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ABSTRACT: We synthesized a family of polynorbornenes with a
wide range of cis/trans compositions by ring-opening metathesis
polymerization (ROMP) with a variety of ruthenium catalysts and
subjected these materials to ultrasonication as a proxy for
mechanical degradation. Increasing the cis-alkene content
enhanced the degradation rate for both short (∼70 kDa) and
long (∼700 kDa) polynorbornenes. These data suggest that the
heightened allylic strain in cis- versus trans-polynorbornene
promotes faster degradation independent of molecular weight
under mechanical stress. Our results complement existing plastics
recycling research by isolating the understudied relationship
between backbone stereochemistry and degradability.

■ INTRODUCTION
Even as annual global plastic production exceeds 400 million
metric tons, plastic recycling has remained stubbornly below
10% of all plastic waste.1 Viable strategies for this plastic crisis
are desperately needed. Significant research efforts have
focused on the development of novel bioplastics derived
from renewable feedstocks such as starch, lignin, or cellulose.2,3

These efforts are commendable but have yet to make a
commercial impact, with the most prominent bioplastic�
polylactide�accounting for only 0.1% of global plastic
production.4 Other approaches have focused on varying the
polymer composition to imbue degradability by design.5 For
example, the incorporation of silyl ether monomers was shown
to imbue acid degradability,6 while installation of simple
ethers7 and ketones8 imparted photodegradability. Similar
compositional modifications have enhanced polymer degrada-
tion by pyrolysis9 and enabled catalytic10 or enzymatic11

depolymerization. While these methods offer important,
creative solutions, they do not readily translate to current
industrial infrastructure that primarily leverages mechanical
degradation for plastics reprocessing.12 Thus, there is a
tremendous demand for understanding the mechanical
degradability and consequential chain scission of commercially
relevant plastics.

The mechanical degradation of polymers has been studied in
dendritic,13 star,14 cyclic,15 and bottlebrush16 systems, and
these studies collectively suggest that degradation rate
increases with polymer chain elongation.17 In bottlebrush
systems, degradation kinetics have been shown to be a function
of polymer stiffness, where increasing either grafting density or
arm length promotes a more extended conformation that
undergoes faster degradation by ultrasonication.18 Other

studies have indicated that solvent choice alone can impact
polymer conformations in solution and that solvents that
promote an extended conformation similarly undergo more
rapid degradation by ultrasonication.19,20 This ultrasonication
technique is commonly used as a proxy for mechanical
degradation because cavitation generates shearing forces that
can lead to the midchain cleavage of polymers of sufficient
length (>30 kDa).21,22 While the ultrasonic degradation of
polymers has been employed for nearly a century,23,24 and
many structure−function investigations have been con-
ducted,17 the impact of the polymer backbone has been
largely underexplored.

A recent study suggested that the polymer backbone may
play an important role in dictating overall chain conformation
and function.25 Polynorbornenes functionalized with galactose
were found to adopt an extended rod-like conformation when
the backbone was enriched in cis-alkenes compared to a
globular spherelike structure when primarily composed of
trans-alkenes. This morphological effect was rationalized by the
increased allylic strain in a cis-polynorbornene dimer relative to
that in the trans configuration. While previous studies have
shown that cis-polynorbornene has a marginally higher glass
transition and thermal decomposition temperature than trans-
polynorbornene,26,27 this was one of the first studies
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demonstrating a functional difference between the two
stereoisomers. Given these potential morphological differences
between cis- and trans-polynorbornene and recent works
suggesting that cis-stereoisomers transduce force more
effectively than their trans analogues,28,29 we were curious if
backbone alkene stereoisomerism would have any consequen-
ces on mechanical degradation.

We hypothesized that increasing allylic strain in a
polyalkenamer by enriching the cis-alkene content in the
backbone would enhance the polymer’s susceptibility to
mechanical shearing forces. For this study, we chose to focus
on polynorbornene, which has a cyclopentane embedded in its
backbone that results in a significant allylic strain difference
between the cis and trans configurations. Furthermore,
norbornene is a prototypical monomer for ring-opening
metathesis polymerization (ROMP), yielding an aliphatic
polymer without functional groups that could conceivably
impact polymer stiffness.30 We therefore synthesized poly-
norbornenes with a range of stereochemical backbone
compositions by ROMP using a variety of Grubbs-type
catalysts (Figure 1) and then studied their rate of mechanical

degradation by ultrasonication. The resulting degradation
profiles matched our prediction that increasing the cis-alkene
content in polynorbornene increases the degradation rate, even
for polymers with similar initial molecular weights. Our results
suggest that the polymer backbone can serve as a surprising
handle for tuning the degradability of polynorbornenes.

■ RESULTS AND DISCUSSION
We synthesized a library of polynorbornenes at two different
molecular weights that varied only in the stereochemistry of
their olefinic backbone (Table 1). We accessed a wide range of
cis-alkene content (∼10%−100%) by varying the Grubbs-type
ruthenium catalyst involved in the ROMP reaction. The cis-

alkene content of these polymers was quantified by comparing
the relative integrations of the 1H NMR peaks corresponding
to the allylic protons at δ 2.79 ppm (cis-alkene) and δ 2.43
ppm (trans-alkene) as previously described (Figures S1−
S7).31,32 After optimization of the reaction conditions for each
catalyst (Table S1), we found that ROMP with the first
generation Grubbs catalyst (G1) yielded highly trans-enriched
polymers (∼10% cis-alkene content, Table 1, entries 1 and 2),
while ROMP with the third generation Grubbs (G3) yielded
slightly cis-enriched polymers (∼60% cis-alkene content, Table
1, entries 3 and 4). Τwo different Grubbs-type catalysts
(Hoveyda−Grubbs (HG) M2001 and Grubbs M3002) were
employed to afford highly cis-enriched polymers (∼99% cis-
alkene content, Table 1, entries 5 and 6).

Because longer polymer chains are known to degrade faster
than shorter chains by ultrasonication,33 we suspected a
potential interplay between polymer size and backbone
stereochemistry in the degradation kinetics of our polymers.
We therefore targeted two distinct degrees of polymerization
(DP), 5000 and 500, for each of the three stereochemical
compositions in order to test the effect of backbone
stereochemistry on degradation rate independent of DP.
Additionally, we synthesized three independent samples for
every unique polymer profile with a given cis-alkene content
and DP (Table 1, a−c for each entry) to verify the
reproducibility of our synthetic methods and ultimately
perform degradation experiments in triplicate of an approx-
imate cis-alkene % and Mw.

As has been previously reported, ROMP with HG M2001
exhibits poor molecular weight control,34,35 and we were
unable to synthesize polynorbornenes with fewer than 1000
repeat units using this catalyst. Indeed, when targeting a DP of
500, we consistently obtained polymers with DP ∼5000. We
therefore sought to find an alternative catalyst with equally
high cis-selectivity and were intrigued by recent reports of a
sulfinyl-containing, stereoretentive Grubbs catalyst (M3002)
that polymerized norbornene derivatives with remarkable cis-
selectivity and molecular weight control.35,36 Gratifyingly,
norbornene polymerization with this catalyst in the presence
of 2.5 mol % 3,5-dichloropyridine (Cl2Py) afforded highly cis-
enriched polymers (up to 99% cis) of the desired molecular
weight with satisfactory dispersities (Table 1, entry 5). We
note that this reaction proceeded poorly in the absence of
Cl2Py, which is reported to slow polymer propagation by
stabilizing the carbene intermediate,37 and that M3002 is
highly oxygen sensitive and must therefore be handled in a
glovebox.

In preparing our polynorbornene library, we found that
increasing the ROMP reaction temperature increases the
dispersity while decreasing the cis-alkene content of polymers
synthesized with the third generation Grubbs (G3) catalyst in
dichloromethane (Figure 2). While the G3 catalyst is widely
used for ROMP, the effects of the reaction temperature on
dispersity and cis-alkene content are poorly consolidated in the
literature. Here, we observed a drastic dependence of the
dispersity on reaction temperature, with Đ as low as ∼1.20 at
−78 and −20 °C, but then increasing dramatically to Đ ∼3.0 at
35 °C. Reaction temperature effects on the cis-alkene content
were more subtle, with G3-catalyzed reactions consistently
yielding 61% cis-alkenes at temperatures below 0 °C but
decreasing to 58% at elevated temperatures. The observed
trends were largely generalizable to polymerizations conducted
with HG M2001, which also required colder temperatures to

Figure 1. Synthetic scheme for polynorbornenes with varied cis-alkene
content.
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achieve the lowest dispersities but yielded high cis-alkene
content at all tested temperatures (Table S1, entry 2). We were
surprised to find that polymerizations with G1 required heating
to achieve the lowest dispersities, which were accessed at an
optimal temperature of 40 °C (Table S1, entry 3).

With our library of polynorbornenes of varying lengths and
cis-alkene content in hand, we next sought to investigate the
relationship between polymer backbone stereochemistry and
degradability. Triplicate samples of each unique polynorbor-
nene profile were dissolved in tetrahydrofuran (THF) and
subjected to 6 h of continuous ultrasonication at 37 kHz and
∼0.4 W cm−2 and a constant temperature of 26 °C. Aliquots of
the degradation products were taken intermittently and
characterized by gel permeation chromatography (GPC) to
track changes in the molecular weight distribution of the
sample over sonication time (Figure 3, Tables S2−S7). We

visualized decreases in the average molecular weight by
overlaying the GPC traces of the original sample and every
degradation aliquot (Figures S8−S19). Directly comparing
polymers that were synthesized with similar Mw ∼700 kDa and
dispersity (namely polymers 1c, 3c, and 5a) revealed that the
trans-enriched and cis-enriched samples break down to distinct
chain lengths after 6 h of ultrasonication (Figure 3A). While
the trans-enriched polymer 1c (∼11% cis-alkenes) broke down
to Mw ∼70 kDa (Table S2), the cis-enriched polymer 5a
(∼98% cis-alkenes) broke down to less than one-third of this
value, Mw ∼20 kDa (Table S6). Polymer 3c with ∼60% cis-
alkenes broke down to an intermediate Mw of ∼30 kDa (Table
S4).

Given that the cis-alkene content could impact polymer
morphology, it may also affect GPC retention time and
apparent molecular weight. Because cyclic polymers are known
to have a smaller hydrodynamic volume than their
corresponding linear polymers,38 a trans-enriched sample that
adopts a more compact, globular structure may have a longer
retention time than a cis-enriched sample with a more
elongated structure and larger hydrodynamic volume. If this
were indeed the case, then our GPC data of the parent
polymers may be overestimating the initial molecular weight of
a more linear cis-enriched polymer and underestimating the
initial molecular weight of a more globular trans-enriched
polymer. Similarly, GPC analysis may be overestimating
fragmentation in trans-enriched samples and underestimating
fragmentation in cis-enriched samples, suggestive of an even
greater difference in the degradation rate than reported herein.
However, we suspect these GPC analysis effects are minimal
because the reported molecular weights are consistent with
theoretical molecular weights based on the monomer to
catalyst loading and known molecular weight control of each
catalyst.34

Because ultrasonic shearing forces promote midchain
cleavage yielding polymer fragments with half their original
DP (1/2 daughters), successive chain scission events should
yield fragments of approximately 1/4 and 1/8 the original DP
(1/4 daughters, and 1/8 daughters, respectively).13,22 We

Table 1. Library of Synthesized Polynorbornenes with Varied cis-Alkene Content

entry catalyst M/I/Cl2Py temp (°C) conc (M) time (min) yield (%) Mn (kDa)a Mw (kDa)a Đa Cis-alkenes (%)b

1a G1 5000/1/0 40 0.1 10 94 560 740 1.33 11
1b G1 5000/1/0 40 0.1 15 92 640 900 1.40 12
1c G1 5000/1/0 40 0.1 10 92 550 890 1.60 11
2a G1 500/1/0 40 0.1 10 92 60 85 1.36 11
2b G1 500/1/0 40 0.1 10 89 55 75 1.36 12
2c G1 500/1/0 40 0.1 10 86 50 75 1.49 12
3a G3 5000/1/0 −20 0.3 30 92 360 510 1.41 61
3b G3 8000/1/0 −20 0.3 30 91 420 580 1.37 62
3c G3 10000/1/0 −20 0.3 30 96 520 710 1.38 62
4a G3 500/1/0 −20 0.3 15 92 50 60 1.09 61
4b G3 500/1/0 −20 0.3 15 97 65 75 1.16 61
4c G3 500/1/0 0 0.3 15 82 60 70 1.22 61
5a M2001 500/1/0 −78 0.3 30 53 430 680 1.58 98
5b M2001 500/1/0 −78 0.3 20 51 660 1070 1.63 98
5c M2001 500/1/0 −78 0.3 20 44 400 720 1.76 98
6a M3002 500/1/12.5 20 0.3 10 56 45 55 1.16 99
6b M3002 500/1/12.5 20 0.3 10 84 45 60 1.34 100
6c M3002 500/1/12.5 20 0.3 10 86 60 90 1.51 100

aDetermined by size exclusion chromatography in THF using polystyrene standards and RI detection. bDetermined by 1H NMR (400 MHz,
CDCl3).

Figure 2. ROMP reaction temperature effects on polymer dispersity
(Đ) and cis-alkene content for the polymerization of norbornene with
G3 in DCM at 0.3 M. Data are presented as the average of triplicate
measurements from three distinct samples, with error bars
representing the standard deviation of the mean.
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therefore analyzed the degradation of our samples by how
quickly the peak molecular weight (Mp) shifted to these
daughter fragments (Figure S20). While the trans-enriched
polymer 1c required >25 min of ultrasonication for its Mp to
reach the 1/2 daughter fragment, the cis-enriched polymer 5a
achieved this fragmentation in only 3 min. This contrast was
amplified for the downstream fragments, with the trans-
enriched sample requiring ∼210 min of ultrasonication to
reach the 1/8 daughter, while the cis-enriched sample reached
it in less than 25 min�again, an order of magnitude faster.

We further performed scission cycle (SC) calculations, using
the method developed by Craig and co-workers,19 to measure
the generation of daughter fragments, which further under-
scored the distinction between trans- and cis-enriched
polynorbornenes (Figures S21−S28). While the trans-enriched
sample only reached its third scission cycle (SC = 3.38),
indicative of its 1/8 daughter, after 6 h of ultrasonication, the
60% cis sample reached its fourth scission cycle (SC = 4.40),
indicative of its 1/16 daughter. The cis-enriched sample also
exceeded its fourth scission cycle and nearly reached its fifth
scission cycle (SC = 4.65) after the full 6 h.

Next, we wanted to test how these results would translate to
shorter polynorbornenes with only 500 repeat units (Mw ∼70
kDa). We repeated our procedure of dissolving our polymers
in THF and subjecting them to 6 h of continuous
ultrasonication with aliquots taken intermittently. Gratifyingly,
comparing the overlaid molecular weight distribution curves of
polymers with similar initial Mw, namely, 2b, 4c, and 6b,
corroborated that increased cis-alkene content in the polymer
backbone leads to enhanced degradation and a smaller final Mw
(Figure 3B). Given that ultrasonic degradation is significantly

slower for polymer chains <100 kDa,21 fewer scission cycles
and daughter fragments were produced than for the 5000-
mers. Nevertheless, we were surprised by the stark contrast
between the trans-enriched and cis-enriched degradation
profiles and scission cycle analyses (Figures S22, S29−S34).
After 6 h of ultrasonication, the trans-enriched polymer 2b
barely broke down from Mw ∼75 kDa to Mw ∼ 60 kDa (SC =
0.32), while the cis-enriched polymer 6b degraded to a Mw of
∼25 kDa (SC = 1.12). The high-molecular weight shoulder
was the first to be degraded in both samples, which is
consistent with ultrasonic degradation targeting longer chains
first. While this is the only degradation the trans-enriched
polymer exhibited after 6 h, the cis-enriched polymer lost its
high molecular weight shoulder within 45 min, and then the
entire molecular weight distribution shifted toward the 1/2
daughter. We only observed a similar fragmentation to the 1/2
daughter in the trans-enriched polymer after 24 h of
continuous ultrasonication (Table S8, entry 1). Even then,
after the same 24 h sonication treatment, the cis-enriched
polymer reached a Mw of ∼15 kDa (Table S8, entry 3),
indicative of its 1/4 daughter fragment. This contrast between
the Mw values of the cis- and trans-enriched samples after this
extended sonication treatment suggests that the molecular
weight limit of degradation may be a function of cis-alkene
content.

To confirm that polymer degradation was driven exclusively
by ultrasonic shearing forces and not localized heating or
radical generation, we additionally synthesized polymers with a
Mw of ∼25 kDa matching the theoretical molecular weight
limit of degradation.21 Simply modifying the monomer to
catalyst ratio gave us straightforward access to polynorbor-

Figure 3. Overlaid molecular weight distributions of long and short polynorbornene samples over 6 cumulative hours of ultrasonic degradation for
(A) DP = 5000 (top to bottom: polymers 1c, 3c, 5a) and (B) DP = 500 (top to bottom: polymers 2b, 4c, 6b).
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nenes of the desired Mw with reasonable Đ and cis-alkene
content ranging from 10−100% (Table S9). We then repeated
our dissolution in THF and sonication procedure for 6
continuous hours. We found that the trans-rich and
intermediate compositions exhibited no degradation after 6 h
of sonication, suggesting that they were indeed too small to be
degraded by shearing forces and that no additional stimuli
were promoting degradation (Figures S35 and S36). However,
we were surprised to find that the 100% cis-polymer partially
degraded with a significant low molecular weight shoulder
visible after 6 h of sonication (Figure S37). We hypothesized
that this evident degradation may be due to the increased cis-
alkene content lowering the molecular weight limit of
degradation. Therefore, we synthesized one additional cis-
enriched polymer with a Mw of ∼12.5 kDa and subjected it to
our standard degradation procedure. We were pleased to find
that this polymer did not exhibit any degradation, suggesting
both that no additional stimuli contributed to the cis-polymer
degradation and that the molecular weight limit of degradation
of these cis-enriched polynorbornenes is likely closer to 12.5
kDa (Figure S38). As a final control, we found that our
polymers did not exhibit degradation in THF in the absence of
ultrasonication (Table S10), further suggesting that the
observed degradation is driven exclusively by ultrasonic
shearing forces and that susceptibility to degradation may be
a consequence of backbone stereochemistry.

We also did not observe significant alkene isomerization by
1H NMR as a result of our ultrasonication (Figures S39−S44).
Previous studies of polyoxanorbornene instead observed a
rapid isomerization during single molecule force spectrosco-
py.39,40 This discrepancy might be due to time scale or thermal
effects or the fact that only a small fraction of the polymer
midchain is susceptible to isomerization during ultrasonica-
tion.41 Indeed, it is possible that a small fraction of cis-alkenes
are isomerizing during ultrasonication, but due to the large
number of repeat units, the resulting change is imperceptible
by 1H NMR.

In order to quantify the polymer degradation rates of the
three stereochemical compositions, we analyzed the concen-
tration decrease of the initial peak molecular weight (Mp)
intensity over the sonication time (Figure 4). Because scission
rate is known to be a function of molecular weight, this
method allows for quantification of the decay of a single
molecular weight over time.42,43 We first normalized all
samples by peak area to account for concentration differences,
and then, each sample was normalized by its parent Mp
intensity to ensure that the signal intensity at t = 0 min was
equal to 1.0 (Figures S45−S56). Analysis of the same 5000-
mers presented in Figure 3A (1c, 3c, and 5a) revealed that the
intensity of the initial Mp decreased the fastest for the cis-
enriched polymer (Figure 4A). After 10 min of ultrasonication,
the residual intensity of the cis-enriched polymer’s initial Mp
was less than 10%, while more than half of the trans-enriched
polymer’s initial Mp intensity remained. The 500-mers
exhibited a similar trend, with the cis-enriched polymer’s initial
Mp decaying to the greatest degree after 6 h of ultrasonication
(Figure 4B). While all 5000-mer samples reached a normalized
Mp intensity of zero within ∼30 min of sonication, all of the
500-mers still possess a nonzero intensity after 6 h, highlighting
the strong dependence of scission rate on molecular weight.
Indeed, the ∼99% cis-500-mer exhibits a slower decrease in Mp
intensity than the 60% cis-500-mer in the first ∼150 min of

sonication because of the degradation of its high-molecular
weight shoulder (Figure S57).

Boydston and Peterson similarly report that this intensity
analysis method is sensitive to GPC conditions and polymer
dispersity, with higher-dispersity samples yielding less reliable
results.43 Ideally, each intensity curve could be fit to
exponential decay functions that would enable extraction of
an exponential decay rate for the starting DP, but the presence
of a high-molecular weight shoulder precludes a clean analysis.
We were therefore motivated to explore additional methods for
comparing the degradation kinetics of our polymers.

To further compare the degradation kinetics of our
polynorbornenes, we sought to calculate decay rates for each
stereochemical composition as a function of the degree of
polymerization and cis-alkene content. While there does not
seem to be a universal method for modeling polymer
degradation kinetics, several methods have been developed
and validated. The Malhotra model assumes a linear
relationship between scission rate and molecular weight44,45

and has been applied to a variety of materials undergoing
midchain scission.29,46 However, this model is less suitable for
large polymers with daughter fragments that can undergo
further decay.43 Robb and co-workers recently validated an
initial rates method to deconvolute chain scission from
mechanophore activation,47 but the scission of our poly-
norbornenes is not in competition with mechanophore
activation or another pathway. Instead, we are focused on
isolating the effect of backbone composition on degradation
rate as opposed to the dependence of scission rate on polymer

Figure 4. Normalized refractive index signal intensity of the initial
peak molecular weight, Mp, in the molecular weight distribution for
polynorbornenes of both (A) DP = 5000 (∼10% cis-alkenes 1c, ∼60%
cis-alkenes 3c, and ∼99% cis-alkenes 5a) and (B) DP = 500 (∼10%
cis-alkenes 2b, ∼60% cis-alkenes 4c, and 99% cis-alkenes 6b) over 6
cumulative hours of ultrasonic degradation.
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DP. We therefore opted for an exponential decay model of the
form MW = A(1 − r)t + c, which allowed us to extract a single
exponential decay rate, r, for each polymer composition. While
this model assumes a constant decay rate over the period of
ultrasonication, it enables pairwise comparisons between the
three stereochemical compositions in polynorbornenes with
similar initial degrees of polymerization and dispersity, thus
isolating the effect of backbone stereochemistry on the
degradation rate.

We fit the Mn and Mw values of each polymer sample and
their degradation products over the 6 h of sonication to
exponential decay curves and extracted a decay rate for each
(Figures S58−S75). All degradations were well-fit by the
model (R2 > 0.89; most R2 > 0.97). We then calculated the
average decay rate (Figure 5) for each unique polymer profile

from both the Mn and the Mw fittings. Focusing on the Mn
analysis, we found that highly cis-enriched polynorbornenes
have the greatest decay rate among both the 5000- and 500-
mers. All three stereochemical compositions of the 5000-mers
have a high average decay rate (r > 0.88 min−1), which
increases with cis-alkene content and reaches a remarkable and
consistent decay rate of ∼0.99 min−1 in the samples with a fully
cis backbone independent of exact Mn or dispersity. This rapid
decay rate of the cis-enriched polynorbornenes is significantly
different from that of the trans-enriched 5000-mers (p < 0.05,
Figure 5). The 500-mers exhibit a greater range of decay rates,
with an average rate of 0.12 ± 0.015 min−1 for the trans-
enriched polymers, 0.37 ± 0.099 min−1 for the polymers with
an intermediate composition, and 0.53 ± 0.13 min−1 for the
cis-enriched polymers. Even accounting for individual variation

in exact Mn and dispersity, both the intermediate and cis-
enriched polymers have a significantly faster degradation rate
than the trans-enriched polymers (p < 0.05, Figure 5).

The corresponding Mw analysis revealed an identical trend
(Figure S76). The higher variability in decay rate for the 500-
mers with intermediate and high cis-alkene content can likely
be ascribed to small differences in dispersity and the outsized
effect that a high-molecular weight shoulder has on these
slower-degrading materials. Still, all 500-mers degraded slower
than their 5000-mer counterparts and exhibited a similar
increase in degradation rate with increasing cis-alkene content.
While the effect of DP on scission rate is well-understood, the
effect of backbone stereochemistry on scission rate is
previously unreported and offers an exciting new handle for
tuning material degradability.

■ CONCLUSIONS
Polynorbornenes of both ∼700 and ∼70 kDa with a backbone
composition ranging from ∼10% to ∼99% cis-alkenes were
synthesized by ROMP and then degraded by ultrasonication.
We found that highly cis-enriched polynorbornenes degraded
faster (with decay rates up to 0.999 min−1) than their trans-
enriched analogues at similar molecular weights and
dispersities, as determined by GPC. These results are
consistent with literature precedent that mechanical degrad-
ability increases with polymer stiffness and therefore suggest
that increasing the cis-alkene content in polynorbornene may
promote a more rigid, elongated structure. Efforts to
theoretically model and experimentally quantify the shape of
these polymers and other polyalkenamers with variable allylic
strain in their backbones are ongoing. Our findings indicate
that the stereocontrolled synthesis of polyalkenamers can drive
susceptibility to mechanical degradation, which will be
important for the design of recyclable plastics.
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mittels Ultraschallwellen. Z. Phys. Chem. A 1933, 164, 234−240.
(25) Kruger, A. G.; Brucks, S. D.; Yan, T.; Cárcarmo-Oyarce, G.;

Wei, Y.; Wen, D. H.; Carvalho, D. R.; Hore, M. J. A.; Ribbeck, K.;
Schrock, R. R.; Kiessling, L. L. Stereochemical Control Yields Mucin
Mimetic Polymers. ACS Cent. Sci. 2021, 7 (4), 624−630.
(26) Esteruelas, M. A.; González, F.; Herrero, J.; Lucio, P.; Oliván,

M.; Ruiz-Labrador, B. Thermal Properties of Polynorbornene (Cis-
and Trans-) and Hydrogenated Polynorbornene. Polym. Bull. 2007,
58 (5), 923−931.
(27) Worch, J. C.; Prydderch, H.; Jimaja, S.; Bexis, P.; Becker, M. L.;

Dove, A. P. Stereochemical Enhancement of Polymer Properties. Nat.
Rev. Chem. 2019, 3 (9), 514−535.
(28) Sun, Y.; Kevlishvili, I.; Kouznetsova, T. B.; Burke, Z. P.; Craig,

S. L.; Kulik, H. J.; Moore, J. S. The Tension-Activated Carbon-Carbon
Bond. Chem. 2024, 10 (10), 3055−3066.
(29) Kryger, M. J.; Munaretto, A. M.; Moore, J. S. Structure-

Mechanochemical Activity Relationships for Cyclobutane Mechano-
phores. J. Am. Chem. Soc. 2011, 133 (46), 18992−18998.
(30) Leitgeb, A.; Wappel, J.; Slugovc, C. The ROMP Toolbox

Upgraded. Polymer 2010, 51 (14), 2927−2946.
(31) Delaude, L.; Demonceau, A.; Noels, A. F. Probing the

Stereoselectivity of the Ruthenium-Catalyzed Ring-Opening Meta-
thesis Polymerization of Norbornene and Norbornadiene Diesters.
Macromolecules 2003, 36 (5), 1446−1456.
(32) Schrock, R. R. Synthesis of Stereoregular Polymers through

Ring-Opening Metathesis Polymerization. Acc. Chem. Res. 2014, 47
(8), 2457−2466.
(33) Thomas, J. R. Sonic Degradation of High Polymers in Solution.
J. Phys. Chem. 1959, 63 (10), 1725−1729.
(34) Keitz, B. K.; Fedorov, A.; Grubbs, R. H. Cis-Selective Ring-

Opening Metathesis Polymerization with Ruthenium Catalysts. J. Am.
Chem. Soc. 2012, 134 (4), 2040−2043.
(35) Song, J.-A.; Peterson, G. I.; Bang, K.-T.; Ahmed, T. S.; Sung, J.-

C.; Grubbs, R. H.; Choi, T.-L. Ru-Catalyzed, Cis-Selective Living
Ring-Opening Metathesis Polymerization of Various Monomers,
Including a Dendronized Macromonomer, and Implications to
Enhanced Shear Stability. J. Am. Chem. Soc. 2020, 142 (23),
10438−10445.
(36) Hsu, T.-W.; Kim, C.; Michaudel, Q. Stereoretentive Ring-

Opening Metathesis Polymerization to Access All-Cis Poly(p-

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.5c01049
Macromolecules 2025, 58, 10094−10101

10100

https://pubs.acs.org/doi/10.1021/acs.macromol.5c01049?ref=pdf
https://doi.org/10.1038/s41529-022-00277-7
https://doi.org/10.1038/s41529-022-00277-7
https://doi.org/10.1021/acs.macromol.7b00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.7b00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.matpr.2022.08.387
https://doi.org/10.1016/j.matpr.2022.08.387
https://doi.org/10.1016/j.matpr.2022.08.387
https://doi.org/10.1038/s41578-020-0190-4
https://doi.org/10.1038/s41578-020-0190-4
https://doi.org/10.1038/s41557-019-0352-4
https://doi.org/10.1038/s41557-019-0352-4
https://doi.org/10.1038/s41557-019-0352-4
https://doi.org/10.1039/D3SC05613A
https://doi.org/10.1039/D3SC05613A
https://doi.org/10.1021/jacs.3c04595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1627/jpi.63.345
https://doi.org/10.1627/jpi.63.345
https://doi.org/10.1002/anie.202316578
https://doi.org/10.1002/anie.202316578
https://doi.org/10.1038/s41570-020-0163-6
https://doi.org/10.1038/s41570-020-0163-6
https://doi.org/10.1002/marc.202000415
https://doi.org/10.1002/marc.202000415
https://doi.org/10.1021/jacs.8b05110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b05110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b05110?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz5003068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz5003068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/mz5003068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02721?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b02721?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC02501E
https://doi.org/10.1039/D1CC02501E
https://doi.org/10.1021/acs.macromol.1c00334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c00334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/1350-4177(94)90028-0
https://doi.org/10.1016/1350-4177(94)90028-0
https://doi.org/10.1146/annurev.matsci.29.1.295
https://doi.org/10.1146/annurev.matsci.29.1.295
https://doi.org/10.1002/cphc.201601354
https://doi.org/10.1002/cphc.201601354
https://doi.org/10.1021/ja01334a509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01334a509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1515/zpch-1933-16420
https://doi.org/10.1515/zpch-1933-16420
https://doi.org/10.1021/acscentsci.0c01569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.0c01569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00289-007-0734-4
https://doi.org/10.1007/s00289-007-0734-4
https://doi.org/10.1038/s41570-019-0117-z
https://doi.org/10.1016/j.chempr.2024.05.012
https://doi.org/10.1016/j.chempr.2024.05.012
https://doi.org/10.1021/ja2086728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2086728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2086728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2010.05.002
https://doi.org/10.1016/j.polymer.2010.05.002
https://doi.org/10.1021/ma021315x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma021315x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma021315x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500139s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500139s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150580a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja211676y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja211676y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02785?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c04068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c04068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c01049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Phenylenevinylene)s with Living Characteristics. J. Am. Chem. Soc.
2020, 142 (28), 11983−11987.
(37) Jung, K.; Kim, K.; Sung, J.-C.; Ahmed, T. S.; Hong, S. H.;

Grubbs, R. H.; Choi, T.-L. Toward Perfect Regiocontrol for β-
Selective Cyclopolymerization Using a Ru-Based Olefin Metathesis
Catalyst. Macromolecules 2018, 51 (12), 4564−4571.
(38) Chen, C.; Weil, T. Cyclic Polymers: Synthesis, Characteristics,

and Emerging Applications. Nanoscale Horiz. 2022, 7 (10), 1121−
1135.
(39) Radiom, M.; Kong, P.; Maroni, P.; Schäfer, M.; Kilbinger, A. F.

M.; Borkovec, M. Mechanically Induced Cis -to- Trans Isomerization
of Carbon−Carbon Double Bonds Using Atomic Force Microscopy.
Phys. Chem. Chem. Phys. 2016, 18 (45), 31202−31210.
(40) Huang, W.; Zhu, Z.; Wen, J.; Wang, X.; Qin, M.; Cao, Y.; Ma,

H.; Wang, W. Single Molecule Study of Force-Induced Rotation of
Carbon-Carbon Double Bonds in Polymers. ACS Nano 2017, 11 (1),
194−203.
(41) Lenhardt, J. M.; Black Ramirez, A. L.; Lee, B.; Kouznetsova, T.

B.; Craig, S. L. Mechanistic Insights into the Sonochemical Activation
of Multimechanophore Cyclopropanated Polybutadiene Polymers.
Macromolecules 2015, 48 (18), 6396−6403.
(42) Florea, M. New Use of Size Exclusion Chromatography in

Kinetics of Mechanical Degradation of Polymers in Solution. J. Appl.
Polym. Sci. 1993, 50 (12), 2039−2045.
(43) Peterson, G. I.; Boydston, A. J. Kinetic Analysis of

Mechanochemical Chain Scission of Linear Poly(Phthalaldehyde).
Macromol. Rapid Commun. 2014, 35 (18), 1611−1614.
(44) Malhotra, S. L. Ultrasonic Modification of Polymers. II.

Degradation of Polystyrene, Substituted Polystyrene, and Poly(n-
Vinyl Carbazole) in the Presence of Flexible Chain Polymers. J.
Macromol. Sci. A 1982, 18 (7−8), 1055−1085.
(45) Malhotra, S. L. Ultrasonic Solution Degradations of Poly(Alkyl

Methacrylates). J. Macromol. Sci. A 1986, 23 (6), 729−748.
(46) Kryger, M. J.; Ong, M. T.; Odom, S. A.; Sottos, N. R.; White, S.

R.; Martinez, T. J.; Moore, J. S. Masked Cyanoacrylates Unveiled by
Mechanical Force. J. Am. Chem. Soc. 2010, 132 (13), 4558−4559.
(47) McFadden, M. E.; Overholts, A. C.; Osler, S. K.; Robb, M. J.

Validation of an Accurate and Expedient Initial Rates Method for
Characterizing Mechanophore Reactivity. ACS Macro Lett. 2023, 12
(4), 440−445.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.5c01049
Macromolecules 2025, 58, 10094−10101

10101

https://doi.org/10.1021/jacs.0c04068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b00969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2NH00242F
https://doi.org/10.1039/D2NH00242F
https://doi.org/10.1039/C6CP05696B
https://doi.org/10.1039/C6CP05696B
https://doi.org/10.1021/acsnano.6b07119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b07119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/app.1993.070501201
https://doi.org/10.1002/app.1993.070501201
https://doi.org/10.1002/marc.201400271
https://doi.org/10.1002/marc.201400271
https://doi.org/10.1080/00222338208066479
https://doi.org/10.1080/00222338208066479
https://doi.org/10.1080/00222338208066479
https://doi.org/10.1080/00222338608063419
https://doi.org/10.1080/00222338608063419
https://doi.org/10.1021/ja1008932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1008932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.3c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.3c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.5c01049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

