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ABSTRACT: This contribution presents the facile synthesis of a new carbon-backbone thermoplastic elastomer (TPE) with on-
demand degradability via one-step cationic copolymerization from biorenewable isobutyl vinyl ether (iBVE) and 2,3-dihydrofuran
(DHF) monomer mixtures. The utilization of imidodiphosphorimidate (IDPi), a strong organic Brønsted acid featuring a highly
sterically demanding chiral pocket, as a single-component organic catalyst is the key to this achievement, which can bias the
polymerization reactivity of comonomers, allow the copolymerization to proceed in a relatively controlled way, and render isotactic
enchainment for the iBVE comonomer. Accordingly, DHF exhibits a much faster polymerization rate than iBVE during the
copolymerization as opposed to their homopolymerizations (iBVE ≫ DHF), and a series of DHF/iBVE gradient copolymers with a
hard (DHF-rich)−soft (iBVE-rich)−hard (neat-isotactic PiBVE) structure have been conveniently synthesized using a one-step
approach. Structure−property evaluations reveal that the gradient copolymer, obtained by the copolymerization with a [DHF]0/
[iBVE]0 feed ratio of 2000:6000, possesses good thermal (Td = 309 °C, Tm ≈ 70 °C, Tg ≈ −16 to 30 °C) and elastomeric properties
(σB = 5.73 MPa, εB = 880%) and yet is capable of degrading in the presence of Fenton reagent, thus successfully constructs a new
carbon-backbone TPE with high performance and on-demand degradability for the first time from poly(vinyl ether)-based gradient
copolymers.

■ INTRODUCTION
Thermoplastic elastomers (TPEs) are essential polymeric
materials which generally display high elastomeric properties
like vulcanized rubbers in use but possess (re)processability
like plastics at high temperature.1−4 With a predicted annual
production of 5.55 million tons in 2026,5 TPEs can find wide
applications in electronic components, sporting goods, medical
devices, food containers, seals, etc. However, TPE materials are
facing two key challenges at present. First, thermoplastic
olefins (TPOs), acrylonitrile-butadiene rubbers (NBRs), and
styrenic block copolymers (SBCs) account for over 70% of
TPEs in the consumer market,6 but their inherently inert C−
C-bonded backbones make them resistant to degradation
which ultimately leads to the accumulation and persistence of
postconsumer wastes. To impart degradability to TPEs, recent
advances and studies have centered on the development of

TPEs with labile group-containing main chains (e.g., polyester-
based TPEs).7−13 Nevertheless, the labile groups in the main
chains generally bring about detrimental effects on the physical
properties and durability of the resultant polymers. Therefore,
the development of TPEs, which maintain all-carbon back-
bones for practical use yet possess on-demand degradability
under certain stimuli after end of life, provides an important
alternative but remains a rare instance. Second, the traditional
synthesis of TPEs usually relies on the sequential addition of
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comonomers to achieve block copolymers with microphase-
segregated structures. In sharp contrast, the direct and one-step
polymerization from one-pot comonomer mixtures to
synthesize TPEs exhibits practical and technological bene-
fits14−23 but remains a significant challenge.
Vinyl ethers and their cyclic analogues (e.g., 2,3-dihydrofur-

an, DHF) can be synthesized from biorenewable alcohols and
have been recognized as emerging bioderived monomers for
sustainable polymers.24−26 More importantly, recent reports
have demonstrated that the incorporation of vinyl ethers can
impart degradability to carbon-backbone polymers. For
example, Ouchi and co-workers achieved the degradation of
acrylate polymers by the utilization of vinyl ether comonomers
as the trigger whose pendant C−H bonds are active for
hydrogen atom transfer to generate backbone radicals for
degradation.27 Moreover, Fors et al. demonstrated poly(2,3-
dihydrofuran), produced from cationic polymerization of
DHF, as a strong thermoplastic that can undergo oxidative
degradation in the presence of Fenton reagent.26 Both notable
examples give a hint that vinyl ether and DHF are promising
monomers for constructing carbon-backbone TPEs with on-
demand degradability.
In this contribution, we aim at the one-step synthesis of

degradable TPEs with all-carbon backbones from vinyl ether
and DHF monomer mixtures (Scheme 1). To realize this goal,
we herein reason that the utilization of imidodiphosphor-
imidate (IDPi, Scheme 1),28,29 a strong organic Brønsted acid
(pKa ≤ 4.5 in MeCN) featuring a highly sterically demanding
chiral pocket, as the catalyst holds great potential, thanks to its

following benefits or advantages. First, an enzyme-like
“electrostatic lock-and-key” binding mode of counterions
derived from IDPi, which has shown capability for mediating
highly enantioselective transformations in the Hosomi−
Sakurai reaction,30 [4 + 2]-cycloaddition,31 and the Mukaiya-
ma−Michael reaction,32 might bias the reactivity of como-
nomers during one-step cationic polymerization to produce
TPEs with block or gradient sequence from vinyl ether and
DHF monomer mixtures. Second, IDPi has also been
demonstrated as a robust single-component organic catalyst
for the highly isotactic cationic polymerization of various alkyl
vinyl ethers. Compared to the corresponding amorphous
analogues, the resultant isotactic polar polymers show
enhanced performance with regard to their thermal and
mechanical properties comparable to that of commercial low-
density polyethylene.33,34 Therefore, the utilization of IDPi as
the catalyst would produce an isotactic vinyl ether segment or
block which should impart superior properties to high-
performance TPEs.
Herein, the investigation into the effect of IDPi structures on

copolymerization behaviors has led to the disclosure of IDPi-1
(Scheme 1) which can bias the polymerization reactivity of
isobutyl vinyl ether (iBVE) and DHF comonomers, allow the
copolymerization to proceed in a relatively controlled way, and
render isotactic enchainment for the iBVE comonomer.
Accordingly, a series of DHF/iBVE gradient copolymers with
a hard (DHF-rich)−soft (iBVE-rich)−hard (neat-isotactic
PiBVE) structure have been conveniently synthesized in a
one-step approach. The structure−property relationship of

Scheme 1. One-Step Synthesis of Carbon-Backbone TPEs with Gradient Sequence via Chiral IDPi-Mediated Cationic
Polymerization of DHF and iBVE Monomer Mixtures in This Work

Table 1. Representative Homopolymerization Results for IDPisa

run IDPi monomer time (h) temp. (°C) conv.b (%) Mn
c (kg/mol) Đc

1 1 DHF 24 −78 87 41.0 1.49
2 1 iBVE 0.167 −78 >99 153.5 1.09
3 1 DHF 0.5 −60 56 21.0 1.53
4 1 DHF 8 −60 >99 33.3 1.59
5 2 DHF 8 −60 >99 17.5 1.44
6 3 DHF 8 −60 >99 23.8 1.53
7 4 DHF 8 −60 94 12.4 1.88
8 5 DHF 8 −60 97 21.8 1.51
9 6 DHF 8 −60 38 18.8 1.36
10 7 DHF 8 −60 0

aPolymerization conditions: IDPi = 2 μmol, [monomer]0/[IDPi]0 = 1000:1, toluene as the solvent, Vtotal = 2 mL. bMonomer conversions were
determined by 1H NMR. cNumber-average molecular weight (Mn) and molecular-weight distribution (Đ = Mw/Mn) were determined by GPC
relative to PMMA standards in THF at 40 °C.
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these gradient copolymers has also been evaluated, affording a
new sustainable carbon-backbone TPE that is robust in use but
also on-demand degradable under certain stimuli after use.

■ RESULTS AND DISCUSSION
Cationic Copolymerization of DHF with iBVE by IDPis.

According to literature procedures,35,36 we synthesized a series
of chiral IDPis with different electronic nature and steric
hindrance (Scheme 1) through a facile one-pot reaction of
3,3′-substituted binaphthol derivatives with P(NTf)Cl3 and
homopolymerization of acyclic vinyl ethers by IDPis,33,34 while
their polymerization behaviors of cyclic analogues, as
represented by DHF, remain unknown yet. Therefore, before
the evaluation of one-pot sequence-controlled copolymeriza-
tion, we first investigated IDPi-mediated homopolymerization
of DHF, and the representative results are summarized in
Table 1. With a [DHF]0/[IDPi]0 ratio of 1000:1, IDPi-1 was
capable of polymerizing DHF at −78 °C without the addition
of a co-initiator or an activator (Table 1, run 1), indicating that
IDPi-1 can act as a single-component organic catalyst.
However, compared to rapid and quantitative polymerization
of iBVE (10 min, conv. >99%, Table 1, run 2), IDPi-1

exhibited much lower activity toward DHF polymerization
under similar conditions (24 h, conv. = 87%), presumably due
to a slower initiation process (vide infra) because of the
hindered addition reaction between the double bond of the
bulkier DHF monomer and the proton of sterically confined
IDPi. Notably, the polymerization significantly accelerated
when the reaction temperature was increased from −78 to −60
°C, where a monomer conversion of 56% can be achieved in
0.5 h and quantitative conversion was accomplished in 8 h
(Table 1, runs 3 and 4).
The screening of IDPi scope revealed that IDPi-1 is unique

in efficiently polymerizing DHFs into a relatively high-
molecular-weight (MW) polymer. The introduction of a
substituent in the para-position of the benzene ring (IDPi-
2−4, Table 1, runs 5−7) decreased the MW of the resultant
polymers, while the introduction of the substituents in the 3,5-
position of the benzene ring (IDPi-5−7, Table 1, runs 8−10)
led to low or no polymerization activity with reduced MWs.
Especially, IDPi-7 with two electron-withdrawing groups
(−CF3) in the 3,5-position was incapable of initiating DHF
polymerization.
Having established IDPi-1 as an efficient single-component

organic catalyst for DHF homopolymerization, one-pot

Table 2. Representative Copolymerization Results for IDPi-1a

run [DHF]0/[iBVE]0/[IDPi-1]0 time (min) conv.%b (DHF) conv.%b (iBVE) Mn,theo
c (kg/mol) Mn

d (kg/mol) Đd

1e 250:750:1 1440 97 41 47.8 44.2 1.33
2 250:750:1 150 >99 98 90.8 92.8 1.88
3 250:750:1 20 59 15 21.3 21.8 1.82
4 250:750:1 40 78 34 39.0 30.0 1.67
5 250:750:1 60 85 39 44.5 35.7 1.78
6 250:750:1 90 94 54 57.1 46.5 1.70
7 250:750:1 100 96 66 66.8 54.1 1.82
8 250:750:1 110 98 71 70.5 64.3 1.72
9 250:750:1 120 >99 80 77.6 67.9 1.75
10 500:500:1 10 46 12 22.1 25.8 1.38
11 500:500:1 30 62 20 31.7 29.6 1.40
12 500:500:1 60 83 41 49.6 38.9 1.45
13 500:500:1 90 96 63 65.2 53.4 1.46
14 500:500:1 180 >99 >99 84.3 61.8 1.52

aPolymerization conditions: IDPi-1 = 2 μmol, Vtotal = 2 mL, toluene as the solvent, Temp. = −60 °C. bMonomer conversions were determined by
1H NMR. cMn,theo = MW(DHF) × [DHF]0/[IDPi-1]0 × conv.(DHF)% × + MW(iBVE) × [iBVE]0/[IDPi-1]0 × conv.(iBVE)% + MW(−OMe).
dNumber-average molecular weight (Mn) and molecular-weight distribution (Đ = Mw/Mn) were determined by GPC relative to PMMA standards
in THF at 40 °C. eTemp. = −78 °C.

Figure 1. Kinetic analysis of DHF (A) and iBVE (B) during the copolymerization with a [DHF]0/[iBVE]0 feed ratio of 250:750 using IDPi-1 as the
catalyst.
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sequence-controlled copolymerization of iBVE and DHF by
IDPi-1 was subsequently investigated. With a [DHF]0/
[iBVE]0/[IDPi-1]0 ratio of 250:750:1, IDPi-1 was able to
convert 97% of DHF and 41% of iBVE into a copolymer within
24 h when the polymerization was carried out at −78 °C
(Table 2, run 1). Similar to the homopolymerization of DHF,
elevating the reaction temperature to −60 °C can notably
enhance the polymerization activity, in which quantitative
conversions of both DHF and iBVE were accomplished in 3 h
(Table 2, run 2).
To obtain monomer sequence of the copolymers, the kinetic

study of this copolymerization was performed (Table 2, runs
2−9). As depicted in Figure 1A, DHF conversion followed
first-order kinetics during the copolymerization with an
apparent rate constant (kobs) of 0.0305 min−1. Different from
that of DHF, the conversion of iBVE proceeded via two
reaction stages (Figure 1B). At the first stage, the kobs of iBVE
was determined to be 0.0085 min−1 in the presence of DHF.
After complete consumption of DHF, the conversion of iBVE
moved to the second stage, and its kobs significantly enhanced
to 0.0573 min−1, providing the PiBVE segment accordingly. It
is noteworthy that the polymerization rate of DHF was much
faster than that of iBVE during the first stage of
copolymerization, as opposed to their homopolymerizations
(iBVE ≫ DHF, vide supra). Moreover, it is also worth noting
that the polymerization rate of DHF in copolymerization was
much faster than that of DHF in homopolymerization (kobs =
0.0265 min−1, Figure S1), while the polymerization rate of
iBVE at both stages of copolymerization was much slower than
that of iBVE in homopolymerization (kobs > 0.0154 s−1, Figure
S2).
The observation of substantially different polymerization

rates of both DHF and iBVE between homopolymerization
and copolymerization in this work is very intriguing. We
speculated that, in homopolymerization, slower polymerization
of DHF relative to that of iBVE is presumably due to a slower
initiation process because of the hindered addition reaction
between the double bond of the bulkier DHF monomer and
the proton of sterically confined IDPi-1, though the
propagation process of DHF should be faster than that of
iBVE on account of its unique cyclic enol ether structure that
makes DHF more nucleophilic to carbocation active species
than linear iBVE. In the case of copolymerization, the presence
of iBVE can facilitate initiation through the rapid addition
reaction between IDPi-1 and iBVE, immediately producing
carbocation active species and IDPi-1 counterions for
subsequent propagation. Therefore, with the assistance of
iBVE in facilitating initiation, the polymerization rate of DHF
in copolymerization is accordingly higher than that of DHF in
homopolymerization. The identical facilitating initiation by
iBVE can also be observed in IDPi-1-mediated copolymeriza-
tion of iBVE and 3,4-dihydro-2H-pyran (DHP), a sterically
more hindered cyclic enol ether. In sharp contrast to the
inactive homopolymerization of DHP by IDPi-1 ([DHP]0/
[IDPi-1]0 = 1000:1, 24 h), DHP was able to be polymerized in
IDPi-1-mediated copolymerization of DHP and iBVE, despite
its relatively lower conversion of 30% in 16 h, affording a
copolymer with a Mn of 35.3 kg/mol and a Đ of 1.50
([DHP]0/[iBVE]0/[IDPi-1]0 = 250:750:1, conv.(iBVE) =
94%). In consideration of the inactive homopolymerization
of DHP, the propagation of DHP in copolymerization is
thereby speculated to be enabled by facilitating initiation of

iBVE. Moreover, stronger nucleophilicity of DHF relative to
that of iBVE results in the deceleration of iBVE polymerization.
Correspondingly, DHF tends to be preferentially polymerized
over iBVE, and the polymerization rate of iBVE in
copolymerization is much slower than its homopolymerization.
When changing the [DHF]0/[iBVE]0 feed ratio from

250:750 to 500:500, it was found that IDPi-1 also
preferentially polymerized DHF over iBVE (Table 2, runs
10−14). For example, DHF conversion quickly reached 46%
within 10 min, but in the meantime only 12% of iBVE was
converted. After 90 min, near-quantitative conversion of DHF
was achieved (96%), whereas 37% of iBVE still remained
unpolymerized which required another 90 min to completely
consume to afford a neat PiBVE segment. Identical to 250:750,
the copolymerization with a [DHF]0/[iBVE]0 feed ratio of
500:500 also showed a first-order reaction of DHF with a kobs
of 0.0429 min−1 and two reaction stages of iBVE with kobs
values of 0.0110 and 0.0418 min−1 (Figure S3), also revealing a
faster polymerization rate of DHF than iBVE and significant
acceleration of iBVE polymerization after complete consump-
tion of DHF.
Establishment of Gradient Sequence of the DHF/iBVE

Copolymer. On the basis of kinetic studies, copolymerizations
are speculated to produce a copolymer with gradient sequence
which consists of DHF-rich, iBVE-rich, and neat iBVE
segments. To exclude the formation of homopolymer mixtures,
diffusion-ordered spectroscopy (DOSY) was performed. As
shown in Figure 2, the resultant product obtained by IDPi-1-
mediated copolymerization only shows one diffusion coef-
ficient, in sharp contrast to homopolymer mixtures of PDHF
and PiBVE which exhibit two diffusion coefficients, clearly
demonstrating that a copolymer rather than homopolymer
mixtures was formed. In addition, GPC curves of all copolymer
samples produced during the copolymerizations under differ-
ent comonomer feed ratios ([DHF]0/[iBVE]0 = 250:750,
500:500) show relatively narrow and unimodal distributions,
which gradually shift to the higher MW region with increasing
monomer conversion (Figure 3), further confirming the
formation of true copolymers. Therefore, the kinetic studies
in combination of DOSY and GPC analyses unequivocally
demonstrate that DHF/iBVE copolymers with a gradient
sequence were produced.
Moreover, it is also important that IDPi-1 has good control

over MW, as evidenced by the observation of linear growth of
copolymer Mn with increasing monomer conversion (Figure
3). The sterically demanding chiral counterion derived from
IDPi-1 is proposed to stabilize the carbocation propagation
species via ion-pair interaction, thus effectively suppressing the
chain transfer and termination side reactions.37 Interestingly,
there is two-stage linear growth for the copolymerization at a
[DHF]0/[iBVE]0 feed ratio of 250:750 (Figure 3, top), while
the copolymerization at a [DHF]0/[iBVE]0 feed ratio of
500:500 shows one linear region (Figure 3, bottom). Such
difference should be caused by the MW difference between
two monomers [100 (iBVE) vs 70 (DHF) g/mol] as well as an
excess of iBVE in feed in the former copolymerization, which
led to a longer length of the neat PiBVE segment after
complete consumption of DHF. As a result, the switch from
mainly DHF conversion to (near) neat iBVE conversion in the
former copolymerization brings about the significant increase
of MW, thus resulting in two linear regimes in the Mn vs
conversion plot.
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To provide further evidence for the formation of gradient
copolymers, the reactivity ratios of DHF and iBVE in IDPi-1-
mediated copolymerizations were determined by the Meyer−
Lowry method. Different from the conventional Fineman−
Ross or Kelen−Tüdös method which is only valid at a low
monomer conversion (approximately 5−10%), the Meyer−
Lowry model can be calculated from kinetic polymerization
data that span the full range of conversion.38−42 Considering
that a given copolymerization at low monomer conversion may
not reach a steady-state concentration of the growing polymer
and may not yet consume enough monomer to present a
statistically meaningful and representative result, the Meyer−
Lowry model is thus a more suitable method to determine the
reactivity ratios of gradient copolymerizations. Accordingly, as
shown in Tables S1−S2 and Figures S4−S5, the reactivity
ratios of DHF and iBVE in the copolymerizations with
different comonomer feed ratios were calculated to be 9.60 and
0.51 ([DHF]0/[iBVE]0 = 250:750) as well as 6.32 and 0.62
([DHF]0/[iBVE]0 = 500:500). These values fit well with the
gradient copolymerization behavior of rDHF > 1>riBVE.

38

Structure−Property Relationship and Degradation
Behavior of DHF/iBVE Gradient Copolymers. To provide
sufficient material for structure−property evaluations, copoly-
merizations with different [DHF]0/[iBVE]0 feed ratios were
scaled up, and multigram quantities of gradient copolymers
with high MWs (167−547 kg/mol) were obtained (Table 3
and Figure S6). Microstructures of these copolymers as well as

of PDHF and PiBVE homopolymers were analyzed by 13C
NMR. As shown in Figures 4 and S7, IDPi-1-catalyzed
homopolymerization of DHF at −60 °C yielded PDHF with
cis- and trans-structures in a ratio of ca. 42:58. The glass-
transition temperature of resultant PDHF (Tg = 140 °C), as
examined by differential scanning calorimetry (DSC, Figure 5),
is slightly higher than that produced by an organic acid of
pentakis-(methoxycarbonyl)cyclopentadiene at room temper-
ature reported by Fors et al. (Tg = 131 °C).26 Moreover, 13C
NMR analysis reveals that PiBVE produced by IDPi-1 at −78
°C has relatively high isotacticity with an m value of 85%
(Figures 4 and S8), identical to that of previous report (m =
88%).34 Accordingly, despite the low degree of crystallinity, the
resultant isotactic PiBVE possesses a melting temperature (Tm)
of 86 °C together with a low Tg value of −19 °C (Figure 5).
It is noteworthy that the copolymerization of iBVE with

DHF by IDPi-1 at −60 °C only slightly decreased the
isospecificity of iBVE, affording PiBVE segments with m values
in the range of 78−83% (Figures 4 and S9−S13). DSC curves
for the first-heating scans of these gradient copolymers display
melting temperatures (Tms) of ∼70 °C (Figure S14), which
should correspond to isotactic PiBVE segments that would
behave as a hard block for thermoplastic elastomers (TPEs).
Wide-angle X-ray diffraction (WAXD) patterns (Figures 5 and
S15) reveal that the characteristic diffraction peaks of gradient

Figure 2. DOSY NMR spectra of the polymer product obtained by
IDPi-1-mediated copolymerization with a [DHF]0/[iBVE]0 feed ratio
of 250:750 (A) and homopolymer mixtures of PDHF and PiBVE (B).

Figure 3. Plots of Mn and Đ for the copolymer vs iBVE conversion
(%) and insets are GPC curves for the copolymers produced at
different iBVE conversions (Table 2): (top) [DHF]0/[iBVE]0 =
250:750; (bottom) [DHF]0/[iBVE]0 = 500:500.
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copolymers appear at 2θ values of 9.16, 10.80, 18.60, and
21.00°, similar to those of isotactic PiBVE homopolymers (2θ:
9.06, 10.78, 18.42, and 21.02°) but in sharp contrast to broad
diffraction signals at 12.80 and 19.30° in amorphous PDHF,
further confirming the semicrystalline characteristic of PiBVE

segments in gradient copolymers. However, in the second-
heating scan, gradient copolymers become amorphous by
showing only Tgs. Interestingly, it is found that, except
PDHF4000-PiBVE4000 that exhibits a single Tg of −10 °C, broad
Tg ranges are observed for gradient copolymers by displaying
onset temperatures of ca. −14 to −20 °C and terminal
temperatures of 13−83 °C (Figure 5). The onset temperature
presumably corresponds to the PiBVE segment as it is close to
the Tg value of the PiBVE homopolymer, whereas the terminal
temperature enhances with increasing DHF content which
thus should be related to the DHF-rich segment that would
also behave as a hard block for TPE. The observation of a
broad Tg range in DHF/iBVE copolymers, significantly
different from those of random (single Tg) or block (generally
independent Tgs and/or Tms corresponding to homopolymer
blocks) copolymers, provides further evidence for their
gradient structures. Moreover, according to the above kinetic
studies, the middle segments of these gradient copolymers are
presumably attributed to iBVE-rich segments. Because of the
disruption of the crystallization of PiBVE by DHF, iBVE-rich
segments are amorphous and exhibit Tg values below RT,
which would act as soft blocks for TPE.
Having established the iBVE/DHF gradient copolymer

possessing a hard (DHF-rich)−soft (iBVE-rich)−hard (neat-
PiBVE) structure, their potential as the TPE was evaluated by
tensile tests. As shown in Figure 6A and Table 3, it is found
that the tensile properties of gradient copolymers highly
depend on the polymer composition. For example, the
PDHF800-PiBVE7200 copolymer serves as a TPE by displaying

Table 3. Gradient Copolymer Samples with High MWs for Physical Property Measurementsa

sample [DHF]0/[iBVE]0/[IDPi-1]0 Mn
b (kg/mol) Đb mc (%) σB

d (MPa) εBd (%)

PDHF800-PiBVE7200 800:7200:1 547.3 1.67 78 1.71 1700
PDHF1600-PiBVE6400 1600:6400:1 339.3 1.89 78 3.31 1200
PDHF2000-PiBVE6000 2000:6000:1 296.4 2.05 81 5.73 880
PDHF2400-PiBVE5600 2400:5600:1 291.7 2.15 81 6.36 590
PDHF4000-PiBVE4000 4000:4000:1 167.3 1.98 83 37.1 5

aPolymerization conditions: IDPi-1 = 2 μmol, Vtotal = 12 mL, toluene as the solvent, Temp. = −60 °C, conv.(DHF)% = conv.(iBVE)% > 99% in 24
h. bNumber-average molecular weight (Mn) and molecular-weight distribution (Đ = Mw/Mn) were determined by GPC relative to PMMA
standards in THF at 40 °C. cIsotacticity (diad distribution) determined by quantitative 13C NMR spectroscopy. dTensile strength (σB) and
elongation at break (εB) determined by the tensile test using a cross-head rate of 50 mm/min.

Figure 4. Overlap of quantitative 13C NMR spectra of isotactic PiBVE
(bottom, Table 1, run 2), PDHF (top, Table 1, run 4), and gradient
copolymer of PDHF4000-PiBVE4000 (middle, Table 3).

Figure 5. (Left) Overlay of second-heating-scan DSC curves of PDHF (Table 1, run 4), isotactic PiBVE (Table 1, run 2), and gradient copolymers
(samples 1−5 correspond to PDHF800-PiBVE7200, PDHF1600-PiBVE6400, PDHF2000-PiBVE6000, PDHF2400-PiBVE5600, and PDHF4000-PiBVE4000,
respectively); (right) overlay of WXRD profiles of isotactic PiBVE, PDHF, and PDHF800-PiBVE7200 gradient copolymers.
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a very high elongation at break (εB) of 1700% without yield
point, in sharp contrast to isotactic PiBVE43,44 and PDHF26

homopolymers which behave as a strong and/or tough
thermoplastic. However, this copolymer exhibits a low tensile
strength (σB) of 1.71 MPa, presumably due to the short length
of the DHF-rich hard block. With an increase of the DHF
amount in the feed from a [DHF]0/[iBVE]0 ratio of 800:7200
to 2400:5600, the resultant copolymers also behave as the
TPEs with σB being gradually enhanced from 1.71 to 3.31,
5.73, and 6.36 MPa because of the increased length of the
DHF-rich hard block, though εB decreased from 1700% to
1200%, 880%, and 590%, respectively. Interestingly, when the
DHF amount was further increased in the feed with a [DHF]0/
[iBVE]0 ratio of 4000:4000, a shift from a TPE to a hard and
brittle thermoplastic was observed. As shown in Figure S16,
the resultant PDHF4000-PiBVE4000 copolymer exhibits a high σB
of 37.1 MPa but very low εB of only 5%, presumably on
account of the short length of the iBVE-rich soft block. It is
worth noting that a fine balance between σB (5.73 MPa) and εB
(880%) has been achieved for the PDHF2000-PiBVE6000
copolymer because of reasonable lengths of both soft and
hard blocks. Remarkably, this gradient copolymer is a new
high-performance TPE, the tensile property of which is
superior to those of the PDHF-b-atactic PiBVE-b-PDHF
triblock copolymer analogue (σB = 4.30 MPa, εB = 570%)25

and a poly(vinyl ether)-based block copolymer (σB = 4.85
MPa, εB = 475%)45,46 reported previously and also in good

competition with those of unfilled vulcanized acrylonitrile-
butadiene rubber (NBR, σB: 3−7 MPa, εB: 350−800%).47

So far, reports on the utilization of gradient copolymers for
TPEs are very rare48−51 due to their generally inferior
mechanical properties compared to their block copolymer
analogues, which is presumably due to the relatively higher
compatibility between different segments in gradient copoly-
mers that results in more difficult microphase separation. In
addition, to our knowledge, the synthesis of poly(vinyl ether)-
based gradient copolymers via cationic copolymerizations for
TPE application has not been reported yet. In this work, the
utilization of IDPi-1 not only realizes the one-step synthesis of
TPEs via cationic copolymerization from monomer mixtures
but also successfully constructs a high-performance TPE for
the first time from poly(vinyl ether)-based gradient copoly-
mers.
It is worth mentioning that the copolymerization of iBVE

and DHF by a strong organic Brønsted acid HNTf2 also
produced the gradient copolymer [Table S3, 20 min: conv.
(DHF) = 51%, conv.(iBVE) = 23%; 90 min: conv.(DHF) =
94%, conv.(iBVE) = 64%], despite its relatively lower gradient
degree than IDPi-1-mediated copolymerization [Table 2: 20
min: conv.(DHF) = 59%, conv.(iBVE) = 15%; 90 min: conv.
(DHF) = 94%, conv.(iBVE) = 54%]. Although both are
gradient copolymers, the mechanical property of PDHF2000-
PiBVE6000 with a hard (DHF-rich)−soft (iBVE-rich)−hard
(isotactic-PiBVE) structure obtained by IDPi-1 is superior to

Figure 6. (A) Representative stress−strain curves of gradient copolymers; (B) TGA curves of PDHF, isotactic PiBVE, and PDHF2000-PiBVE6000;
(C) monitoring the variation of Mns of isotactic PiBVE and PDHF2000-PiBVE6000 during the degradation process. Plots of Mn of PDHF degradation
product vs time are reported by Fors and co-workers,26 which are provided for comparison; (D) GPC curves of degradation products of PDHF2000-
PiBVE6000 at different degradation times.
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that of the gradient copolymer with a DHF-rich (hard)−iBVE-
rich (soft)−atactic-PiBVE (soft) structure produced by HNTf2
[σB = 2.83 MPa, εB = 824%, m (iBVE) = 70%, Mn = 313.6 kg/
mol, Đ = 1.68, Figure S17]. This result clearly demonstrates
that isotactic PiBVE hard segments, rendered by the sterically
demanding chiral counterion derived from IDPi-1, are crucial
to achieve enhanced mechanical property of the PDHF2000-
PiBVE6000 gradient copolymer, which might have originated
from the favored microphase separation (Figure S18).
Thanks to all-carbon backbones, the PDHF2000-PiBVE6000

TPE has been demonstrated to have high thermal stability, as
indicated by a high onset degradation temperature (Td, defined
by the temperatures of 5% weight loss) of 309 °C in thermal
gravimetric analysis (TGA, Figure 6B). This Td value is
identical to that of isotactic PiBVE (316 °C) but 40 °C lower
than that of PDHF (349 °C). Remarkably, in sharp contrast to
the conventional carbon-backbone polymers that are generally
resistant to degradation, DHF/iBVE gradient copolymers
obtained in this study are capable of degradation under certain
external stimuli. In the presence of Fenton reagent comprising
hydrogen peroxide and divalent iron salt [(NH4)2Fe(SO4)2·
6H2O], which has shown to have the ability to trigger an
accelerated oxidative degradation of PDHF, as established by
Fors and co-workers,26 fast degradation of PDHF2000-
PiBVE6000 was achieved in first 1 h, where a significant
decrease of Mn from 296.4 to 32.8 kg/mol was observed
without any detectable residual polymers (Table S4 and Figure
6C,D). After that, the degradation became slow in which Mn
gradually reduced to 5.3 kg/mol within 24 h, and further
extending the degradation time to 168 h led to a decrease of
Mn to 1.8 kg/mol. The analysis of the resultant degradation
product by NMR (Figures S19 and S20) confirmed that the
degradation follows the same oxidative mechanism as PDHF
degradation,26 as the observation of the characteristic signals of
carboxylic acid at 9.75 ppm and aldehyde at 8.75 ppm in the
1H NMR spectrum as well as > C�O at 176.7 ppm in the 13C
NMR spectrum. Switching to the PDHF1600-PiBVE6400 gradient
copolymer, similar degradation kinetics was observed, and its
Mn can finally reduce to 1.6 kg/mol in 168 h (Table S4 and
Figure S21). It was found that, under the same conditions, the
degradation rate of DHF/iBVE gradient copolymers is slower
than that of the PDHF homopolymer in which the decrease of
Mn to 1.9 kg/mol was accomplished within 48 h (Figure 6C
and Table S4).26 Moreover, DHF/iBVE gradient copolymers
and the PDHF homopolymer all exhibited much faster
degradation rates than that of the isotactic PiBVE homopol-
ymer (Table S4 and Figure 6C), indicating that the existence
of the DHF unit in the polymer can significantly accelerate the
degradation. It is speculated that the hydrogen atom transfer
(HAT) process, triggered by oxidizing hydroxyl radical species
generated by Fenton reagent, is much more readily for the
cyclic DHF unit than for the linear iBVE unit.

■ CONCLUSIONS
In summary, the facile synthesis of carbon-backbone TPEs has
been established in this work via a one-step cationic
copolymerization from biorenewable iBVE and DHF monomer
mixtures. By utilization of a strong organic Brønsted acid IDPi-
1 as the single-component organic catalyst, the polymerization
rate of DHF is much faster than that of iBVE during the
copolymerization as opposed to their homopolymerization
rates (iBVE ≫ DHF), presumably due to facilitating initiation
by iBVE. Accordingly, DHF/iBVE gradient copolymers

consisting of DHF-rich, iBVE-rich, and neat-PiBVE segments
have been conveniently synthesized in a one-step approach.
Moreover, the sterically demanding chiral counterion derived
from IDPi-1 not only allows the copolymerization to proceed
in a relatively controlled way presumably due to the
stabilization of carbocation propagation species via ion-pair
interaction but also renders isotactic PiBVE segments to afford
a hard−soft−hard structure for high-performance TPEs.
Finally, PDHF2000-PiBVE6000 has been demonstrated to possess
good thermal (Td = 309 °C, Tm ≈ 70 °C, Tg ≈ −16 to 30 °C)
and elastomeric properties (σB = 5.73 MPa, εB = 880%) yet
capable of degrading in the presence of Fenton reagent, thus
successfully affording a new carbon-backbone TPE with high
performance and on-demand degradability for the first time
from poly(vinyl ether)-based gradient copolymers. Optimiza-
tion of the IDPi catalyst for achieving more precise control on
monomer sequence as well as the conversion of oligomeric
degradation products into recyclable building blocks are
currently underway.
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