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industrial thermoset polydicyclopentadiene (pDCPD through a novel BSE exchange process
facilitated by the low-cost food-safe catalyst octanoic acid. Experimental studies and density
functional theory calculations suggest an exchange mechanism involving silyl ester intermediates
with formation rates that strongly depend on the Si—-R2 substituents. As a result, pDCPD
thermosets manufactured with BSE comonomers display temperature- and time-dependent
stress relaxation as a function of their substituents. Moreover, bulk remolding of pDCPD
thermosets is enabled for the first time. Altogether, this work presents a new approach toward the
installation of exchangeable bonds into commercial thermosets and establishes acid-catalyzed
BSE exchange as a versatile addition to the toolbox of dynamic covalent chemistry.

INTRODUCTION

Thermosets are produced globally on a 65-million-ton per year scale, accounting for nearly 20%
of all polymer production by mass. (1) These materials are often difficult to recycle or upcycle and
are generally incinerated or sent to landfills at the end of their usage lifetime, posing mounting
environmental hazards. (2-8) Thermosets with dynamically exchangeable covalent bonds,
referred to as “covalent adaptable networks” (CANs), could offer new end-of-life options for this
class of materials by enabling reprocessing (through bond exchange) or triggered deconstruction
(through bond cleavage) to generate functional products for recycling and upcycling; (2,9-28)
however, strategies for the incorporation of dynamic covalent bonds into industrially relevant,
permanently crosslinked thermosets are lacking. Most CANs reported to date are either (1)
thermosets with intrinsically exchangeable bonds (e.g., certain polyurethanes and polyesters);
(29,30) (2) thermoplastics crosslinked with dynamic crosslinkers to form new CANs; (9) or (3) new
materials derived from bespoke components. (2,14,16,28,31-34) Although promising, these
strategies do not enable facile manufacturing of CANs based on commercial, permanently
crosslinked thermosets.

Polydicyclopentadiene (pDCPD) is a high-performance industrial thermoset with good chemical
and thermal stability, a high glass transition temperature (Tg, ca. 155-175 °C), excellent ballistic
impact resistance, (35-37) versatile manufacturing pathways, (38) and tunable properties.
(39-42) Moreover, it has considerable industrial relevance with a market value estimated to be
>$700 M USD per year. (43) Here, we introduce a new approach to CAN synthesis that involves
the installation of dynamic covalent bonds directly into the strands of a pDCPD thermoset network.
The synthetic modification is minor, requiring only a comonomer containing a bifunctional silyl
ether (BSE), i.e., R'O-SiR2—-OR" (Scheme 1a), the incorporation of which does not affect the



tensile properties or impact resistance of pDCPD at loadings up to 10% v/v. (44) We demonstrate
a novel method for dynamic covalent bond exchange that is based on the acid-catalyzed cleavage
and reformation of BSEs using the low-cost food additive octanoic acid (OA), offering a versatile
strategy to either deconstruct or achieve macroscopic remolding of pDCPD. Mechanistic
experiments and density functional theory (DFT) calculations suggest that BSE exchange occurs
through an OA-based silyl ester intermediate and that the rate of exchange is tuned through
simple variations of the BSE silicon substituents. Altogether, this work introduces dynamic
covalent chemistry using BSEs and a comonomer approach for converting permanently
crosslinked industrial thermosets into CANs.
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Scheme 1. (a—c) Preparation of BSEs and BSE-Containing pDCPD Materials

RESULTS AND DISCUSSION

Discovery of Octanoic Acid-Catalyzed BSE Exchange

We previously showed that BSE-containing 7- or 8-membered cyclic olefins (Scheme 1a)
copolymerize with DCPD to produce chemically deconstructable pDCPD thermosets (Scheme
1b). At sufficient comonomer loadings to overcome the permanent crosslink density of pDCPD
(~7% vlv), these modified thermosets are solubilized by treatment with fluoride or 1 M HCI to
generate pDCPD fragments for recycling or upcycling schemes (Scheme 1b). (44-46)

Here, we hypothesized that BSEs can undergo exchange reactions rather than cleavage; if
validated, thermosets manufactured using BSE-containing comonomers could behave as CANs
under suitable conditions, allowing stress relaxation, healing, or remolding, while maintaining their
capability for orthogonal deconstruction (Scheme 1c). This hypothesis is inspired by reports of
Si—O bond exchange in related Si-containing functional groups and polymeric systems. For
example, as early as 1954, it was known that strong acids or bases could catalyze Si—O exchange
in siloxanes (Si—O-Si groups) such as polydimethylsiloxane (PDMS) (Figure 1a). (47-49) Later,
Guan and co-workers reported alcohol-induced Si—O bond exchange in trialkoxysilane
crosslinked materials (Figure 1b) (11) as well as a proposed direct Si—O bond metathesis in mono-



silyl ether-crosslinked materials (Figure 1c). (10,11) Additionally, Du Prez and co-workers
proposed an associative silanol-induced siloxane exchange process to achieve similar material
remodeling (Figure 1d). (50) While these studies provide strong precedent for Si—O bond
exchange in crosslinked materials, we note that there are no reports on Si—-O bond exchange in
BSEs (Figure 1e) despite their use as cleavable functionalities in polymers and related systems.
(44-46,51-58) Moreover, BSEs could offer greater control over the rate of network
reconfiguration than other Si-based systems. We posit that the Si substituents in BSE-based
materials—which are known to dramatically influence the rate of Si—O bond cleavage and of which
hundreds of variants are readily synthesized from commercially available precursors
(52,53,59)—will provide a route to control CAN stress relaxation dynamics. Finally, each of the
previously reported approaches utilizes either inherently exchangeable bonds in elastomers
(PDMS) or bespoke CANs; they have not been introduced into industrially relevant thermoset
plastics that possess permanent crosslinks.

To test our hypotheses, we first explored conditions for catalytic BSE exchange using acyclic
model compounds 1-R and 2-R (Figure 2a), where R refers to the Si alkyl substituents iPr, Et, or
Me (Figures S1-S12). Exposure of a 1:1 molar ratio of 1-iPr and 2-iPr to various potential catalysts
(Figure S13) for 18 h at 180 °C gave hints of successful bond exchange as determined by
observation of the crossover product 3-iPr by gas chromatography—mass spectrometry (GC—MS)
(see the Supporting Information for full experimental details). While a negligible amount of 3-iPr
was observed in the absence of a catalyst, OA, camphorsulfonic acid (CSA), and 1,8-
diazabicyclo[5.4.0]lundec-7-ene (DBU), all yielded substantial amounts of 3-iPr as estimated from
relative peak intensities. By contrast, NH4Cl and Zn(acac)2 gave little crossover product. Based
on these results, we chose to move forward with OA for several reasons: (1) it is soluble in the
DCPD monomer at all loadings tested; (2) it is compatible with DCPD curing and pDCPD
thermosets (treatment of pPDCPD with CSA led to severe discoloration, Figure S14); (3) it is readily
absorbed into cured pDCPD resins for post-curing addition if desired; (4) it has a high boiling point
(237 °C), which will prevent evaporation during oven curing; (5) it is cheap and readily available;
and (6) it is safe (OA is found in coconut and palm oils as well as the milk of some mammals, (60)
and it has been used as a dietary supplement). (61)
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Figure 2. (a) Structures and exchange reactions of allyl and butenyl BSEs of varying silicon
substitution R1 = allyl or butenyl. (b) and (c) Analysis of the rate of formation of mixed
species 3-R in the early stages (<25% conversion) of the BSE exchange reaction as a
function of temperature, catalyst loading, and silicon substitution.

To explore the impacts of temperature and BSE Si substituents on this dynamic covalent bond
exchange reaction, analogous crossover experiments were conducted using Me, Et, and iPr
derivatives of 1-R and 2-R at temperatures ranging from 60 to 180 °C (Figure 2b,c) (Figures S15—
S17). The Si substituents had a major effect on the temperature at which crossover occurs: in the
presence of OA catalyst, crossover product 3-R was observed at ~60, 100, and 140 °C, for Me,
Et, and iPr, respectively. In the absence of OA, 3-R was observed at 100 and 160 °C for Me and
Et, respectively, and was not observed in appreciable amounts for iPr. We note that reactions of
1-Me and 2-Me yielded several side products, including linear and cyclic dimethylsiloxanes, in

addition to 3-Me; thus, we focused our subsequent studies on the iPr- and Et-substituted
derivatives (Figure S18).

FIGURE 3
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Figure 3. (a) Energy diagram for BSE exchange reaction calculated by DFT
(B3LYP/DEF2-SVPD); (b and c) DLPNO-CCSD(T) snapshots of transition states and
energies with (b) ethyl and (c) isopropyl Si substituents.

As expected, 3-Et and 3-iPr form faster at higher temperatures, and 3-iPr forms more slowly than
3-Et at all temperatures due presumably to the increased steric hindrance imposed by its iPr
substituents (53) (Figures 3a—c, S19 and S20) (see the Supplementary Information for further
details). These results support our hypothesis that Si-substituents tune the rate of BSE exchange,
which may offer an additional route to manipulating stress relaxation rates in CANs.

Mechanistic Studies of BSE Exchange.

Mono- and bis-silyl ester intermediates of the general structure 4-R and 5-R were observed by
GC-MS in the OA-catalyzed crossover reactions (Figure S21). Moreover, heating 1-Et in 1.1
equiv of OA (Figure 2a) (Figure S22) led to the slow generation of free allyl alcohol. These results
suggest a mechanism involving Si—O bond cleavage prior to exchange analogous to related
siloxane exchange reactions (Figure 1a). (62) DFT geometry optimizations (B3LYP/DEF2-SVPD)
were carried out to investigate the free energy profile for the transformation of 1-Me and 2-Me to
3-Me using acetic acid as a simplified OA analogue (Figure 3a, reported energies are from
DLPNO-CCSD(T) single-point calculations). Cleavage of the BSE through the formation of silyl
ester 4-Me and expulsion of allyl alcohol was observed to be slightly endergonic (IV, +2.9
kcal/mol) compared to the acetic acid dimer and BSE (l) and thermally accessible via a six-
membered transition state (TSI, +29.1 kcal/mol) involving square pyramidal Si and the catalyst.



Attack of 4-Me by 3-buten-1-ol yields the crossover product 3-Me (VII) through an analogous
transition state (TSII).

Electronic structure calculations provided further insight into the Si-substituent effects observed
experimentally. First, there was no difference in the calculated energy barriers for the formation
of silyl esters 4-Me and 4-Et, which suggests that the faster rate of formation of 3-Me relative to
3-Et experimentally may be due to a greater extent of background reaction in the former case.
Nevertheless, bulkier isopropyl substituents caused a +1.7 kcal/mol larger energy barrier for
formation of 4-iPr relative to 4-Et, which translates to a ~7—8-fold rate difference at 140 °C (in
good agreement with the experimentally observed slower reaction for 1-iPr compared to 1-Et).
The origin of this difference is a steric clash between the catalyst and one of the iPr groups of 1-
iPr or 2-iPr in the transition state, which is avoided with Me and Et groups (Figure 3b,c).
Installing BSEs into Industrial Hydrocarbon Thermosets To Generate Orthogonally
Deconstructable and Remoldable CANs.

Having shown that BSEs can undergo Si—O bond cleavage and exchange catalyzed by OA, we
next sought to leverage this reaction for the fabrication of pDCPD CANs (Scheme 1c). Cleavable
BSE-based comonomers iPrSi7, EtSi7, and MeSi7 were prepared in one step from cis-butene
diol and the corresponding dichlorodialkylsilanes (Scheme 1a; Figures S23-S28). pDCPD
thermosets were prepared by blending 10% v/v of each BSE comonomer with DCPD and the
Grubbs 2nd-generation catalyst (~0.03 mol %) and heating the resulting mixture to 120 °C for 0.5
h in an oven under an ambient atmosphere (Scheme 1b). Treatment of the resulting thermosets
with 0.2 M tetrabutylammonium fluoride (TBAF) in tetrahydrofuran overnight led to their
dissolution to form alcohol-terminated network fragments (Figure S29), which confirms that BSEs
were incorporated into the polymer network strands and that the density of cleavable strands is
greater than the effective crosslink density at this BSE loading. (44)

We reasoned that heating these pDCPD thermosets in the presence of excess OA and solvent
should induce network deconstruction. Indeed, heating EtSi7 (10% v/v)-containing pDCPD
samples in toluene at 110 °C in the presence of OA resulted in material dissolution in an OA dose-
dependent fashion. Specifically, near-complete deconstruction was achieved with 2 equiv of OA
relative to BSE (Figures S30 and S31), while no deconstruction was observed in the absence of
OA or at lower temperatures. This method offers an alternative approach, compared to previously
reported TBAF and HCI, to the chemical deconstruction of pDCPD thermosets using a food-safe
reagent.

Next, we sought to demonstrate CAN behavior of EtSi7- and iPrSi7-(10% v/v) containing pDCPD
thermosets. Rectangular bars (ca. 12 x 3 x 2 mm3) (Figure S32) of six different test and control
specimens were prepared for dynamic mechanical analysis (DMA) stress relaxation studies.
(44,46) First, test samples iPr+ and Et+ were prepared by curing DCPD in the presence of 10%
v/v iPrSi7 or EtSi7 and 1 wt % OA. Control samples that lacked OA catalysts, iPr— and Et—, were
prepared following the same procedure but without OA. Additionally, non-BSE control samples
were manufactured using cyclooctene (COE, 14% v/v) as a comonomer (41) rather than iPrSi7
or EtSi7 and with (COE+) or without OA (COE-).

We note that the glass transition temperatures (Tg), as estimated by the global maximum in tan
(®) from DMA temperature sweeps (Table S1; Figures S33-S35), of samples prepared in the
presence of OA, including the COE control, were 28—-37 °C lower than those of materials made
in the absence of OA. This observation suggests that OA acts as a plasticizer in these thermosets.
Nevertheless, the Tg values across samples with OA and without OA were sufficiently similar



(Table 1) to allow for comparisons of stress relaxation behavior as a function of temperature, BSE
substituents, and the presence of OA.

Table 1. Glass Transition Temperatures (Tg) of Comonomer-Containing pDCPD Samples
Prepared with (+) and without (-) OA, as Estimated from the Maximum in tan(d) of Dynamic
Mechanical Analysis Temperature Sweeps

sample T, (°C)
EtSi7- 107 £1
EtSi7+ 90+04
iPrSi7— 123 £ 2
iPrSi7+ 95+4
COE- 106 £ 2
COE+ 793

Stress relaxation times were determined as the time required for a sample held at a fixed strain
and fixed temperature to relax to 1/e of its initial stress. Stress relaxation was observed in BSE-
containing samples that lacked OA, which we attribute to residual olefin metathesis activity as
confirmed through the observation of similar incomplete relaxation in COE-based samples (Figure
S38). (63) Importantly, the stress relaxation rate was accelerated in samples containing BSEs
and OA. For example, EtSi7+ displayed relaxation times of ~100-1000 s over the temperature
range of 130-190 °C, which was ~10-fold faster than EtSi7— (Figure 4a). As expected, the stress
relaxation rate correlated with Si substituents in these systems: iPrSi7-based samples with OA
relaxed stress ~2-3-fold more slowly than their EtSi7 counterparts in the temperature range
studied here (Figure 4b). (53) Plots of relaxation time vs 1/T revealed approximately Arrhenius
relaxation behavior for both materials (Figure 4c) (Figures S37 and S38), providing estimated
activation energies for stress relaxation of 49 and 30 kJ mol-1 for iPrSi7+ and EtSi7+,
respectively. While these values do not quantitatively agree with the barriers calculated using DFT
due to fundamental differences between polymer network relaxation and vacuum calculations,
respectively, (64) the trends that describe the effects of iPr- and Et-substituted BSEs agree well.

FIGURE 4
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Figure 4. (a, b) DMA stress-relaxation of (a) EtSi7+ and (b) iPrSi7+ pDCPD thermosets
cured with (red or blue, respectively) and without (gray) OA. Dashed lines represent
normalized moduli of 1/e. (c) Arrhenius plots of stress relaxation for these samples,
highlighting the role of Si substituents. (d) Direct remolding of EtSi7+ samples under
applied force and temperature yields robust, healed materials.

Macroscopic remolding or self-healing of damaged materials under an applied stimulus is another
common way to demonstrate CAN behavior. Initially, we found that damaged pDCPD samples
containing BSEs could not be remolded into cohesive materials. We hypothesized that healing
was prevented by oxidative crosslinking at the pDCPD surface, (65,66) which would inhibit
merging of two separate materials. Indeed, dissolution experiments, X-ray photoelectron
spectroscopy, multi-depth nanoindentation, contact angle measurements with and without
surface etching, Fourier transform infrared spectroscopy, and small-angle X-ray scattering
collectively provided strong evidence for the presence of an oxidized, more crosslinked surface
layer of <1000 nm in thickness on these pDCPD samples (see the Supporting Information for a
detailed analysis, including Figures S39-S45).

To overcome this challenge, we prepared a new set of EtSi7+ samples with a higher BSE loading
(20% vlv) (to further facilitate BSE exchange) and in the presence of the antioxidant butylated
hydroxytoluene (BHT, 1 part per hundred, phr, ca. 1 wt %) (to inhibit oxidative crosslinking).
Rectangular bars of ~12 x 3 x 2 mm3 were prepared, cut in half lengthwise with a razor blade,
immediately wrapped at the centers in Teflon tape with their freshly cut faces pressed together,
and placed in a 120 °C oven for 1 h (Figures 4d, S46). After cooling, a 1 kg weight was applied to
determine if the two pieces would break apart. Notably, only the sample containing OA (2 phr)
and BHT could bear weight; samples lacking either OA or BHT immediately delaminated. Thus,
while the risk of oxidative crosslinking inherent to unsaturated polyolefins (such as pDCPD)
presents a challenge to the practical reprocessing of these materials, our results suggest that OA-
catalyzed BSE exchange can enable macroscopic pDCPD healing. In the future, surface
coatings/modifications may also offer routes to address this challenge.



CONCLUSIONS

This work introduces a new way to install exchangeable bonds into an industrial thermoset using
comonomers containing BSEs. Moreover, OA, a safe and widely available reagent, was shown
to catalyze BSE exchange, enabling either thermoset deconstruction or macroscopic remolding.
The rate of BSE exchange is strongly dependent on the silicon substituents of the BSE, providing
a range of tunability. This work adds a new reaction to the toolbox of dynamic covalent chemistry
and establishes a strategy for the introduction of exchangeable bonds into permanently
crosslinked networks using comonomers. Finally, we propose that this strategy of incorporating
exchangeable bonds into thermoset strands via copolymerization with cleavable/exchangeable
comonomers could be applied to any thermoset material, so long as a suitable comonomer can
be identified.
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