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ABSTRACT: Recent advances in frontal ring-opening metathesis
polymerization (FROMP) have enabled the rapid and energy-
efficient fabrication of high-performance and thermoset materials.
The second-generation Grubbs complex [(SIMes)RuCl2(PCy3)] is
the most exploited FROMP catalyst to date despite the availability
of several other commercial variants. Changes in the nature of the
catalytic species may provide potential advantages for controlling
FROMP conditions, polymer microstructure, and monomer
selectivities. Herein, nine catalysts are employed for the FROMP
of dicyclopentadiene and ethylidene norbornene mixtures to
generate copolymers, and the associated polymerization process
parameters (front temperatures and velocities) are measured for
each system. Dynamic mechanical analysis, differential scanning
calorimetry, and quasistatic tensile testing reveal significant differences in the mechanical and material properties of the resultant
polymers.

■ INTRODUCTION
Thermoset polymers and composites benefit numerous
industrial-scale applications that require strong, stiff, and
tough materials of low density.1−5 Traditional curing methods
involve prolonged heating and are limited by batchwise
fabrication in high-temperature autoclaves for extended
periods of time.6−8 To improve energy efficiencies, reduce
capital investment costs, and increase fabrication speed, a need
exists for new, robust chemical processes that exploit the
reaction enthalpy to self-sustain reactivity with minimal energy
inputs.9,10 Frontal ring-opening metathesis polymerization
(FROMP) catalyzed by ruthenium complexes, such as first-
or second-generation Grubbs catalysts, has emerged as an
exciting catalytic platform relevant to several practical
applications.11−13 In FROMP, an initial thermal11−17 (or
photo)18 stimulus initiates a polymerization event. The heat
released from the catalytic ring opening of highly strained
cyclic olefin monomers triggers subsequent catalytic events
ahead of the reaction zone. The net process, therefore, involves
a reaction zone that traverses through the monomer resin with
a measurable steady-state velocity and a well-defined
monomer-to-polymer interface.
Frontal polymerizations (FP) are predicated on minimal

background reactivity prior to the triggering stimulus.9,10

Under typical processing conditions, most metathesis catalysts
react with strained olefinic monomers on a time scale fast
enough to preclude reasonable storage times; the addition of
catalyst to monomer resins induces spontaneous polymer-
ization. One method to circumvent this involved the addition

of inhibiting co-additives, as highlighted by work from the
Pojman,13 Mariani,19,20 and Moore11,12,15−17 groups. The
addition of 100 ppm P(OnBu)3 to a dicyclopentadiene
(DCPD) resin with the commercially obtainable second-
generation Grubbs catalyst (Ru-1, Chart 1), for example,
extended the shelf life to nearly 30 h.15 Similarly, the Mariani
group20 described the use of (R)-(+)-limonene as an inhibiting
solvent, which provided resins with shelf-lives greater than 10 h
at 20 mol % loadings.
Despite the versatility of Ru-1 toward FROMP, other

catalysts remain relatively unexplored; to date, all but one
literature report employs Ru-1 for FROMP.11−21 Moreover,
numerous advances in metathesis chemistry over the past
decade have provided a plethora of commercially accessible
catalysts.22−25 The catalyst design can be tailored to match the
specific needs desired, such as fast initiation, latent reactivity,
and polymer microstructure (e.g., E/Z ratio). The adaptation
and implementation of such catalysts to FROMP, therefore,
expands the available chemical space by providing an
adjustable parameter to modify the physical and mechanical
properties of frontally derived polymers. While typical bulk
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metathesis studies are based on experiments below 100 °C, the
FROMP reaction front reaches maximum temperatures of 200
°C and hotter. This fact, and the physicochemical complexities
of transforming neat monomers into polymers and thermosets,
requires an experimental investigation of catalyst activity under
FROMP conditions. Here, we report polymerization and
material observations following an exploratory, survey study.

■ RESULTS AND DISCUSSION

Formulation Design. Herein, we tested nine commercially
available metathesis catalysts (Ru-1 through Ru-9; Chart 1)
for their FROMP activity. The chosen catalysts contained
various N-heterocyclic carbene ligands (Ru-1, -2, -3), Schrock-
type alkylidene fragments (Ru-1, -4, -5, -6), and ancillary
ligands (Ru-4, -6, -7, -8). Additionally, a bis-chelating complex,
Ru-9, was chosen due to its unique structure. While catalyst
formulations were able to achieve stable frontal polymerization,
their FROMP behaviors were markedly different.
Initial optimization for each new catalyst was performed in a

monomer resin comprised of a 95:5 mixture of DCPD to 5-
ethylidene-2-norbornene (ENB). All formulations included
small quantities of phenylcyclohexane (PhCy) as a solubilizing
co-additive. Recent work from our laboratories highlighted a
solvent-free formulation with Ru-1, which requires extended
sonication to achieve homogeneity.17 While this method
provides polymers with higher glass-transition temperatures,
not all catalysts employed in this study are amenable to
solvent-free conditions; in some cases, the poor solubility of
the catalyst in neat resin precludes its usage for solvent-free
FROMP. Catalyst and P(OnBu)3 loadings were determined
based on the minimum quantities required to support a stable
front after thermal ignition with a soldering iron. Surprisingly,
complex Ru-9 decomposes in the presence of added phosphite

ligand and could only provide fronts in the absence of an
inhibiting reagent.26

Given these requirements, direct comparisons based solely
on precatalyst structure are not straightforward, as the
formulations did not consist of identical catalyst nor P(OnBu)3
concentrations. Comparisons, therefore, must instead consider
the identity of the entire formulation. Henceforth, the catalyst
formulations are abbreviated by the identity of the catalyst, as
given in Chart 1.

Frontal Process Parameters. The frontal parameters
were determined for each catalytic formulation across a range
of monomer compositions, which spanned DCPD/ENB
volume ratios of 95:5 to 0:100 (see the Supporting
Information, Figures S1−S9). Not all formulations, however,
supported stable polymer fronts across this range of monomer
ratios. We found that monomer compositions of DCPD/ENB
in volume ratios of 60:40 supported well-defined reaction
fronts for every catalytic formulation described in Chart 1. We
selected this monomer composition to compare material
properties that resulted from different catalyst formulations.
Representative front videos (and select IR Thermographic
footage) are found in the Supporting Information, Videos S1−
S11.
The maximum front temperatures (Tmax, Figure 1A)

achieved during FROMP did not display a strong dependence
on the choice of the catalytic formulation. Fronts derived from
formulations Ru-1 through Ru-8 achieved Tmax values in the
range of 160−220 °C, regardless of the monomer composition
(see the Supporting Information, Figures S1−S9). One notable
exception occurred with fronts generated from Ru-9, which
exhibited Tmax values considerably lower than any of the other
systems (ca. 100 °C) despite containing a higher catalyst
concentration without added inhibitor. In contrast to the other
catalysts, the Tmax obtained by Ru-9-derived resins exhibited a

Chart 1. FROMP Catalyst Formulations Tested in This Researcha

aCatalytic formulation was comprised with the depicted catalysts and P(OnBu)3 at the concentrations listed, with phenylcyclohexane (PhCy, 0.14
mM) as a solubilizing co-additive to achieve a total resin volume of 3 mL. Mes = 2,4,6-Me3C6H2, o-Tol = 2-MeC6H4, DIPP = 2,6-iPr2C6H3, Cy =
C6H11, and Py = C5H5N.
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sharp inverse dependency on the volume ratio of DCPD to
ENB (Figure 1B); resins with higher DCPD content
polymerized at lower front temperatures than those primarily
comprised of ENB.
The observed νf does not always exhibit a well-defined

correlation to the catalyst structure, as depicted in Figure 1C.
Increases in the steric bulk of the ancillary N-heterocyclic
carbene ligand, for example, do not afford monotonic increases
in νf (i.e., νf(Ru-1) > νf(Ru-3) > νf(Ru-2)). The effects
imparted by changes in the Schrock-type carbene fragment,
however, obey a general trend. Benzylidene-based precatalyst
formulations (Ru-1 and Ru-4) supported the fastest fronts
(0.89 ± 0.09 and 1.05 ± 0.04 mm s−1, respectively). In
contrast, fronts derived from the analogous allylidene (Ru-5)
and indenylidene (Ru-6) complexes propagated at slower
speeds (0.37 ± 0.01 and 0.66 ± 0.01 mm s−1, respectively),
despite exhibiting nearly identical Tmax values. The identity of
the bottom-bound ligand primarily affects the degree to which
undesired boiling occurs at the polymer front. Catalysis with
the pyridine bound complex Ru-7, for example, proceeds with
a visible generation of volatiles, unlike the analogous PCy3
complex Ru-6, likely as the result of pyridine’s low boiling
point. The resultant void spaces generated from the production
of volatiles dramatically weaken the associated mechanical

properties. Similar to trends observed in cross-metathesis
catalysis,27 bis(phosphine) complexes are less active toward
FROMP than the analogous N-heterocyclic carbene ligated
species; Ru-6 provided faster fronts than those observed with
Ru-8 (0.25 ± 0.01 mm s−1). Curiously, cold fronts derived by
Ru-9 propagated with νf values (0.22 ± 0.01 mm s−1) nearly
identical to those observed for Ru-8, despite a nearly 50 °C
difference in Tmax.
Another key distinguishing feature among the catalytic

systems is the temperature evolution as a function of time (see
the Supporting Information, Figures S1A−S9A). At the
thermocouple, the rate of temperature change ( T

t
d
d
, °C s−1)

provided insight into the broadness of the reaction front. An
ideal polymerization front displays a sharp and narrow
temperature gradient, as this ensures concurrent polymer-
ization and cross-linking (i.e., curing); this corresponds to a
Gaussian-like peak shape in the corresponding T

t
d
d

plot. Diffuse

fronts, on the other hand, are problematic as catalysis occurs
over a larger range of temperatures (i.e., inhomogeneity in
temperature), which may impact the uniformity of correspond-
ing mechanical properties. In this context, formulations Ru-1,
-2, -3, -4, -6, and -7 exhibited single, narrow peaks over ca. 5 s
in the corresponding T

t
d
d

plots. Catalysis with Ru-8, in contrast,

displayed a single broad temperature evolution over the span
of ca. 20 s, which may result from its colder front temperatures.
Unlike the other catalytic systems, Ru-5 and Ru-9 exhibited

two peaks in the T
t

d
d

plots, which suggests the existence of two

reaction fronts during FROMP. For Ru-5, the first, colder front
existed in close spatiotemporal proximity to the hotter, second
front (see the Supporting Information, Figure S5A). In
contrast, Ru-9 exhibited two exceedingly broad temperature
evolution events over the course of ca. 60 s. Indeed, this is
directly observed in the thermographic video for Ru-9 at a
DCPD/ENB volume ratio of 60:40 (see the Supporting
Information, Video S11).
Unlike Tmax, the front velocities (νf) were inversely

dependent on the DCPD volume fraction for all of the
catalytic formulations tested (Figure 1D and Supporting
Information, Figures S1−S9). Only the absolute values of νf
varied with the identity of the catalytic system. At this time, it
is unclear whether a direct correlation between Tmax and νf
exists, and continued research efforts are underway to explore
this further.
Initiation of FROMP occurred reasonably quickly (ca. <1

min) for each of the formulations tested. In general,
formulations containing benzylidene-derived catalysts (Ru-1
through Ru-4 and Ru-9) rapidly initiate (<10 s) after localized
contact heating by soldering iron. In contrast, the allylidene
(Ru-5) and indenylidene (Ru-6 through Ru-8) formulations
require prolonged heating prior to the front formation (ca.
20−40 s).

Resin Stability and Storage Lifetime. The catalyst
identity dictates the stability and storability of the resin and
influences the adaptation of FROMP to large-scale, applica-
tions. Potlife is the term used in FP to describe the processing
window for a resin, and several different definitions exist in the
literature.11,19 Our laboratories typically define potlife as the
time required for the resin to reach a gel-like state incapable of
sustaining a propagating front (i.e., the point at which front
quenching occurs).11 In contrast, the Mariani group19 defines

Figure 1. Frontal parameters for DCPD/ENB resin formulations Ru-
1 through Ru-9. All FROMP experiments are performed in 13 mm ×
100 mm glass test tubes, and error bars are determined from the
standard deviation of triplicate experiments. (A) Maximum front
temperature (Tmax) achieved by each new catalyst formulation during
the FROMP of resins comprised of 60:40 DCPD/ENB, as measured
by an embedded K-type thermocouple. (B) Linear dependence of
monomer composition on Tmax for Ru-9; in contrast, Tmax achieved in
systems Ru-1 through Ru-8 are invariant of the monomer
composition. (C) Front velocity (νf) observed for each catalytic
formulation at a DCPD/ENB volume ratio of 60:40. (D) All catalysts
tested in this study exhibit a linear dependence of monomer
composition on νf.
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potlife as the maximum length of time that a resin remains
viable for frontal polymerization prior to spontaneous
polymerization (or alternatively as the length of time prior to
sudden temperature increases due to background polymer-
ization). These definitions highlight two different modes of
failure in FP: front quenching and spontaneous polymer-
ization. Additionally, potlife typically does not consider the
volume of resin or the dimensionality of the storage vessel,
which are key parameters for successful FP. The volume-to-
surface area ratio dictates the rate of heat loss from the reaction
front and can influence front-quenching or autoacceleration
phenomena. Given these considerations, we favor the use of a
rigorously defined parameter, storage lifetime (ts), to describe
the processing window of each catalytic formulation. We define
ts as the maximum length of time 30 mL of catalyst-containing
resin (stored in a 40 mL scintillation vial at ambient
temperatures) remains viable for FROMP without significant
change (> 25%) to the observed Tmax or νf. Mixtures stored
after the ts have undergone a significant degree of background
polymerization and are no longer able to generate sufficient
heat to sustain a stable FP reaction (i.e., depressed Tmax and
νf). Resins that undergo spontaneous polymerization also
possess measurable ts, after which νf rapidly accelerates. When
fabrication requires a long processing window, catalyst-resin
mixtures must exhibit sufficiently long ts values to enable
scalable applications.
Several key considerations exist when analyzing and

contrasting ts values. Direct comparisons based solely on
catalyst structure, for example, are highly problematic as many
systems required different concentrations of P(OnBu)3 to
support stable polymer fronts. Prior reports have demonstrated
that increases in inhibitor concentration prolong the potlife of
Ru-1-based resins, albeit at the retardation of the associated
νf.

15 Additionally, the catalytic formulation influences two
separate reaction manifolds relevant for stable FP, each with
different associated kinetics: catalyst activation and polymer
propagation. A subtle mixture of these two reaction types
dictates the storage lifetime; catalysts that induce rapid
polymer propagation, for example, may exhibit extended
storage lifetimes if the prerequisite catalyst activation occurs
slowly.
The differences in the measured ts values highlight the most

obvious and relevant differences among the catalytic systems
tested (Figure 2). Each formulation exists in one of three

distinct lifetime regimes: short, intermediate, and long.
Successful FP of resins with short ts (i.e., Ru-2, -3, -6, -8,
and -9) requires immediate initiation (<5 min) to avoid
spontaneous polymerization; applications with these catalytic
mixtures, therefore, may require further optimization (e.g.,
more inhibitor) to extend the processing window. Alter-
natively, background polymerization suppression occurs at
reduced temperatures, so more desirable ts may exist with
chilled resins, but this was not explored in detail here.
Intermediate lifetimes (ca. 1−6 h) exist for catalysis with Ru-1,
-4, and -7, despite supporting fronts with vastly different νf.
After initiation, fronts derived from Ru-4 undergo propagation
at a faster rate than Ru-7. The similarity in storage lifetime,
therefore, appears to relate to the difference in catalyst
activation kinetics, rather than the rates of propagation. Indeed,
this is best observed in the difference between Ru-1 and Ru-5.
The allylidene precatalyst Ru-5 displayed the longest storage
lifetime (ca. 36 h) despite its structural similarity to Ru-1.
While the active species for both systems are identical after the
first turnover, the rates with which these catalysts activate are
different.27

Mechanical Properties of Frontally Derived Polymers.
To investigate the mechanical property differences of the
polymers derived from the various catalytic systems, we
employed quasistatic tensile testing and dynamic mechanical
analysis (DMA; Table 1). Polymer swell tests were also
performed for each system, and are described in detail in the
Supporting Information (Tables S8 and S9 and Figures S10−
S19). Tensile tests provided the elastic modulus (E), yield
strength, and fracture strain of each polymer. The specific
catalyst formulation only slightly influenced the stress−strain
behavior of the resultant polymer in most cases. Copolymers
derived from Ru-1 through Ru-8 at a DCPD/ENB volume
ratio of 60:40, for example, exhibited E values in the range of
1.3−1.6 GPa (Table 1). Indeed, these values match reasonably
well with those observed for other highly cross-linked, frontally
derived p(DCPD) copolymers;11,17 this similarity is also borne
out in the ultimate tensile strengths (ca. 25−50 MPa) and
fracture strains (ca. 5%) of these copolymers, as observed in
Table 1. In great contrast, polymers derived from catalyst Ru-9
at a DCPD/ENB volume ratio of 60:40 displayed exceedingly
unusual nonlinear stress−strain properties, with a Young’s
modulus (20 ± 10 MPa) and ultimate tensile strength (1.1 ±
0.1 MPa) nearly 2 orders of magnitude smaller than those
observed with Ru-1 through Ru-8. Additionally, the Ru-9-
derived polymer exhibited an apparent yield point (0.62 MPa)
separate from its ultimate tensile strength (see the Supporting
Information, Figure S23). This polymer is unable to bear the
same applied loads typically accessible for the copolymers
prepared by most catalysts; indeed, the copolymer derived
from Ru-9 behaves like an elastomeric material, as indicated by
the large fracture strain value (143%).
We then employed DMA experiments to investigate

thermomechanical properties. The glass-transition temper-
atures (Tg) for polymers derived from each catalytic system
were determined as the maxima of the ratio of the E″/E′,
known as tan δ. Typical Tg values for p(DCPD) derived from
Ru-1 exist in the range of 120−160 °C as described in previous
literature reports;15,17,18,21 moreover, these values are highly
dependent on the specific resin formulation, such as solvent
choice or monomer composition. Indeed, we observe a Tg of
126 ± 1 °C for a 60:40 mixture of DCPD/ENB with Ru-1
(Table 1), which is in good agreement with these earlier

Figure 2. Approximate storage lifetimes (ts) for resins comprised of
Ru-1 through Ru-9 at DCPD/ENB volume ratios of 60:40. The ts
values are approximated as the length of time that the mixed catalyst/
monomer resin is viable for FP at ambient temperatures prior to
spontaneous polymerization.
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reports. Copolymers produced by FROMP with complexes
Ru-3, -4, -6, and -7 exhibited similar Tg values (ca. 100−130
°C). It is unsurprising that these values exist on the low end of
the reported temperature range as the addition of ENB to the
resin reduces the potential for cross-linking, thereby lowering
the observed Tg.
Intriguingly, several formulations provided polymers with

unusual temperature-dependent transition properties. Poly-
mers produced by the bis(phosphine) complex Ru-8 at a 60:40
DCPD/ENB volume ratio (Table 1 and Figure 3A), for
example, display markedly lower Tg values (47 ± 5 °C) than
the analogous N-heterocyclic carbene containing counterpart,
Ru-6 (126 ± 2 °C). The catalyst structure appears to play an

important role in dictating the transition behavior, although
the specific mechanism for the observed difference in Tg is not
known at present.
Catalysis with Ru-2, Ru-5, and Ru-9 provided copolymers

with two characteristic transition temperature values (Figure
3B−D) at DCPD/ENB volume ratios of 60:40; with Ru-2 and
Ru-5, the second, higher temperature transition (T2) occurs in
a similar range to those observed with copolymers with a single
peak in tan δ (Figure 3B,C). The lower temperature transition
(T1) occurs at ca. 50−60 °C. In contrast, the observed
transitions for Ru-9 occur at significantly lower temperatures
(1 and 70 °C; Figure 3D) despite being fully cured, as
determined by the lack of an exothermic event in the first
thermal scan of a postcure DSC analysis. This suggests that the
temperature-dependent mechanical properties of Ru-9-derived
copolymers do not result from incomplete monomer
consumption, and instead are an intrinsic property related to
the polymers derived from this catalytic system.
The second heating scan of the postcure DSC for the

polymers derived from Ru-2, Ru-5, and Ru-9 confirmed the
existence of multiple transition temperatures (see the
Supporting Information, Figures S24−S26); these values
were in good agreement with those determined by DMA
(within ± 20 °C). While the specific microstructural and
morphological causes for the two observed transitions are not
known at present, precedence exists in other copolymerization
systems.28,29 Daimon et al.28 described the glass-transition
properties of styrene/cyclododecyl acrylate copolymers as a
function of the copolymer structure (i.e., random, blocky, or
blend of homopolymers). Randomly distributed copolymers
exhibited single Tg values as the weighted average of the two
homopolymers as described by the Wood equation. In
contrast, blocky or blended copolymers exhibited two
transition temperatures that matched the Tg values of each
homopolymer. Indeed, similar behavior is observable by DMA,
as outlined by Kraus and co-workers;29 randomly distributed
copolymers of butadiene and styrene exhibited a single tan δ
peak, whereas ideal blocky structures displayed two character-
istic transition features. It is possible, therefore, that the
observed transition temperatures in our work with polymers
derived from Ru-2, Ru-5, and Ru-9 at a DCPD/ENB volume
ratio of 60:40 result from a blocky morphology or from a blend
of the corresponding homopolymers. Concurrent investiga-
tions into the mechanistic cause for these unusual
thermomechanical properties are underway.

Table 1. Mechanical Properties of Frontally Derived Polymers Ru-1 through Ru-9 at a DCPD/ENB Volume Ratio of 60:40

catalytic formulation E (GPa) ultimate tensile strength (MPa) failure strain (%) transition temperatures (°C)

Ru-1 1.58 ± 0.06 47 ± 2 5.0 ± 1.0 126 ± 1
Ru-2a 1.45 ± 0.06 32 ± 2 2.9 ± 0.3 50 ± 5/119 ± 3
Ru-3 1.44 ± 0.04 44 ± 2 5.8 ± 0.4 105 ± 8
Ru-4 1.52 ± 0.06 48 ± 2 5.2 ± 0.7 130 ± 1
Ru-5a 1.50 ± 0.09 33 ± 1 2.5 ± 0.2 59 ± 2/105 ± 6
Ru-6 1.60 ± 0.05 40 ± 1 3.5 ± 0.8 126 ± 2
Ru-7 1.48 ± 0.04 36 ± 2 3.1 ± 0.5 114 ± 2
Ru-8 1.30 ± 0.15 28 ± 2 2.9 ± 0.1 47 ± 5
Ru-9a 0.02 ± 0.01 1.1 ± 0.1 143 ± 4 1 ± 1/70 ± 1

aSamples displayed two distinct peaks in the tanδ plot calculated from the DMA experiment (see Figure 3). For representative plots, see the
Supporting Information, Figures S20−S23.

Figure 3. Representative temperature dependence of tan δ for test
samples comprised of DCPD/ENB volume ratios of 60:40 for
polymers derived from catalysts Ru-1 and Ru-8 (A), Ru-2 (B), Ru-5
(C), and Ru-9 (D). The peaks in the tan δ plots of (A) correspond to
glass-transition temperatures; at present, the physical processes
involved in samples with two transitions (B−D) are unclear.
Representative tan δ plots for all catalytic systems are found in the
Supporting Information, Figures S20−S22.
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■ CONCLUSIONS
This study evaluated the process parameters for nine
catalytically competent frontal ring-opening metathesis poly-
merization (FROMP) formulations. Specifically, the chosen
commercially available catalysts contain a common organo-
metallic scaffold based on a ruthenium alkylidene motif, as well
as added phosphite inhibitor. The FP parameters (e.g., Tmax
and νf) and material properties of the resultant polymers (e.g.,
Tg and E) were ascertained for each catalytic system across a
range of monomer compositions. The choice of formulation
did not have a significant effect on the temperatures with
which FROMP occurs. In contrast, the velocity of the
traversing reaction front is highly dependent on the specific
catalytic composition. Significantly, formulations comprised of
a catalyst bearing an allylidene fragment (Ru-5) exhibit long
storage lifetimes (ca. 36 h), which may result from an increased
resistance to background polymerization reactivity.
The material properties of the final polymer depend on the

catalyst employed; specifically, Tg varies among the different
catalytic systems, despite containing an identical monomer
composition. Many formulations provided Tg values in the
range of 110−130 °C, consistent with previous literature
reports.15,17,18,21 Several formulations, however, provided
copolymers with multiple transition features over a broad
temperature range (ca. 0−120 °C). While the exact mechanism
for the observed behavior is not known, differences in the
catalyst ligand sphere (e.g., sterics) or polymerization kinetics
likely influence the polymer microstructure and the associated
mechanical properties. Notably, formulations comprised of Ru-
9 provided uniquely elastomeric p(DCPD), characterized by a
low Young’s modulus and large strain at failure value. The
results from this study highlight an often-overlooked facet of
polymerization engineering: small perturbations to the catalyst
identity result in a substantial variance in final product
properties.
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