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A Mechanism-Based Reaction-Diffusion Model
for Frontal Ring-Opening Metathesis Polymerization (FROMP)

Mechanism-Based
ﬁ FROMP Model ﬁ

High-Fidelity Numerical

ABSTRACT: Frontal ring-opening metathesis polymerization
(FROMP) involves a self-perpetuating exothermic reaction,
which enables the rapid and energy-efficient manufacturing of
thermoset polymers and composites. Current state-of-the-art
reaction—diffusion FROMP models rely on a phenomenological
description of the olefin metathesis kinetics, limiting their ability to
model the governing thermo-chemical FROMP processes. @B
Furthermore, 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 toward accelerated 0 TruoValue
discovery of new resin formulations. In this work, we formulate a Elo 5ot \a
chemically meaningful model grounded in the established Composition
mechanism of ring-opening metathesis polymerization (ROMP).

Our study aims to validate the hypothesis that the ROMP mechanism, applicable to monomer-initiator solutions below 100 °C,
remains valid under the nonideal conditions encountered in FROMP, including ambient to >200 °C temperatures, sharp
temperature gradients, and neat monomer environments. Through extensive simulations, we demonstrate that our mechanism-based
model accurately predicts the FROMP behavior across various resin compositions, including polymerization front velocities and
thermal characteristics (e.g., Tin,y)- 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.
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B INTRODUCTION

Frontal polymerization (FP) is a self-sustaining reaction
initiated by an energetic stimulus—thermal, chemical, or
photo—which ignites a localized reaction front." This process

Among the various polymerization methods, such as
radical,* """ jonic,"' ™" and addition-type,” frontal ring-opening
metathesis polymerization (FROMP) stands out significantly.
FROMP utilizes well-defined initiator complexes whose

is characterized by the exothermic nature of the polymerization
reaction, as heat released from the unreacted monomer near
the front raises the temperature locally. Crucially, the rise in
temperature stems from the balance between the rate at which
heat is released and the rate at which heat diffuses through the
sample and is lost to the surroundings. With a sufficient
temperature rise, the polymerization front continues to
propagate through the unreacted monomer phase until all
reactants are consumed or significant heat loss stalls the
reaction. Due to their self-sustaining nature, FP-curing routes
have become a cost-effective and environmentally friendly
alternative to the traditional, more resource-intensive manu-
facturing processes. > This advancement has spurred their
versatile application in the efficient production of high-
perfgrr;lance polymers, thermosets, composites, and hydro-
gels.”™
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chemistry can be intentionally manipulated to fine-tune every
step of the reaction, from inhibition, initiation, propagation,
and termination. The capability to precisely control the
reaction parameters enhances 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 successful application of FROMP critically depends on the
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Figure 1. (a) Current state-of-the-art phenomenological FROMP reaction models, illustrating 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 toward 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 computational models to enable for the fast-screening of new resin formulations.

ability to balance rapid front progression with the risk of
premature bulk polymerization at or near ambient temper-
atures."*'® 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 governing
field variables, the degree of cure, a(x,t) and the temperature,
T(xt),

0°T(x, t) N 0a(x t) dT(x, t)
P ot S
da(x, t) _

58 flay 1) = 2 o - )g<a>

Here, k [%K], G, [ngT]’ and p [%] respectively denote the

thermal conductivity, specific heat capacity, and density of the
resin, while H, [ g] is the total enthalpy of the polymerization

reaction. Moreover, to describe the temperature-dependent
reaction kinetics, an Arrhenius equation is typically employed
with A denoting a pre-exponential rate constant, E, the
activation energy, and R the universal gas constant. Lastly, as
shown in Figure 1(a), g(a) denotes an empirical reaction
model.

While informative,'®™** the existing computational FROMP
models are phenomenological in their description of FP-
kinetics, with cure kinetics parameters {A, E,, g(a)} extracted
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from thermal analysis by differential scanning calorimetry
(DSC) performed at different heating rates (cf. Figure
1(a))."”**** Compounding to this, the standard DSC heating
rates vary between 2 and 20 °C/min, making the interface
between experiments and computational models costly (~5 h/
resin formulation), while significantly under representing the
localized FROMP rapid heating rates.

The existing literature has successfully established the
mechanism of olefin metathesis for Grubbs’s catalysts under
meticulously controlled reaction conditions (i.e., low temper-
atures, (semi)dilute concentrations).”*”*® However, the
conditions employed in these studies are significantly different
than those encountered in FROMP. Understanding the
kinetics of olefin metathesis beyond such “ideal” conditions
(i.e, neat monomer at elevated temperatures) is scantly
explored. Parameterized to DSC data, state-of-the-art empirical
FROMP models are limited in their capacity to describe the
underlying thermo-chemical processes governing the different
FROMP reaction steps.

Moreover, the restrictive one-way transfer of FROMP
information from experiments to simulations, (cf. Figure
1(a)) limits the utility of conventional models for rapid
screening of new resin formulations and accelerated material
discovery. These limitations motivate the need for a
mechanism-based,”*” chemically predictive model in concert
with a closed-loop integration between experiments and
simulations to facilitate the efficient navigation of the vast
chemical design and parametric space.

To this end, we formulate a novel reaction—diffusion model,
which systematically describes the FROMP mechanism
through a three-step route (cf. Figure 1(b)). Constructed

https://doi.org/10.1021/jacs.4c06527
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upon the conventional kinetics principles, the framework
presented herein tests the Occam’s razor hypothesis that
adoption of the standard kinetics principles and physiochem-
ical parameters established for ring-opening metathesis
polymerization (ROMP) under ideal conditions can simulta-
neously capture FROMP attributes at elevated temperatures in
neat monomers. Validation of this hypothesis is not only of
fundamental interest, but would additionally enable the
computational screening of new chemical initiators and
inhibitors for FROMP using computed activation energies
and reaction thermodynamics. The proposed framework is
grounded in a mechanism-based (cf. Bielawski and Grubbs,*
Hoveyda and Zhugralin,”' Fogg,” and Grela®”) description of
FROMP kinetics and systematically models the three steps
outlined in Figure 1(b):

1. Inhibition step, which thermally gates the reactivity of the
dormant inhibitor-bound ruthenium initiator by dis-
sociation of the coordinated phosphine ligand prior to
entry in the ring-opening olefin metathesis cycle.

2. Initiation step, which involves the 14-electron ruthenium
initiator coordinating a strained olefin monomer to first
form a metallacyclobutane by a [2+2] cycloaddition with
the monomer, followed by a [2+2] ring-opening
cycloreversion. This process is accompanied by heat
release owing to the strained nature of the cyclic olefin
and is irreversible for highly strained norbornene olefinic
monomers.

3. Propagation step, which involves the sequential reaction
of the initiated species with more olefin monomers
(same mechanism 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 temper-
ature-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 reactivity
screening across many resin formulations, Figure 1(b),
eliminating the reliance on time-costly DSC tests.

Consistent with experiments, we demonstrate the capacity of
the model to predict FROMP reactivity with variation in the
monomer:initiator:inhibitor composition for a dicyclopenta-
diene—Grubbs’s second-generation initiator—tributyl phos-
phite (DCPD:G2:TBP) system recently reported by Lessard
et al.’”* Apart from variations in the resin chemical
composition, the change in polymerization front speed with
process conditions, respectively the initial resin temperature, 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 toward rapid
screening of different resin chemistries (i.e, monomer/
initiator/inhibitor). Concretely, we develop a “semi-inverse”
workflow, detailed at the end of the article, and simulate
FROMP reactivity for a separate resin formulation, which
includes a distinct ruthenium complex to the previous G2
initiator, respectively a M207 Grubbs’s initiator. In doing so,

we demonstrate consistent predictions in FROMP reactivity
with in-house experiments and critically establish a closed-loop
integration between experiments and simulations (cf. Figure 1
(b)), a missing link in the conventional empirical FROMP
models.

All in all, the proposed framework presents a time-efficient,
chemically predictive computational tool which, jointly with
experiments, can accelerate the identification of optimal resin
chemistries for the efficient manufacturing of thermoset
polymers with superior engineering properties.

B RESULTS AND DISCUSSION

Formulation of a Three-Step Reaction-Diffusion
FROMP Model. We describe herein a systematic formulation
of a three-step reaction—diffusion model for ruthenium-
initiated FROMP. Ruthenium-based 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.” Without loss of generality, we
consider a class of ruthenium complexes with the general
formula L(PR;)(X),Ru=CHR' as schematically shown in
Figure 2(a). Here, {L,R, X,R'} represent different substituents,
which modulate the kinetics of both the initiation and
propagation steps, as detailed in the seminal works of Sanford

(a) (b) L (c) P
T | X NTN
Ru= X

| .x x7 | -

PR A=
/Run 3 X PR,
x7 | X=cl (1) X=Cl; R=Cy (4)
PR3 X=Br (2) X =Br; R=Cy (5)
X=1 (3 X=1; R=Cy (6)
Pre-initiation Equilibrium — Inhibitory Ligand, (PR;), Dissociation
(d) L L
I X -PR, I X
Gates Ru= _Ru=\
reactivity PR, +PR; X '|‘

Inactive Initiator (Il) Active Initiator (Al)
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(e) L
L L I X
I . X ki RIX k2 Ru=
* u= —_—
/Rua — X7 : = X :.|.:

A . Ring-opened
(Al) Rut:zn;lum-glefln ruthenium-olefin
uct (B) complex (C)
Propagation - Sequential Ring-Opening Metathesis of Monomers
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U= Ru
x7,.L + n _k o x71I
baed \ H n+1
©) Poly-olefin final product (D)

Figure 2. (a) Chemical representation of ruthenium complexes with
the general formula L(PR,)(X),Ru=CHR'. (b, c) Representative
ruthenium complexes obtained for different {L,R,X,R'} substituents.
(d) Inhibition equilibrium step, illustrating the dissociation of the
inhibitory ligand, PR;, from the dormant ruthenium initiator to form
an active complex. (e) Initiation step, during which a ring-opening
olefin metathesis reaction initiated by the active ruthenium complex
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.
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1.°53¢ and Love et al.*’ For convenience, Figure 2(b,c)

et a
illustrates 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, PR;) must occur to unveil the reactivity of the
dormant 16-electron ruthenium initiator, (II). This step,
known as the pre-initiation or the inhibition step, is
schematically shown in Figure 2(d). At room temperature,
the phosphine ligand, PR;, is thermodynamically favored to
coordinate to the metal center of the ruthenium complex,
which inhibits polymerization. As the temperature increases,
the entropic contributions to equilibrium favor phosphine
dissociation (cf. Sanford et al.”>® and Lessard et al.**), resulting
in the formation of the active ruthenium complex shown as
(AI) in Figure 2(d).

Modeling the dissociation of the inhibitory phosphine ligand
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 dependent evolution
in concentration of the active ruthenium initiator (AI), a fast-
equilibrium assumption is employed. As a result, the pre-
initiation step which gates reactivity can be characterized by its
equilibrium constant, K. By virtue of the Van’t Hoff
relationship, the temperature-dependent evolution of the
equilibrium constant, K., can be related to the standard
enthalpy, AH® and standard entropy, AS°, of the phosphine
dissociation reaction, yielding

K AH® + AS°
= e —_ _—

= PP\ TRy R (1)
Furthermore, on the basis of the law of mass action, the

dissociative inhibition equilibrium constant can be further

expressed as the product of the reactants’ concentrations,

_ [AL[PR]
" @)

Here, [II] denotes the concentration of the dormant inhibitor-
bound ruthenium complex, [PR;], the concentration of the
dissociated inhibitor, and [AI], the concentration of the active
ruthenium initiator.

Jointly, eqs 1 and 2 describe the temperature-dependent
evolution of the concentration of reaction species participating
in the inhibition step. Establishing such an association is
critical for numerically resolving the temperature-dependent
evolution in the concentration of active initiator, [AI], the
latter directly entering the metathesis catalytic cycle for
FROMP.

Toward this goal and starting with a ([IL,], [AI,], [PR }])
composition, let [AI"] denote the amount of the active
ruthenium complex produced during the phosphine dissocia-
tion reaction. Combining eqs 1 and 2 and performing a series
of algebraic manipulations, it can be shown that the
temperature dependent amount of the generated active
initiator, [AI'], evolves as a function of the starting
composition through the following relationship,

[AL,] + [PR]] + K,
I=- 5 +

AI+

1
E\/ ([AL,] + [PR]] + K,,)* — 4([AL][PR}] — K,,[11,])
(3)

Numerically, we update the starting composition ([IL,], [Al,],
[PR}]) at each solution step of the model to accordingly
account for the activation of a [AI'] amount of the dormant
initiator from the previous inhibition solution step. Altogether,
eq 3 governs the temperature-dependent activation of the
ruthenium initiator prior to entry in the FROMP metathesis
cycle.

We transition next to describing the initiation step kinetics.
During this step, the active ruthenium complex, (AI), binds to
the strained olefinic monomer substrate first to form a four-
coordinate intermediate ruthenium-olefin adduct, (B) as
shown in Figure 2(e). The ruthenium-olefin adduct undergoes
initiation by [2+2] cycloaddition and subsequently cyclo-
reversion, resulting in the formation of a ruthenium-olefin
complex with a single ring-opened monomer attachment, (C).
This process is accompanied by ring-strain relaxation in the
latter, contributing to the heat release.

For later use and nomenclature convenience, we introduce
[My] to denote the initial concentration of the olefinic
monomer in the system, while [M], the respective concen-
tration of the olefinic monomer converted through polymer-
ization. The degree of cure, @, can then be evaluated as

a= ﬂ € [0, 1]
[M,] (4)

Here, a state of o = O represents the uncured liquid monomer
resin, while o = 1, a state of complete conversion of the liquid
resin into a solid polymer. All intermediary a states denote a
partially cured resin.

Application of the steady-state approximation to the four-
coordinate ruthenium-olefin adduct, that is % = 0, in

conjunction with the rate law for first-order reactions yields
k1[AI] [Mo - M] = (k_1 + kz) [B] (5)

Solving for [B] from eq S gives

kl
B] = ——[AI][M, - M
(B] k_1+k2[ 1M, ] ©

By virtue of the rate law and making use of eq 6, the rate at
which the ruthenium-olefin complex, (C), forms can be
computed as

diel _

o - FlBl= k{AT[M, — M]

(7)

7 feke e . .
Here, k; = ﬁ denotes an effective initiation rate constant in
-1 2

units of [ﬁ] We additionally remark that [AI] denotes the
net concentration of the active initiator during the current
initiation 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 solution step and (ii)
consumption of the active initiator by an amount of §[C]

during the initiation reaction from the prior solution step.

https://doi.org/10.1021/jacs.4c06527
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Alternatively, factoring out [M,], one can additionally
introduce an effective concentration-dependent initiation rate

constant, k¢ = k,[M,] with units of [é] On this note, eq 7 can
be rewritten as follows,

dicy

_ peff _
ar = k7 [AL(1 - @)

(8)
As is standard, to describe the temperature dependence of the
effective initiation reaction constant, kfff, we append an
Arrhenius-type kinetics to our formulation, such that kf =

A, exp(——“). Here, A; denotes an effective initiation pre-
RT

exponential factor in units of [7], while E, is an effective
N

initiation activation energy in units of [L]
mol

Lastly, as evident from eq 8, we remark that the rate of
formation of the ruthenium-olefin complex, (C), is propor-
tional to the concentration of the active initiator, [AI],
reflecting the direct coupling between the inhibition and the
initiation step in our model.

We transition next to describing the reaction kinetics
associated with the propagation step. During this step, the
ruthenium-olefin complex, (C), sequentially reacts with n
olefin monomer units in a irreversible chain growth polymer-
ization process, similar in mechanism to the initiation step. As
a first approximation to the model, we remark that we do not
consider deactivation by reassociation of the inhibitor to the
propagating 14-electron ruthenium chain end. This results in
the formation of a solid polymer material (Figure 2f).

By virtue of the law of mass action and accounting for the
one-at-a-time sequential coordination of the olefin monomers
to the ruthenium-olefin complex, one can then describe the
rate of the olefin units conversion into a solid polyolefin as
follows,

d[M]

= =k [CIM, — M]

dt (9)

Here, kp denotes a propagation reaction constant in units of

mol-s
reaction kinetics, factoring out [M,], one can introduce an
effective concentration-dependent propagation rate constant,

[—] Similar to our earlier discussion on the initiation

k;ff = k,[M,] in units of E] Rewriting eq 9 in terms of the

degree of cure, a, yields

da _eff
M1 = KICI — a) o)

To describe the temperature dependence of the propagation

rate constant, k;ff, we again append an Arrhenius-type kinetics

p
to our model such that k;ff =4, exp(—lf—“T>. Here, A, denotes

. . . . . 1
an effective propagation pre-exponential factor in units of [;],

while Ef is an effective propagation activation energy in [ﬁ]

Additionally, as evident from eq 10, we remark that the
evolution in the degree of cure, @, 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, @ = 1, the

propagation step concludes. We also note that—as a first

approximation to the model—assumptions of no termination
step, cross-metathesis, or initiator decomposition are employed
(see Cooper et al.*® and Alzate-Sanchez et al.*).

As a last constituent to our three-step reaction—diffusion
formulation, we discuss next the governing equation for
temperature evolution with heat release during frontal
polymerization 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

0*T(x, t da(x, t
p (xz, ) + pH, a(x) ) —
Ox ot

0T (x, t)
ot (11)

pC,

Here, « [%], G, [kgik]’ and p [%] respectively denote the
thermal conductivity, specific heat capacity, and density of the
. . J1. .
resin, while H, [Q] is the total enthalpy of the polymerization

reaction. We note that the mechanism-based model faithfully
captures all relevant FROMP thermochemistry, including the
maximum resin temperature, T,,,, and its dependence on both
the initial resin temperature, Ty and the degree of cure, a,. The
delicate balance of reaction rates, exothermicity, and efficient
heat transport into the unpolymerized media is critical and
determines the propensity for the polymerization front to
sustain itself in addition to characteristics of the latter (i.e.,
stable versus unstable propagation).

All in all, the reaction—diffusion formulation can be
summarized by the following set of equations for a total of
four solution variables, ([AI*(x,t)], [C(x,t)], a(x,t), T(x,t)),

Al PR)] + K

[AI+]=—[ °]+[23]+ “ 4 (1)

%\/ ([AL,] + [PRY] + K,,)* — 4([AL][PR}] — K,[IL,])

S~ ean - o) (2)

MyI S = KICI - a) 3)

*T(x, t) da(x, t) oT(x, t)

e TP Ty TGy, “)

(12)

subjected to the hereinafter initial conditions, [C(x,0)] = [C,],
a(x,0) = ay, and T(x,0) = T, for a starting ([M,], [II,], [PR
1) monomer—initiator—inhibitor composition.

As is conventionally the case, these equations are
supplemented with a thermal trigger applied as either a
Dirichlet temperature, Ty or Neumann heat flux, —q'n = g,
boundary condition on one end of the simulation domain over
a short time interval [0, t,;,]. Beyond this time interval, the
thermal stimulus is removed to enable self-sustained polymer-
ization consistent with experiments.

We next discuss a series of numerical simulations serving to
highlight the capabilities of our model in predicting FROMP
kinetics with variation in resin chemistry. Throughout this
process, we validate our findings against published exper-
imental data in the literature or in-house experiments.

On the Role of Monomer:lnitiator:Inhibitor in
Dicyclopentadiene FROMP Kinetics. While FROMP has
been shown to be viable for a range of monomers including
acrylates®® and epoxies,”" dicyclopentadiene (DCPD) has
attracted much research attention owing to its engineering
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properties, including high reactivity, good strength to weight
ratio, high flexibility and durability.” In particular, the ring-
opening metathesis reaction of DCPD initiated and propagated
by ruthenium alkylidenes containing N-heterocyclic carbene
(NHC) ligands (i.e,, Grubbs’s second-generation initiator, cf.
Figure 2(c)) has been widely reported in the literature owing
to the dramatically increased reactivity of the latter with
olefinic substrates.”>*** Nevertheless, such high reactivity
comes at the expense of a reduced storage time due to
background reactivity at room temperature depleting the
amount of available initiator and monomer.

To temper background reactivity, while enabling FROMP to
occur upon thermal activation, different catalytic inhibitors
have been explored, including triphenylphosphine,44 4-
dimethylaminopyridine,** etc. These studies have reported
sustained storage times of up to 10 min. Nevertheless, a longer
storage time is desirable for processing purposes, requiring the
liquid monomer solution to persist in excess of 1 h.

Toward this goal, Robertson and co-workers demonstrated
that introduction of an inhibitory alkyl phosphite ligand in a
ruthenium-benzylidene Grubbs’s second-generation complex,
(G2), significantly suppresses room-temperature reactivity
toward DCPD, while maintaining efficient reactivity at high
temperatures.’* Depending on the concentration of the
dissolved tributyl phosphite (TBP) inhibitor in a DCPD/G2
(monomer/initiator) solution, the degree of control on both
storage life and FROMP reactivity can be modulated. Figure
3(a) illustrates a schematic of the DCPD/G2 solution (light
orange) in which the TBP inhibitor is dissolved for controlled
bulk reactivity. Moreover, Figure 3(b) additionally illustrates
the dissociation mechanism of the inhibitory ligand in the form
of either (i) a tricyclohexylphosphine (PCy;) ligand coordi-
nated to the initial dormant Grubbs’s second-generation

Inhibitory Ligand, PR; Dissociation fora

(a)
@ “Grubbs’ 2"d Generation” Initiator
(b)
N/—\N N/—\N
— "0
- Ru=\ PR, Ru=

T ca”l ca” 1l
PR3 i
R=0"Buor Cy

Inactive Initiator (G2)

Active Initiator (G2*)

(e : Initiator : Inhibitor
nBu 9 -
nBu.o.P\q
nBu Nomenclature
SiMes _ Olefin
Ru= ° Monomer
c1” | Ph o -
PCy, [} ® Initiator

10000:1:1 5000:1:1 2500:1:1 @® Inhibitor

Figure 3. (a) Schematic illustration of a DCPD:G2:TBP liquid resin
(light orange), mimicking the experimental setup by Lessard et al.>*
For convenience, the fully polymerized resin is shown in yellow,
distinctively demarcating the polymerization front. (b) Dissociation of
the inhibitory ligand, PR;, for a Grubbs’s second-generation initiator
during the pre-initiation activation step. (c) Representative 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. Adopted from Lessard et al*
Copyright 2024 American Chemical Society.

initiator or (ii) a tributyl phosphite ligand, P(OBu);, initially
dissolved in DCPD, which coordinates to the ruthenium
alkylidene complex to form a latent precatalyst complex in situ.

Experimental investigations of the effect of variations in the
monomer:initiator:inhibitor loading on the rate of frontal
polymerization have only recently been reported. In particular,
Lessard et al.’* reported such a systematic experimental study
on the DCPD:G2:TBP system illustrated in Figure 3(a).
Studies of this nature and their further supplementation with
robust computational models are promising for the identi-
fication of novel frontally polymerizable thermosets.

Using the newly proposed mechanism-based FROMP
model, we perform finite element simulations to numerically
reproduce the experimentally 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 inhibitor
loading, while preserving the DCDP:G2 monomer to initiator
loading ratio fixed. While specialized for non-ideal FROMP
conditions, we note that the mechanism-based nature of the
model, combined with physiochemical parameters, makes the
framework directly transferable to other reaction conditions
without loss of generality. This includes bulk polymerization
that occurs slowly and uniformly in the unpolymerized resin
under ambient conditions. A model that eficiently spans the
wide-ranging time and length scales relevant to resin discovery
is under active development.

The fully coupled system of equations outlined in eq 12 is
numerically solved using the finite element method through
development of a 1-D staggered solver discretized with
continuous first-order Lagrange elements using the open-
source FEniCS computing platform.*” To numerically solve for
the concentration degrees of freedom, ([C(x,t)], a(x,t)), an
explicit Euler scheme with a sufficiently small time
discretization for numerical accuracy is utilized. Upon casting
eq 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 modeling is the need to
capture the sharp gradients in temperature and degree of cure
present on the moving front. The ability to resolve such sharp
gradients requires a highly refined spatial discretization of the
simulation domain. On this note, a uniform mesh with a
sufficiently small element size (dx = 1 um for a simulation
domain length L = 0.02 m) is employed.

The fully coupled system of equations is supplemented with
the following initial conditions, a(x,0) = 0.01, [C(x,0)] = 0,
T(x,0) = 23 °C for a starting ([M,], [IL,], [PR3])
monomer:initiator:inhibitor composition. We numerically
prescribe the initial resin composition to systematically
replicate the experiments by Lessard et al.** In particular, we
model FROMP reactivity for [500—10000]:1:x
DCPD:G2:TBP resin formulations, with x denoting the
inhibitor molar equivalents ranging from 0.25 to 1 (cf. Figure
3(c)). We refer the reader to Tables S1—S4 in the Supporting
Information (SI) for tabulated concentration data across the
different resin compositions, ([M,], [II,], [PR $]) simulated in
this work.

To initiate FROMP, we apply a trigger temperature, Ty, =

Toax = To + ?(l — @), for a short period of time, t € [0, tmg],
P
at the left edge (x = 0). Past t = t;, the left boundary is
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insulated. Adiabatic conditions are imposed at x L
throughout the simulation.
The relevant physiochemical parameters for our

DCPD:G2:TBP system are tabulated in Table 1. While the

Table 1. Physiochemical Parameters for Numerical
Simulation of FROMP Reactivity in a DCPD:G2:TBP Resin
System

Parameter Value Source
Heat Diffusion
I3 0.15 W/(mK) Vyas et al.*®
p 980 kg/m3 Vyas et al*®
o 1600 J/(kg'K) Vyas et al.*®
H, 381482 J/kg Lessard et al.>*
Reaction Kinetics
AH® 26.1 kCal/mol Adlhart and Chen*
AS° 57 Cal/(mol-K) Lessard et al.**
A (1.1-2.25) x 10" 57! Sanford et al.*®
A;“ (1.1-2.25) x 108 57! Fitted to Lessard et al.**
E;ff 74 000 J/mol Kessler and White*
ESff 74000 J/mol This work

mechanism-based nature of the framework allows virtually all
material parameters to be found from the literature (either
experimentally or from ab initio computations), the following
remarks are made concerning the prescription of the effective
initiation activation energy, E:¥, and the effective propagation
pre-exponential constant, A;ff:

(i) Motivated by the scarcity of the literature data, we
assume from the start the effective initiation activation
energy, E, to be equal to the effective propagation
activation energy, E;ff, reported in Kessler and White.™*

(ii) With the initiation pre-exponential constant, A,
prescribed from Sanford et al,* A;ff is computed
through an iterative fitting process until a converging
front velocity is achieved to the experiments by Lessard
et al.>* for a single DCPD:G2:TBP resin composition.
FROMP reactivity for all the remaining DCPD:G2:TBP
resin compositions is subsequently simulated, and the
numerical front velocities are compared to experiments.

Figure 4 illustrates the numerical predictions in polymer-
ization front velocity for [S00—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 to 1. To compare the
performance of the mechanism-based model to conventional
FROMP models built upon a phenomenological cure-kinetics
formulation, g(a), Figure 4(c) additionally includes FROMP
reactivity predictions using the state-of-the-art empirical
models."*'”** [Note: Empirical FROMP models have been
primarily reported for x:1:1 DCPD:G2:TBP resin composi-
tions. On this note, the comparison between the existing
phenomenological FROMP model'®*”** and the newly
proposed mechanism-based model is only reported for these
resin compositions.] We refer the reader to Table SS in the SI
for tabulated numerical front velocities across the different
resin compositions shown in Figure 4.

Across the different inhibitor loadings (left to right), we
remark that the numerical front velocities using the
mechanism-based model are in good quantitative agreement
with the experiments by Lessard et al.’”* Remarkably, this
finding supports our starting Occam’s razor hypothesis that the
adoption of standard kinetics principles and associated
physiochemical parameters established for ROMP under
ideal conditions can simultaneously capture FROMP attributes
at elevated temperatures. In great contrast, phenomenological
models'®"” are unable to numerically replicate the exper-
imental variation in front velocity with the change in resin
composition, predicting a constant front velocity across. This
limitation stems from their strict parametrization to exper-
imental DSC traces, the latter being unable to capture
differences in cure kinetics across the different monomer:
initiator:inhibitor resin compositions.

One further notices that the velocity of the polymerization
front continuously increases as the monomer-to-initiator ratio
decreases for a fixed inhibitor loading. As detailed in Lessard et
al,®* a decrease in the monomer-to-initiator ratio (i.e, increase
in the initiator and inhibitor concentration at fixed inhibitor
equivalents) increases the amount of the Grubbs’s second-
generation initiator that can be activated (ie., [G2*] from
Figure 3(b)) at elevated temperatures during the inhibition
equilibrium step. This stems from decreased inhibition at
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Figure 4. Comparison between numerical and experimental polymerization front velocities for a DCPD:G2:TBP system with a monomer-to-
initiator loading ratio of [S00—10000]:1, each coupled to an inhibitor molar equivalent of (a) 0.25, (b) 0.5, (c) 0.7S, and (d) 1.0. Across the
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.** All simulations use identical physiochemical parameters (Table 1).
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elevated temperatures due to entropically favored ligand
dissociation. The proportional increase in the amount of
initiator that can be activated, (i.e., [G2%]), with decrease in
the monomer-to-initiator loading ratio is illustrated in Figure
5(a) for a representative [S00—10000]:1:1 resin composition.

(a) 1.6E-02
500:1:1
—— 1000:1:1
1.2E-02 1 —— 2500:1:1
g 5000:1:1
[] = 10000:1:1
£ 8.0E-03
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) A e—
0.0E+00 ; ' ‘ .
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Figure S. (a) Evolution in the concentration of active initiator, [ G2*]
with temperature for (a) [S00—10000]:1:1 and (b) 10000:1:x with x
€ {0.25; 0.5; 1.0} resin compositions.

In light of eqs 12(,_;), this increase in concentration
enhances both the initiation and the propagation reaction
kinetics due to the coupling between the different reaction
steps in our mechanism-based model.

Figure 6 additionally illustrates the variation in the
polymerization front velocity with changes in the TBP
inhibitor loading. Consistent with the Occam’s razor
hypothesis and reports in the literature,*”*® 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 initiator during the inhibition equilibrium step,
slowing down FROMP kinetics overall. The delayed activation
of the dormant Grubbs’s second-generation initiator (right-
ward shift) is also graphically shown in Figure S(b) for a
representative 10000:1:x resin composition.

We expand this study and additionally simulate the effect of
the resin processing conditions, namely, the initial resin
temperature, T, on FROMP reactivity across different
DCPD:G2:TBP resin compositions. Apart from the room
temperature FROMP reactivity reported by Lessard et al.,** we
perform experiments for model validation over a temperature
range, T, of 15—35 °C for [2500—10000]:1:x resin
formulations. For the sake of briefness, we refer the reader
to Sections S1 and S2 in the SI for a detailed description of the
experimental methodology.

The numerical predictions in FROMP reactivity at Ty = 15
and 35 °C, compared against the baseline case study with T, =
23 °C, are shown in Figure 7 for an inhibitor loading
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Figure 6. Variation in the simulated polymerization front velocity
with change in the TBP inhibitor loading [0.25—1] for a DCPD:G2
monomer-to-initiator ratio of [S00—10000]:1. The simulated
polymerization front velocities are in good quantitative agreement
with the experiments by Lessard et al.”* and illustrate the gradual
decrease in front velocity with increase 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).

equivalent of 0.5 (left) and 1.0 (right). For tabulated numerical
front velocities at all resin temperatures, we refer the reader to
Tables S5—S7 in the SL

Across all resin temperatures and inhibitor loading
equivalents, we remark that the simulated polymerization
front velocities are in good agreement with experiments,
further validating the Occam’s razor hypothesis. Moreover, in
light of the temperature-dependent FROMP kinetics, front
velocities increase with an increase in the initial resin
temperature.

Toward high-throughput efforts, we next demonstrate an
application of our mechanism-based model to a different
monomer/initiator/inhibitor resin chemistry through con-
struction of a “semi-inverse” problem for efficient integration
between experiments and simulations to accelerate material
discovery.

“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 Figure 8(b), illustrating the bypass of
information between experiments and simulations. Upon
selection of a monomer/initiator/inhibitor resin chemistry of
interest, the transfer of information between experiments and
the mechanism-based model is summarized below in a
stepwise fashion:

Step 1: Polymerization front velocity is experimentally
measured at a single monomer:initiator:inhibitor com-
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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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Figure 8. (a) Schematic illustration of the inhibitory ligand dissociation for a M207 Grubbs’s initiator during the pre-initiation step. (b) Schematic
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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.

position for a resin chemistry of interest. The acquired
experimental front velocity is subsequently passed to the
mechanism-based model.

Step 2: Numerical simulations are performed with
updated physiochemical parameters, reflective of the
resin chemistry of interest, to obtain a polymerization
front velocity consistent with the experimental data
point provided.
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Step 3: FROMP reactivity is numerically simulated for a
series of monomer:initiator:inhibitor resin compositions
of interest. Simulated front velocities are passed forward
for experimental validation.

Step 4: FROMP reactivity is experimentally measured at
the remaining monomer:initiator:inhibitor resin compo-
sitions of interest. Experimental front velocities are
compared against numerical predictions for validation.
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We remark here that apart from Step 1, the remaining steps are
performed in isolation from one another. That is, numerical
FROMP reactivity predictions across the different resin
compositions are performed first and separately from the
experiments, the latter conducted only in Step 4 for validation.

As a demonstration, we consider a distinct
DCPD:M207:TBP resin chemistry, in which the Grubbs’s
second-generation initiator from the previous section is
substituted with a M207 Grubbs’s initiator by replacing the
phenyl Ph-group in Figure 3(b) with a 3-methyl-2-
butenylidene constituent in Figure 8(a).

Owing to the consistency of the mixture of phosphine/
phosphite inhibitory ligands (i.e,, PCy; and P(OBu);) and the
N-heterocyclic carbene group, SIMes (ie., Figure 8(a)), we
assume the pre-initiation step remains unaltered and is
described by the assumption of fast-equilibrium kinetics
using the physiochemical parameters summarized in Table 1.
This assumption is in line with the work of Sanford et al.”® in
which variations in the L-type and the PR; ligands (cf. Figure
2(a)) were demonstrated to have the most dominant effect on
the pre-initiation step.

Nevertheless, variations in the electronic features of the 3-
methyl-2-butenylidene R'-substituent can modulate the affinity
of the active ruthenium initiator to the DCPD monomer and
as a result the initiation kinetics as detailed below. Once the
ruthenium-olefin complex has initiated, the subsequent
irreversible chain growth polymerization proceeds in an
identical manner as the previous Grubbs’s second-generation
initiated polydicyclopentadiene (pDCPD) formation. On this
note, we preserve the propagation kinetic parameters for our
DCPD:M207:TBP system to those reflected in Table 1. In
light of the discussion presented above, the only necessary
adjustable step for our DCPD:M207:TBP system is the
initiation step. This requires a modulation in the effective
initiation pre-exponential constant, Afff.

To do so, FROMP reactivity is experimentally measured for
a 1000:1:1 DCPD:M207:TBP resin composition. We refer the
reader to Sections S.1—S.2 in the SI for a detailed description
of the experimental methodology. Subsequently, the effective
initiation pre-exponential constant, Afff, is adjusted to obtain a
numerical front velocity consistent with experiments (cf.
Figure 8(c)). This yields A =58 x10°s7L

With the physiochemical properties modulated for our resin
system at hand, polymerization front velocity is numerically
simulated for a series of [1000—10000]:1:1 resin compositions
(cf. Figure 8(d)). Subsequently, the simulated front velocities
are passed forward to experimentalists. FROMP reactivity is
experimentally measured at the remaining compositions and
data collected is compared against the numerical front velocity
predictions.

Figure 8(e) illustrates the comparison between the
experimental and numerical front velocities for our
DCPD:M207:TBP system. While the numerical and exper-
imental data were collected in isolation, we observe that the
simulated front velocities are in good quantitative agreement
with the validation experiments. This not only further
substantiates our Occam’s razor hypothesis, but most
importantly establishes—through the mechanism-based
model—a closed-loop integration between experiments and
computational models for the efficient exploration of the vast
chemical design space and the manufacturing of frontally
polymerized materials with enhanced engineering properties.
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B CONCLUSION

In this work, we formulate a novel chemically grounded
reaction—diffusion framework for frontally polymerized
thermosets. Presently, conventional models describing
FROMP kinetics are phenomenological in nature, with cure
kinetics parameters extracted from thermal analysis by DSC
performed at different heating rates. Strict reliance on costly
DSC measurements limits both (i) a chemically mechanistic
understanding of the underlying FROMP reaction processes
and (ii) the predictive capabilities 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, including
pre-initiation which gates reactivity, initiation, and propaga-
tion. The ability of the model to reproduce FROMP reactivity
with variation in the monomer:initiator:inhibitor loading for a
DCPD:G2:TBP system at different processing conditions (i.e.,
initial resin temperature) was demonstrated to be in good
agreement with experiments. Remarkably, we demonstrated
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 formulations. While specialized for a
DCPD resin system, the mechanism-based model is general in
nature and can be applied to a variety of frontally
polymerizable monomer chemistries. This requires a syner-
gistic integration of the mechanism-based model with density
functional theory (DFT) and/or experiments for efficient
computation of associated physiochemical properties (i.e.,
AH,, AS,, Efff, E;ff, Afff, A;ff) , paving the way to new research
avenues for the study of novel FP-chemistries.

Toward high-throughput efforts, a “semi-inverse” workflow
for FROMP reactivity predictions in other monomer/initiator/
inhibitor resin chemistries was additionally illustrated in an
effort to efficiently integrate experiments and computational
models for streamlined material screening.

In conclusion, the proposed framework presents a
mechanism-based fast-screening computational tool which, in
enabling for high-fidelity predictions of FROMP observables,
can facilitate the identification of novel chemistries for the
manufacturing of thermosets with superior thermo-chemo-
mechanical properties. Moreover, due to its mechanism-based
nature and foundation on conventional reaction kinetics
principles, the proposed model can be easily adapted for
other relevant ring-opening polymerization mechanisms, such
as addition-type and radical polymerization, with minimal
adjustments.
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