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1. Introduction

Synergistic reinforcement of Diels—Alder
cycloadducts with hydrogen bonding interactions
in recyclable dual-dynamic polyurethane networks

Jennifer C. Hughes,? James A. Wilson, {2 ® Devanshi Singh,® Nick Hawkins,®
Yi. Zhang,® Chris Holland® and Andrew T. Slark (2 *2

Here we report a facile, efficient strategy to prepare dual-dynamic networks (DDNs) comprising both
thermally reversible Diels—Alder (DA) covalent bonds and non-covalent hydrogen bonds which combine
excellent mechanical properties and creep resistance with facile processability at mild temperatures. A
series of DDNs was synthesised via the copolymerisation of maleimide-terminated poly(e-caprolactone
urethane) or poly(1,4-butadiene urethane) prepolymers with multifunctional furan crosslinkers containing
ester, urethane or urea functional groups. The mechanical properties of the resulting DDNs are enhanced
by increasing the strength of crosslinker hydrogen bonding or reducing the polarity of the bismaleimide
backbone, achieving a broad range of tensile strength (11.7-26.5 MPa), elongation (210-690%) and
toughness (14.4-75.7 MJ m~) values. DDNs comprising crosslinkers with stronger hydrogen bonding
groups produced higher gel transition temperatures (Tqe\), creep-resistance and tensile strength, implying
synergistic network reinforcement. Furthermore, DDNs comprising the non-polar poly(l,4-butadiene)
also presented improved creep resistance. For these materials, rubbery plateaus extended over broader
temperature ranges resulting in higher Tge up to 150 °C. Poly(e-caprolactone) conferred networks with
superior Young's modulus, tensile strength, toughness and flexibility. We have shown that materials can
be thermally reprocessed multiple times whilst maintaining high stress recovery efficiencies and display
rapid healing abilities under mild temperatures. This work highlights the crucial role of crosslinked
network reinforcement via hydrogen bonding interactions to design high-performance yet recyclable
polymer networks with tailored properties.

ing on the underlying bond exchange mechanism and their
resulting temperature dependence.’ In associative CANs, bond

Covalent adaptable networks (CANs) are crosslinked polymers
which incorporate dynamic covalent bonds. These chemical
bonds can exchange upon the application of external stimuli
such as light, heat or pH, enabling the network to rearrange
its topology on a molecular level." CANs have become increas-
ingly popular in recent years as they potentially offer a means
of bridging the gap between traditional thermoplastics and
thermosets, in addition to providing networks with reproces-
sing, recycling, self-healing and reshaping characteristics.>™
CANSs can be categorised as associative or dissociative, depend-
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exchange proceeds via an addition-elimination pathway
without a temporary net loss of cross-link density, leading to
flow at high temperatures but network integrity is main-
tained.® This is a characteristic of “vitrimers” which were pre-
viously pioneered by Leibler et al, via transesterification in
epoxies using ester/hydroxyl groups.” Other types of chemistry
platform have also been developed.®™° In dissociative CANs,
the exchange mechanism proceeds vie an elimination-
addition pathway, with a temperature dependant equilibrium
between covalent bond formation and dissociation. At
sufficiently high temperatures, there is a sol-gel transition
leading to a loss in network integrity. Notable examples of dis-
sociative dynamic covalent chemistries include Diels-Alder
(DA) cycloaddition,”® imines,"""** acylhydrazone bonds,'*"*
hindered-ureas,'>'® and disulphide bonds."”*® The thermally
reversible DA cycloaddition between furan and maleimide
remains popular due to high conversion at ambient tempera-
ture, in addition to its retro DA (rDA) reaction which occurs at
relatively low temperatures (typically 100-110 °C)."® Different

Polym. Chem.


http://rsc.li/polymers
http://orcid.org/0000-0002-8005-7853
http://orcid.org/0000-0001-7809-0139
http://crossmark.crossref.org/dialog/?doi=10.1039/d5py00347d&domain=pdf&date_stamp=2026-01-29
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5py00347d
https://pubs.rsc.org/en/journals/journal/PY

Open Access Article. Published on 30 2026. Downloaded on 06/02/2026 18:28:41.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

DA-based polymer architectures have been investigated. In the
seminal work by Wudl, DA networks were made from low
molecular weight polyfunctional maleimides and polyfunc-
tional furans.”® A common methodology is to synthesise linear
oligomers/prepolymers with pendant furan groups in the back-
bone which are crosslinked with low molar mass bismaleimide
crosslinkers (typically BMI).”"** In our approach, we synthesise
and subsequently copolymerise higher molecular weight male-
imide terminated-prepolymers with lower molar mass trifunc-
tional furan crosslinkers. Furan-maleimide DA chemistry has

been applied to several polymer backbones, including
polyurethane,”2®  epoxy,”’®°  polyacrylate,®*>*  and
polysiloxane,**™* to create self-healing and thermally reproces-

sable CANs for diverse applications such as elastomers,
adhesives, coatings and composites. The autonomous self-
healing of polyether based DA networks occurs at room temp-
erature if the surfaces are fresh, otherwise thermal healing (at
least 80 °C) is required for repair.*® Autonomous self-healing
at room temperature can also be promoted using an off-stoi-
chiometric maleimide-to-furan ratio in the polymer network.*”

The preparation of CANs which combine both excellent
reprocessability with high mechanical properties and creep re-
sistance remains challenging due to conflicting requirements.
To address such issues scientists have designed dual-dynamic
networks (DDNs) comprising both dynamic covalent and non-
covalent crosslinks. Dynamic non-covalent bonds are those
formed by reversible supramolecular interactions such as
hydrogen bonding, n-n stacking, dipole-dipole interactions
and van der Waals forces. Dynamic non-covalent bonds typi-
cally exhibit low bond energies, meaning they can provide
dynamic networks with fast thermal processing and healing
abilities, but they tend to creep, limiting the materials dimen-
sional stability.®® Dynamic covalent bonds possess higher
bond dissociation energies than non-covalent bonds, meaning
that they can impart stronger mechanical properties and
creep-resistance to dynamically cross-linked materials. DDNs
have the ability to combine dimensional stability, bond dyna-
micity and multi-responsiveness. The choice of chemistries
can also provide easy access to diversified material properties
and synergistic effects. An excellent review by Nicolay et al. pro-
vides an overview of the advances in the emerging field of
DDNs, with a special emphasis on their design, structure—
property relationships and applications.*® Yan and co-workers
have also thoroughly described the challenges and perspec-
tives of synergistic dual-dynamic bonds in CANs in their recent
mini-review.*’

The use of hydrogen bonding to provide synergy with
dynamic covalent bonds has proven an effective strategy.
Several studies have demonstrated that strong hydrogen bonds
are capable of catalysing the DA cycloaddition reaction and
may even alter the stereochemistry.*’*> Sacrificial hydrogen
bonds can also be introduced into crosslinked networks to
increase toughness and tensile strength.**™*® In 2015,
Konkolewicz and co-workers synthesised poly(2-hydroxyethyl
acrylate)-based networks combining non-covalent crosslinks
from reversible 2-ureido-4[1H]-pyrimidinone (UPy) with DA
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covalent cross-links.*” The materials combined excellent self-
healing with creep-resistance behaviour whilst retaining malle-
ability. Konkolewicz later studied dual-dynamic interpenetrat-
ing networks (IPNs) comprising thermoresponsive hydrogen
bonds and DA bonds based on RAFT chemistry. Properties
were tuned by varying crosslinker content and chain length to
achieve a material with 100% self-healing recovery and a
maximum stress of 6 MPa.*® In 2023, Gao et al. designed a
self-healing polyurethane (PU) elastomer with a high fracture
strength, elongation and ultra-high toughness for electronic
applications exhibiting synergistic enhancement effects from a
dual-dynamic DA/hydrogen bond crosslinked network.*®
Recently Wang and coworkers studied stereochemistry-tuned
hydrogen-bonding synergistic CANs to produce recyclable PU
elastomers with excellent creep resistance.>®

Inspired by this work, herein we report a facile approach to
prepare DDNs from prepolymers and crosslinkers made with
remarkably high atom efficiency and conversion from commer-
cially available raw materials. This builds on our previous
studies involving the copolymerisation of telechelic bismalei-
mide prepolymers with furan crosslinkers to produce robust,
thermally reversible adhesives.”" In this paper, we investigate
the copolymerisation of multifunctional furan crosslinkers
comprising additional ester, urethane or urea functional
groups with maleimide functional poly(ester urethane) or poly
(1,4-butadiene urethane) prepolymers of different polarity. We
demonstrate that the morphology and thermomechanical pro-
perties of the resulting DDNs vary systematically with the pre-
polymer and crosslinker structures. We show that increasing
the crosslinker hydrogen bonding strength provides synergistic
reinforcement of the DA covalent network and enhancement
of thermomechanical properties. In particular, the gel tran-
sition temperature can be increased to 150 °C while maintain-
ing very high creep resistance. The resulting elastomeric
materials are also readily reprocessable and healable.

2. Results and discussion

2.1. Synthesis of trifunctional furan crosslinkers

Three trifunctional (TF) furan crosslinkers comprising isocya-
nurate cores and either multifunctional ester, urethane or urea
functional groups were synthesised: TF-ester, TF-urethane, and
TF-urea, respectively (Scheme 1). TF-ester was synthesised via
the reaction of ¢ris[2-acryloyloxyethyl] isocyanurate with fur-
furyl mercaptan. "H NMR spectroscopy of TF-ester shows suc-
cessful incorporation of the furan functional groups via facile,
quantitative thia-Michael addition in high yield (Fig. S1). The
multifunctional crosslinkers TF-urethane and TF-urea were
synthesised from the reaction between hexamethylene diiso-
cyanate (HDI) trimer and furfuryl alcohol (FA) or furfuryl
amine (FAM), respectively. 'H NMR spectroscopy of TF-
urethane and TF-urea also indicates successful incorporation
of furan-urethane or furan-urea groups via reaction of the iso-
cyanate functional groups with FA and FAM (Fig. S2 and S3).

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 One step synthesis of (A) TF-ester, (B) TF-urethane, and (C) TF-urea trifunctional furan crosslinkers.

ATR-FTIR spectroscopy reveals that TF-urethane and TF-
urea display bands at v, = 3328 and 3320 cm™?, representing
N-H stretching from urethane and urea functional groups,
respectively (Fig. 1(A)). All multifunctional crosslinkers show
FTIR bands at vy, = 1685 cm™! in the carbonyl region, corres-
ponding to stretching from the isocyanurate ring carbonyl
(Fig. 1(B)). The TF-urethane presents a broad band at vy, =
1685 cm™", due to the overlap of isocyanurate ring carbonyl
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Fig. 1
(1st heating cycles) of TF crosslinkers.
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with hydrogen-bonded urethane carbonyl stretching. TF-
urethane also exhibits a shoulder at v, = 1720 cm™" corres-
ponding to free urethane carbonyl stretching. The TF-ester pre-
sents a prominent band at vy = 1730 cm™?, representing
ester carbonyl stretching from the crosslinker backbone whilst
TF-urea displays a further band at vp,ax = 1625 cm™?, indicating
hydrogen-bonded urea carbonyl stretching. Differential scan-
ning calorimetry (DSC) analysis reveals that TF-ester is amor-

—— TF-ester === TF-urethane —— TF-urea

Heat Flow (normalised)

-40 10 60
Temperature (°C)

110 160

(A) ATR-FTIR spectra of TF crosslinkers, (B) ATR-FTIR spectra of TF-crosslinkers zoomed into the carbonyl region and (C) DSC thermograms
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phous, whereas TF-urethane and TF-urea are semi-crystalline
(Fig. 1(C)). The glass transition temperature (Tg) of the cross-
linkers increases significantly with hydrogen bonding
strength; TF-ester displays a low T, of —34 °C, whilst TF-
urethane and TF-urea exhibit 7, values of —1.4 and 71 °C,
respectively. The TF-urethane and TF-urea also exhibit melting
endotherms at 44 and 129-140 °C (T,,), respectively. This
increase in Ty and Ty, reflect the increasing strength of inter-
molecular forces from ester < urethane < urea groups in the
furan crosslinkers.

2.2 Synthesis of poly(e-caprolactone urethane) and poly(1,4-
butadiene urethane) bismaleimides

Maleimide-terminated poly(e-caprolactone urethane) (PCL-M)
and poly(1,4-butadiene urethane) (PBD-M) prepolymers were
synthesised from the corresponding poly(e-caprolactone) (PCL)
and poly(1,4-butadiene) (PBD) polyols via consecutive addition
reactions in bulk. Polyol was first copolymerised with excess
4,4-methylene diphenyl diisocyanate (MDI) in step 1 to form
an isocyanate (NCO) terminated intermediate, followed by
reaction of terminal NCO groups with 2-hydroxyethyl male-
imide (HEMI) in step 2 (Scheme 2).

"H NMR spectroscopy of the prepolymers illustrates chemi-
cal shifts associated with the aromatic urethane and male-
imide end-groups (Fig. S4 and S5). ATR-FTIR spectroscopy
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Scheme 2 Synthesis of bismaleimide PU prepolymers. Step (1) bulk,
110 °C for 1 hour. Step (2) bulk, 120 °C for 1.5-2 hours.

Table 1 Compositions of DDNs
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indicates complete disappearance of the free -N=C=0O
stretching band at vy, = 2260 cm™" and simultaneous appear-
ance of a fingerprint region band at v, = 696 cm™", repre-
senting the maleimide B1 antisymmetric ring deformation
mode, after step 2 (Fig. S6).>> Size exclusion chromatography
(SEC) analysis shows a modest increase in apparent molecular
weight compared to the starting polyols, as a result of the
reagent stoichiometry (2:1 mol.eq. NCO: OH, in step 1 and
1.1:1 mol.eq. OH:NCO in step 2) (Table S1). DSC analysis
reveals that both bismaleimides display sub-ambient T, values
at —30 °C (Table S1). PCL-M also presents a large endotherm
between 32 and 45 °C, resulting from the melting of semi-crys-
talline PCL segments. In comparison, PBD-M exhibits
endotherms at 66 and 146 °C which can be attributed to the
melting of hard segments (HS) phase separated from a non-
polar matrix (Fig. S7).

2.3 Synthesis of dual dynamic networks

A series of six DDNs was synthesised with systematic changes
in the type of furan crosslinker or bismaleimide backbone via
the separate copolymerisation of PCL-M or PBD-M prepoly-
mers separately with the TF-ester, TF-urethane, or TF-urea
crosslinkers (Table 1). All networks exhibited similar f, values
(0.59-0.61) enabling direct comparison. The correct masses of
the corresponding furan and maleimide components (to
achieve a 1:1 furan: maleimide stoichiometric ratio) were first
dissolved in an appropriate solvent and mixed to form a homo-
geneous solution which was cast into a Teflon-lined Petri dish.
Solvent was then removed, and the bulk networks were sub-
sequently processed via compression moulding to give 1 mm
thick elastomeric sheets. The resulting networks were con-
ditioned at 25 °C for 7 days to enable DA-cycloaddition prior to
testing. Soxhlet analysis of the DDNs reveals high gel fractions
(90-97%) indicating high degrees of cross linking. Moreover,
ATIR-FTIR spectroscopy of the networks reveals low absorption
at Upmay = 696 cm™", implying that most free maleimide groups
have successfully copolymerised with furan groups to form DA-
cycloadducts (Fig. S8).

2.4 Thermal properties

The presence and dissociation of DA-cycloadducts in the net-
works was confirmed using DSC analysis via the appearance of
broad endotherms between 107-146 °C, with retro-DA enthal-
pies (AHp) between 10-12 J g™' (Fig. 2(A) and (B) and

DDN Bismaleimide TF-crosslinker [ (mol kg™) Gel fraction” (%)

DA(PCL ester) PCL-M TF-ester 0.61 95
DA(PCL-urethane) PCL-M TF-urethane 0.61 95

DA(PCL-urea) PCL-M TF-urea 0.61 92

DA(PBD-ester) PBD-M TF-ester 0.59 90

DA(PBD-urethane) PBD-M TF-urethane 0.59 96

DA(PBD-urea) PBD-M TF-urea 0.59 97

? f = equivalent concentration of maleimide and furan functional groups. b

Polym. Chem.

Determined via Soxhlet extraction in THF after 24 hours.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5py00347d

Open Access Article. Published on 30 2026. Downloaded on 06/02/2026 18:28:41.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Polymer Chemistry Paper
(A) (B)
——DA(PCL-ester) ——DA(PCL-urethane)| [ = DA(PBD-ester) ====- DA(PBD-urethane)
——DA(PCL-urea) i—»—-DA(PBD-urea)
8 3
= o
g 5
T T
&w\r\«\
-100  -50 0 50 100 150 200 _109 50 0 50 100 150 200
© Temperature (°C) Temperature (°C)
100 (D) 100 —
—DA(PCL-ester) N\ | | == DA(PBD-ester) %\ _
80 1 ——DA(PCL-urethane) 80 4 ----- DA(PBD-urethane) W
——DA(PCL-urea) * -==- DA(PBD-urea)
§ 60 - 100 %D 60 q w0 “\
Eﬂ 99 g 99 "n‘
g 40 4 981 40 4 98 ‘l‘
97 4 97
20 + % 20 4 9%
95 T
300 320 340 360 380 400 420 440 9%
200 250 300 350 400
0 T T T T T T 0 T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Temperature (°C)

Temperature (°C)

Fig. 2 DSC thermograms (1st heating cycles) of (A) DDNs based on PCL and (B) DDNs based on PBD with different crosslinkers. TGA thermograms
of (C) DDNs based on PCL and (D) DDNs based on PBD with different crosslinkers.

Table 2 Thermal properties of DDNs

DDN TgSS/HSa (OC) Tmpcr” (°C) AHmpcr” U g'l) Tipa® (OC) AHps" U g'l) Tdegs%b (°C)
DA(PCL-ESter) — 44.0 17.8 107 & 134 11.0 419
DA(PCL-urethane) — 44.0 20.0 115 & 146 10.8 384
DA(PCL—urea) —43/— 36/43 6.1 115 & 143 10.4 364
DA(PBD-ester) —29/41 — — 129 12.4 359
DA(PBD-urethane) —29/54 — — 137 11.2 333
DA(PBD-urea) —29/55 — — 136 9.6 333

“ Determined via DSC analysis. ” Determined via TGA.

Table 2). DDNs comprising PCL-M present additional
endotherms between 36 and 44 °C for the melting of semi-
crystalline PCL soft segments (SS). DA(PCL-ester) and DA(PCL-
urethane) present similar AHp,pcy, values (17-20 J g~ 1), whilst
DA(PCL-urea) exhibits a significantly smaller AH,,pc, of 6.1 ]
g”') implying that bidentate urea hydrogen bonding sup-
presses PCL crystallisation. DA(PCL-urea) exhibits a low T, of
—43 °C but the T, values of DA(PCL-ester) and DA(PCL-
urethane) cannot be detected, likely due to higher PCL crystal-
linity. The DDNs containing PBD-M display lower Tygs values
at —29 °C and upper Tyys values between 41 and 55 °C, indi-
cating microphase separation. These networks also exhibit
noticeable exothermic inclines above 160 °C, which can be
attributed to maleimide homopolymerisation and the alder-
ene reaction.”® The influence of such side reactions can be
minimised by incorporating free-radical scavengers.>*

analysis (TGA) reveals that the
decomposition temperature at 5% weight 10ss (Tgegso,) for all

Thermogravimetric

This journal is © The Royal Society of Chemistry 2026

networks exceeds 330 °C, indicating excellent thermal stability.
The Tyegs9 values of the DDNs decrease with increasing
strength of furan cross-linker hydrogen bonding (Fig. 2(C) and
(D) and Table 2). The energies of the major chemical bonds in
the DDNs decrease in the order C=N (615 k] mol™") > C=C
(602 k] mol™) > C-O (358 k] mol™") > C-C (346 k] mol™") > C-
N (305 kJ mol ™). This comparison indicates that the urethane
bonds in the HS are likely to be weaker than the other bonds,
with the presence of multiple C-N bonds further reducing the
thermal stability.>®

Dynamic Mechanical Analysis (DMA) was employed to
investigate storage modulus (E') and loss factor (tan ) of the
DDNs as a function of temperature (Fig. 3 and Table S2).

The PCL based networks initially display a gradual decrease
in E' with temperature. These materials also exhibit clear step
changes in E' and diffuse tan § peaks between 40-45 °C corres-
ponding to the melting of semi-crystalline PCL segments. On
heating above the Ty,pcr, the modulus gradually reduces
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Fig. 3 Variation of storage modulus with temperature for (A) DDNs based
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on PCL and (B) DDNs based on PBD with different crosslinkers. Variation

of tan § with temperature for (C) DDNs based on PCL and (D) DDNs based on PBD with different crosslinkers.

before the large reduction in stiffness due to the presence of
thermoresponsive DA crosslinks. In comparison, the PBD
based networks exhibit a clear initial reduction in E'
accompanied by narrow, strong tané peaks between —14 and
—16 °C, corresponding to the PBD Tygs values. These networks
also present small, diffuse tané peaks between 40 and 90 °C,
indicating some microphase separation. A steep reduction in E'
occurs in all networks at higher temperatures (>90 °C) where
network integrity is lost at Ty when the equilibrium favours DA
bond dissociation. Interestingly, for both PCL and PBD networks
the onset temperature of Ty increases by more than 40 °C
depending on the type of crosslinker (TF-urea > TF-urethane >
TF-ester). This implies that the hydrogen bonding in the multi-
functional crosslinker provides synergistic network reinforcement.
The viscoelastic properties can also be tuned by altering the type
of backbone. For example, the PBD networks display broader and
more stable rubbery plateaus in addition to higher Ty values
than the corresponding PCL networks, likely due to enhanced
microphase separation and consequently stronger hydrogen
bonding. It is noteworthy that the gel transition temperature for
DA(PBD-urea) is 150 °C, typically 50 °C higher than the dis-
sociation of cycloadducts from conventional DA networks based
on maleimides and furans often reported.

2.5 Morphology

The morphology of the DDNs was investigated via small-angle
X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS)

Polym. Chem.

experiments conducted at room temperature. WAXS shows that
all DDNs display broad scattering features between 26 = 5-30°,
centred around 26 = 20°, due to amorphous regions (Fig. 4(A)
and (B)). The WAXS spectra of the networks based on PCL also
contain superimposed sharp diffraction peaks at 26 = 21.2°,
21.8° and 23.5°, characteristic of crystalline PCL segments.>®
SAXS analysis implies that all networks comprise phase separ-
ated nanodomains. The Lorentz-corrected (Ig*) one-dimen-
sional SAXS plots of the networks based on PCL display broad
scattering features between gmay = 0.05-0.08 A™* with average
interdomain d-spacings between 7.9-12.5 nm according to the
Bragg equation (d = 21/gmax) (Fig. 4(C)). These periodic scatter-
ing features indicate the presence of phase-separated nanodo-
mains, likely resulting from the incompatibility between the
copolymerised polar TF-crosslinkers and the less polar PCL
rubber matrix. Similar SAXS patterns were observed by Wang
and coworkers when they incorporated quadruple hydrogen
bonds and boronic ester bonds into styrene-butadiene vitri-
mers.”® DA(PCL-urea) presents an additional scattering peak at
Gmax = 0.02 A~ which can be attributed to the aggregation of
TF-urea crosslinker molecules, likely via bidentate hydrogen
bonding and n-=n stacking. This confines these bonding motifs
to larger nanoscale hard domains (d-spacing = 31.4 nm) within
the soft PCL matrix. Sun et al. observed similar results by
exploiting hydrogen-bonding induced aggregation using
dynamic covalent pyrazole-urea motifs to create phase-separ-
ated elastomers.’” In comparison, the networks based on PBD

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 WAXS profiles of (A) DDNs based on PCL and (B) DDNs based on PBD with different crosslinkers. Lorentz-corrected SAXS plots of (C) DDNs

based on PCL and (D) DDNs based on PBD with different crosslinkers.

exhibit pronounced scattering peaks between gmax
0.054-0.066 A~' corresponding to d-spacings between
9.5-11.6 nm, also indicating nanoscale phase separation
(Fig. 4(D)). These scattering peaks are more intense and nar-
rower than those produced by the DDNs based on PCL due to
a higher electron density difference between the soft and hard
domains. DA(PBD-ester) presents an additional broad scatter-
ing feature at gma = 0.018 A~ with a d-spacing of 35 nm,
whilst DA(PBD-urethane) and DA(PBD-urea) reveal scattering
shoulders at low gpmax values, indicating further ordering and
possible formation of larger HS aggregates.

2.6 Mechanical properties

To further assess the viscoelastic properties of the DDNs, creep
recovery measurements were performed under a constant load
stress of 0.5 MPa at 70 °C for 30 minutes followed by relaxation
for 60 minutes (Fig. 5). The creep behaviour of the DDNs can
be significantly reduced via stronger crosslinker hydrogen
bonding, with networks comprising TF-urea providing the best
results. This is because the additional hydrogen bonds from
the furan crosslinkers can act as physical crosslinks to hinder
chain segment mobility. There is a large reduction in creep
from TF-ester to TF-urethane for both networks based on PCL
and PBD. The load stress for the TF-ester containing DDNs led
to either rapid creep to the drive limit or sample failure.
Similar creep reductions were observed by Wang et al. when
they reinforced boronic ester crosslinked styrene-butadiene
rubber with quadruple hydrogen bonding moieties leading to
phase separation.’® The results also demonstrate that networks

This journal is © The Royal Society of Chemistry 2026

based on PBD display significantly reduced creep compared to
the respective networks based on PCL. For example, DA(PBD-
urethane) reaches 18% creep strain whilst DA(PCL-urethane)
advances to the accelerated creep stage (83.7% creep strain).
This substantial improvement in creep resistance could be
attributed to the enhanced degree of microphase separation
occurring in the non-polar PBD. DA(PBD-urea) displays the
lowest overall creep strain of 7.8% and almost complete recov-
ery, benefiting from a combination of strong bidentate urea
bonding and microphase separation.

The mechanical properties of the DDNs were obtained via
uniaxial tensile testing at 25 °C using an extension rate of
10 mm min~" (Fig. 6(A) and (B)). From the resulting stress—
strain curves, the Young’s modulus (E,) (linear regression in
the 0-2% strain interval), stress at break (o},), strain at break
(ep) and modulus of toughness (Ur, the total area under the
stress—strain curve) of the networks were calculated (Table S3).
The tensile data show that the network strength and Young’s
modulus generally increase with stronger crosslinker hydrogen
bonding, whilst flexibility and overall toughness decrease. The
increase in network strength and stiffness can be attributed to
the incorporation of stronger hydrogen bonds which act as
additional physical crosslinks and resist deformation. This
effect is similar to the augmentation of DA networks by hydro-
gen bonding reported elsewhere. For example, polyurethane
networks comprising ureidopyrimidinones produced improve-
ments in mechanical properties.>® Synergy between reversible
hydrogen bonds and heat responsive DA bonds has also been
observed in polyurethane urea materials where the dual
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network produced the best mechanical properties.®® The net-
works based on PCL display enhanced tensile strengths (16-27
versus 12-15 MPa), elongations (390-690 versus 180-350%) and
toughness values (55-81 versus 14-26 MJ m™) over the corres-
ponding networks based on PBD, due to the superior strain-
hardening ability of PCL. The stress-strain curves of the PCL
networks display prominent yield points due to their semi-
crystalline nature, leading to significantly higher Young’s
modulus values than the corresponding amorphous PBD-

Polym. Chem.

based networks (136-300 versus 8-15 MPa, respectively). The
Young’s modulus increases from 136 MPa in DA(PCL-ester) to
over double (299 MPa) in DA(PCL-urea), indicating that stron-
ger crosslinker hydrogen bonding enhances material resis-
tance to deformation. This trend was also extended to the yield
stress of the PCL-based systems, although was not as evident
in the yield strain, which supports the hypothesis that the dis-
tance between crosslinks is comparable, but their strength
differs.

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Optical microscopy images of (A) DA(PCL-urethane) with a 20 pym defect and (B) the same sample after heating to 120 °C for 90 seconds

with the defect fully healed.

2.7 Recyclability and healing

The networks DA(PBD-urethane), DA(PBD-urea), DA(PCL-
urethane), and DA(PCL-urea) were subjected to thermal repro-
cessing via compression moulding, using mild conditions
(100-130 °C, 3 MPa for 5-10 minutes) and subsequently con-
ditioned at 25 °C for 7 days to allow crosslinking before remea-
surement of tensile properties (R1). This process was repeated
twice with the same materials (R2, R3) (Fig. 6(C)). Infra-red
spectra of the reprocessed materials are identical to the orig-
inals, showing that there is no apparent change in chemical
structure with reprocessing (Fig. S9). All DDNs maintained very
good mechanical properties achieving high stress recovery
efficiencies (>77%) after 3 recycles, demonstrating their poten-
tial sustainability advantage over conventional thermoset PU
networks (Fig. 6(D), Table S4 and Fig. S10). The PBD-based
networks display slightly higher stress recovery ratios after
thermal recycling over the corresponding PCL-networks, poss-
ibly due to their amorphous nature.

A very brief, preliminary investigation of the healing capa-
bility of the networks was performed via optical microscopy
using DA(PCL-urethane) as an example (Fig. 7). This elastomer
exhibited excellent thermal healing capability, achieving full
healing of a 20 um defect after just 90 seconds at 120 °C, due
to the synergistic thermoreversibility of the covalent DA and
physical hydrogen bonding crosslinks, enabling chain mobi-
lity. In comparison, DAPCL(ester) displays thermal healing of a
similar defect within 5 minutes at 80 °C (Fig. S11). Our obser-
vations are similar to other polyurethane networks based on
maleimides and furans, where healing temperatures are typi-
cally in the range of 80 °C-120 °C.*'~®* However, a recent study
indicates that autonomous self-healing at ambient tempera-
ture is possible via the combination of hydrogen bonds and
Diels-Alder bonds.** It is clear that a much more detailed
study is required to fully understand the healing behavior of
our materials reported here.

3. Conclusions

Maleimide functional prepolymers and multifunctional furan
crosslinkers were made via facile methods from commercially
available raw materials with high atom efficiency. Maleimide-

This journal is © The Royal Society of Chemistry 2026

telechelic poly(e-caprolactone urethane) (PCL-M) or poly(1,4-
butadiene urethane) (PBD-M) were copolymerised with the
multifunctional furan crosslinkers TF-ester, TF-urethane and
TF-urea, containing isocyanurate cores and either ester,
urethane, or urea functional groups. Successful DA-network
formation was confirmed by high gel fractions and low male-
imide absorption. The DDNs showed melting endotherms and
sharp decreases in E' between 100-146 °C, confirming the
retro DA (rDA) reaction and network dissociation.

The thermomechanical properties of the materials
increased with stronger hydrogen bonding in the multifunctional
crosslinker and a reduction in the polarity of the maleimide pre-
polymer. Thermal analysis demonstrated that the gel transition
temperature and creep resistance were significantly increased,
whilst mechanical analysis demonstrated that Young’s modulus
and network strength increased by incorporating furan cross-
linkers with stronger hydrogen bonding groups. Networks based
on PBD displayed higher T, values, broader rubbery plateaus
and improved creep resistance over the corresponding networks
based on PCL, whilst the latter exhibited superior strength and
flexibility. SAXS analysis revealed that all networks exhibited
nanophase separated domains. The DDNs could be thermally
reprocessed 3 times via compression moulding using mild con-
ditions whilst retaining very good mechanical properties.
Moreover, the networks demonstrated rapid thermal healing
capability. This study provides a simple strategy to prepare recycl-
able and healable DDNs which combine high mechanical pro-
perties with excellent creep resistance by incorporating thermore-
versible DA cycloadducts and synergistic hydrogen bonds.
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