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ABSTRACT: Biomass-derived polymer materials are emerging as sustainable and low carbon-footprint alternatives to the 
current petroleum-based commodity plastics. In the past decade, ring-opening metathesis polymerization (ROMP) technique 
has been widely used for the polymerization of cyclic olefin monomers derived from bio-renewable resources, giving rise to 
a diverse set of bio-based polymer materials. However, most of synthetic bio-based polymers made by ROMP are non-de-
gradable because of their all-carbon backbones. Herein, we present a modular synthetic strategy to acid-degradable poly(enol 
ether)s via ring-opening metathesis copolymerization of bio-renewable oxanorbornenes and 3,4-dihydropyran (DHP). 1H 
NMR analysis reveals that the percentage of DHP units in the resulting copolymers gradually increases as the feed ratio of 
DHP to oxanorbornene increases. The composition of copolymers plays a pivotal role in governing their thermal properties. 
Thermogravimetric analysis shows that an increasing percentage of DHP results in a decrease in the decomposition temper-
atures, suggesting that the incorporation of enol ether groups in the polymer backbone reduces the thermal stability of co-
polymers. Moreover, a wide range of glass transition temperatures (16-165 °C) can be achieved by tuning the copolymer 
composition and oxanorbornene structure. Critically, all the poly(enol ether)s developed in this study are degradable under 
mildly acidic conditions. A higher incorporation of DHP in the copolymer leads to an enhanced degradability, as evidenced by 
smaller final degradation products. Altogether, this study provides a facile approach for synthesizing bio-renewable and de-
gradable polymer materials with highly tunable thermal properties desired for their potential industrial applications. 
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1. Introduction 
Synthetic polymers have infiltrated almost every aspect of 
our modern life, reaching a staggering production level of 
more than 400 million metric tons in 2022.1 They are ubiq-
uitous in a broad spectrum of applications, spanning from 
industrial materials (e.g., packaging, coating, and adhesives) 
to high value-added products such as drug delivery systems 
and organic batteries.2-3 Nevertheless, the vast majority (> 
99%) of commodity polymers are prepared from petro-
leum-based feedstocks, which are finite and nonrenewa-
ble.4 Moreover, traditional petroleum-based polymers gen-
erate high greenhouse gas emissions stemming from their 
production and conversion from fossil fuels.5 In view of this, 
it is imperative to find a sustainable and low carbon-foot-
print resource to replace petroleum for polymer production 
in the near future. 
    In pursuit of next-generation polymers with carbon neu-
trality and reduced dependence on petroleum supply, re-
searchers have recently turned their attention to biomass 
feedstocks, especially those based on plants.6 The global 
land-based biomass production by agriculture and forestry 
is estimated at 11.9 billion metric tons per year, making it 
an abundant and renewable resource for energy and chem-
icals.7 In addition, plants are able to capture carbon dioxide 
through photosynthesis while growing, offsetting the car-
bon emissions of bio-based polymers during their manufac-
turing and combustion after their usage life.8 
    The recent applications of controlled polymerization 
techniques in biomass resources have unlocked the access 
to a library of well-defined biomass-derived polymers with 
novel structures, predetermined molecular weights, and 

desired properties.6, 9 In this emerging direction, biomass-
derived small molecules are incorporated with a polymer-
izable functionality that allows them to polymerize via a 
specific controlled polymerization mechanism such as re-
versible-deactivation radical polymerization,10-13 cationic 
ring-opening polymerization,14-17 and ring-opening metath-
esis polymerization (ROMP).18-30 Among those polymeriza-
tion techniques, ROMP has received an increasing interest 
in producing bio-based polymers due to its excellent func-
tional group compatibility and high tolerance to air and wa-
ter.31 To date, a variety of biomass-derived feedstocks, in-
cluding apopinene,18 δ-pinene,20-21 terpenoid,19 rosin,22 lig-
nin,23 fatty acid,24 levoglucosenone,25, 29 sinapic acids,27 ita-
conic anhydride,26 vanillin,28 and d-glucose,30   have been 
transformed into synthetic polymers by ROMP method. De-
spite the significant progress in ROMP synthesis of biomass-
derived polymers, most of those polymers have non-de-
gradable all-carbon backbones, which raise concerns in 
their long-term environmental impacts.  

Cyclic enol ethers such as five-membered 2,3-dihydrofu-
ran (DHF) have recently emerged as a new class of bio-de-
rived and commercially available monomers for ROMP.32 In 
particular, ring-opening metathesis copolymerization of 
2,3-dihydrofuran and different comonomers have given rise 
to a diverse set of poly(enol ether)s that are hydrolysable 
under acidic conditions.33-38 3,4-dihydropyran (DHP) can be 
produced by dehydration reaction of bioderived tetrahy-
drofurfuryl alcohol.39 Compared to the popular 2,3-dihydro-
furan, the six-membered DHP remains rarely explored in 
ROMP synthesis mainly due to its negligible ring strain en-
ergy (RSE) that render the polymerization  



 

 
Figure 1. Modular synthesis of biomass-derived and acid-degradable poly(enol ether)s via ring-opening metathesis copoly-
merization of 3,4-dihydropyran (DHP) and exo-oxanorbornenes (M1-M3). 

Table 1. ROMP copolymers of DHP and oxanorbornenes (ONB) 

 
aMonomer conversions of ONB monomers were determined by 1H NMR analysis. bThe incorporation ratios of ONB to DHP 
were determined by 1H NMR analysis. cThe molecular weight and polydispersity of copolymers were assessed by DMF-SEC 
with polystyrene standards. dThose polymers were insoluble in DMF for SEC characterization.

thermodynamically unfavorable. In this study, we system-
atically investigate the copolymerization behavior of DHP 
and various exo-oxanorbornene monomers (M1-M3) under 
standard ROMP conditions (Figure 1). It was observed that 
a large excess of DHP was required to achieve a high incor-
poration of DHP units in the copolymers. By varying the feed 
ratio of DHP to oxanorbornene monomers, we obtained a 
series of poly(enol ether)s with different degrees of DHP in-
corporation. Thermogravimetric analysis (TGA) revealed 
that the thermal stability of poly(enol ether)s gradually de-
creased as the incorporation of DHP increased. In addition, 
the resulting poly(enol ether)s exhibit highly tunable glass 
transition temperatures (Tg) ranging from 16 to 165 °C, 

which are governed by the copolymer composition and ox-
anorbornene structure. Degradation study further showed 
that all the poly(enol ether)s were capable of undergoing 
acid-promoted degradation, highlighting their potential as 
bio-renewable and stimuli-responsive polymer materials. 

2. Experimental Section 

2.1. Materials. Furan (99%), maleic anhydride (99%), 
ethyl vinyl ether (98%), sulfuric acid (95-98%), anhy-
drous methanol (99.9%), anhydrous ethanol (99.5%),  



 

 
 

Figure 2. (a) 1H NMR spectrum of P1a. The incorporation ratio of DHP to M1 was determined by comparing the signal 
integrations for enol ether vinyl protons (l) and M1 methine protons (c, c’, f, f’). (b) SEC traces of P1-series copolymers. 
(c) Incorporation percentage of DHP as a function of the feed ratio of DHP to M1. (d) Incorporation percentage of DHP 
as a function of the feed ratio of DHP to M2. (e) Incorporation percentage of DHP as a function of the feed ratio of DHP 
to M3.

tetrahydrofuran (THF, 99%), and dichloromethane 
(DCM, 99%) were purchased from Fisher Scientific and 
used without purification. 3,4-Dihydropyran (DHP, 
97%), methylamine (2.0 M in methanol) and Grubbs sec-
ond generation catalyst (G2) were purchased from Sigma 
Aldrich and used as received. Oxanorbornene monomers 
(M1-M3) were synthesized according to our previous 
study.33 
    2.2. Computational Study. The ring strain energy of 
DHP was calculated by density functional theory (DFT) 
using Spartan software. Geometry optimizations and en-
ergy calculations were performed at the B3LYP/6-31 
g(d) level of theory. The change of enthalpy or heat of 
formation (ΔH) was estimated as the enthalpy difference 
between the enthalpy of the ring-opened DHP and the to-
tal enthalpy of the isolated reactants (DHP + ethylene). 
    2.3. Instruments. 1H NMR spectra were recorded on a 
Bruker spectrometer (400 MHz) in CDCl3. Chemical 
shifts are given in ppm downfield from tetramethylsilane 
(TMS). The molecular weights of synthetic polymers and 
their degradation products were examined by a size ex-
clusion chromatography (SEC) system (TOSOH EcoSEC 
HLC-8320) equipped with a set of Phenomenex Phenogel 
5μ, 1K-75K, 300 x 7.80 mm in series with a Phenomex 
Phenogel 5μ, 10K-1000K, 300 x 7.80 mm columns 

following a guard column and two detectors including a 
RI detector and a UV detector. The measurements were 
performed using HPLC-grade DMF as the eluent at a flow 
rate of 0.5 mL/min at 35 °C and a series of polystyrene 
standards for the calibration of the columns. Differential 
scanning calorimetry (DSC) measurements were per-
formed using a Guangdong Newgoer DSC-300C system 
under a nitrogen gas flow (100 mL/min). Two thermal 
cycles (-20 to 200 °C) with heating and cooling rates of 
10 °C/min were performed. Glass transition tempera-
tures were obtained from the second heating scan after 
removing the thermal history of polymers. Thermograv-
imetric analysis (TGA) was performed using a TA SDT 
Q600 system under a nitrogen gas flow (100 mL/min) 
with a heating rate of 10 °C/min. The temperature range 
for the analysis extended from ambient temperature to 
650 °C. 

2.4. Representative Synthesis of Poly(enol ether)s. 
In a typical procedure for the synthesis of P1a, M1 (95.5 
mg, 0.47 mmol, 60 equiv.) and DHP (2.05 mL, 3000 
equiv.) were dissolved in THF (1.5 mL) and then de-
gassed by argon. Separately, a solution containing cata-
lyst G2 (6.4 mg, 0.0075 mmol, 1.0 equiv.) and degassed 
THF (0.5 mL) was prepared, and then quickly added to  



 

 
 

Figure 3. (a) TGA thermograms of P1 copolymers. (b) Decomposition temperature of P1 copolymers as a function of 
DHP incorporation. (c) TGA thermograms of P2 copolymers. (d) TGA thermograms of P3 copolymers.

the monomer solution. The reaction mixture was stirred 
for 3 h at room temperature. The polymerization was 
quenched with excess ethyl vinyl ether (80 µL, 0.85 
mmol, 110 equiv.) and precipitated into cold methanol to 
obtain P1a. 

2.5. Acid-Promoted Degradation of Poly(enol 
ether)s. In a typical protocol for polymer degradation, 
20 μL of 1 M HCl aqueous solution was added into 980 μL 
of polymer solution in DMF (10 mg/mL). The resulting 
solution was analyzed using DMF-SEC at specified time 
intervals. 

3. Results and Discussion 

    3.1. ROMP Synthesis of Poly(enol ether)s. We began 
our study by evaluating the ROMP reactivity of DHP 
monomer. According to DFT calculation, DHP has a RSE 
of 0.15 kcal/mol which is even smaller than that of cyclo-
hexene (0.92 kcal/mol40) (Figure S1). In light of this, we 
reasoned that ring-opening of DHP would be thermody-
namically disfavored under normal ROMP conditions. 
The computational analysis is in good agreement with 
our previous work which showed that DHP did not un-
dergo bulk polymerization using Grubbs second genera-
tion catalyst (G2) at room temperature.33  

While homopolymerization of DHP was not feasible, 
copolymerization of DHP with suitable comonomers 
would kinetically trap ring-opened DHP units in the 
propagating chains, leading to alternating dyads along 
the polymer backbone.33, 36 Inspired by a recent work on 

the alternating ROMP of oxanorbornenes and cyclohex-
ene,41 we chose oxanorbornene derivatives as the 
comonomers to pair with DHP for the copolymerization 
study (Figure 1). It is worthy to mention that oxanor-
bornene monomers can be synthesized by the 100% 
atom economy Diels-Alder reaction between bio-derived 
furan and maleic anhydride, rendering the proposed 
DHP-oxanorbornene copolymers fully biomass-based. 

In our previous study, we have demonstrated a proof-
of-concept experiment on the copolymerization of M1 
and DHP in the presence of G2.33 Harnessing the same 
protocol, we resynthesized P1a that showed a similar 
molecular weight and DHP incorporation compared to 
the one reported by our previous work.33 A library of co-
polymers of M1 and DHP was further prepared (Table 1, 
P1a-P1e). Considering the low ROMP reactivity of DHP, 
a large excess of DHP was used to enhance the incorpo-
ration of DHP units in the copolymers. A series of feed 
ratios of DHP to M1 was explored to target various com-
positions of copolymers. In all cases, high conversion (> 
95%) of M1 was observed after three hours. As the feed 
ratio of DHP to M1 increased from 188:60 to 3000:60, 
the incorporation ratio of DHP to M1 increased from 
16:100 to 74:100 in the resulting P1 copolymers (Fig-
ures 2a, 2c and S2). Notably, the ratio of M1 to G2 was 
set to 60:1 for all the P1 copolymers, achieving copoly-
mers with similar molecular weights ranging from 16.8 
to 32.4 kDa (Figure 2b and Table 1, P1a-P1e). The high 
molecular weight shoulders and broad molecular weight  



 

 

 
 

Figure 4. (a) DSC thermograms of P1 copolymers. Tg values were determined by the midpoint of the sigmoidal change 
in the heat capacity. (b) Glass transition temperature of P1 copolymers as a function of DHP incorporation. (c) DSC 
thermograms of P3 copolymers. (d) Glass transition temperatures of P1a, P2a, and P3a. 

 
Figure 5. Schematic illustration of acid-promoted degradation of poly(enol ether)s based on DHP and oxanorbornenes.

distributions (Ɖ = 1.4-1.6) of P1 copolymers can be at-
tributed to the competing secondary metathesis or chain 
transfer reactions, which are common for less hindered 
polyolefin backbones.42  

Compared with the DHF-M1 copolymers developed in 
our previous work,33 the DHP-M1 copolymers have 
broader molecular weight distributions, suggesting a rel-
atively poorer control over the polymerization. Moreo-
ver, a large excess of DHP monomers was required to 
achieve a high DHP incorporation into the copolymer, 
confirming its significantly lower ROMP reactivity than 
that of DHF. 

    To assess the versatility of this synthetic approach, two 
other oxanorbornene monomers including M2 and M3 
were copolymerized with DHP, generating a library of P2 
and P3 copolymers with different compositions (Table 
1, P2a-P2c and P3a-P3c). Similar to P1 copolymers, the 
DHP incorporation in P2 and P3 copolymers gradually 
increased with an increasing feed ratio of DHP to M2 or 
M3 (Figures 2d, 2e, and S3-S4). A near quantitative con-
version of M2 was achieved in the synthesis of P2-series 
copolymers. However, the copolymerization of DHP and 
imide-bearing M3 monomer was characterized with rel-
atively low monomer conversions (34-56%) after 12 h, 



 

resulting in P3 copolymers with low molecular weights 
(7.2-10.8 kDa) and broad molecular weight distributions 
(Figure S5). This can be attributed to the inherent low 
ROMP reactivity of imide-functional oxanorbornenes as 
described in a previous study.34 

3.2. Thermal Properties of Poly(enol ether)s. To 
evaluate the industrial potential of as-synthesized poly-
mer materials, we further investigated their thermal 
properties. Thermogravimetric analysis (TGA) was em-
ployed to determine the thermal stability of copolymers 
including P1-P3 (Table 1 and Figure 3). As shown in 

TGA thermograms, all the copolymers exhibited high de-
composition temperatures (Td at 5% weight loss) of at 
least 275 °C, demonstrating their excellent thermal sta-
bility. In the case of P1 series, the decomposition temper-
ature gradually decreased from 340.3 to 302.2 °C as the 
incorporation ratio of DHP to M1 increased (Figure 3a 
and 3b). This result suggests that the incorporation of 
enol ether groups in the polyolefin backbone would re-
duce the thermal stability of copolymers. Nevertheless, 
the Td of P1 copolymers remains above 300 °C even at 
the highest incorporation ratio of DHP to M1 (74:100). A

 
Figure 6. (a) SEC traces of P1a as a function of degradation time. The concentrations of HCl and water in DMF are 0.02 
and 1.1 M, respectively. (b) SEC traces of P2a as a function of degradation time. The concentrations of HCl and water in 
DMF are 0.02 and 1.1 M, respectively. (c) 1H NMR spectra of pristine P2a and fully degraded P2a. 

 
Figure 7. (a) SEC traces of final degradation products for P1a, P1b, P1c, P1d, and P1e. (b) The number-average molec-
ular weights of degraded products for P1-series copolymers.



 

similar relationship between the Td and DHP incorpora-
tion was also observed in P2 and P3 copolymers (Fig-
ures 3c, 3d, and S6-S7). 

Differential scanning calorimetry (DSC) further re-
vealed the glass-transition temperatures (Tg) of 
poly(enol ether)s (Figure 4). It was observed that the 
composition of copolymers played an important role in 
their Tg. As the incorporation of DHP increased, the glass 
transition temperature of copolymers decreased (Fig-
ures 4a-4c and S8-S9). This phenomenon can be at-
tributed to the more flexible structure of ring-opened 
DHP in comparison with that of ring-opened oxanor-
bornenes. Moreover, the Tg values varied significantly by 
changing the side-chain functionalities on oxanor-
bornene monomers. Specifically, P2a bearing the flexible 
ethyl ester groups shows a Tg of 16.7 °C, which is mark-
edly lower than that of P3a with a rigid imide structure 
(Tg = 97 °C) (Figure 4d). The ability to tune the glass 
transition temperatures in a wide range (16.7-165 °C) 
provides rich opportunities for the industrial applica-
tions of those copolymer materials from elastomers to 
plastics. 

3.3. Acid-Triggered Degradation of Poly(enol 
ether)s. Poly(enol ether)s are recently emerging as a 
new class of degradable polymer materials due to the 
acid-sensitivity of enol ether repeating units.32,43 We hy-
pothesized that the DHP/ONB-based poly(enol ether)s 
developed in this study, upon treatment with acid, would 
be able to hydrolyze into bifunctional fragments with al-
dehyde and hydroxyl end groups (Figure 5). To examine 
the acid-degradability of those copolymers, we designed 
a degradation study that used HCl and water to promote 
the polymer hydrolysis in organic phase (i.e., DMF). SEC 
was employed to monitor the molecular weights of poly-
mers through the degradation study. As shown in SEC 
analysis of P1-P3, the molecular weight of poly(enol 
ether)s gradually decreased as a function of degradation 
time, leading to small-sized molecules and oligomers af-
ter 24 h (Figures 6a, 6b, and S10-S14). Furthermore, 
NMR spectroscopy confirmed the completion of polymer 
degradation by showing the disappearance of enol ether 
vinyl proton signal (highlighted in blue), and the appear-
ance of aldehyde protons (highlighted in purple) (Figure 
6c). 

Finally, we investigated the role of copolymer compo-
sition in tuning their degradability in terms of the size of 
final degradation products. Since DHP units are uni-
formly distributed along the copolymer backbone as 
DHP-oxanorbornene alternating dyads, we reasoned 
that a higher incorporation of acid-labile DHP units in the 
copolymer structure would lead to a higher degree of hy-
drolysis, producing smaller degradation products. In-
deed, the number-average molecular weight of final deg-
radation products decreased from 2,680 to 510 Da as the 
incorporation of DHP increased from 16% in P1e, to 74% 
in P1a (Figure 7 and Table 1). It is noteworthy to men-
tion that the size of final degradation products was be-
low 1000 Da when the DHP incorporation was above 
37%. 

4. Conclusions 

    In summary, we have presented a versatile synthetic 
approach to biomass-derived and acid-degradable 
poly(enol ether)s by ring-opening metathesis copoly-
merization of DHP and oxanorbornene monomers. This 
approach is highly modular, allowing us to tune the ther-
mal properties of copolymers by simply varying the DHP 
percentage and oxanorbornene structure. The resulting 
copolymers exhibit a high thermal stability (Td > 275 °C) 
and a wide range of glass transition temperatures (16-
165 °C). Moreover, the sizes of final degradation prod-
ucts are tunable by controlling the composition of copol-
ymers. Because poly(enol ether)s are acid-sensitive, we 
envision that they can be potentially used for producing 
pH-responsive drug delivery systems that would release 
therapeutics in acidic environments such as tumors.  
Given the increasing trend in developing biomass-de-
rived polymers for enhanced sustainability and reduced 
environmental impact, we envision that the bio-derived 
poly(enol ether)s developed in this work have substan-
tial potential as a class of sustainable, low carbon-foot-
print, and degradable polymer materials. 
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