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Design of closed-loop recycling production of a Diels-Alder 
polymer from a biomass-derived difuran as a functional additive 
for polyurethanes

Hochan Changa, Min Soo Kima, George W. Hubera, and James A. Dumesica,b*

Acetalization of biomass-derived 5-hydroxymethyl furfural (HMF) with pentaerythritol produced a difuran (HPH) monomer 
in the presence of an acid catalyst. A recyclable polymer was then synthesized by Diels-Alder reaction of bismaleimide and 
the HMF-derived difuran (HPH). A polyurethane, produced from the Diels-Alder polymer has a higher glass transition 
temperature than a polyurethane, produced from ethylene glycol. The polyurethane, containing Diels-Alder polymer also 
has a self-healing ability. The Diels-Alder polymer could be hydrolyzed under acidic acetate buffer at 60℃ to produce the 
monomers for recycle. Each produced monomer was separated by solvent extraction, and the extracted monomers were 
recovered in different solvent fractions, such as aqueous, ethyl acetate, and acetone fractions. Techno economic analysis 
was used to assess the minimum selling price ($14.1 per kg) for the primary production of Diels-Alder polymer at a feed 
capacity of 400 ton per year. The economic viability of the primary recovery process for the most expensive recovered 
monomer, bismaleimide, was assessed by calculating the minimum selling price of the bismaleimide ($15.2 per kg). A circular 
closed-loop recycling production process for the Diels-Alder polymer was developed and this approach can produce the 
Diels-Alder polymer at $8.2 per kg when the feed capacity was 40 kton per year.

Introduction
The increasing demands and uses of functional polymers have 
caused environmental concerns related to the disposal of waste 
polymers1. According to the MacArther foundation 40% of plastic 
wastes are sent to landfill, a third of plastics leak into the 
environment and 20% are burned, while only 14% are recycled with 
major losses during the recycling of the plastics2. Thus, development 
of new functional polymers that have unique properties for 
applications3–5 and can be effectively recycled after their use6 has 
attracted the interests of researchers and organizations. An ideal 
way to recycle the polymers is to fractionate the polymer into 
monomers and recover the monomers for various applications to 
synthesize other types of value-added commodity chemicals, 
including polymers7, pharmaceutic ingredients8, dyes9, and liquid 
fuels10. Several key chemical challenges must be addressed to 
develop recyclable polymers11. First, the backbone of the polymers 
must contain reversible linkages to be broken to form oligomers or 
monomers. Second, fractionation of the polymers must be 
controllable under the target conditions. Third, the produced 
monomers by polymer fractionation must be effectively recovered.

Reversible chemical linkages, such as Diels-Alder linkages12 and cyclic 
acetal linkages13, have been used to design recyclable polymers. To 
improve the amount of reversible bonding in the polymer backbone, 
a Diels-Alder polymer was developed by using a difuran and 
bismaleimide as monomers14. The difuran monomer from the 
previous work was synthesized by reaction of furfural and 
pentaerythritol. However, the use of furfural cannot provide 
additional chemical functionalities for further reactions and the 
scope of the study was limited to the synthesis and structure 
characterization of the Diels-Alder polymer without addressing the 
applications and recycling strategies. Acetalization of vanillin and 
glycerol synthesized a diol with a reversible cyclic acetal bond13. The 
diol was upgrade to the epoxy monomer and the monomer was 
cured by a diamine for production of a thermoset epoxy resin. The 
resin can by hydrolyzed under acidic conditions in acetone-water co-
solvent. However, the monomers produced from the hydrolyzed 
polymer were degraded in the co-solvent and were not recovered for 
recycling. Therefore, it is important to develop a monomer that 
consists of controllable chemical functionality for polymerization and 
recycle at the target conditions.
5-hydroxymethyl furfural (HMF) is a biomass-derived chemical that 
can be (costs ~$1400 ton-1) synthesized from corn starch15. HMF can 
be further upgraded to functional diols that produce performance-
advantaged polymers7. Accordingly, HMF is a renewable platform 
chemical that can effectively converted to various monomers with 
useful chemical functionalities, such as furan, aldehyde, and hydroxyl 
groups. In this paper, we demonstrate the synthesis of a Diels-Alder 
polymer from HMF, pentaerythritol, and bismaleimide by 
acetalization and Diels-Alder reaction. The thermal properties and 
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self-healing ability produced by adding this Diels-Alder polymer to 
polyurethanes were investigated to demonstrate the application of 
the Diels-Alder polymer as a functional additive to polyurethanes. 
The Diels-Alder polymer can be fractionated to monomers and 
oligomers by hydrolysis under acidic conditions, and the produced 
monomers from the polymer can be recovered by solvent extraction. 
We also provide self-healing ability to a polyurethane by using the 
Diels-Alder polymer as a functional additive.  The minimum selling 
price of Diels-Alder polymer and the economic feasibility of the 
monomer recovery process were assessed by techno economic 
analyses (TEA).

Experimental methods
Materials. 5-hydroxymethyl furfural (HMF, AK Scientific, 98%), 
Pentaerythritol (Sigma-Aldrich, 99%), p-toluenesulfonic acid (p-TSA) 
monohydrate (Sigma-Aldrich, ≥98.5%), NaHCO3 (Sigma-Aldrich, 
≥99.7%), Bismaleimide (Sigma-Aldrich, 95%), Ethylene glycol (EG, 
Sigma-Aldrich, anhydrous, 99.8%), ,4’-methylenebis(phenyl 
isocyanate) (MDI, Sigma-Aldrich, 98%), Isopropanol (Sigma-Aldrich, 
for HPLC), 4Acetone (Fisher Scientific, HPLC grade), Tetrahydrofuran 
(THF, Sigma-Aldrich, 250 ppm BHT inhibitor, ≥99.0%), Dimethyl 
sulfoxide (DMSO, Sigma-Aldrich, anhydrous, ≥99.9%), 4-methyl-2-
pentanone (MIBK, Sigma-Aldrich, HPLC grade), Ethyl acetate (EtOAc, 
Sigma-Aldrich, for HPLC, ≥99.7%), Acetic acid (Sigma-Aldrich, 
≥99.7%), Hydrochloric acid (HCl, 6 N, Fisher Scientific), Sodium 
acetate (NaOAc, Sigma-Aldrich, >99%), Mill-Q water (MQ water, ~18 
MΩ cm), Acetone-d6 (ACROS organic, 99.8 atom% D, 0.03 % (v/v) 
TMS), Methanol-d4 (ACROS organic, 99.8 atom% D, 0.03 % (v/v) 
TMS), DMSO-d6 (Sigma-Aldrich, 99.9 atom% D, 0.03 % (v/v) TMS).
Synthesis of HPH monomer. HPH monomer was prepared by 
acetalization of HMF and pentaerythritol16. 5.0 g (39.7 mmol) of 
HMF and 2.7 g (19.8 mmol) of pentaerythritol were mixed in 35.5 g 
(45.1 mL) of isopropanol by a magnetic stirring bar. 0.08 g (0.4 
mmol) of p-TSA monohydrate was added to the mixed solution in 
isopropanol to prepare the feed solution. The feed solution was 
stirred at room temperature (22-25℃) for 23 h. After 23 h of 
acetalization, HMF-derived difuran (HPH) was precipitated in 
isopropanol. 0.08 g (1 mmol) of NaHCO3 was added into the 
product solution with HPH precipitates and stirred at room 
temperature for 30 min to neutralize p-TSA. HPH monomer was 
separated by vacuum paper filtration, and the monomer was 
washed by 20 mL of isopropanol, 10 mL of NaHCO3 (100 mM) 
aqueous solution, and 20 mL of MQ water during the filtration. The 
washed HPH monomer was dried in vacuum oven (500-600 mbar, 
50℃) for 2 days. 
Synthesis of Diels-Alder polymer. 0.158 g (0.45 mmol) of HPH 
monomer and 0.162 g (0.45 mmol) of bismaleimide were mixed in 7 
g (7.9 mL) of THF to prepare the feed solution. The feed solution 
was stirred at 50℃ for 144 h to produce Diels-Alder polymer. 
During Diels-Alder reaction, 0.043g (50μL) of liquid aliquot was 
collected every day (~20-24 h) and diluted in 0.347 g (450μL) of 
acetone to prepare the HPLC sample for tracking the concentration 
of the unreacted HPH and bismaleimide. Diels-Alder polymer was 
separated from the liquid aliquot, containing the unreacted 

monomers and Diels-Alder oligomer, by centrifuge (5000 rpm, 5 
min). The separated polymer was washed by 9 g of methanol and 
dried in under reduced pressure (200-50 mbar, 40℃) for 15 min.
Hydrolysis of Diels-Alder polymer. 3N HCl solution was prepared by 
diluting 6 N HCl solution in MQ water. pH 2 acetate buffer was 
prepared by mixing 0.115 g (1.40 mmol) of NaOAc, 0.046 g (0.76 
mmol) of acetic acid, and 0.512 g of 3 N HCl in 16 g of water. pH 1 
acetate buffer was prepared by mixing 0.115 g (1.40 mmol) of 
NaOAc, 0.051 g (0.84 mmol) of acetic acid, and 1.240 g of 3 N HCl in 
16 g of water. The pH of the acetate buffers was measured with a 
pH meter. For hydrolysis under pH 2, 0.1 g of the polymer was 
dispersed in 1.5 g of pH 2 acetate buffer with a magnetic stirring bar 
and placed in an oil bath, set at 60℃. Similarly, 0.05 g of the 
polymer was dispersed in 3 g of pH 1 acetated buffer for hydrolysis 
under pH 1 condition and placed in an oil bath (60℃) with stirring. 
During hydrolysis, 0.1g (100μL) of liquid aliquot was collected every 
day (~20-24 h) and diluted in 0.399 g (400μL) of MQ water to 
prepare the HPLC sample for tracking the concentration of the 
produced monomer in aqueous phase.
Addition of Diels-Alder polymer to polyurethanes. MDI monomer 
provided urethane crosslinking between the backbones of Diels-
Alder polymer by reacting with diol side groups of the Diels-Alder 
polymer to produce Diels-Alder polymer-MDI. For preparing the 
feed solutions, 0.21 g (0.86 mmol) of MDI was dissolved in 0.68 g 
(0.85 mL) of MIBK solvent, and 0.60 g (0.85 mmol of diol side group) 
of Diels-Alder polymer was dissolved in 0.94 g (0.86 mL) of DMSO 
solvent. MDI solution and Diels-Alder polymer solution were 
preheated for 9 min at 115℃ and 80℃, respectively, to evaporate 
moisture in the feed solutions. The preheated solutions were mixed 
in a circular Al mold and cured at 80℃ on a hot plate for 10 min. 
Then, the Al mold with the polymeric solution was placed into a 
vacuum oven (50℃, 500-600 mbar) for 19 h to evaporate DMSO 
and MIBK solvents.
Hydroxyl groups of the Diels-Alder polymer provided Diels-Alder 
crosslinking between the backbones of the polyurethane 
synthesized by EG and MDI to produce Diels-Alder polymer-EG-MDI. 
For preparing the feed solutions, 1.00 g (0.40 mmol) of MDI was 
dissolved in 1.28 g (1.6 mL) of MIBK solvent, and 0.10 g (0.14 mmol 
of diol side group) of Diels-Alder polymer and 0.24 (0.39 mmol) of 
EG were dissolved in 1.76 g (1.6 mL) of DMSO solvent. Both feed 
solutions were preheated at 115℃ for 10 min. The preheated 
solutions were mixed in a circular Al mold and cured at 80℃ on a 
hot plate for 20 min. Then, the Al mold with the polymeric solution 
was placed into a vacuum oven (50℃, 500-600 mbar) for 42 h to 
evaporate DMSO and MIBK solvents.
Self-healing test of Diels-Alder polymer-EG-MDI. Small pieces (e.g., 
0.5-1 cm) of Diels-Alder polymer-EG-MDI were cut and placed on a 
glass dish. The cut pieces were pressurized under a metal rod (366 
g) and placed on a hot plate at 130℃ for 30 min. The polymer 
pieces with the metal rod were placed in a vacuum oven (50℃, 500-
600 mbar) for 1 h. Then, the polymer pieces with the metal rod 
were cooled at room temperature (22-25℃) for 18 h.
Recovery of Diels-Alder polymer by fractionation. After 110-160 h 
of hydrolysis, the precipitates were separated from liquid aliquot by 
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centrifuge (5000 rpm, 5 min). The bismaleimide and Diels-Alder 
oligomers produced by hydrolysis were selectively dissolved in THF 
fraction by adding 1 mL of THF to the separated precipitates, and 
the amount of bismaleimide was analyzed by HPLC. THF solvent was 
evaporated from the THF fraction under reduced pressure (<50 
mbar, 40℃), and 0.65 g of acetone solvent was added to the dried 
THF fraction (solid) to selectively extract bismaleimide. The 
remaining solid was comprised of Diels-Alder oligomer. 6 g of EtOAc 
solvent and 0.6 g of saturated NaCl solution (brine) were added to 
the liquid aliquot for liquid-liquid extraction. The EtOAc fraction was 
separated from the aqueous fraction and 0.14 g of MgSO4 was 
added to the EtOAc fraction to absorb the moisture. The residual 
solid fraction that has no solubility in THF, water, and EtOAc was 
comprised of Diels-Alder polymer. Each fraction was dried under 
reduced pressure (<50 mbar, 40℃) and characterized by NMR 
analysis.
Techno economic analysis (TEA)

The minimum selling price (MSP) of the Diels-Alder polymer 
produced and the recovered bismaleimide were calculated by 
techno economic analysis to assess the economic feasibility of the 
processes. We developed a process simulation model in Aspen Plus 
(V11 Aspen Technology) based on the experimental data. We 
carried out equipment sizing and cost analysis for the 
corresponding equipment based on the simulation results. The 
capital and operating costs of the distillation column, pumps and 
heat exchangers were estimated using Aspen Process Economic 
Analyzer (V11 Aspen Technology). The costs of the remaining 
equipment were estimated using engineering methods such as the 
proportional expression and the power law rules based on the cost 
data in the previous studies17,18. Tables S4 and S5 show the total 
capital investment and operating costs of the Diels-Alder polymer 
production and bismaleimide recovery processes, respectively. We 
then calculated MSPs of the Diels-Alder polymer from primary 
production, the bismaleimide recovered from our recycle method, 
and the Diels-Alder polymer from circular closed-loop recycling 
production. The capital and operating costs of the process were 
estimated by using economic parameters given in Tables S2 and S3. 
The MSPs were calculated to be $14.1 per kg of Diels-Alder polymer 
and $15.2 per kg of bismaleimide from primary production and 
recovery process, respectively, when the feed capacity was 400 ton 
per year. The Diels-Alder polymer production and bismaleimide 
recovery processes were integrated to develop a circular closed-
loop recycling process, and the circular process was used to 
estimate the MSP of the Diels-Alder polymer with the recycled 
bismaleimide. The MSP of the circular Diels-Alder polymer was 
calculated to be $8.2 per kg at 40 kton per year of feed capacity.
Primary production for Diels-Alder polymer. We divided the Diels-
Alder polymer production process into the HMF-derived difuran 
(HPH) monomer production section and Diels-Alder polymer 
production section, as shown in Figure 6(A). In HPH monomer 
production section, HMF and pentaerythritol are acetalized to HPH 
monomer (67 mol% yield8) by adding p-TSA monohydrate catalyst 
in isopropanol solvent. After the acetalization, p-TSA monohydrate 
is neutralized by NaHCO3 and the resulting mixture is fed to the 

filter to obtain the solid phase of HPH monomer. The unreacted 
feeds (HMF, pentaerythritol) in isopropanol, along with generated 
water by-products, are recycled to acetalization reactor. The 
filtered HPH monomer is washed with water and then fed to the 
dryer. As a result, HMF and pentaerythritol are converted to 
purified HPH monomer in 48 mol% yield. In the Diels-Alder polymer 
production section, the purified HPH monomer and bismaleimide 
are mixed in THF solvent and fed to the Diels-Alder polymerization 
reactor, in which the temperature remains constant at 50℃. 54 
wt% of Diels-Alder polymer is produced in the reactor and 
separated by vacuum filtration, while the remaining soluble portion, 
including HPH monomer, Diels-Alder oligomer, and bismaleimide in 
THF, is recycled to the Diels-Alder polymerization reactor. Finally, 
the Diels-Alder polymer produced is dried to remove residual THF 
solvent and then fed to the storage tank.
Primary recovery process for bismaleimide. A process block 
diagram of the bismaleimide recovery process that utilizes the 
Diels-Alder polymer as a feedstock was developed, as shown in 
Figure 7(A). Diels-Alder polymer in pH 1 acetate buffer enters the 
hydrolysis reactor, in which 26.7 wt% of Diels-Alder polymer is 
recovered in the aqueous phase as monomers (HMF, 
pentaerythritol, maleic acid, and bisphenol F), whereas 68.9 wt% of 
the mixture, containing bismaleimide, Diels-Alder oligomer and 
polymer, remains in the solid phase. The remaining 4.6 wt% of 
unknown by-products are purged and are labelled as degradation. 
The resulting product stream is then fed to the filter for liquid-solid 
separation. The solid phase stream, containing bismaleimide, Diels-
Alder oligomer and polymer, is mixed in acetone and placed into a 
dissolution vessel. In the vessel, bismaleimide selectively dissolves 
in acetone, while the remaining solid portion includes Diels-Alder 
oligomer and polymer and is recycled to the hydrolysis reactor after 
passing through the dryer and cooler. The liquid solution from the 
filter is then sent to the distillation column to evaporate acetone, 
which is then cooled and recycled back to the bismaleimide 
dissolution vessel. The purity of the recovered bismaleimide from 
the distillation column is 99.1 wt %. Finally, the resulting 
bismaleimide is stored in a tank after removing acetone from the 
dryer.
Circular closed-loop recycling production for Diels-Alder polymer. 
Figure 7(A) shows a process diagram of a circular production 
process for Diels-Alder polymer in which the Diels-Alder polymer 
production and bismaleimide recovery processes were integrated. 
The recovered bismaleimide was used as one of the feeds in a 
production process for the Diels-Alder polymer. We assumed that 
the recycled bismaleimide was obtained from wastes sources of 
Diels-Alder polymer through four recycling steps including 
transport, collection, sorting, and recycling. The recycling cost for 
the waste Diels-Alder polymer was assumed to be $0.43/kg19. The 
production capacity of the recovery process for bismaleimide in the 
circular production process was designed to produce the required 
amount of bismaleimide for the production of the Diels-Alder 
polymer.
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Results and Discussion
Synthesis and thermal properties of Diels-Alder polymer
Acetalization of HMF with pentaerythritol (HMF/Pentaerythritol 
(mol)=2) in isopropanol produced a biomass-derived diol (HPH) at 
room temperature (22-25℃) in the presence of p-toluenesulfonic 
acid (p-TSA)16. After 23 h of acetalization, HPH was precipitated in 
isopropanol due to its low solubility and the precipitated HPH was 
washed by isopropanol and water. The collected yield of HPH after 
drying was measured to be 48 mol% and was characterized by 2D 
HSQC NMR spectrum (Fig.S1). The upper yield of HPH has been 
reported to be 67 mol% based on thermodynamic equilibrium of 
acetalization8. The purified HPH was used as a diol feed for 
production of Diels-Alder polymer with bismaleimide. Equivalent 
molar amounts of HPH and bismaleimide were dissolved in 
tetrahydrofuran (THF) for Diels-Alder reaction without catalyst at 
50℃ (Fig.1.(A)). The conversion of each monomer as a function of 
reaction time is showed in Fig.1.(B). 80 wt% of HPH and bismaleimide 
were converted to Diels-Alder adducts, including oligomers (26 wt%) 
and polymer (54 wt%). The oligomer was dissolved in THF solvent 
and the averaged-molecular weight of oligomers indicated that the 
oligomers consisted of dimer to tetramers by GPC analysis (Fig.S2).
Diels-Alder polymer, consisting of higher degree of polymerization 
(average DP=10), had no measurable solubility in THF, but did 
dissolve in DMSO-d6 solvent for NMR analysis (Fig.S3). A DP of Diels-
Alder polymer was calculated by quantifying the terminal maleimide 
moiety, terminal furan moiety, and Diels-Alder adduct bonds by 13C 
qNMR analysis. In Figure S3(B), the single chemical shift at 134.53 
ppm with peak area of 0.40 represented 2 carbons of HC2=C2H in 
terminal maleimide moieties. Similarly, 2 carbons of HC2=C2H in 
terminal furan moieties were shown at 107.94 and 107.21 ppm with 
peak area of 0.40. 2 carbons of HC3-C3H (red box in Fig.S3(C)) in Diels-
Alder adduct bond were observed at 47.21-46.58 ppm with peak area 
of 4.00. The split chemical shifts at 47.21-46.58 ppm resulted from 
the endo- and exo-diastereoisomer8. The quantification of terminal 
groups and the bond formed in the Diels-Alder adduct calculated an 
average DP equal to 10. 
ATR-FTIR spectra of Diels-Alder polymer, HPH monomer, and 
bismaleimide monomer are compared in Figure S4. The 
characteristic C-H and C-H2 stretching were shown at 2870 cm-1. C=O 
stretching in Diels-Alder adduct moiety was displayed in 1781 and 
1704 cm-1. The signals at 1641 and 1510 cm-1 originated from C=C 
aromatic stretching in the Diels-Alder adduct moiety. Bands 
attributable to the C-N bond in the Diels-Alder adduct moiety were 
shown at 1383 and 1175 cm-1. The cyclic acetal bonds were observed 
as bands at 1166 and 1083 cm-1. Furthermore, the C-O-C moiety in 
the bridged 6-member ring of the Diels-Alder adduct was 
characterized at 1047 cm-1. These characteristic ATR-FTIR signals are 
consistent with previous work14 within 6 cm-1 shift in wavenumber.

Fig.1. (A) Diels-Alder reaction pathway of HPH and bismaleimide for 
synthesis of Diels-Alder polymer, (B) Conversion of monomers by 
Diels-Alder reaction as a function of reaction time.

The thermal stability of the polymer was assessed by TGA analysis 
(Fig.S5.A). The polymer was thermally stable (<5wt % loss) up to 
232℃ and underwent decomposition above 347℃. After heating to 
700℃, 45 wt% of the polymer was converted to char. DSC analysis 
(Fig.S5.B) was used to measure the glass transition temperature (Tg) 
and the specific heat capacity (Cp). Based on 2nd cycle of heating and 
cooling cycle of DSC, the value of Tg was measured to be 145℃. We 
note that the Cp of glassy (Cp,glassy = 1.5 J℃-1g-1 at <145℃) and rubbery 
polymer (Cp,rubbery = 3.0 J℃-1g-1 at >145℃) were high.  The difference 
between Cp of the glassy and rubbery phase was 1.5 J℃-1g-1, 
compared to typical polyurethanes (Cp = 0.6-0.9 J℃-1g-1)7. The 
significantly higher value of Cp than polyurethanes and the large 
difference in Cp between glassy and rubbery status can result from 
the reversible Diels-Alder linkages that are controlled by 
thermodynamic equilibrium, depending on temperature. The 
thermal stability, high Cp, and Cp change of Diels-Alder polymer 
potentially enable applications for use as an advanced thermal 
insulator. For example, the Cp of the polymer is tunable, depending 
on the operation temperature, and the rubbery phase Cp (3.0 J℃-1g-

1) is 3.3 times greater than typical polyurethanes (0.9 J℃-1g-1)7 and 
can be used as a thermal insulator.
Effect of Diels-Alder polymer addition on thermal properties of 
polyurethanes
The hydroxyl side groups of the Diels-Alder polymer enable the 
polymer (Fig.2.(B)) to be used as a polyol resource to synthesize 
polyurethanes by reacting with diisocyanates, such as 4’-
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methylenebis(phenyl isocyanate) (MDI). We investigated the 
additive effect of the Diels-Alder polymer on the thermal properties 
of polyurethanes (Fig.2.(A)) by DSC analysis (Fig.S6). MDI can provide 
urethane crosslinking on the backbone of the Diels-Alder polymer by 
reacting with hydroxyl side groups of Diels-Alder polymer, thereby 
producing Diels-Alder polymer-MDI (74 wt% of Diels-Alder polymer 
in the polymer, Fig.2.(C)). Addition of the Diels-Alder polymer 
provides Diels-Alder crosslinking on the backbone of polyurethane 
(EG-MDI, Fig.2.(E)) to synthesize Diels-Alder polymer-EG-MDI (Diels-
Alder polymer comprised 7.5 wt% of the blended polymer, Fig.2.(D)). 
7.5 wt% addition of the Diels-Alder polymer to the polyurethane 
increases the Tg from 79 to 142℃ and increased the difference 
between Cp in glassy and rubbery phase of the polymer (Change in 
Cp) by 2.0 times (from 0.3 to 0.6 J℃-1g-1). These results indicate that 
the Diels-Alder polymer can be used as an additive to improve the 
thermal properties of polyurethanes. 

Fig.2. (A) Tg and change in Cp as a function of Diels-Alder polymer 
amounts (wt%) in polyurethane (Change in Cp represents the Cp 
difference between glassy and rubbery phase of polymers, Diels-
Alder polymer amounts in polyurethane were calculated by weight 
of Diel-Alder polymer/weight of all monomers*100); Image and 
polymer structure of (B) Diels-Alder polymer, (C) Diels-Alder 
polymer-MDI, (D) Diels-Alder polymer-EG-MDI, and (D) EG-MDI 
polyurethane.

Self-healing ability of polyurethane with Diels-Alder polymer 
additive

Diels-Alder linkages in a polymer structure can provide a self-healing 
ability to a polyurethane. Small pieces of cut Diels-Alder polymer-EG-
MDI (Fig.3.(A)) were pressed under a weighted metal rod and heated 
on a hot plate at 130℃ for 30 min (Fig.3.(B)) to increase the mobility 
of the polymer chain by using retro Diels-Alder reaction. The heated 
and pressurized polymer pieces were placed in a vacuum oven 
(house vacuum, 500-600 mbar) at 50℃ for 1 h and cooled at room 
temperature for 18 h to regenerate Diels-Alder linkages. As a result 
of sequential pressurized heating and cooling processes, the cut 
pieces of polymers combined in one piece by self-healing (Fig.3.(C) 
and (D)). 

Fig.3. Images for (A) cut pieces of Diels-Alder polymer-EG-MDI, (B) 
the pressurized Diels-Alder polymer-EG-MDI on hot plate at 130℃, 
(C) top-view of self-healed Diels-Alder polymer-EG-MDI, and (D) side-
view of self-healed Diels-Alder polymer-EG-MDI.

Yield of monomers from Diels-Alder polymer by hydrolysis
Hydrolysis of cyclic acetals was used to a triggered retro Diels-Alder 
reaction8 and resulted in the production of monomers from the 
Diels-Alder polymer (Fig.4.(A)). Moreover, retro Diels-Alder reactions 
are preferred to Diels-Alder reactions in the presence of Brønsted 
acids, such as HCl and acetic acid20–22. As a result, HPH units in Diels-
Alder polymer were converted to HMF and pentaerythritol 
(Fig.S7.(A)) by hydrolysis and retro Diels-Alder reaction in acidic 
acetate buffer. Then, the cleavage of two HPH units enables the 
production of bismaleimide. An acidic acetate buffer was used to 
catalyze the hydrolysis and to prevent changes in the pH during the 
hydrolysis because hydrolysis of bismaleimide involves the 
production of NH4OH (Fig.S7.(B)). The yield of HMF and 
pentaerythritol is shown in Figure 4(B) and (C) under different pH 
conditions at 60℃. The initial rate of HMF formation was faster than 
that of pentaerythritol formation because the production of 
pentaerythritol is possible only if two HMF molecules are cleaved by 
hydrolysis. The molar ratio of the formed HMF to pentaerythritol 
converged to a value of 2.0 at longer reaction time (Fig.4.(D)). 
Similarly, the production of bismaleimide is possible only if two HPH 
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units are cleaved by hydrolysis. Thus, the molar ratio of HMF 
derivatives (HMF, HMF hydrate, levulinic acid) to pentaerythritol to 
bismaleimide derivatives (bismaleimide, maleic acid, bisphenol F) 
converges 2:1:1 as hydrolysis of the polymer proceeds (HMF 

derivatives: Pentaerythritol: Bismaleimide derivatives (mol) = 2.0: 
1.0: 0.6 and = 1.8: 1.0: 1.0 when conversion of the polymer reached 
24 wt% and 45 wt%, respectively).

Fig.4. (A) Release mechanism of monomers by hydrolysis and retro Diels-Alder reaction pathways of Diels-Alder polymer; (B) Yield of HMF 
and (C) pentaerythritol by hydrolysis as a function of reaction time, (D) Molar ratio of HMF to pentaerythritol as a function of reaction time 
(Hydrolysis occurred at 60℃).

The effect of pH on the rate constant (k) of the polymer hydrolysis 
was investigated by tracking the amount of the produced HMF at 
constant temperature (60℃). A pseudo 2nd order reaction (Eq.1) 
was used to fit the kinetic model and the experimental data for 
polymer hydrolysis (Fig.S8). We note that a pseudo 1st order kinetic 
model cannot fit the experimental data and a pseudo 2nd order 
reaction was used to describe the hydrolysis at 60℃ in a previous 
report23. The initial concentration of acid in acetate buffer and initial 
concentration of HPH unit in Diels-Alder polymer were represented 
as  and  in the kinetic model. At pH 1, the rate [𝐻 + ]0 [𝐻𝑃𝐻 𝑢𝑛𝑖𝑡]0

constant was calculated to be 21  1.6 (95% confidential interval) ±
M-1h-1 while it decreased to 12  2.2 M-1h-1 at pH 2. Thus, the rate ±
constant of hydrolysis of Diels-Alder polymer increased by 1.7 times 
as pH decreased from 2 to 1. The pH effect on the hydrolysis rate 
constant is consistent with our previous result of hydrolysis of the 
acetalized HMF (2.3 times increased by decreasing pH from 3 to 2 at 
50℃)8.

(Eq.1) 
𝑑[𝐻𝑀𝐹]

𝑑𝑡 = 𝑘[𝐻 + ]0[𝐻𝑃𝐻 𝑢𝑛𝑖𝑡]2 

([𝐻𝑃𝐻 𝑢𝑛𝑖𝑡]0 =  [𝐻𝑃𝐻 𝑢𝑛𝑖𝑡] +  [𝐻𝑀𝐹])

Recovery of the monomers produced by hydrolysis and 
fractionation
A solvent-extraction recovery method has been reported to be an 
effective recycle method for multilayer plastic packaging materials6. 
The monomers produced from the Diels-Alder polymer, such as HMF, 
pentaerythritol, bismaleimide, maleic acid, and bisphenol F, have 

different solubilities in common green solvents24, such as water, 
ethyl acetate (EtOAc), and acetone. Therefore, the solubility 
difference of each monomer enables a solvent-extraction recovery 
method to recycle the monomer produced by fractionation in 
common solvents (Fig.5). After 185 h of polymer hydrolysis, 45 wt% 
of the polymer was converted to monomers. HMF, pentaerythritol, 
maleic acid, and bisphenol F were dissolved in pH 1 aqueous phase, 
whereas bismaleimide, Diels-Alder oligomer, and polymer were 
precipitated as solid phase. HMF and maleic acid were extracted by 
EtOAc solvent from the aqueous solution (Fig.S9), while 
pentaerythritol and bisphenol F remained in the aqueous phase 
(Fig.S10). Bismaleimide was selectively extracted by acetone solvent 
from Diels-Alder oligomer and polymer (Fig.S11). Diels-Alder 
oligomers (40%) were extracted by THF solvent, and the THF-
insoluble solid fraction (15%) was comprised of the Diels-Alder 
polymer (Fig.S12). The recovery of each monomer in each solvent 
fraction is summarized in Table S1. 95% of the Diels-Alder polymer 
was recovered as forms of monomers and Diels-Alder adducts 
(oligomer and polymer), with minor degradation (5%) during the 
hydrolysis and fractionation. The images of the recycled Diels-Alder 
polymer and the recollected monomers are shown in Fig.S15. HMF 
degradation (30.1%) was the major source of the degradation. 41.3% 
of bismaleimide was further hydrolyzed to maleic acid and bisphenol 
F (Fig.S7.(B)). 5% of the products (4.6 g per 100.3 g of DA polymer in 
Fig.5.) were degraded chemicals that were not detected by HPLC and 
NMR analysis and regarded as unknown by-products.
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Fig.5. Fractionation of the produced monomers in common solvents

Techno economic analysis (TEA) 

Primary production of Diels-Alder polymer and recovery of 
bismaleimide
We simulated processes and carried out techno economic analysis 
(TEA) to assess the cost of Diels-Alder polymer and bismaleimide 
from primary production and recovery, respectively. The process 
diagrams, detailed methods and results of the model, along with 
economic assumptions and parameters are given in Figure S13 and 
Table S2-S7. The Diels-Alder polymer could be produced at a 
minimum selling price (MSP) of $14.1/kg when the feed rate 

including HMF and pentaerythritol was 400 ton per year in Figure 
6(A). The solvent and feedstock costs are the main cost drivers of the 
Diels-Alder polymer production process, accounting for 35.5% and 
31.5% of the total annual required cost, respectively. Figure 6(B) 
showed the total ISBL cost and the MSP of the Diels-Alder polymer 
as a function of the feed capacity. The production cost (11.5-17.6 
$/kg) of Diels-Alder polymer was higher than the 5-year average 
price (4.5 $/kg) of polyurethane.19 The Diels-Alder polymer must thus 
have some properties advantages (higher glass transition 
temperature or self-healing ability) to justify this higher price. 

Fig.6. Cost breakdown of the primary (A) production for Diels-Alder polymer and (B) recovery for bismaleimide; Capital investment and 
minimum selling price (MSP) for (C) Diels-Alder polymer production and (D) for the bismaleimide recovery as a function of the feed capacity.
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The economic viability of the recovery process was evaluated by 
performing TEA of the primary recovery process for bismaleimide 
based on the experimental data, because bismaleimide is the most 
expensive monomer. Figure S13(B) shows the flow diagram of the 
bismaleimide recovery process. The bismaleimide recovery process 
could produce 97.8 tons of bismaleimide per year at MSP of $15.2 
per kg by considering the Diels-Alder polymer feed rate of 400 ton 
per year (Fig.6.(C)). The ISBL cost of hydrolysis reactor (R-1) would be 
$675,515 per year, about 39.1% of the total ISBL cost due to its high 
residence time and large usage of the acetate buffer as can be seen 
in Table S7. Figure 6(D) shows the total ISBL cost and the MSP of the 
bismaleimide recovery process as a function of the feed capacity of 
the Diels-Alder polymer. When the Diels-Alder polymer feed rate was 
1,600 ton per year, the MSP of bismaleimide was $5.4 per kg, which 
is about 16.3% less than the average market price of bismaleimide 
($6.5 per kg)25. 
Circular closed-loop recycling production process of the Diels-
Alder polymer 

The circular production of the Diels-Alder polymer was developed19 
by integrating the production process of Diels-Alder polymer and 
recovery process of bismaleimide, as shown in Figure 7(A) 
Bismaleimide from the recovery process was used as feed for the 
production of Diels-Alder. Figure 7(B) shows the comparison of the 
MSPs of Diels-Alder polymer from the primary and circular process 
at the feed capacity, including HMF and pentaerythritol, of 40 kton 
per year. 116.3 kton per year of the Diels-Alder polymer waste was 
recycled for the production of recovered bismaleimide (28.7 kton per 
year). The recovered bismaleimide was converted to 54.9 kton per 
year of the Diels-Alder polymer in the circular process. The MSP of 
the Diels-Alder polymer from the circular process ($10.15 per kg) was 
19.5% lower than that from the primary process ($8.2 per kg) in 
Figure 7(B). 19.5% was achieved due to the reduced cost of 
bismaleimide from circular production process ($2.4 per kg in 
Fig.S14), compared to that from market price ($6.5 per kg) from the 
primary production process. 

Fig.7. (A) Process flow diagram of the circular closed-loop recycling production of Diels-Alder polymer; (B) the minimum selling prices of the 
Diels-Alder polymer from the primary and circular production processes.
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Conclusion
HPH monomer, consisting of difuran and cyclic acetal groups, was 
synthesized by acetalization of HMF with pentaerythritol in the 
presence of p-TSA, and HPH was then used as a monomer for 
production of a closed-loop recycling polymer with bismaleimide by 
Diels-Alder reaction. The Diels-Alder polymer was thermally stable 
(<5 wt% loss at temperatures lower than 232℃) and behaved as a 
thermoplastic polymer with high Tg (145℃) and Cp (1.5-3.0 J℃-1g-1). 
The Diels-Alder linkages in the backbone of the polymer enabled a 
significant difference in the values of Cp for the glassy (1.5 J℃-1g-1 at 
<145℃) and rubbery (3.0 J℃-1g-1 at >145℃) states of the polymer. 
Moreover, hydroxyl side groups of the Diels-Alder polymer enable 
the use of this polymer as an additive of polyurethanes to improve 
the thermal properties (Tg and change in Cp) and provide self-healing 
ability. Therefore, the Diels-Alder polymer can be used as a 
functional additive for advantaged-polyurethanes, having self-
healing abilities and improved thermal properties. Hydrolysis of the 
cyclic acetal bonds in HPH triggered the retro Diels-Alder reaction 
and produced monomers, such as HMF, pentaerythritol, and 
bismaleimide, from the Diels-Alder polymer under acidic (pH 1-2) 
acetate buffer. By decreasing the pH from 2 to 1, the rate of HMF 
formation increased by 1.7 times at constant temperature (60℃). 
The bismaleimide produced was further hydrolyzed to maleic acid 
and bisphenol F. These monomers produced by hydrolysis of the 
polymer were recovered by fractionation in different green solvents 
(Acetone, EtOAc, Water). We assessed the TEA for the production of 
Diels-Alder polymer. The MSP of the Diels-Alder polymer from the 
circular process was $8.2 per kg, which was 19.5% lower than the 
price from primary production when the feed capacity was 40 kton 
per year. 
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