
Breaking the Paradox between Grafting-Through and
Depolymerization to Access Recyclable Graft Polymers
Zeyu Wang,† Seiyoung Yoon,† and Junpeng Wang*

Cite This: Macromolecules 2022, 55, 9249−9256 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Graft polymers, owing to their grafted structures,
possess unique properties useful for a broad range of applications.
Due to the demand for a circular economy, it is desirable to have
graft polymers depolymerizable. However, depolymerizable graft
polymers are rare, and existing examples of depolymerizable graft
polymers lack the rigor in controlling the size and architecture.
Herein, we demonstrate a robust method to synthesize
depolymerizable graft polymers by leveraging our recent develop-
ment of chemically recyclable polymers prepared from controlled
ring-opening metathesis polymerization of trans-cyclobutane fused trans-cyclooctenes. The superior reactivity of the highly strained
trans-cyclooctene allows grafting-through of macromonomers to be successfully conducted, empowering excellent control in
backbone length for various types of sidechains, including a poly(ethylene glycol), a polylactide, and an aliphatic chain. Notably, an
ultrahigh molecular weight of 14 000 kDa is achieved with high conversion (>90%) and low dispersity (Đ < 1.2). The controlled
polymerization enables the synthesis of graft polymers of various architectures, including block and statistical copolymers. Kinetic
studies of depolymerization show that the graft polymers depolymerize to the cis-cyclooctene macromonomers through an unzipping
mechanism. The versatile synthesis of depolymerizable graft polymers opens the door to sustainable thermoplastics with diverse
material properties.

■ INTRODUCTION
Graft polymers are a class of macromolecules with grafted
sidechains,1 affording unique properties that are useful for
numerous technologies, such as touch sensors,2,3 tissue-
mimicking elastomers,4−7 and photonic crystals.8−10 The
graft architecture can be achieved through three methods:
grafting-to, grafting-from, and grafting-through (Figure 1a).
Both grafting-to and grafting-from methods are based on a
preformed polymer backbone, and the sidechain is formed
either by attaching a polymer to the polymer backbone using a
coupling reaction (grafting-to) or by growing polymer chains
from initiators on the polymer backbone (grafting-from).11−16

While grafting-to is advantageous in that it allows for separate
preparation and characterization of the backbone and the
sidechain,17−20 due to steric hindrance, grafting becomes
progressively more difficult as conversion increases, leading to
limited grafting density. Compared to the grafting-to route,
grafting-from typically renders improved control in grafting
density, but the efficiency of the initiators on the polymer
backbone could be affected by the high density of initiation
sites.19,21,22 In addition, it is not straightforward to prepare
more complex architectures, such as graft block copolymers,
from either grafting-to or grafting-from methods.23 The
grafting-through approach starts with a macromonomer
(MM) that comprises a monomer and a polymer chain:
polymerization of the monomer forms the backbone, and the
polymer chain on the MM becomes the sidechain of the

corresponding graft copolymer. Compared to the other two
methods, grafting-through is advantageous in its facile and
precise control over the backbone length, sidechain types and
length, grafting density, and polymer architecture, provided
that the polymerization of the MM is well controlled.
It is important to note that the long sidechain in a MM

would inevitably reduce the effective concentration of the
propagating moiety, which requires the polymerization
chemistry to be highly exergonic. Examples of polymerization
chemistry for grafting-through include polyaddition of olefins24

and ring-opening metathesis polymerization (ROMP) of
norbornene derivatives.25 Because of the mild reaction
conditions, excellent functional group tolerance, and ease of
operation, along with the abovementioned benefits of grafting-
through, ROMP of norbornene-derived MMs has become the
most widely used method for accessing graft polymers.8,25−30

Nevertheless, the exergonic nature of the polymerization used
for grafting-through also makes the corresponding graft
polymers non-depolymerizable (Figure 1b), limiting the
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sustainable use of these materials. Existing depolymerizable
graft polymers typically lack robustness in controlling their
architecture, functionality, and size.31−35 For example, the
depolymerizable polycyclopentene bottlebrushes based on the

grafting-from approach require delicate temperature control
during the synthesis of the backbone; in addition, monomer
conversion needed to be limited at a low level (<10%) during
the synthesis of the sidechain to obtain narrow molecular
weight distribution.34,36 Depolymerizable graft polymers have
also been prepared using controlled radical polymerizations of
MMs, but these reactions have limited efficiencies and
accessible molecular weights.32,33,35

We recently reported a series of ROMP polymers based on
trans-cyclobutane fused cyclooctene (tCBCO) monomers, in
which the additional ring reduces the ring strain energy of the
cyclooctene monomer to such a level that the polymerization
becomes reversible.37 The tCBCO polymers can undergo
efficient depolymerization in the presence of a metathesis
catalyst under mild conditions. Compared to other depolyme-
rization systems, this system is unique in that the cis-
cyclooctene monomer, i.e., tCBcCO, can be isomerized into
its trans analogue, tCBtCO, allowing for the driving force of
polymerization to be temporarily elevated so that controlled
polymerization can be achieved at monomer concentrations as
low as 25 mM.38 We envisioned that the highly exergonic
polymerization of tCBtCO and the depolymerizability of the
resulting polymer could make this system suitable for accessing
depolymerizable graft polymers via the grafting-through
approach (Figure 1c). Herein, we report the synthesis of
graft polymers by grafting-through of MMs with a tCBtCO end
group. The living ROMP of the tCBtCO is found to be robust
enough to overcome the low concentration and steric effects
caused by the long sidechains in MMs, affording controlled
polymerization. Controlled synthesis of graft polymers is
demonstrated for three different types of sidechains, including
a poly(ethylene glycol), a polylactide, and an aliphatic chain.
Various polymer architectures of graft copolymers are
achieved, including a block copolymer and a statistical

Figure 1. (a) Three grafting approaches to graft polymers. (b) Highly
exergonic grafting-through method disfavors depolymerization. (c)
Isomerization of tCBcCO-MM into tCBtCO-MM increases the
driving force of polymerization, and the resulting graft polymer can
be depolymerized back to tCBcCO-MM.

Scheme 1. Synthesis of tCBtCO-Bearing Macromonomers

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c01609
Macromolecules 2022, 55, 9249−9256

9250

https://pubs.acs.org/doi/10.1021/acs.macromol.2c01609?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01609?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01609?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01609?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01609?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c01609?fig=sch1&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c01609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


copolymer, and from the latter was prepared a ductile
thermoplastic material. Kinetic studies of depolymerization
show that the graft polymers depolymerize through an
unzipping pathway.

■ RESULTS AND DISCUSSION
Synthesis of tCBtCO Macromonomers. An MM

includes two components that are covalently connected: a
monomer moiety and a polymer chain; it can be synthesized
either by directly coupling the polymer chain end with the
monomer moiety or by growing the polymer chain from an
initiator that is attached to the monomer. Since a hydroxy
group can link with a CO2H-terminated polymer through
esterification or serve as an initiator for ring-opening
polymerization, we synthesized a hydroxyl-functionalized
tCBtCO S (Scheme 1; for details, see the Supporting
Information) as the precursor for MMs. Three MMs with
distinct sidechains�including poly(ethylene glycol) (PEG, 2
kDa) (1), poly(L-lactide) (PLLA) (2), and a long fatty acid
(3)�were prepared (Scheme 1). MMs 1 and 3 were
synthesized via Steglich esterification of S with mPEG-CO2H
and margaric acid, respectively. MM 2 was obtained by
polymerization of L-lactide using S as the initiator and 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) as the organocata-
lyst.39 The ring-opening transesterification polymerization of
L-lactide proceeded in a controlled fashion (Figures S13 and
S14). The number-average molecular weight (Mn) of 2
obtained from end-group analysis using 1H NMR agreed well
with that obtained from size-exclusion chromatography (SEC)
coupled with a refractive index (RI) detector and a multi-angle
light scattering (MALS) detector (Table S1, entry 2). Matrix-
assisted laser desorption ionization time-of-flight mass
spectrometry confirmed the high chain-end fidelity of both 1
and 2 (Figures S9 and S15).
Controlled Grafting-Through ROMP of tCBtCO Mac-

romonomers. We commenced the experiments from the
ROMP of 1 (Table 1, entry 1) using previously optimized
conditions for other tCBtCO monomers.38 The polymerization
was conducted at a concentration of [olefin]0 = 0.025 M in
degassed THF at room temperature. Grubbs 1st generation
catalyst (G1) was used as the initiator, and triphenylphosphine
(PPh3) was added to suppress secondary metathesis and
depolymerization. The initial 1/G1/PPh3 molar ratio was set
at 100/1/30. After proceeding for 90 min, the ROMP was
quenched by ethyl vinyl ether (EVE). The polymerization was
found to reach a full consumption of tCBtCO based on 1H

NMR (Figure S19). A residual MM peak (3%) was observed in
the SEC-RI trace, which could be attributed to the tiny fraction
of tCBcCO already present in 1, which can be readily removed
from the crude product through dialysis against H2O (Figure
S20). The resulting graft copolymer possessed a narrow
molecular weight distribution (Đ = 1.05) and a number-
average molecular weight Mn of 312 kDa.
Having established success in polymerizing a tCBtCO MM,

we were interested in investigating the kinetics of polymer-
ization. Polymerizations of both 1 and 2 were conducted under
conditions similar to the initial trial described above, except
that the polymerization of 2 was carried out in a THF/CHCl3
(1/4 v/v) mixture due to limited solubility of PLLA in pure
THF. Aliquots were taken from the ROMP mixtures during
the polymerizations and were added to excess EVE in separate
vials for termination. The polymerizations for both 1 and 2
reached high conversions (>90%) within 15 min (Figure 2a).
Pseudo-first-order kinetics, reflected from the linear relation-
ship between ln[M]0/[M]t and time, was observed for the
polymerization of 2 (Figure 2a), indicating fast initiation and
efficient suppression of depolymerization by PPh3. For ROMP
of both 1 and 2, Mn increased proportionally to conversions
(Figure 2b), confirming little or no secondary metathesis as a
result of excess PPh3. Narrow and monomodal molecular
weight distributions (Đ < 1.2) were also observed throughout
the course of ROMP (Figures 2b, S21 and S24). Consistent
with the observations for the linear architecture,38 while a
coordinating solvent such as THF is essential to ensure
controlled polymerization, the inclusion of another solvent did
not affect the control of the polymerization. While the
coordinating solvent THF is supposed to not only suppress
the secondary metathesis but also slow down the propagation
during the ROMP of tCOs,40 the ROMP of 1 conducted in
THF proceeded faster than the ROMP of 2 in a mixture of
THF and CHCl3, possibly due to the lower molecular weight
of 1.
Another characteristic of controlled polymerization is the

ability to tune the molecular weight by varying the monomer-
to-initiator ratio. Five polymerizations were conducted with
[2]0/[G1]0 ratios ranging from 100 to 3000. The polymer-
izations were allowed to proceed for 2 h before being
quenched with EVE. As the 2-to-G1 ratio increased, the
resulting P2 peak shifted toward a shorter retention time in
SEC (Figure 3a), and the absolute molecular weight obtained
from SEC-RI/MALS increased proportionally, matching well
with the dashed line indicating theoretical molecular weights

Table 1. Synthesis and Characterization of Graft Copolymers

entry MMx MMy type [MMx]0/[G1]0:[MMy]0/[G1]0
a conversionb (%) Mn,theo (kDa)

c Mn (kDa)
d Đd

1 1 homo 100 97 229 312 1.05
2 2 homo 100 95 465 526 1.01
3 2 homo 500 98 2396 2161 1.08
4 2 homo 1000 97 4743 5341 1.02
5 2 homo 2000 96 9389 10 280 1.09
6 2 homo 3000 95 13 937 14 350 1.17
7 3 homo 100 98 54 68 1.12
8 3 1 block 100:10 98 76 221 1.15
9 2 3 statistical 300:2700 96 2795 3654 1.10

aMolar ratio of MM to G1. bCalculated from SEC-RI by comparing the peak areas of graft polymer and residual MM (including unreacted
tCBtCO-MM and any tCBcCO-MM) for entries 1−6, and from 1H NMR spectroscopy by comparing the olefin integrations of graft polymer and
residual MM (including unreacted tCBtCO-MM and any tCBcCO-MM) for entries 7−9. cTheoretical Mn based on MM-to-G1 ratio and corrected
with conversion. dDetermined by SEC-RI/MALS in dimethylformamide (DMF) with 0.01 M LiBr for entry 1 and in THF for the others.
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(Figure 3b). Significantly, this linear increase held valid up to
an ultrahigh degree of polymerization (DP) of 3000,
corresponding to an Mn of 14 000 kDa.26 The high ring strain
and low hindrance of the tCBtCO moiety rendered nearly
quantitative consumption of 2 and low dispersities in all [2]0/
[G1]0 ratios tested. This is in contrast to norbornene-based
MMs, which suffer from reduced conversion with increasing
MM-to-initiator ratio to varying extents, depending on the
anchoring group chemistry.41 The capability of accessing
ultrahigh molecular weight graft polymers in a controlled
fashion makes the tCBtCO grafting-through system appealing
for applications where well-defined, large-size graft polymers
are desirable.

Synthesis and Self-Assembly of tCBtCO Graft Block
Copolymer. Encouraged by the controlled polymerization
that produced well-defined graft homopolymers, we further set
out to synthesize a block copolymer via sequential addition of
two different MMs. We were interested in obtaining a block
copolymer that can undergo microphase separation to form
nanostructures, such as lamellae. Hence, we chose 1 and 3 as
our monomers for their presumably high Flory−Huggins
interaction parameter χ. ROMP of 3 was conducted with an
initial 3/G1/PPh3 ratio of 100/1/30 and allowed to proceed
for 10 min, at which point a THF solution of 1 (10 equiv. to
G1) was added. The polymerization of 1 was allowed to
proceed for an additional 20 min before being quenched with
EVE. NMR analyses confirmed the sequential consumption of
both MMs at high conversions (98% for both 3 and 1) (Figure
S28). The resulting polymer P3-b-P1 was purified via prep-
GPC, followed by dialysis against MeOH. According to 1H
NMR analysis, the incorporation ratio of 3 and 1 was 9.1:1,
which is close to the feed ratio of 10:1. Although the SEC peak
of P3-b-P1 appeared at a longer retention time than that of the
first block P3 (Figure S29), SEC-RI/MALS characterization
showed an increase in the absolute molecular weight from P3
to P3-b-P1 (Table S2, entry 8). While it is not clear to us why
the absolute molecular weight of the P3-b-P1 was much higher
than the theoretical value, the abnormal retention time
observed for P3-b-P1 was likely due to the PEG-column
lone pair-π interactions. The block architecture (Figure 4a)
was further supported by differential scanning calorimetry
(DSC) studies, which showed two melting temperatures (Tm)
for P3-b-P1 at 19.0 and 48.6 °C (Figure S44), matching well
with the melting temperatures of the corresponding homopol-
ymers�Tms for P3 and P1 are 17.9 and 48.4 °C respectively
(Figures S42 and S37). The presence of two distinguishable
melting temperatures supports the block architecture.
To assess the bulk assembly of the graft block copolymer, a

sample of P3-b-P1 was annealed in bulk at 75 °C for 5 h,
followed by quenching at 25 °C for 48 h. Small-angle X-ray
scattering (SAXS) of the self-assembled sample revealed a
domain spacing (d = 2π/q*) of 40.7 nm, which is
commensurate with that of a graft block copolymer with
comparable molecular weight and volume ratio.42 This
relatively large spacing further confirmed the block structure,
as a random copolymer would otherwise result in sidechain
segregation and a much smaller domain spacing.27 In addition,
the SAXS pattern showed four orders of scattering peaks with
relative angular positions of 1:2:3:4 (Figure 4b). The SAXS
pattern here suggests well-ordered lamellar morphology, which
is normally observed for more balanced volume ratios.42,43

Given the very asymmetric volume fraction for the two
blocks�71 and 29% for P3 and P1, respectively, the lamellar

Figure 2. Grafting-through ROMP kinetics of 1 (circles) and 2
(squares) at [MM]0/[G1]0/[PPh3]0 = 100/1/30 and [MM]0 = 0.025
M at room temperature: (a) ln([MM]0/[MM]t) as a function of time;
(b) Mn (solid) and Đ (hollow) over conversion.

Figure 3. Backbone length control in the ROMP of 2 at [G1]0/
[PPh3]0 = 1/30 and [MM]0 = 0.025 M in THF/CHCl3 (1/4) at
room temperature: (a) SEC-RI (THF) traces of polymerization
mixture with varying [2]0/[G1]0 ratios; (b) Mn, conversion and Đ at
different [2]0/[G1]0 ratios, with the dashed line representing
theoretical Mn increase over [2]0/[G1]0 ratios.
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morphology could be due to the unique graft architecture,
which provides rich opportunities for accessing a variety of
microphase separation patterns. In the future, we will leverage
the capability of controlling the size and volume fraction of this
system to systematically investigate the self-assembly of the
graft copolymers.
Depolymerization of Graft Polymer. Depolymerization

of tCBtCO graft polymers was tested with P1. A solution of P1
with [olefin]0 = 0.01 M and 1 mol % G2 in toluene was
degassed and then heated at 50 °C while stirring in a nitrogen
atmosphere overnight. 1H NMR showed that the macro-
monomer was not tCBtCO MM 1 but the cis-cyclooctene form
(Figure 5a), which is reasonable due to the high ring strain
energy of the trans-cyclooctene. The selective formation of the
low-strain cis-cyclooctene isomer during depolymerization is
consistent with our previous observation with the linear
tCBtCO polymers.38 SEC-RI traces revealed that P1 was
completely consumed after depolymerization and macro-
monomer along with a small fraction of oligomers formed
(Figure 5b).
To further understand the depolymerization process, we

studied the depolymerization kinetics of P1 using SEC. As the
depolymerization proceeded, the fraction of P1 decreased, and
the SEC peak of P1 disappeared after 15 min of
depolymerization. The fraction of oligomers increased in the
beginning and reached a maximum of ∼40% before gradually
decreasing (Figure 6b), similar to the trend shown during the
depolymerization of tCBCO linear polymers.37 Most of the
oligomers were converted into the monomer after 130 min of
depolymerization, at which point, the fractions of oligomers
and macromonomers were 7 and 93%, respectively. Notably,
the molecular weight of the residual P1 (retention time 20−
24.5 min) did not decrease significantly until the very late stage
of depolymerization (Figure 6a,c), when the solution contains
primarily the tCBcCO macromonomer and oligomers. For
example, the reduction in Mn is less than 30%, even at 80% of
depolymerization. Similar to the observation by Kennemur and
co-workers on their depolymerization study of the graft
polypentenamers,34 the slow molecular weight reduction of
the residual P1 rules out a random chain scission

mechanism�which would lead to exponential decay in
molecular weight (Figure 6c, blue dashed line)�and suggests
an end-to-end unzipping mechanism.37 On the other hand, if
all of the chains underwent unzipping depolymerization
simultaneously, the Mn would show a linear decrease with
the percentage of depolymerization (Figure 6c, red dashed
line). The observed slow molecular weight reduction, there-
fore, suggests that at each time, only a very low fraction of
chains underwent depolymerization, most likely limited by the
slow coordination of the Ru catalyst to the chain end due to
the steric hindrance in the densely grafted architecture.34

Recyclable Thermoplastics Based on Graft Copoly-
mer. The depolymerizability of our system provides an
opportunity to develop sustainable thermoplastics based on
the graft architecture, which, compared to linear polymers, can
access more diverse properties.44−47 We expected that a
statistical copolymer of P2 and P3 (Figure 7a) would form a
thermoplastic material since the glassy/semicrystalline P2
would act as the physical cross-linking point and the molten P3
would bridge the hard domains (Figures S41 and S42). A [2]0/
[3]0/[G1]0 ratio of 300/2700/1 was used for ROMP, and the
polymerization was quenched by EVE at 3 h, affording a
conversion of 96%. The resulting polymer showed a narrow
molecular weight distribution, and its Mn is close to the
theoretical value (Table 1, entry 9). The resulting polymer P2-
stat-P3 was purified by precipitation in cold diethyl ether.
NMR analysis revealed that the molar ratio of incorporated 2
and 3 is 1:9.9, close to the feed ratio, 9:1, corresponding to a
mass ratio of 13:12. The copolymer was able to undergo facile
depolymerization into a compostable short PLLA and a
tCBcCO-based fatty acid molecule (Figures S34 and S35), the

Figure 4. (a) Chemical structure of P3-b-P1 and (b) its SAXS profile
(at room temperature) indicating a lamellar morphology with a
domain spacing d = 2π/q* = 40.7 nm.

Figure 5. Depolymerization of P1 at [olefin] = 0.01 M in toluene at
50 °C with 1 mol % G2 overnight: (a) 1H NMR spectra (CDCl3) of 1
(top), P1 (middle), and depolymerization products of P1 (bottom);
(b) SEC-RI (DMF with 0.01 M LiBr) traces of 1 (red solid line), P1
(black solid line), and depolymerized P1 (blue dashed line).
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latter of which can be photochemically isomerized to its trans
analogue (Figure S17).
X-ray scattering was employed to gain further insight into

the morphological features (Figure S47). The presence of a
broad principal SAXS peak suggests microphase separation,
while the absence of higher-order peaks excludes well-ordered
structure (e.g., lamellar morphology). The domain spacing (17
nm) is similar to what was observed for brush random
copolymers with comparable graft length,27 supporting a
random instead of tapered/gradient copolymer composition,
which would result in a much larger domain spacing.48

Elevating the temperature to 180 °C significantly weakened
and broadened the SAXS peak due to disordering. By cooling
the sample to 38 °C, a narrower peak was found at the same q
value, suggesting that a stronger microphase separation was
recovered.44

Mechanical properties of the thermoplastic graft copolymer
were evaluated by uniaxial extension testing on dogbone
specimens prepared through compression molding at 170 °C.
Average values of the tensile properties were obtained from
four replicates: Young’s modulus (130 ± 18 MPa), yield stress
(4.4 ± 0.4 MPa), and stress at break (8.5 ± 0.3 MPa). These
values are comparable to those of low-density polyethylene:
Young’s modulus (280 ± 40 MPa), yield stress (8 ± 1 MPa),
and stress at break (10 ± 2 MPa MPa),49 suggesting the
potential of using tCBtCO-based graft copolymers as
sustainable thermoplastics. Shown in Figure 7b is a
representative stress−strain curve (more curves are shown in
Figure S48) of a dumbbell specimen extended at a cross-head
speed of 5 mm/min. The specimen underwent an initially
linear elastic deformation, followed by yielding and further
elongation until failure at three times its original length. The
ruptured specimen remained about twice its original length,
suggesting comparable portions of elastic and plastic
deformation.

■ CONCLUSIONS
The conflicting thermodynamic demand between grafting-
through and depolymerization is addressed using tCBtCO-
based macromonomers, in which the trans-cyclooctene enables
highly endergonic living polymerization for grafting-through
while the trans-cyclobutane fused ring makes depolymerization
favorable by reducing the ring strain energy of the cyclooctene.
The grafting-through of the tCBtCO-based macromonomers
represents a rare case where depolymerizable graft polymers
can be accessed while the size, functionality, and architecture
of the graft polymers can be precisely controlled. These
capabilities, along with the demonstrated mechanical testing,
make the tCBtCO graft copolymers promising candidates for
developing recyclable plastic materials with diverse properties.

Figure 6. Depolymerization kinetic study of P1 at [olefin] = 0.01 M
in toluene at 50 °C in the presence of 1 mol % G2: (a) SEC-RI (DMF
with 0.01 M LiBr) traces of aliquots drawn from the reaction mixture
at different times; (b) fractions of remaining P1 (black squares),
oligomers (red circles), MM (blue diamonds), and oligomers/
(oligomers + MM) (green triangles) as a function of depolymeriza-
tion time; (c) normalized Mn of P1 (Mn,t:Mn of the remaining P1
during depolymerization, Mn,0:Mn of the initial P1) (filled circles) and
Đ of the remaining P1 (hollow circles) as a function of
depolymerization percentage.

Figure 7. (a) Chemical structure of P2-stat-P3 and (b) a
representative stress−strain curve of a dumbbell specimen of P2-
stat-P3 under uniaxial extension. Inset: representative examples of
unstretched (left) and stretched (right) dumbbell specimens.
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