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Frontal ring-opening metathesis polymerization (FROMP) is a rapid, facile method that requires little
energy input by utilizing the polymerization exotherm to self-propagate. Although FROMP is efficient, its
scope has been limited to highly strained monomers to provide enough energy to drive the polymeriz-
ation front. Copolymerization has been a viable strategy to introduce more diverse monomers to make
polar-functionalized dicyclopentadiene-based thermosets. In contrast, analagous FROMP copolymeriza-
tions to produce soluble thermoplastics containing polar repeat units have yet to be explored. Herein, we
report the frontal copolymerization of cyclooctadiene (COD) with 1-5 mol% of a lower ring-strain oxazo-
lidinone-fused cyclooctene (Oxa) to synthesize polybutadiene-based copolymers. As expected, as the
Oxa loading increased, the front velocity decreased by up to 50% and maximum front temperature
decreased by ~16 °C compared to pCOD homopolymer. While the degradation and glass transition temp-
eratures were minimally affected, the polar Oxa units greatly influenced crystallization and tensile pro-
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break for pCOD to 1900% for copolymers with 5 mol% Oxa. This study provides an easy method to incor-
DOI: 10.1039/d5py00721f porate polar functionality into ubiquitous polyolefins and further demonstrates the impact of dipoles on
rsc.li/polymers material properties towards future applications.

Introduction
Frontal polymerization (FP) is a self-propagating technique A. Frontal Polymerization | B. Known: incorporating polar functionality via
that rapidly produces polymers upon initiation by a localized - F.ROMP °°p°'y"“er'za"°" of DCPD
stimulus (Fig. 1A)." By only requiring energy input at the start o _ | | Pieyclopentadiene (DCPD)
[} . .

i : : : _ £ * Ring-strain energy (RSE) = 22 kcal/mol
of the reaction and then relying on the polymerlz-auor.l exo Font | 3 drives FROMP
therm to propagate the front, FP accesses materials in an * Results in crosslinked materials

. 2 s . . .. * No polar functionality
energy-efficient manner.” Additionally, this technique mini-
mizes solvent use and greatly reduces polymerization time, . Comonomers —

. . ) K time ==
enabling facile production of commonly used materials, v self-propagating o o Q o
including adhesives,® foams,”” and resins.*” FP has been ¥ energy efficient D oj\ O-Si\( 0~Si7/
established for radical,®’ cationic,'®"" and ring-opening meta- +/minimal solvent or — —
thesis polymerization (ROMP)*'*> mechanisms to produce ther- v/ decreased time (keallmol) 7.1 5.9 72 6.8
moplastics and thermosets from polyacrylates, epoxies, and C.ThisWork 0O oy,
polyolefins. Of the three FP methods, frontal ROMP (FROMP) cop M gy non-crosslinked o

materials

is especially of interest because it produces ubiquitous . g FROMP o)kN—"Bu
polyolefins®'® and premature bulk polymerization can be MM
easily prevented using well-known catalyst inhibition ! !
14,15 RSE 9.5 6.8 up to 5 mol % Oxa

mechanisms.
v“expanded chemical space v rapid synthesis v 'up to 1,900% strain at break
Fig. 1 (A) General scheme of front propagation and benefits of FP. (B)
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The FROMP exotherm is driven by the release of ring strain
energy (RSE) of highly strained monomers. The most common
monomer is dicyclopentadiene (DCPD, RSE = 22 kecal
mol )*'*'%17 to produce crosslinked thermosets followed by
cyclooctadiene (COD, RSE = 9.5 kcal mol *)'®'® to produce
linear poly(1,4-butadiene).”®>**' Polar comonomers with
lower RSE (5.9-7.2 kcal mol *)**?** - such as enol ethers,*
acetals,”® and silyl ethers*>*® (Fig. 1B) - have been copolymer-
ized with DCPD to access broader materials and enable degra-
dation. While copolymers of COD and DCPD have been
studied,"®?® COD has yet to be copolymerized with any polar
comonomers via FROMP. Previously, we developed a ROMP-
based synthesis of polyoxazolidinone (POxa) homopolymers,>”
a subclass of polyurethanes that contain strong (~5 Debye),?®
oriented dipoles in their repeat units. The orientation and
strength of POxa dipoles have previously been shown to affect
thermal and viscoelastic properties.>® Therefore, we were inter-
ested in the effect of such strong dipoles on pCOD-based ther-
moplastics which we hypothesized could be rapidly syn-
thesized via FROMP.

Herein, we utilize FROMP to copolymerize COD with an
oxazolidinone-fused cyclooctene monomer (Oxa) to produce
polar-functionalized polybutadienes on gram scale within
minutes (Fig. 1C). Copolymers were synthesized with
1-5 mol% Oxa, depicted as p(COD-co-Oxaye,). Higher loadings
resulted in slower front velocities and lower maximum front
temperatures, reflecting the lower RSE of Oxa (6.8 kcal mol™,
see SI, Sections S1A and $5).>”*° While the degradation and
glass transition (T,) temperatures varied only slightly with
increasing Oxa incorporation, the crystallinity was appreciably
affected. We noted a sharp decrease of ~20 °C for the crystalli-
zation temperatures (7.) and broader melting endotherms for
all copolymers versus pCOD, suggesting inhibited crystalliza-
tion and less-defined crystalline regions for Oxa-containing
polymers. Furthermore, samples of p(COD-co-Oxase,) reached
~1900% strain at break, a >8-fold increase over that of pCOD
homopolymer. We hypothesize that this increased ductility
arises from the lower T, and introduction of transient, physical
crosslinks from the Oxa dipoles. This work provides the first
polar-functionalized pCOD synthesized via FROMP and estab-
lishes oxazolidinones as a valuable dipolar moiety for tuning
thermal and mechanical properties of copolymers, even at low
incorporation.
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Results and discussion
Polymer synthesis

Oxa was a suitable comonomer for FROMP because its RSE is
in line with previously reported FROMP comonomers***® and
it is a liquid at room temperature, which facilitates a hom-
ogenous solution with minimal solvent. We copolymerized
COD with varying Oxa loadings in ~4 mm diameter glass
tubes using 100 ppm of second-generation Grubbs catalyst
(G2, see Fig. S6) relative to total monomer and 30 ppm of tri-
butyl phosphite (TBP, see Fig. S6) inhibitor to prevent prema-
ture bulk polymerization. This inhibitor loading is lower than
standard DCPD FROMP conditions (100 ppm)>*?"*?* to
increase front velocity due to the lower RSE of our chosen
monomers.'> Copolymerizations and structural characteriz-
ation were conducted in triplicate to quantify reproducibility.
We observed full propagation of the polymerization front for
p(COD-co-Oxa;_s¢,) (Table 1, entries 2-4), but increased Oxa
loadings of 10 and 12 mol% yielded incomplete propagation
(see Table S1). As a control, we attempted Oxa homopolymeri-
zation and observed no front formation, even in the absence of
inhibitor (see SI, Section S2B). This result is unsurprising
since FROMP homopolymerization has never been demon-
strated on a monomer with lower RSE than COD.

Next, we measured front velocity and maximum front temp-
erature (Table 1), which are used to probe the effect of kinetics,
thermodynamics, and heat transfer on FP.” The front velocity
was calculated from videos (see Video S1) analysed by Tracker
6.3.1® software®® starting from visible front formation until
the tube began to narrow (see SI, Section S3A). The front temp-
erature was measured using a thermocouple positioned
15 mm deep in the monomer solution. First, we obtained front
velocity for the homopolymerization of COD (0.535 mm s™*,
Table 1, entry 1) to compare with the previously reported®
value (0.6 mm s~ at 45 ppm of TBP). We attribute the slight
discrepancy to the different surface area to volume ratios of
the reaction vessels (see SI, Section S3A). As Oxa loadings
increased, the front velocities were notably slowed, varying
from 0.464 mm s at 1 mol% to 0.269 mm s ' at 5 mol%
(Table 1, entries 2-4). These results were expected because
lower RSE monomers have less of a thermodynamic driving
force for polymerization, which is known to slow the kinetics
of FROMP."***?* gimilarly, the front temperature decreased by

Table 1 pCOD and p(COD-co-Oxa;_ss) polymers prepared through FROMP?

Entry Mol% Oxa loading Mol% Oxa incorporation”

M, (kDa)" pod

Front velocity (mm s™)° Front temperature (°C)°

1 0 0 117
2 1.0 1.1 150
3 3.0 3.2 177
4 5.0 5.2 133

2.3 0.535 £ 0.011 126.7 £ 0.8
2.2 0.464 + 0.021 122.5 £ 3.1
2.2 0.383 + 0.007 115.1£2.6
2.0 0.269 + 0.004 111.0 £ 2.2

“standard conditions: [COD] + [Oxa] = 189 M in toluene, 100 ppm G2 and 30 ppm TBP relative to [total monomer]. ” Obtained via "H NMR spec-
troscopy of polymer after quenching with ethyl vinyl ether, precipitating, and drying under vacuum at 60 °C overnight. ¢ Values reported are
averages of three replicates. ¢ Obtained via SEC of precipitated polymer using a refractive index (RI) detector in THF against polystyrene stan-
dards. ¢ Values reported are averages and one standard deviation of three replicates.

This journal is © The Royal Society of Chemistry 2025
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~16 °C between pCOD and p(COD-co-Oxase,). Both of these
results support incorporation of the polar comonomer. In con-
trast, our attempt to copolymerize Oxa with the higher RSE
DCPD resulted in poor Oxa incorporation despite forming a
propagating front (see SI, Section S2D).

The structures of the resulting p(COD-co-Oxa; sq,) were
characterized by '"H NMR and IR spectroscopies as well as size
exclusion chromatography (SEC) to support the successful
incorporation of Oxa. The "H NMR spectra of the precipitated
copolymers showed all the expected peaks and actual incorpor-
ation of the Oxa repeat unit matched closely with the
monomer feed ratio (Fig. 2A, Table S3). In the IR spectra, we
observed the presence of the characteristic peak at ~1760 cm ™
corresponding to the C=O0 stretch of the oxazolidinone moi-
eties (Fig. 2B, SI Section 3B). In SEC, all samples had monomo-
dal distributions (Fig. S13) and number-average molar mass
(M,) values between 117 to 219 kDa (Table 1, Table S5).
Dispersities (P) of ~2 were observed for all samples, which is
in line with previously reported D values of pCOD synthesized
via FROMP."

Thermal characterization

With a series of four polyolefins in hand, we transitioned to
investigating material properties, starting with thermal charac-
terization. To prevent radical-mediated crosslinking over time,
we treated samples with 0.5 wt% butylated hydroxytoluene
(BHT).>”**?* BHT-treated pCOD was characterized in parallel

A OiNfBU
J'Ep (COD-co-Oxaygy,) E"-' =E
5 4 3 '

chemical shift (ppm)

|~

3000 2000 1000
wavenumber (cm™")

pCOD

p(COD-co-Oxas,)

% transmittance W

Fig. 2 (A) Stacked *H NMR spectra of POxa and pCOD homopolymers
and p(COD-co-Oxasy). The POxa homopolymer was synthesized
through traditional ROMP using the following conditions: [Oxa] = 1.0 M
in DCM, 4 mol% G2 at r.t. for 1 h. (B) Stacked ATR-IR spectra of pCOD,
p(COD-co-Oxajy) and p(COD-co-Oxasy). The oxazolidinone C=O
bond stretch region is highlighted in yellow.
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as a benchmark, and its properties were compared to previous
reports®* % to ensure that the radical scavenger was not sig-
nificantly affecting the properties.

First, we investigated thermal degradation of the polymers
using thermogravimetric analysis (TGA). Oxa incorporation did
not show significant changes to the degradation profile
between polymers. All samples, including pCOD, show a
2-stage degradation, which is typical for polybutadiene.**™’
Thus, we report two extrapolated onset degradation tempera-
tures (7T,) for all samples: the first occurs at 357-360 °C and
the second at 420-440 °C (see T, calculation in SI, Section
S1A).

Next, differential scanning calorimetry (DSC) was used to
evaluate the thermal transitions of pCOD and p(COD-co-
Oxa;_sq,). PCOD displayed a T, at —84 °C and multiple overlap-
ping endothermic melting peaks, which are in agreement with
previous reports.'* Upon incorporation of Oxa, the T, values
do not change significantly, remaining within the range of —89
to —78 °C (Fig. 3A). Similarly, the T, values only decrease by
15-16 °C, but pCOD’s sharp peak at T;,, = 33 °C disappears for
p(COD-co-Oxa;_s¢,). The broadening of this endotherm indi-
cates the well-defined crystallites in the homopolymer are less
uniform in the copolymer. Since the POxa homopolymer is not
semicrystalline’” and Oxa is incorporated in relatively small
amounts, we hypothesize that the crystalline regions are pri-
marily pCOD with the Oxa repeat units clustering together
outside of the lattice. These Oxa clusters likely depress the
melting point via reduction in lamellae thickness of the pCOD
regions.>®

The T, is also significantly influenced by the presence of
Oxa repeat units. On the cooling cycle, pCOD displays a T, at
22 °C, but all copolymers show a sharp exothermic peak

i /YC
1
i P(COD-co-Oxayy, ~15°C
1-83°C | i p(COD-co-Oxays,)
i i P(COD-co-Oxag,) b

Tt
j i /v"c o
3 !
1-78°C i = .
; P(COD-co-Oxagy,) ¢

processing cool

heat flow
S

heat flow

'

— Exo
— Exo

T T T
-100 -50 0 50 100 -100 -50 O 50 100
temperature (°C) temperature (°C)

Fig. 3 (A) Stacked DSC thermograms showing Ty and T,, of pCOD and
p(COD-co-Oxa;_sy%) (B) DSC thermograms of the first cool (dashed) and
the second heat (solid) of pCOD (top, black) and p(COD-co-Oxasy)
(bottom, teal). 15 °C (grey vertical line) indicates the approximate
cooling temperature during processing prior to mechanical testing.
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around 0 °C (Fig. 3B and S23-25). The lower T, suggest that
adding only a small amount of the Oxa moiety is disrupting
the crystal lattice. We hypothesize that physical crosslinks
arising from dipole-dipole interactions between the oxazolidi-
none clusters hinder crystallization.?® This change in 7, has
implications for polymer properties on the basis of the proces-
sing conditions (vide infra).

Mechanical characterization

In addition to Oxa incorporation affecting crystallinity, the
stress—strain curves of pCOD and p(COD-co-Oxa;_s¢,) displayed
stark differences in tensile properties (Fig. 4). Young’s
modulus (E) decreased monotonically with higher incorpor-
ation of the Oxa repeat unit from 5.72 to 1.09 MPa (Fig. 4
inset). Similarly, all polymers exhibited a yield point around
20% strain, with maximum stress decreasing as Oxa loading
increased (see SI Section S3E). These trends imply that the
addition of Oxa results in materials that are softer and easier
to deform compared to pCOD homopolymer. While the low E
and maximum stress are not advantageous for many thermo-
plastic applications, the subsequent increase in ductility (i.e.,
strain at break) makes these materials an interesting system to
study for potential thermoset applications in the future. The
pCOD homopolymer samples failed at 220% strain, while Oxa
loadings of 3 and 5 mol% increased the strain at break to
1540% and 1900%, respectively (see Table S6 for full tabula-
tion and standard deviations). Notably, these samples reached

16
——pCOD
—— p(COD-co-Oxa,y,)
141 —— p(COD-co-Oxagy,)
—— p(COD-co-Oxasy,)
1.24
12
1.0 0
w
% 038
~0.8 - || 5.72 MPa
% 06
£
" 04
0.6 -
02 1.09 MPa
- /—
0 20 40 60
0.2 - (\/X
(\x _——-f——;_—ﬁ-—‘—d”—ﬂ(

T T T T T
1000 1200 1400 1600 1800 2000
strain (%)

T T
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Fig. 4 Representative stress—strain curves of pCOD and p(COD-co-
Oxa1_s%). Inset of stress—strain curves up to 60% strain is shown to high-
light the difference in Young's Modulus (E) between pCOD and p(COD-
co-Oxasy). For a graph depicting curves up to 100% strain for all
samples, please see SI, Fig. S31. Graphical depiction on the right-side
shows hypothesized transient physical crosslinks arising from Oxa
dipoles.

This journal is © The Royal Society of Chemistry 2025
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these incredible elongations while being pulled at a relatively
fast extension rate (50 mm s~"). The toughness of the material,
represented by the area under the stress-strain curve, starkly
decreased between pCOD and p(COD-co-Oxa;s,) (3.05 to 0.663
M]J m™>, respectively) due to the decrease in stress and little
gain in elongation (Fig. 4). As Oxa loading increased to 3 and
5 mol% and elongation increased in turn, the materials recov-
ered their toughness up to 2.30 M] m™>.

The dramatic differences between pCOD and the copoly-
mers can be partially explained by the processing parameters.
A uniform processing protocol was used for consistency rather
than customizing to match the thermal events of each
polymer. Tensile samples were melt pressed at 120 °C for
5 min, rapidly cooled to ~15 °C for 3 min, then stored at room
temperature for 18-24 h (see SI, Section S3D for full pro-
cedure). For pCOD, this processing cool is below the T., while
for Oxa-containing copolymers, this processing cool is above
the T, (Fig. 3B). The difference means that pCOD could recrys-
tallize after melting, while the copolymers remained amor-
phous. This lack of crystallinity cannot be the only factor influ-
encing the rubbery behaviour of the polymers, however,
because the ductility continued to increase with higher Oxa
loadings despite all copolymers having very similar T, values
(Fig. S30). We hypothesize that the rigid, strongly polar Oxa
groups clustered outside of the pCOD lamellae (vide supra,
thermal characterization) can create transient physical cross-
links, which break and reform during elongation to make the
polymer more rubbery. Physical crosslinks arising from hydro-
gen bonding,*"** ionic dipoles,*®** and metal mediation*>*®
have been shown to influence properties such as toughness,
mechanical strength, and viscoelasticity.

Conclusions

In summary, we copolymerized COD and Oxa at varying mole
ratios to produce polar-functionalized polybutadienes via
FROMP. This is the first example of a frontally polymerized
material with oxazolidinone units, as well as the first report
conducting FROMP between COD and a polar comonomer.
The resulting linear materials are complementary to the
known polar-functionalized crosslinked thermosets produced
from DCPD copolymerization. We successfully synthesized
pP(COD-co-Oxa) copolymers with up to 5 mol% Oxa. We
observed complete front propagation as well as an expected
decrease in front velocity and temperature with increased Oxa
loading on the basis of its lower RSE. While thermal degra-
dation profiles and T, remained similar across all samples,
crystallinity was inhibited upon introduction of the polar
comonomer. Additionally, polymers with more Oxa demon-
strated impressively high strain at break compared to pCOD,
indicating the transformation into highly ductile materials.
Future work will explore further development of Oxa-based
copolymers and potential applications of these emergent
materials.
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