reac-

tivity for all the remaining DCPD:G2:

TBP resin compositions is subsequently

simulated and the numerical front ve-
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locity predictions are compared against

experiments.

Fig. 4 illustrates the numerical predictions in

polymerization front velocity for [500 – 10000]

:1:x DCPD:G2:TBP resin formulations using

our mechanism-based FROMP model. From

left to right, the inhibitor loading equivalence

(i.e., x) is systematically varied from 0.25 – 1.

To compare the performance of the mechanism-

based model to conventional FROMP models

built upon a phenomenological cure-kinetics

formulation, g(α), Fig. 4(c) additionally in-

cludes FROMP reactivity predictions using

the state-of-the-art empirical models16,19,23 †.

We refer the reader to Tab. S4 in the SI

for tabulated numerical front velocities across

the different resin compositions shown in Fig.

4.

Across the different inhibitor loadings (from

left to right), we remark that the numerical

front velocities using the mechanism-based mo-

del are in good quantitative agreement with

the experiments by Lessard et al.30 Remark-

ably, this finding supports our starting Oc-
†Empirical FROMP models have been primar-

ily reported for x:1:1 DCPD:G2:TBP resin compo-
sitions. On this note, the comparison between the
existing phenomenological FROMP model16,19,23 and
the newly-proposed mechanism-based model is only
reported for these resin compositions.

Figure 4: Comparison between numerical and experimental polymerization front velocities
for a DCPD:G2:TBP system with a monomer-to-initiator loading ratio of [500-10000]:1, each
coupled to an inhibitor molar equivalent of 0.25 (left), 0.5 (middle) and 1.0 (right). Across
the three different TBP inhibitor loading ratios (left to right), the numerical front velocity
predictions using the mechanism-based three-step model are in good quantitative agreement
with the experiments by Lessard et al.30 All simulations use identical physiochemical pa-
rameters (Table 1).
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cam’s razor hypothesis that the adoption of

standard kinetics principles and associated

physiochemical parameters established for

ROMP under ideal conditions can simulta-

neously capture FROMP attributes at ele-

vated temperatures. In great contrast, phe-

nomenological models16,19 are unable to nu-

merically replicate the experimental variation

in front velocity with the change in resin com-

position, predicting a constant front veloc-

ity across. This limitation stems from their

strict parametrization to experimental DSC

traces, the latter being unable to capture dif-

ferences in cure kinetics across the different

monomer:initiator:inhibitor resin compositions.

One further notices that the velocity of

the polymerization front continuously increas-

es as the monomer-to-initiator ratio decreases

for a fixed inhibitor loading. As detailed in

Lessard et al.,30 a decrease in the monomer-

to-initiator ratio (i.e., increase in the initia-

tor and inhibitor concentration at fixed in-

hibitor equivalents) increases the amount of

the Grubbs’ 2nd generation initiator that can

be activated
(
i.e., [G2*] from Fig. 3(b)

)
at

elevated temperatures during the inhibition

equilibrium step. This stems from decreased

inhibition at elevated temperatures due to the

entropically favored ligand dissociation. The

proportional increase in the amount of initia-

tor that can be activated,
(
i.e., [G2*]

)
, with

decrease in the monomer-to-initiator loading

ratio is illustrated in Fig. 5(a) for a represen-

tative [500–10000]:1:1 resin composition. In

Figure 5: (a) Evolution in the concentration
of active initiator, [G2*] with temperature
for (a) [500-10000]:1:1 and (b) 10000:1:x with
x ∈ {0.25; 0.5; 1.0} resin compositions.

light of eqns. 12(2−3), this increase in concen-

tration enhances both the initiation and the

propagation reaction kinetics due to the cou-
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pling between the different reaction steps in

our mechanism-based model.

Fig. 6 additionally illustrates the varia-

tion in the polymerization front velocity with

changes in the TBP inhibitor loading. Con-

Figure 6: Variation in the simulated polymer-
ization front velocity with change in the TBP
inhibitor loading for a DCPD:G2 monomer-
to-initiator ratio of [500-10000]:1. The sim-
ulated polymerization front velocities are in
good quantitative agreement with the exper-
iments by Lessard et al.30 and illustrate the
gradual decrease in front velocity with in-
crease in the TBP inhibitor loading for a
fixed monomer-to-initiator composition (left
to right). All simulations use a consistent set
of physiochemical parameters (Table 1).

sistent with the Occam’s razor hypothesis and

reports in the literature,30,38 an increase in

the TBP inhibitor loading for a fixed monomer-

to-initiator ratio (left to right) retards the

activation of the dormant G2 ruthenium ini-

tiator during the inhibition equilibrium step,

slowing down FROMP kinetics overall. The

delayed activation of the dormant Grubbs’

2nd generation initiator (rightward shift) is

also graphically shown in Fig. 5(b) for a rep-

resentative 10000:1:x resin composition.

We expand this study and additionally

simulate the effect of the resin processing con-

ditions, namely the initial resin temperature,

T0, on FROMP reactivity across different

DCPD:G2:TPB resin compositions. Apart

from the room temperature FROMP reactiv-

ity reported by Lessard et al.,30 we perform

experiments for model validation at an ele-

vated resin temperature, T0 = 35oC, for [2500

- 10000]:1:x resin formulations. For the sake

of briefness, we refer the reader to Sects. S1

- S2 in the SI for a detailed description of the

experimental methodology.

The numerical predictions in FROMP re-

activity at T0 = 35oC, compared against the

baseline case study with T0 = 23oC, are shown

in Fig. 7 for an inhibitor loading equivalent

of 0.5 (left) and 1.0 (right). For tabulated
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numerical front velocities at both resin tem-

peratures, we refer the reader to Tab. S4 and

Tab. S5 in the SI.

Across both resin temperatures and in-

hibitor loading equivalents, we remark that

the simulated polymerization front velocities

are in good agreement with experiments, fur-

ther validating the Occam’s razor hypothe-

sis. Moreover, in light of the temperature-

dependent FROMP kinetics, front velocities

increase with increase in the initial resin tem-

perature.

Towards high-throughput efforts, we next

demonstrate an application of our mechanism-

based model to a different monomer/initiator/

inhibitor resin system through construction

of a "semi-inverse" problem for efficient inte-

gration between experiments and simulations

to accelerate material discovery.

A "semi-inverse" workflow for

closed-loop screening of frontally

polymerized resins

We develop here a "semi-inverse" workflow

for synergistic integration of experiments and

computational models for closed-loop FROMP

reactivity screening. A schematic illustration

of the "semi-inverse" workflow is shown in

Fig. 8(b), illustrating the bypass of infor-

Figure 7: Variation in front velocity with change in the initial resin temperature for a
DCPD:G2:TBP system with a monomer-to-initiator loading ratio of [2500-10000]:1 coupled
to inhibitor molar equivalents of 0.5 (left) and 1.0 (right). Across the two different TBP
inhibitor loadings (left to right), the simulated front velocities are shown to be in good
quantitative agreement with the in-house experiments. All simulations use a consistent set
of physiochemical parameters (Table 1).
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mation between experiments and simulations.

Upon selection of a monomer/initiator/inhibi-

tor resin chemistry of interest, the transfer

of information between experiments and the

mechanism-based model is summarized below

in a step-wise fashion:

(i) Step 1: Polymerization front velocity

is experimentally measured at a single

monomer:initiator:inhibitor composition

for a resin chemistry of interest. The

acquired experimental front velocity is

subsequently passed to the mechanism-

based model.

(ii) Step 2: Numerical simulations are per-

formed with updated physiochemical pa-

rameters, reflective of the resin chem-

istry of interest, to obtain a polymeriza-

tion front velocity consistent with the

experimental data point provided.

(iii) Step 3: FROMP reactivity is numeri-

cally simulated for a series of monomer:

initiator:inhibitor resin compositions of

interest. Simulated front velocities are

passed forward for experimental valida-

tion.

(iv) Step 4: FROMP reactivity is experi-

mentally measured at the remaining mo-

nomer:initiator:inhibitor resin composi-

tions of interest. Experimental front ve-

locities are compared against numerical

predictions for validation.

We remark here that apart from "Step 1",

the remaining steps are performed in isola-

tion from one another. That is, numerical

FROMP reactivity predictions across the dif-

ferent resin compositions are performed first

and separately from the experiments, the lat-

ter conducted only in "Step 4" for validation.

As a demonstration, we consider a distinct

DCPD:M207:TBP resin chemistry, in which

the Grubbs’ 2nd generation initiator from the

previous section is substituted with a M207

Grubbs’ initiator by replacing the phenyl Ph-

group in Fig. 3(b) with a 3-methyl-2-butenyli-

dene constituent in Fig. 8(a).

Owing to the consistency of the mixture of

phosphine/phosphite inhibitory ligands (i.e.,

PCy3 and P(OBu)3) and the N-heterocyclic

carbene group, SIMes,
(
i.e., Fig. 8(a)

)
, we

assume the pre-initiation step remains un-

altered and is described by the assumption

of fast-equilibrium kinetics using the physio-

chemical parameters summarized in Tab. 1.
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Figure 8: (a) Schematic illustration of the inhibitory ligand dissociation for a M207
Grubbs’ initiator during the pre-initiation step. (b) Schematic illustration of the proposed
semi-inverse workflow, showing the bypass of information between experiments and the
mechanism-based computational model for accelerated FROMP reactivity screening across
different resin compositions. (c – e) Demonstration of the semi-inverse workflow for probing
FROMP reactivity in a DCPD:M207:TBP resin. Starting with a M207 single experimen-
tal data point, front velocities are numerically computed in isolation from experiments and
shown to be in good quantitative agreement with the latter. See text for details on the
selection of new physiochemical parameters.

This assumption is in line with the work of

Sanford et al.31 in which variations in the L-

type and the PR3 ligands
(
c.f. Fig. 2(a)

)
were demonstrated to have the most domi-

nant effect on the pre-initiation step.

Nevertheless, variations in the electronic

features of the 3-methyl-2-butenylidene R1-

substituent can modulate the affinity of the

active ruthenium initiator to the DCPD mono-

mer and as a result the initiation kinetics as
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detailed below. Once the ruthenium-olefin

complex has initiated, the subsequent irre-

versible chain growth polymerization proceeds

in an identical manner as the previous Grubbs’

2nd generation initiated polydicyclopentadi-

ene (pDCPD) formation. On this note, we

preserve the propagation kinetic parameters

for our DCPD:M207:TBP system to those re-

flected in Tab. 1. In light of the above discus-

sion, the only necessary adjustable step for

our DCPD:M207:TBP system is the initia-

tion step. This requires a modulation in the

effective initiation pre-exponential constant,

Aeff
i .

To do so, FROMP reactivity is experi-

mentally measured for a 1000:1:1 DCPD:M207:

TBP resin composition. We refer the reader

to Sects. S.1 – S.2 in the SI for a detailed

description of the experimental methodology.

Subsequently, the effective initiation pre-expo-

nential constant, Aeff
i , is adjusted to obtain

a numerical front velocity consistent with ex-

periments
(
c.f. Fig. 8(c)

)
. This yields Aeff

i =

5.8 · 109 1/s.

With the physiochemical properties mod-

ulated for our resin system at hand, poly-

merization front velocity is numerically sim-

ulated for a series of [1000–10000]:1:1 resin

compositions
(
c.f. Fig. 8(d)

)
. Subsequently,

the simulated front velocities are passed for-

ward to experimentalists. FROMP reactivity

is experimentally measured at the remaining

compositions and data collected is compared

against the numerical front velocity predic-

tions.

Fig. 8(e) illustrates the comparison be-

tween the experimental and the numerical front

velocities for our DCPD:M207:TBP system.

While the numerical and experimental data

were collected in isolation, we observe that

the simulated front velocities are in good quan-

titative agreement with the validation exper-

iments. This not only further substantiates

our Occam’s razor hypothesis, but most im-

portantly establishes – through the mechanism-

based model – a closed loop integration be-

tween experiments and computational mod-

els for the efficient exploration of the vast

chemical design space and the manufactur-

ing of frontally-polymerized materials with

enhanced engineering properties.
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Conclusion

In this work, we formulate a novel chemically-

grounded reaction-diffusion framework for fro-

ntally-polymerized thermosets. Presently, con-

ventional models describing FROMP kinet-

ics are phenomenological in nature, with cure

kinetics parameters extracted from thermal

analysis by DSC performed at different heat-

ing rates. Strict reliance on costly DSC mea-

surements limits both (i) a chemically mecha-

nistic understanding of the underlying FROMP

reaction processes and (ii) the predictive ca-

pabilities of existing models on the role of

variations in the resin composition on FROMP

reactivity.

The proposed mechanism-based reaction-

diffusion model addresses these limitations and

systematically describes the reaction kinetics

associated with each FROMP step, includ-

ing pre-initiation which gates reactivity, ini-

tiation, and propagation. The ability of the

model to reproduce FROMP reactivity with

variation in the monomer:initiator:inhibitor

loading for a DCPD:G2:TBP system at dif-

ferent processing conditions (i.e., initial resin

temperature) was demonstrated in good agree-

ment with experiments. Remarkably, we demo-

nstrated that the ROMP mechanism and the

associated physiochemical parameters are valid

far from the conditions for which they were

established, predicting FROMP macroscopic

observables over a wide range of resin formu-

lations.

Towards high-throughput efforts, a "semi-

inverse" workflow for FROMP reactivity pre-

dictions in other monomer/initiator/inhibitor

resin chemistries was additionally illustrated

in an effort to efficiently integrate experiments

and computational models for streamlined ma-

terial screening.

In conclusion, the proposed framework pre-

sents a mechanism-based fast-screening com-

putational tool which – in enabling for high-

fidelity predictions of FROMP observables –

can facilitate the identification of novel chemi–

stries for the manufacturing of thermosets with

superior thermo-chemo-mechanical properties.
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Supporting Information

We present here additional information pertinent to the following items:

1. Materials and Instrumentation

2. Experimental Procedures

3. Varied monomer:initiator:inhibitor loadings

4. Tabulated comparison of simulated versus experimental front speeds
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S.1 - Materials and Instrumentation

Materials

Dicyclopentadiene (DCPD, Cymetech ULTRENE™), ethylidene norbornene (ENB, Milli-

poreSigma), Grubbs’ 2nd generation catalyst (G2, ChemScene), Grubbs’ Catalyst M207

(M207, Sigma Aldrich), and tributyl phosphite (TBP, TCI chemicals) were purchased com-

mercially and used as received unless otherwise stated.

Instrumentation

Samples weighing and sonication:

All masses were weighted using a Mettler Toledo precision balance with a ± 0.01 mg read-

ability (see "S.2 - Experimental Procedures" for a detailed description). Sonication was

performed using a Digital Ultrasonic bath to ensure adequate breakdown and proper mixing

of catalyst particles in the resin prior to FROMP testing.

Resin Temperature and Velocity Measurements:

Frontal polymerization was video captured using a built-in iPhone camera. A custom-built

Python software based on the OpenCV library was used to track the front location and cal-

culate the average polymerization velocity. Resin samples tested at T0 = 35oC were heated

inside a Thermo Scientific oven and their temperature measured using a T-type thermocouple

interfacing with a custom Labview software prior to FROMP initiation.

S.2 - Experimental Procedures

General Procedure for Resin Preparation

Grubbs’ 2nd generation or Grubbs’ M207 initiator were massed (G2 or M207, w mg, 1.00

equivalent) in a 10 mL vial prior to addition of the tributyl phosphite inhibitor (TBP, x

µL, y equivalent). The mixture was subsequently dissolved in a monomer solution (95:5 mol
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DCPD:ENB, 2.00 g, z equiv.) and sonicated for three minutes. Values of {w, x, y, z} for

the preparation of DCDP/ENB:M207:TBP resins are listed below. For values of {w, x, y,

z} pertaining to the DCDP/ENB:G2:TBP resins, refer to Lessard et al.1

The resulting solution was transferred to a 10 mm-diameter test tube. Dependent on the

experimental needs, test tubes were either maintained at room temperature or transferred

inside a temperature-controlled oven for testing at an elevated starting resin temperature,

T0 = 35oC. Frontal polymerization at the top of the resin solution was initiated using a

preheated soldering iron, creating a descending front. Experiments were video recorded for

data processing until the polymerization front reached the bottom of the test tube.

M207 Experiments:

10000:1:1 Monomer:Initiator:Inhibitor

M207: w = 1.26 mg

TBP: x = 0.4 µL; y = 1.0 equiv.

DCPD/ENB: z = 10000.0 equiv.

5000:1:1 Monomer:Initiator:Inhibitor

M207: w = 2.51 mg

TBP: x = 0.8 µL; y = 1.0 equiv.

DCPD/ENB: z = 5000.0 equiv.

2500:1:1 Monomer:Initiator:Inhibitor

M207: w = 5.03 mg

TBP: x = 1.6 µL; y = 1.0 equiv.

DCPD/ENB: z = 2500.0 equiv.

1000:1:1 Monomer:Initiator:Inhibitor

M207: w = 12.57 mg

TBP: x = 4.1 µL; y = 1.0 equiv.

DCPD/ENB: z = 1000.0 equiv.
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S.3 - Varied monomer:initiator:inhibitor loadings

We present here tabulated concentration data associated with the different monomer:initiat-

or:inhibitor compositions investigated in this work and serving as input to the mechanism-

based model.

Table S 1: Monomer/Initiator/Inhibitor concentrations for resin compositions containing
0.25 TBP inhibitor equivalence with varied monomer loadings.

Monomer:Initiator:Inhibitor

Loading

[PR0
3] (mol/L) [II0] (mol/L) [M0](mol/L)

10000:1:0.25 0.000185 0.00074 7.4

5000:1:0.25 0.00037 0.00148 7.4

2500:1:0.25 0.00074 0.00296 7.4

1000:1:0.25 0.00185 0.0074 7.4

500:1:0.25 0.0037 0.0148 7.4

Table S 2: Monomer/Initiator/Inhibitor concentrations for resin compositions containing 0.5
TBP inhibitor equivalence with varied monomer loadings.

Monomer:Initiator:Inhibitor

Loading

[PR0
3] (mol/L) [II0] (mol/L) [M0](mol/L)

10000:1:0.5 0.00037 0.00074 7.4

5000:1:0.5 0.00074 0.00148 7.4

2500:1:0.5 0.00148 0.00296 7.4

1000:1:0.5 0.0037 0.0074 7.4

500:1:0.5 0.0074 0.0148 7.4
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Table S 3: Monomer/Initiator/Inhibitor concentrations for resin compositions containing 1.0
inhibitor equivalence with varied monomer loadings.

Monomer:Initiator:Inhibitor

Loading

[PR0
3] (mol/L) [II0] (mol/L) [M0](mol/L)

10000:1:1 0.00074 0.00074 7.4

5000:1:1 0.00148 0.00148 7.4

2500:1:1 0.00296 0.00296 7.4

1000:1:1 0.0074 0.0074 7.4

500:1:1 0.0148 0.0148 7.4
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S.4 - Tabulated simulated versus experimental front speeds

We present here tabulated comparisons of simulated versus experimental front speeds across

the different monomer:initiator:inhibitor resin compositions considered in this work.

Table S 4: Simulated polymerization front velocities for [500–10000]:1:x DCPD:G2:TPB
resin compositions compared against the experiments by Lessard et al.1

Monomer:Initiator:Inhibitor

Loading

Vexp
f (mm/s) Errorexp (mm/s) Vsim

f (mm/s)

500:1:0.25 5.33 ± 0.03 5.332

500:1:0.5 5.02 ± 0.21 4.991

500:1:1 3.68 ± 0.16 3.719

1000:1:0.25 4.18 ± 0.04 3.964

1000:1:0.5 3.29 ± 0.25 3.718

1000:1:1 2.48 ± 0.18 2.772

2500:1:0.25 2.49 ± 0.58 2.598

2500:1:0.5 2.48 ± 0.24 2.437

2500:1:1 1.96 ± 0.36 1.816

5000:1:0.25 1.91 ± 0.18 1.861

5000:1:0.5 1.73 ± 0.25 1.745

5000:1:1 1.52 ± 0.44 1.299

10000:1:0.25 1.54 ± 0.09 1.323

10000:1:0.5 1.36 ± 0.06 1.240

10000:1:1 1.04 ± 0.23 0.924
*Experimental data by Lessard et al.1 reported for a room-temperature, T0 = 23oC, liquid resin.
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Table S 5: Simulated versus experimental polymerization front velocities for [2500–10000]:1:x
DCPD:G2:TBP resin compositions at an elevated initial resin temperature, T0 = 35oC.

Monomer:Initiator:Inhibitor

Loading

Vexp
f (mm/s) Errorexp (mm/s) Vsim

f (mm/s)

2500:1:0.5 2.7 ± 0.10 3.013

5000:1:0.5 2.02 ± 0.08 2.158

10000:1:0.5 1.49 ± 0.03 1.535

2500:1:1 2.11 ± 0.03 2.245

5000:1:1 1.59 ± 0.06 1.607

10000:1:1 1.15 ± 0.12 1.142

Table S 6: Simulated versus experimental polymerization front velocities for [1000–10000]:1:1
DCPD:M207:TBP resin compositions.

Monomer:Initiator:Inhibitor

Loading

Vexp
f (mm/s) Errorexp (mm/s) Vsim

f (mm/s)

1000:1:0.5 1.65 ± 0.15 1.852

2500:1:0.5 1.203 ± 0.093 1.398

5000:1:0.5 0.89 ± 0.05 1.099

10000:1:0.5 0.64 ± 0.07 0.790
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