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ABSTRACT: Recently, the Diels−Alder reaction between furan
and maleimide functional groups has been exploited in dynamic
reversible covalent networks, introducing a healing ability and
reprocessing in various applications. Both applications and
(re)processing techniques impose specific requirements, which
can be met by the large tunability of the material properties of
Diels−Alder-based networks. The extensive set of structure−
property relations presented in this paper allows for designing
Diels−Alder networks meeting a broad range of material
properties. Three major network design parameters are defined
that influence these properties: the Diels−Alder concentration, the
degree of functionality of the reactive maleimide and furan groups
on the monomers, and the stoichiometric ratio between these reactive groups. Their individual influences on the kinetics and the
thermomechanical, rheological, and healing properties were investigated via tensile testing, differential scanning calorimetry, dynamic
mechanical analysis, and dynamic rheometry. By tuning the design parameters independently, mechanical properties can be matched
with requirements imposed by applications by changing the Diels−Alder concentration, while healing speeds can be further altered
by the stoichiometric ratio between maleimide and furan groups. In addition, the temperature of gelation, crucial for processing, can
be tuned by means of the functionality parameter, meeting requirements imposed by manufacturing techniques.

■ INTRODUCTION

Reversible covalent chemistries have been used to combine
high strength and stability with healing capacity1 and
reprocessability,2 able to heal microscopic and macroscopic
damage. In this category, the Diels−Alder (DA) reaction,
described by Otto Diels and Kurt Alder,3 is one of the most
widely used thermoreversible equilibrium reactions for
constructing reversible covalent polymeric networks with
intrinsic self-healing abilities. In most cases, the cycloaddition
of furan, a conjugated electron-rich diene, and maleimide, an
electron-poor dienophile, is used to form DA cycloadducts.4

These materials were first developed as coatings for the
corrosion protection of metals.5,6 Later, these reversible
networks were adopted to fabricate complex three-dimensional
components, like healable soft robots,7 that are able to recover
their material properties and functional performance after
being cut into two pieces. This has sparked the innovation of
intrinsic self-healing materials for structural applications,
putting more stringent requirements on these self-healing
materials, spurring major advancements in both the self-healing
materials and robotics field, as well as in additive
manufacturing.8

The bodies of soft robots, an emerging type of robots, are
biologically inspired and consist, for a large part, of soft

material, mostly flexible polymers, or fabric materials.9 Because
of their inherent softness, these robots provide safe human−
robot interactions, can produce large deformations, and are
adaptable, making them suitable for soft gripper applications10

for food manipulators,11 prosthesis,12 social robots,13 surgical
tools,14 and robotic co-workers.13 However, this softness
comes at a price, as the components are vulnerable to different
damaging modes like cuts, punctures, and tears due to sharp
objects, as well as fatigue and interfacial debonding. Recent
works7 demonstrate that manufacturing the flexible bodies of
soft robots out of self-healing polymers enables healing of
damage with sizes ranging up to the centimeter scale. In
contrast to coating applications, in soft robotics, intrinsic self-
healing polymers make up structural 3D components, requiring
excellent mechanical strength and stability, as well as
elastomeric behavior.15,16 Although a large variety of self-
healing mechanisms are exploited in soft robotics,7 including
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different extrinsic,17 supramolecular,18 and dynamic covalent
mechanisms,19 the DA reversible chemistry was the first to be
used in healable soft robots.20

In soft robotics, elastomers are used with mechanical
properties varying over a broad range, e.g., the Young’s
modulus varies from 103 to 107 Pa,21 and often materials with
divergent properties are combined in a single part to generate
complex anisotropic motions, with specific stiffnesses or
differences in stiffness being essential to generate a passive
intelligent behavior22 or complex actuation modes.23 To meet
the demands imposed by applications like soft robotics, the
mechanical properties of the intrinsic self-healing materials
have to be tunable over a broad range. As reported in a
previous study,24 the mechanical properties of DA networks
can be tuned via the crosslink density, which itself depends on
the DA concentration in the network, influenced by the molar
mass per DA functional group of the monomer units,24 as well
as the molar ratio between them.25−28

This Diels−Alder concentration also influences the
thermomechanical properties, including the viscoelastic behav-
ior at different temperatures. Higher Diels−Alder concen-
trations push the glass transition and gel transition to higher
temperatures.29 The latter transition is highly influenced by the
monomer functionality as well, as illustrated by Li et al.30

Consequently, the monomer functionality highly influences the
rheological behavior, and with extension the manufacturing of
the thermoreversible networks. For fused filament fabrication,
which is an additive manufacturing technique, the gel
transition of the DA networks was pushed to higher
temperatures using furan compounds having a higher furan
degree of functionality.31 This speeds up the reaction kinetics

during printing, leading to faster solidification and enhancing
both print speed and resolution.
Although a higher crosslink density leads to an increase in

the reaction rate,25 it is not translated into improved healing
rates, due to the reduction of mobility caused by the additional
crosslinks. Alternatively, the stoichiometric ratio between the
reactive maleimide and furan functional groups has been
exploited by the authors to greatly improve the healing rate,
increasing both the reaction kinetics and the network
mobility.28 A low maleimide-to-furan ratio, achieved through
introducing an excess of furan reactive groups in the network,
leads to an increase in reaction kinetics of the DA reaction.32

The faster reaction kinetics allow healing under ambient
conditions, as demonstrated for a pneumatic soft robotic
gripper,33 manufactured from a DA elastomeric network with a
low stoichiometric ratio. This eliminates the need for an
external heat stimulus and makes these DA networks truly
autonomous self-healing materials.
Based on the literature, we define three main network design

parameters that influence the material properties: the DA
concentration at 25 °C, the monomer functionality, and the
stoichiometric ratio between the reactive groups. In most
research papers, these network design parameters are not
varied independently; typically several parameters are changed
simultaneously. As such, relations describing the direct effect of
these design parameters on the material properties are largely
lacking. In this paper, we made special efforts to independently
change the network design parameters, while keeping the
others constant, to investigate their effect on the thermome-
chanical and viscoelastic behavior and on the reaction kinetics
(Figure 1). We will illustrate that by tuning the network design

Figure 1. Based on the literature, three main network design parameters were defined, including the Diels−Alder concentration [DA], the
functionality f, and the stoichiometric ratio r. By independently tuning these network design parameters, the material properties can be altered to fit
mechanical and healing kinetic requirements imposed by the application (e.g., soft robotics20) and rheological properties to fit processing and
manufacturing requirements (e.g., for 3D printing31).
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parameters independently, mechanical and viscoelastic proper-
ties can be matched with the requirements imposed by the
application by changing the crosslink density, largely controlled
by the concentration of adducts formed, [DA], while the
healing rate can be altered by the maleimide-to-furan
stoichiometric ratio r. In addition, the temperature of the
reversible gel transition can be tuned by means of the
functionality of reactive groups f of the monomers used, to
meet requirements imposed by the processing and/or
manufacturing techniques.

■ RESULTS
Network Design Parameters. In this work, elastomeric

networks are formed by crosslinking through the DA
cycloaddition reaction between furan (diene) and maleimide
(dienophile) (Figure 2). The maleimide group is present on a

bismaleimide (DPBM), while the furan group is located on a
furan-functionalized Jeffamine (FFJ), created by an irreversible
epoxy-amine reaction between furfuryl glycidyl ether and the
amino groups of the Jeffamine (Figure 3 and details in the
Experimental Section and Supporting Information 2 and 3).
The synthesized elastomeric network is thermoreversible. As
the adduct formation is exothermic, upon heating the network,
the crosslink density will decrease as the DA reaction
equilibrium shifts toward the formation of reactive furan and
maleimide groups (in endothermic sense). Consequently, both
the number of reactive functional groups and the molecular
mobility in the solid network increase, which allows perform-
ing the healing at typical temperatures of 80−90 °C.20,26,34

Further increasing the temperature leads to degelation. This

occurs at the gel-transition temperature Tgel, when the
conversion drops below the gel conversion and the material
loses its network structure, as it breaks down into a viscous
liquid polymer. This gel transition is completely reversible, as
upon cooling the DA reaction occurs, the concentration of DA
bonds increases, and the material gels at Tgel. Upon cooling,
the crosslink density in this reformed network increases and
the initial properties at room temperature are eventually
completely regained.
To investigate the relations between the network structure

and the material properties, a large variety of 10 elastomeric
networks was created, differing in the type of monomers used
in the synthesis and/or the ratio between them. Figure 4
illustrates the three network design parameters considered for
the DA polymer networks presented in this work: (i) the DA
concentration [DA]eq at the application temperature (room
temperature), (ii) the functionality f of reactive groups on the
monomers, and (iii) the stoichiometric ratio r between initial
maleimide and furan active groups.
These three design parameters allow synthesizing a wide

variety of DA networks with distinctly different properties. The
knowledge of the direct effect of these network design
parameters on the thermal properties and transitions allows
for the design and preparation of reversible polymer network
materials with customized thermomechanical and thermores-
ponsive properties for dedicated applications. These applica-
tions include self-healing coatings,64 soft robotic actua-
tors,20,26,34 and advanced polymer processing.8,35,36 In the
following sections, these design parameters and their effect on
the material properties will be consecutively addressed.
However, first, the mechanistic kinetic model of the DA
equilibrium reaction is introduced. Besides these three, other
design parameters exist, including the type of Diels−Alder
bonds, that influences the reactivity, and the flexibility of the
building block. The study of the effect of these parameters is
out of the scope of this work because it requires designing new
syntheses.

Diels−Alder Kinetics. As extensively described in our
previous work32 and by Froidevaux et al.,37 during the Diels−
Alder (DA) reaction of furan (F) with maleimide (M), two
stereoisomeric DA adducts are formed: the kinetically favored
endo isomer and the thermodynamically more stable exo
isomer. This implies that the kinetics of the complete DA
reaction can be described by the two forward and two reverse
DA (rDA) reactions of the endo and exo stereoisomers and the

Figure 2. DA cycloaddition is an equilibrium reaction between furan
and maleimide, which form DA adducts. The equilibrium is
temperature-dependent: upon increasing/decreasing the temperature,
the equilibrium shifts to the left/right, increasing/decreasing the
fraction of unbound maleimide and furan.

Figure 3. Elastomeric networks are created by reversible DA crosslinks formed by an equilibrium reaction between maleimide- and furan-
functionalized molecules. The resulting network is thermoreversible. Upon heating the polymer, the equilibrium in the DA reaction shifts toward
the unbound state, decreasing the number of DA bonds and increasing the number of furan and maleimide units, increasing the reactivity as well as
mobility in the network. At the gel-transition temperature (Tgel), extensive debonding leads to degelation of the network into a viscous polymer.
Upon cooling, the reversible network is reformed and a solid network polymer is recreated.
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corresponding rate constants (kDA,endo, krDA,endo, kDA,exo, and
krDA,exo), as schematically shown in Figure 5. These rate
constants are functions of temperature and given by the
Arrhenius equation (eq 1):

= =− −k A k Ae ei i
E RT

i i
E RT

DA, DA,
/

rDA, rDA,
/i iDA, rDA, (1)

where “i” indicates endo or exo, ADA,i and ArDA,i are the
preexponential factors or frequency factors, EDA,i and ErDA,i are
the activation energies, R is the universal gas constant, and is T
the absolute temperature.
The mathematical representation of the reaction kinetics of

this two-equilibrium reaction scheme (Figure 5) consists of a
set of ordinary differential equations describing the variation of
the concentrations of all components (eqs 2 and 3):

∑[ ] = [ ] = [ ] − [ ][ ]

= −
[ ] + [ ]

= − [ ]
=t t

k k

t t

d M
d

d F
d

( DA M F )

d( DA DA )
d

d DA
d

i
i i i

exo,endo
rDA, DA,

exo endo
(2)

[ ]
= [ ][ ] − [ ]

t
k k

d DA
d

M F DAi
i i iDA, rDA, (3)

where [DA] indicates the sum of the concentrations of the exo
and endo adducts. These equations can be related to the
reaction heat flows (q̇r) through eq 4:

l
mo
no

|
}o
~o

∑ ∑̇ = { ̇ }=
[ ]

Δ
= =

q q
t

H
d DA

di i

i
ir,DA

exo,endo
r,DA

exo,endo
r

0
itot

(4)

in which ΔrHexo
0 and ΔrHendo

0 are the standard reaction
enthalpies for the formation of the exo and endo DA adducts,
respectively. The standard reaction enthalpy ΔrHi

0 for the
formation of an adduct can be written using the difference in
activation energies ErDA,i − EDA,i for that adduct. These
equations allow for the derivation of the kinetic parameters of
the DA reaction (ADA,i, ArDA,i, EDA,i, and ErDA,i) by a nonlinear
multiple-parameter least-squares optimization of the simulated
heat flows and experimental heat flows measured using DSC
(Supporting Information 1). The kinetic parameters used in
this work for simulations are listed in Table 1.
The (overall) reaction conversion or extent of the reaction x

can be defined by eq 5

Figure 4. Three network design parameters that allow us to synthesize a wide variety of DA polymers with varying thermomechanical and
physicochemical behavior: equilibrium DA concentration [DA]eq; furan and maleimide functionalities f F and fM, respectively; and stoichiometry r.

Figure 5. Reversible Diels−Alder reaction is an equilibrium reaction between furan groups (F), acting as the diene, and maleimide groups (M),
acting as the dienophile, that results in endo and exo stereoisomers of the Diels−Alder cycloadducts (DA).

Table 1. Kinetic Parameters for the DA Reaction between
DPBM and FFJ

kinetic parameter unit endo isomer exo isomer

ln ADA,i kg·mol−1·s−1 14.3 15.0
EDa,i kJ·mol−1 60.3 65.3
ln ArDA,i kg·mol−1·s−1 30.2 31.8
ErDA,i kJ·mol−1 108.0 121.0
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=
[ ] + [ ]

[ ]
= [ ]

[ ]
x

DA DA
M

DA
M

exo endo

0 0 (5)

The conversion at equilibrium xeq at a selected temperature
can be calculated using the dimensionless concentration-based
equilibrium constants (KC,exo and KC,endo), which are given in
eq 6a

= =
[ ]
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= =
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[ ] [ ]

K
k C

k

C

K
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DA

F M
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DA,endo 0

rDA,endo

endo eq 0

eq eq

C,exo
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rDA,exo

exo eq 0

eq eq (6a)
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C C

x C
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DA DA

F M

(1 ) M
r
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endo eq 0 exo eq 0

eq eq

eq 0

1
eq eq 0 (6b)

in which C0 is the standard concentration of 1 mol·g−1 and r =
[M]0/[F]0 is the maleimide-to-furan molar ratio (also called
the stoichiometric ratio). Consequently, the equilibrium
conversion xeq can be derived as (eq 7)

=

+ [ ] +

− + [ ] + −

[ ]

[ ]

( )
( )

( )
( )

x

K

K

K

1 M 1

1 M 1

2 M

r

r

K

r

C

eq

C,DA
1

0

C,DA
1

0

2 4 M

C,DA 0
1

C,DA
2

0
2

0 (7)

This formula allows us to determine, for every temperature, the
equilibrium conversion, which will further, in this paper, be
related to mechanical and healing properties.
Diels−Alder Concentration at Room Temperature.

The concentration of DA bonds formed at room temperature
[DA]eq,25°C, increases with the initial concentration of reactive
units, maleimide [M]0 and furan [F]0. In this section, only
stoichiometric mixtures (r = [M]0/[F]0 = 1) are considered.
The initial concentration [M]0 can be changed by synthesizing
reversible networks using furan-functionalized Jeffamines (FFJ)
with different molar masses (details in Supporting Information
2). To illustrate the influence of crosslink density on the
material properties, five DA networks are synthesized using
FFJs with average molar masses ranging from 1081 to 5188 g
mol−1 (Table 2). All of these FFJs are diamine-based and have
four reactive furans per molecule ( f = 4). Their molar masses
are number-average molar masses determined from NMR
experiments on the Jeffamines (Supporting Information 3).
Intermediate average molar masses can be achieved by mixing
two or more FFJs. This is illustrated by mixing the FFJs,

FD2000 and FD4000, with molar ratios nFD2000/nFD4000 equal
to 2.29 and 0.43, to synthesize DPBM-FD2000-FD4000-1 and
2, respectively. For the five synthesized networks, the initial
maleimide and furan concentrations and resulting DA adduct
concentration at equilibrium at 25 °C, derived using eq 7, are
presented in Table 2. The two networks derived by mixing the
FFJs illustrate that the crosslink density can be adjusted in a
continuous manner.
Changing the maleimide/furan concentration in the network

changes the Diels−Alder concentration and therefore the glass-
transition temperature Tg of the resulting network, which can
be measured by differential scanning calorimetry (DSC)
(Figure 6A and Table 3). Upon heating through the glass
transition, the cooperative chain segment mobility increases,
resulting in a sigmoidal increase in heat capacity, visible as a
step in the endothermic direction in the heat flow signal. An
increase in concentration, and therefore crosslink density, leads
to a decreased flexibility in the network and an increase in Tg
(Figure 6B). This increase in Tg with an increase in crosslink
density is more pronounced for higher concentrations; as at a
low concentration, there is only a limited influence on Tg. This
is because at a low crosslink density, the flexibility of the
connecting chains is the main controlling parameter, as
illustrated by the fitted DiBenedetto model (Figure 6B).
Using dynamic mechanical analysis (DMA), the viscoelastic

behavior of the five DA networks was measured over a
temperature range of −80 to 100 °C. When increasing the
temperature above Tg, all DA networks show a clear drop in
both storage modulus, E′, and loss modulus, E″, resulting from
the increase in cooperative mobility when passing the glass
transition (Figure 7A,B). Upon heating above Tg, the storage
modulus does not display a rubber plateau of constant or
slightly increasing storage modulus, as seen for irreversible
polymer networks. Instead, the storage and loss modulus
gradually decrease upon heating because the retro-DA reaction
is more and more favored and the crosslink density gradually
decreases.38,39 This illustrates the thermoreversibility of the
DA crosslinks.
Depending on the position of its Tg in relation to the

application temperature (in many cases room temperature TR),
the DA network will exhibit a brittle glassy behavior (Tg > TR)
or a flexible elastomer behavior (Tg < TR) at room
temperature. DA networks with a high DA concentration will
have a Tg higher than the application temperature, as
illustrated by DPBM-FD400, which has a Tg at 72 °C and
therefore exhibits an almost entirely elastic, glassy behavior at
25 °C. This is further illustrated by a high storage modulus
(3.6 GPa), a relatively low loss modulus (164 MPa), and a very
low loss angle of only 3°. The DPBM-FD4000 on the other
hand has a much lower Tg at −57.8 °C, due to a lower DA
concentration (due to a lower initial concentration of furan

Table 2. Diamine-Based DA Networks with Varying Initial Furan [F0] (=Maleimide [M0]) Concentration by Changing the
Molar Mass M of the Furan-Functionalized Jeffamine (FFJ); the Networks Have a Different DA Concentration at 25 °C
([DA]eq,25°C)

monomers f M (g·mol−1) M/f (g·mol−1) elastomers [M]0 = [F]0 (mol·kg−1) [DA]eq,25°C (mol·kg−1)

DPBM 2 358 179
FD400 4 1081 270 DPBM-FD400 2.19 2.11
FD2000 4 2436 609 DPBM-FD2000 1.25 1.19
FD2000-FD4000-1 4 3316 829 DPBM-FD2000-FD4000-1 0.98 0.93
FD2000-FD4000-2 4 4420 1105 DPBM-FD2000-FD4000-2 0.77 0.73
FD4000 4 5188 1297 DPBM-FD4000 0.67 0.63
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and maleimide) and longer flexible chains between them. At 25
°C, DPBM-FD4000 behaves as a flexible rubber with low
storage modulus (6.1 MPa), a relatively low loss modulus of
(0.76 MPa), and a low loss angle of 7°. This non-negligible loss
angle indicates that a viscous component is present in the
mechanical response; however, it is limited. This large contrast
in mechanical properties illustrates that the DA concentration
design parameter allows synthesizing very brittle, stiff self-

healing materials down to very flexible, rubbery self-healing
materials.
In Figure 7C, for the elastomers, a second transition around

40−50 °C can be observed. This transition most probably
originates from physical interactions, possibly to nanoscale
phase separation of (reacted) DPBM from the polymer matrix.
The networks are made by dissolving the crystalline DPBM
and the furan-functionalized Jeffamine in chloroform (details
in Supporting Information 4). Once dissolved and mixed, clear
and transparent solutions are obtained and films can be made
by evaporating the solvent. However, the aromatic bismalei-
mide is not expected to be very compatible with the aliphatic
main chain of the Jeffamines, most likely causing the nanoscale
phase separation seen in the DMA results.
In Figure 7D, the storage modulus and loss modulus are

plotted as a function of the crosslink density at 25 °C.
According to rubber elasticity theory, the elastic modulus
increases linearly with crosslink density. Of course, this
requires that the Tg is sufficiently below room temperature
(e.g., elastomeric networks). However, the storage and loss
modulus increase exponentially as a function of DA
concentration at 25 °C (Figure 7D). The current exponential
relationships show a faster than linear increase with crosslink
density in the rubbery state, which can be attributed to a
relative increase in the amount of stiffer aromatic DPBM
segments with increasing crosslink density. In addition, the
results show it is possible to have intermediate properties using
combinations of commercially available Jeffamines. If Tg is
higher than room temperature, the material is in the vitrified
state at 25 °C, and the exponential relationships are no longer
applicable.
The influence of the DA concentration on the mechanical

properties at 25 °C can also be illustrated by tensile testing up
to fracture in strain-controlled experiments (Figure 8A,B).
From the resulting engineering stress−strain curve, the
Young’s modulus E (linear regression in 0−5% strain interval)
and the strain and stress at fracture can be derived (Figure
8C,D and Table 3). First, it should be noted that the DA
elastomers strain up to 230% prior to fracture (Figure 8A).
This makes these materials very interesting for soft robotic
applications,20,26 in which large strains can be reached during
actuation.7 Higher initial maleimide and furan concentrations
result in higher crosslinking densities, which increases the
fracture stress, as more crosslinks must be broken, while the
fracture strain is retained. For the elastomeric networks, the
fracture stress-concentration relationship is linear (Figure 8D).
In addition, a higher crosslinking density leads to a decrease in
flexibility, and an increase in Young’s modulus (Figure 8C).
For the DA elastomers (Tg < TR), the relation between the
Young’s modulus and the concentration is again exponential

Figure 6. Influence of the DA concentration on the glass-transition
temperature (Tg) of DA networks with a stoichiometric ratio of one
and FFJs with a furan functionality of four. (A) Differential scanning
calorimetry (DSC) measurements at a heating rate of 5 K min−1.
Vertical dashed lines represent the Tg’s. (B) Experimental (*) and
simulated (line) glass-transition temperatures (Tg) of the diamine-
based networks as a function of the equilibrium concentration of
Diels−Alder bonds at 25 °C, [DA]eq,25°C.

Table 3. Glass-Transition Temperature (Tg) and Mechanical Properties at 25 °C for the Diamine-Based Networks with
Varying DA Concentration at 25 °Ca

elastomer [DA]eq,25°C (mol·kg−1) Tg (°C) E′ (MPa) E″ (MPa) E (MPa) σmax (MPa)

DPBM-FD400 2.11 69.5 ± 0.1 3576 ± 120 164 ± 15 1901 ± 56 21.59 ± 0.36
DPBM-FD2000 1.19 −46.3 ± 0.1 104.3 ± 0.7 23.4 ± 0.4 49.3 ± 0.5 5.41 ± 0.07
DPBM-FD2000-FD4000-1 0.93 −56.3 ± 0.1 44.1 ± 0.2 7.30 ± 0.07 22.7 ± 0.2 3.21 ± 0.03
DPBM-FD2000-FD4000-2 0.73 −57.2 ± 0.1 11.50 ± 0.05 2.03 ± 0.02 7.41 ± 0.02 2.06 ± 0.02
DPBM-FD4000 0.63 −57.8 ± 0.1 6.11 ± 0.02 0.76 ± 0.01 4.57 ± 0.03 1.46 ± 0.01

aFor the Young’s modulus (E) and the fracture stress (σmax), standard errors of the mean (SEM) are presented, while for the others, errors based
on instrumental accuracy are given.
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(Figure 8C). For the DPBM-FD400 thermoset, having a Tg

well above room temperature, the cooperative mobility of the
chains is highly restricted, which leads to a much higher
Young’s modulus of 1.90 GPa and very small strains at fracture
of about 1.5% (Figure 8B).
As their mechanical properties can be tuned over a broad

range, self-healing DA networks can be applied in both flexible
and stiff components. Consequently, the self-healing elasto-

mers were used to manufacture flexible and healable soft
bodies for soft robotics,20 while the thermoset was used to
develop a self-healing mechanical fuse.40 In these applications,
large damage, in the centimeter scale, could be healed
completely by subjecting the networks to temperatures of
8020 or 120 °C40 for 40 min.
In DMA, the viscoelastic behavior was measured as a

function of temperature, but this technique is limited to solid

Figure 7. Influence of the DA concentration on the viscoelastic behavior of DA networks. Dynamic mechanical analysis (DMA) measurements
performed in heating from −80 to 100 °C at 1 K min−1, using an oscillating strain amplitude of 0.2% and a frequency of 1 Hz, resulting in the (A)
storage modulus (E′), (B) loss modulus (E″), and (C) loss angle (δ). (D) Experimentally derived storage modulus (E′) and loss modulus (E″) at
25 °C as a function of the equilibrium concentration of DA bonds at 25 °C. The lines are exponential trend lines fitted onto the elastomers’ data
points.

Figure 8. Tensile testing on the five DA networks using a strain ramp of 1 % s−1 until fracture. (A, B) Tensile engineering stress as a function of the
engineering strain. (C) Young’s modulus as a function of the equilibrium DA concentration at 25 °C noted as [DA]eq,25°C. The modulus is derived
by linear regression in the 0−5% strain window for the elastomers and 0−0.5% strain window for the thermoset. (D) Fracture stress as a function of
the equilibrium DA concentration at 25 °C.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c00434
Macromolecules 2022, 55, 5497−5513

5503

https://pubs.acs.org/doi/10.1021/acs.macromol.2c00434?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00434?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00434?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00434?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00434?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00434?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00434?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00434?fig=fig8&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


samples. Upon heating the DA networks above their degelation
temperature, the network breaks down into a viscous liquid
(Figure 3). Hence, dynamic rheometry was used to expand the
temperature region (Supporting Information 5). As in dynamic
rheometry, the degelation temperature, Tgel, is best defined as
the temperature at which δ is frequency-independent,29 the
materials were subjected to a multifrequency dynamic
rheometry experiment. An oscillating strain with an amplitude
of 10% and frequencies of 10, 6.31, 3.98, 2.51, 1.58, and 1 Hz
were applied, while the temperature was increased from 80 to
130 °C with a temperature ramp of 0.2 K min−1. At these slow
heating rates, the material is at each temperature under near-
equilibrium condition, as proven in Supporting Information 5.
The resulting loss angle (δ) is plotted as a function of
temperature in Figure 9A, while the resulting storage moduli
and loss moduli are presented in Figure S12. Tgel can be
identified as the temperature at which the isofrequency lines
cross over, which corresponds with δ being frequency-
independent.
According to Flory−Stockmayer,41,42 the critical gel

conversion is defined by eq 8

=
− −

x
r f f

1
( 1)( 1)

gel
M F (8)

For the diamine-based networks (Table 2), having a maleimide
functionality fM of 2, a furan functionality f F of 4, and a
stoichiometric maleimide-to-furan ratio r of 1, this gel
conversion xgel is 0.577. At conversions lower than xgel, no
network structure is present and the polymer exhibits viscous
liquid behavior. In Figure 9B, for each of the five networks, the
equilibrium conversion, calculated using eq 7, is plotted as a
function of temperature. The simulated equilibrium Tgel is
defined as the temperature at which the equilibrium conversion
is equal to the gel conversion as defined by eq 8. To validate
this simulated equilibrium Tgel, relying on the kinetics of Table

1, Figure 9C compares the simulated Tgel for networks with
[DA]eq,25°C ranging from 0 to 2.5 mol kg−1 with the
experimental Tgel obtained by dynamic rheometry. Higher
crosslink densities shift the equilibrium conversion curve to
higher temperatures (Figure 9B) and lead to an increase in Tgel

(Figure 9C). As the simulated and experimentally derived Tgel

correspond very well, the combination of the equilibrium
conversion, calculated using the eq 7 and the kinetic
parameters (Table 1), with the Flory−Stockmayer equation
(eq 8), allows for simulating the Diels−Alder reaction and the
gel transition quite accurately. Using the kinetics parameters,
time-based simulations that rely on solving the coupled rate
equations (eqs 2 and 3), can be used to estimate (de)gelation
based on temperature−time profiles. Such simulations are an
excellent tool to derive processing settings for manufacturing
techniques for Diels−Alder networks, as illustrated by the
optimization of temperature profiles for extrusion and fused
filament fabrication 3D printing.35

Healing is facilitated by reactivity as well as mobility. The
latter is required to create good contact on the microscopic
level. Although healing below Tg in DA thermosets has been
proven,43 healing in the order of hours can only be achieved by
heating well above Tg, resulting in an increase in mobility. The
thermoset DPBM-FD400 heals in 40 min at 119.5 °C with
efficiencies of 90−100%.40 The DPBM-FD2000 and FD4000
can heal at much lower temperatures, due to an increased
portion of reactive maleimide and furan, seen as a lower xeq as
a function of temperature (Figure 9B) and a higher mobility,
expressed in lower mechanical moduli (Table 3). As a result,
DPBM-FD4000 heals already at 80 °C for the same 40 min,
reaching high efficiencies of 98−99%.20 Consequently,
mobility plays a crucial role during healing, and therefore
higher crosslinked networks, with a higher DA concentration,
heal at higher temperatures for a given healing time.

Figure 9. Influence of the initial concentration reactive component on gel conversion xgel and gel-transition temperature Tgel. (A) Loss angle δ
versus temperature from dynamic rheometry experiments in which the samples were heated at 0.2 K min−1 in multifrequency experiments using an
oscillating strain with an amplitude of 10% and frequencies of 10, 6.31, 3.98, 2.51, 1.58, and 1 Hz. Tgel is the temperature at which the loss angle δ is
frequency-independent (intersection isofrequency lines). (B, C) Equilibrium conversion xeq as a function of temperature (eq 7). (D) Experimental
(* symbols) and simulated (line) Tgel as a function of the equilibrium crosslink density [DA]eq at 25 °C (eq 8).
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Functionality. Changing the functionality of the monomer
units influences the gel conversion (eq 8), but also affects the
viscoelastic properties of the resulting networks at higher
temperatures. This will be illustrated by comparing two
networks, DPBM-FT5000 and DPBM-FD2000-FD4000-2,
differing in the functionality of the furan compound, while
having the same maleimide-to-furan ratio of 1 and the same
DA concentration at room temperature. (Table 4). Con-
sequently, at room temperature, they have very similar
mechanical properties, as illustrated by nearly identical tensile
curves (Figure 10), fracture stress, and Young’s modulus
(Table 5).

Over the temperature range of −80 to 65 °C, the
elastomeric networks have a very similar viscoelastic behavior,
as confirmed by DMA (Figure 11A−C). Tg, Young’s modulus
(E) measured in tensile testing, and the storage modulus (E′),

loss modulus (E″), and loss angle (δ) at 25 °C measured in
DMA are comparable (Table 5). The slightly lower flexibility
of the triamine-based network, DPBM-FT5000, is attributed to
the extra irreversible crosslink per FFJ molecule introduced by
the branching point in the triamine. DMA and DSC
measurements illustrate that the glass-transition temperatures
are within a 1 K difference (Figure 11D and Table 4). Clearly,
these two elastomers can be used for the same applications at
room temperature and below.
With increasing temperature and decreasing DA adduct

concentration, the contribution of the irreversible crosslinks in
the network to the mechanical properties increases. Con-
sequentially, the DPBM-FT5000 network is more mechanically
stable at higher temperatures. This increase in mechanical
stability at higher temperatures due to a higher functionality is
confirmed by dynamic rheometry on both networks (Figure
12A). The most important effect of the functionality is on the
gel-transition temperature Tgel: the triamine-based DPBM-
FT5000 network degels at 118 °C, which is 20 °C higher than
the Tgel of 98 °C of the diamine-based DPBM-FD2000-
FD4000-2 network (Figure 12A). The functionality does not
affect the reaction kinetics and therefore does not influence the
DA conversion (Figure 12A,B). A higher functionality f results
in a lower gel conversion xgel, as seen in the Flory−Stockmayer
eq 8 and illustrated in Figure 12D, and consequently, in a
higher gel-transition temperature Tgel (Figure 12B). The Tgel
measured in rheometry corresponds nicely with the Tgel
calculated as a function of the furan functionality f F for
networks with an initial maleimide and furan concentration of
0.77 mol kg−1 (Figure 12D), calculated using eqs 6a−8 and the
kinetic parameters of Table 1.
The results of Figures 10−12 clearly indicate that the

functionality f parameter allows for tuning the gelation
conversion and temperature, while having a limited effect on
the mechanical properties at room temperature and below.
Consequently, this parameter can be used to design the DA
polymers to fit a specific manufacturing technique. For
example, for fused filament fabrication (FFF), a 3D printing
technique, a high Tgel is preferred.

35 During printing, the DA
polymer is heated a few degrees above Tgel in the printing head
and nozzle and is deposited on a print bed on which it should
quickly gel and reform the network. Materials having a higher
Tgel, can be printed at higher temperatures, where the kinetics
of the DA reaction are faster. As a result, the polymer solidifies
faster during printing and print speeds can be increased. The
fact that the gel-transition temperature can be controlled

Table 4. DA Networks with a Different Functionality of the Furan-Functionalized Jeffamine

monomers f M (g·mol−1) M/f (g·eq−1) elastomers [M]0 = [F]0 (mol·kg−1) [DA]eq,25°C (mol·kg−1)

DPBM 2 358 179
FT5000 6 7626 271 DPBM-FT500 0.77 0.72
FD2000-FD4000-2 4 5080 1270 DPBM-FD2000-FD4000-2 0.77 0.72

Figure 10. Influence of the furan functionality ( f F) on the mechanical
behavior of DA networks: tensile tests on DPBM-FD2000-FD4000-2
(yellow) and DPBM-FT5000 (purple), using a strain ramp of 1% s−1

until fracture. The resulting engineering stress is plotted as a function
of the engineering strain.

Table 5. Glass-Transition Temperature (TG) and Mechanical Properties at 25 °C from DMA (E′, E″, and δ) and Tensile
Testing (E and σmax) for Networks Based on FFJs with a Different Furan Functionalitya

elastomer Tg (°C) E′ (MPa) E″ (MPa) δ (deg) E (MPa) σmax (MPa)

DPBM-FT5000 −64.3 ± 0.1 16.74 ± 0.05 2.43 ± 0.01 8.26 ± 0.03 8.20 ± 0.09 1.97 ± 0.02
DPBM- FD2000-FD4000-2 −63.8 ± 0.1 11.50 ± 0.06 2.00 ± 0.01 10.01 ± 0.04 7.41 ± 0.02 2.05 ± 0.02

aFor the Young’s modulus (E) and fracture stress (σmax), standard errors of the mean (SEM) are presented, while for the others, errors based on
instrumental accuracy are given.
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independently from the mechanical properties at application
temperature provides an interesting degree of freedom for
designing networks that suit both manufacturing techniques
and application requirements. In this paper, the furan
functionality f F of the FFJ was varied; however, changing the
functionality of maleimide-containing monomer fM will affect
the material properties in a similar way.
As healing is dictated by both mobility and reactivity,

networks that only differ in functionality have a very similar

healing behavior. This results from the identical number of
reactive maleimide and furan in the network for a given
temperature (Figure 12B) and mobility, represented by the
mechanical properties as a function of temperature (Figure
11).

Stoichiometry. To illustrate the effect of the third network
design parameter, the molar ratio between the initial
maleimide and furan reactive groups r (eq 6a), two networks,
DPBM-FT5000-r0.83 and DPBM-FT3000-r0.52, with equal

Figure 11. Influence of the furan functionality on the viscoelastic behavior of DA networks. Storage modulus E′ (A), loss modulus E″ (B), and loss
angle δ (C) from DMA measurements in heating from −80 to 100 °C at 1 K min−1, using an oscillating strain with 0.2% amplitude and a frequency
of 1 Hz. (D) DSC pattern at a heating rate of 5 K min−1.

Figure 12. Influence of the furan functionality f F on the gel conversion xgel and gel-transition temperature Tgel. (A, zoom of B) Equilibrium
conversion xeq as a function of temperature calculated using eq 7. The simulated equilibrium Tgel is defined as the temperature at which xeq is equal
to the gel conversion (eq 8). (C) Loss angle δ versus temperature from dynamic rheometry and experimental Tgel (dotted lines). (D) Simulated
equilibrium gel conversion xgel and experimental Tgel (* symbols) and simulated Tgel (line) as a function of furan functionality f F of the FFJ for
networks with the same initial maleimide and furan concentration of 0.77 mol kg−1.
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DA crosslink density at 25 °C, [DA]eq,25°C, equal maleimide
and furan functionalities, but a different maleimide-to-furan
ratio r, are compared (Table 6). To achieve the same
[DA]eq,25°C, r values were selected for the FT5000- and
FT3000-based networks using eq 7. As FT3000 has a lower
molar mass per functionality, this leads to DPBM-FT3000-
r0.52 having a larger excess of furan groups remaining [F]eq in
its network. In other works, the stoichiometric ratio r is altered
by changing the ratio between the monomers used.27,28

However, in that case also, the DA concentration at 25 °C is
affected. To the best of our knowledge, this paper is the first to
show the effect of stoichiometry on the material properties,

while keeping the DA concentration at 25 °C and monomer
functionalities constant.
At 25 °C, the networks have the same crosslink density,

which leads to similar stress−strain curves in tensile testing
(Figure 13A,B) and comparable Young’s moduli and fracture
stresses (Table 7). In addition, at room temperature, they have
similar storage modulus (E′), loss modulus (E″), and loss angle
(δ), as observed using DMA (Figure 13C−E). Consequently,
based on their mechanical properties (Table 7), these networks
can be used for the same application at room temperature.
When decreasing the temperature below room temperature,

the crosslink densities in the network remain identical for the
two networks (conversions xeq ≈ 1). Yet, upon cooling below

Table 6. DA Networks with Different Maleimide-to-Furan Molar Ratios r

monomer f
M/f

(g·mol−1) elastomer r
[M]0

(mol·kg−1)
[F]0

(mol·kg−1)
[DA]eq,25°C
(mol·kg−1)

[M]eq,25°C
(mol·kg−1)

[F]eq,25°C
(mol·kg−1)

DPBM 2 179
FT5000 6 1114 DPBM-FT5000 0.83 0.65 0.79 0.64 0.01 0.14
FT3000 6 689 DPBM-FT3000 0.52 0.64 1.25 0.64 0.00 0.61

Figure 13. Effect of the molar maleimide-to-furan molar ratio r on the mechanical properties of the DA network, illustrated by DPBM-FT5000-
r0.83 and DPBM-FT3000-r0.52. (A, B) Tensile testing using a strain ramp of 1 % s−1 until fracture. The resulting engineering stress is plotted as a
function of engineering strain. Storage modulus E′ (C), loss modulus E″ (D), and loss angle δ (E) from DMA measurements performed in heating
from −90 to 100 °C at 1 K min−1, using an oscillating strain with 0.2% amplitude and a frequency of 1 Hz. (F) DSC pattern at a heating rate of 5 K
min−1.

Table 7. Glass-Transition Temperature (Tg) and Mechanical Properties at 25 °C for Networks with Varying Stoichiometric
Maleimide-to-Furan Ratio ra

elastomer Tg (°C) E′ (MPa) E″ (MPa) δ (deg) E (MPa) σmax (MPa)

DPBM-FT5000-r0.83 −64.1 ± 0.1 3.98 ± 0.05 0.58 ± 0.01 8.35 ± 0.03 2.08 ± 0.01 0.94 ± 0.02
DPBM-FT3000-r0.52 −50.4 ± 0.1 3.14 ± 0.07 0.58 ± 0.02 10.26 ± 0.04 2.36 ± 0.02 1.03 ± 0.01

aFor the Young’s modulus (E) and fracture stress (σmax), standard errors of the mean (SEM) are presented, while for the others, errors based on
instrumental accuracy are given.
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Figure 14. Effect of the maleimide-to-furan molar ratio r on the equilibrium conversion xeq, gel conversion xgel, and gel-transition temperature Tgel
for elastomers with a [DA]eq,25 of 0.64 mol kg−1. (A) Equilibrium conversion xeq as a function of temperature calculated using eq 7. (B) Loss angle
δ versus temperature from dynamic rheometry experiments in which the samples were heated at 0.2 K min−1 in multifrequency experiments using
an oscillating strain with an amplitude of 10 % and frequencies of 10, 6.31, 3.98, 2.51, 1.58, and 1 Hz. Tgel is the temperature at which the loss angle
δ is frequency-independent (intersection isofrequency lines). Simulated xgel (C) and Tgel (D) as a function of molar ratio r for networks with
different maleimide ( fM) and furan ( f F) functionalities. The simulated equilibrium Tgel is defined as the temperature at which xeq is equal to the gel
conversion defined by the Flory−Stockmayer equation (eq 8). The experimental Tgel values are indicated by symbols (*).

Figure 15. Effect of the stoichiometric ratio r on the reaction speed and healing speed. (A) Simulation of the increase in conversion x as a function
of time at 25 °C, in the DPBM-FT5000-r0.83 and DPBM-FT3000-r0.52 networks, starting from zero conversion. (B) Tensile testing until fracture
with a strain ramp of 1 % s−1 on undamaged pristine samples as well as on samples that underwent a damage−heal cycle. (C) To damage the
samples, they were cut in half using a scalpel blade. The fracture surfaces were brought immediately back in contact and the samples were healed for
12 h at 25 °C. Pictures are of the DPBM-FT3000-r0.52 material.
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25 °C, the storage modulus (E′) and loss modulus (E″)
increase much faster for the lower r-value network, the DPBM-
FT3000-r0.52 (Figure 13C,D). This is explained by the higher
rigidity of the chain ends of the FFJs compared to the mid-
chain segments, illustrated by the higher glass transition of
FFJs with lower molar weight (Supporting Information 4,
Figure S10). As a result, a higher number of chain ends
(unbound furan) in the network leads to less mobility. This is
translated into a higher glass-transition temperature Tg both
seen in DMA (Figure 13D, maximum in the loss modulus) and
DSC (Figure 13F and Table 7).
As the excess of furan groups pushes the thermodynamics

toward the formation of the DA bonds (eq 7), the equilibrium
conversion xeq curve at temperatures above 25 °C will be
higher for lower molar ratios r (Figure 14A), resulting in a
slower decrease of the crosslink density [DA]eq and thus more
thermally stable properties. The gel-transition temperature Tgel
(Figure 14C), at which the equilibrium conversion xeq equals
the gel conversion xgel, depends on the maleimide-to-furan
molar ratio r, in addition to the functionalities fM and f F, as
stated in the Flory−Stockmayer equation (eq 8). Lower molar
ratios r result in higher xgel. As xeq and xgel both change to
higher values, Tgel is almost identical for these networks
(Figure 14A), as confirmed experimentally by dynamic
rheometry measurements (Figure 14B).
In Figure 14D, Tgel is simulated as a function of the

maleimide-to-furan ratio r for networks with a crosslink density
at 25 °C of 0.64 mol kg−1 and for different maleimide ( fM) and
furan ( f F) functionalities. Looking at the networks with fM of 2
and f F of 6, Tgel is influenced by r, but mainly at values below
0.25 and above 2. Between these values, the influence on Tgel is
more limited, as is confirmed by the limited experimental
difference observed for DPBM-FT5000-r0.83 and DPBM-
FT3000r-r0.52 (Figure 14A,B). The curve goes through a
maximum Tgel for both r < 1 and r > 1, as a result of both xgel
and xeq shifting with varying magnitudes as a response to the
changing r. Changing the functionality of monomers in this
region, however, results in a much larger change in Tgel, as is
illustrated in Figure 14D.
The maleimide-to-furan ratio r also affects the reaction

kinetics of the DA reaction. In previous work, it was reported
how a decreasing molar ratio of the starting monomers (e.g.,
decreasing both r and [DA]eq,25°C) leads to a decrease in both
the equilibrium conversion and the rate at which it was
attained during synthesis and healing.28 In this work, special
attention was given to keeping the DA concentration at 25 °C
constant to study the effect of the stoichiometric ratio alone on
the reaction kinetics. This is illustrated by simulating the
formation of DA networks DPBM-FT5000-r0.83 and DPBM-
FT3000-r0.52: Figure 15A shows the increase in conversion x
= [DA]/[M0] at 25 °C, starting from an initial state with
conversion equal to zero. The higher excess of furan in the
DPBM-FT3000-r0.52 network leads to a much faster increase
of conversion towards the equilibrium conversion at 25 °C
(dotted line in Figure 15A). The higher furan concentration

[F], resulting from the excess of furan reactive groups, leads to
faster DA reactions (eqs 2 and 3) at the start of the process,
and an even stronger increase in the reaction rate at high
conversions, as can be seen by comparing the slopes of these
curves at, e.g., 85% of conversion. This strong effect in the final
stages results from the fact that the concentration of the excess
component does not decrease as much, relatively speaking: at
85% conversion, the maleimide concentration decreased to
15% of its original value, while the furan concentration reduced
to 29 and 56% of its original value, for molar ratios of 0.83 and
0.52, respectively. This is leading to the DA reactions being 2.0
and 3.7 times faster, for molar ratios of 0.83 and 0.52,
respectively, compared to a stoichiometric elastomers with
molar ratio 1.
This increased reactivity as a result of the excess in furan

reactive groups further speeds up the network formation after
mechanical damage to the network structure, resulting in faster
healing. Under the hypothesis that all reversible bonds are
broken at the fracture surface, the local conversion is zero after
damage. When bringing fracture surfaces immediately back in
contact at 25 °C, the formation of bonds across the fracture
interface will be much faster in networks with an excess of
furan reactive groups, as simulated in Figure 15A. This is
confirmed experimentally by tensile testing on pristine and
healed samples (Figure 15B). For both networks, four pristine
samples were fractured in a tensile test with a strain ramp of
1% s−1. Four other samples were cut in half with a scalpel
blade, after which they were brought in contact immediately
(Figure 15C). These samples were left to heal for 12 h at 25
°C and subsequently tested to fracture in the tensile tester. As
is clear from Figure 15B and Table 8, the recovery of the
mechanical properties after healing is much better for DPBM-
FT3000-r0.52. While for the DPBM-FT5000-r0.83 the stress at
fracture has recovered to 27% of its initial value, for the
DPBM-FT3000-r0.52, this property has recovered to 78% of
its initial value. This is attributed to the (difference in)
conversion reached after 12 h of healing at 25 °C, which is 0.67
and 0.86 for DPBM-FT5000-r0.83 and DPBM-FT3000-r0.52,
respectively.
This illustrates well how the healing performance of a DA

network can be increased by an excess of furan end-groups. As
shown in a previous research article,33 longer healing times at
25 °C eventually lead to almost complete recovery of the initial
properties, with healing efficiencies of 91 and 97% for the
stress at fracture of damaged DPBM-FT5000-r0.5 samples
healed for 7 and 14 days, respectively. The DPBM-FT5000-
r0.5 has a higher chain segmental mobility and larger excess of
furan groups than the DPBM-FT5000-r0.83, allowing for
successful recovery of the mechanical properties under ambient
conditions. Similarly, the healing performance could be
increased by an excess of maleimide (r > 1), as this would
also lead to a slower relative decrease of the excess
concentration (eqs 2 and 3). However, to do this maleimides
with higher functionality ( fM > 2) are needed.

Table 8. Healing Efficiencies Based on the Recovery of Mechanical Properties after Healinga

elastomer [DA]t=12h (mol·kg−1) xt=12h η(E) (%) η(σf) (%) η(εf) (%)

DPBM-FT5000-r0.83 0.442 0.675 102 ± 3 27 ± 3 11 ± 1
DPBM-FT3000-r0.52 0.552 0.856 102 ± 2 78 ± 2 64 ± 2

aSamples were cut in half and healed for 12 h at 25 °C. Crosslink densities and conversions were simulated based on the isothermal of 12 h.
Standard errors of the mean (SEM) are presented.
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Despite the general misconception that reversible covalent
polymer networks, such as those based on the DA chemistry,
are non-autonomous self-healing materials,44 the experiments
clearly show that this excess of reactive compounds allows us
to create DA networks that heal at room temperature. This is
interesting for soft robotic applications as this avoids the need
of an additional heating system, thus decreasing the complexity
of the system. A soft robotic hand was constructed out of a DA
network DPBM-FT5000-r0.5, that completely recovers its
performance after damage in the centimeter scale within
minutes to days at room temperature, depending on the
magnitude and location of the damage.33

Networks with a higher r value, for example, with
stoichiometric compositions (r = 1), can heal as well, but
increasing the temperature is required to speed up the kinetics
of the DA reaction to perform healing in a reasonable amount
of time, e.g., in the order of hours, and to achieve the desired
healing efficiency. This is illustrated by healing tests on the
DPBM-FT5000-r1 and DPBM-FT5000-r0.83 networks pre-
sented in Figure 16. Samples were cut in half and were heated

to 80 °C for 40 min and left at room temperature for 16 h,
after which they healed with high healing efficiencies close to
100% (Table 9). An advantage of stimulus-induced healing for
soft robotics20,26 is a higher degree of control over the healing

procedure7 and healing can be performed at a suitable instant.
For autonomous healing, the healing is preferred to occur
immediately.33

■ DISCUSSION
It was illustrated that by changing the network design
parameters, the material properties of the resulting Diels−
Alder-based (DA) networks can be tuned over a broad range.
By changing the DA crosslink density (expressed as the
concentration of DA adducts [DA]), while keeping the other
network design parameters constant, the mechanical properties
at room temperature, which is in most cases the application
temperature, can be tuned over several orders of magnitudes,
with the Young’s modulus ranging from MPa to GPa.
Consequently, these networks can be used in diverse
applications, as highly crosslinked DA networks lead to stiff,
yet healable components that can be used in robotics
applications,40 while less crosslinked DA networks have an
elastomeric behavior, which allows them to be used to
manufacture healable soft robots.20 By combining FFJs with
different molar masses, the crosslink density can be changed in
a continuous manner between the limits of the networks
obtained using the shortest and the longest furan-function-
alized monomers. This broad range and the knowledge of the
effect of this DA concentration on the mechanical properties
permits fine-tuning the DA networks to fit requirements
imposed by applications, such as healable robotic compo-
nents.7 The healing temperature is influenced by the DA
concentration as well. Higher concentration leads to a decrease
in mobility, pushing the healing temperature to higher
temperatures.
By changing the functionality of the monomers, while

keeping the other parameters constant, the reversible gel-
transition temperature can be altered while the mechanical
properties at room temperature remain the same. A higher
functionality pushes (de)gelation to higher temperatures. For
elastomers, the functionality has only a limited effect on the
mechanical properties, and consequently, this network design
parameter allows us to partially decouple the fine-tuning of the
mechanical properties at the application temperature from
adapting the gel-transition temperature that determines the
manufacturing temperature. For manufacturing through
molding, low degelation temperatures can be favorable, as
less heat is required to make the material flow, which can have
economic and ecological benefits. In contrast, in fused filament
fabrication, high degelation temperatures are preferred, as at
higher printing temperatures, the speed of solidification can be
increased, favoring higher print speeds.35

By modifying the stoichiometric ratio between the maleimide
and furan groups, while keeping the other parameters constant,
mainly the reaction speed and healing rate are affected. A lower
maleimide-to-furan molar ratio results in an excess of furan
reactive groups and leads to faster DA bond formation, and
hence, faster healing. It is illustrated that the stoichiometric
ratio can be used to speed up the healing process while keeping
the mechanical properties at application temperatures and the
gel-transition temperatures hardly unchanged. It was proven
that for DA networks with a high excess of furan, healing can
be achieved at room temperature within hours. Such
autonomous intrinsic healing is desired in many applications,
as it eliminates the need for an external heat stimulus and a
system to provide it, as demonstrated previously for a soft
robotic hand.33 Non-autonomous healing, meanwhile, provides

Figure 16. Healing tests on non-autonomous self-healing DA
networks, DPBM-FT5000-r0.83 and r1, through tensile tests until
fracture with a strain ramp of 1% s−1 on pristine samples and on
samples that underwent a damage−heal cycle, including 40 min at 80
°C (healed).

Table 9. Healing Efficiencies Based on the Recovery of
Mechanical Properties after Healinga

elastomer η(E) (%) η(σf) (%) η(εf) (%)

DPBM-FT5000-r0.83 97 ± 1 92 ± 2 101 ± 3
DPBM- FT5000-r1.00 105 ± 2 104 ± 1 95 ± 3

aSamples were cut in half and healed at 80 °C for 40 min. Standard
errors of the mean (SEM) are presented.
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opportunities for excellent control over the timing of the
healing procedure. This is desired in (robotics) applications in
which partially damaged components can continue operation
with reduced performance or a compensated behavior45 and
healing can be scheduled when less or no activity is required.7

The stoichiometric ratio network design parameter will allow
us to tune the healing time and temperature of DA networks to
match the requirements imposed by the application.
In addition to the three network design parameters defined

in this paper, the flexibility of the polymer segments in the
network can be altered using monomers with another
backbone in the synthesis, influencing the mechanical and
(chemo)rheological properties. Although not addressed in this
work, changing the reversible chemistry used for the
crosslinking will impact the mechanical strength as well as
the reactivity and therefore the healing rate, as illustrated by
the difference in kinetics parameters between the DPBM-FFJ
system (Table 1) and a system composed of poly(propylene
oxide) 400 bismaleimide (M400) and FFJ.32

Aside from healing and recyclability, addressed in previous
work,20 the reversible DA crosslinks present in the DA
networks provide the additional advantage of excellent
interfacial bonding: DA networks with different mechanical
properties can be joined by a heat−cool cycle. The result is a
multimaterial component with strong interfacial bonding due
to the formation of covalent DA bonds across material
boundaries. In many applications, the repeated occurrence of
stress concentrations at interfaces of materials with different
deformation properties exposed to cyclic loading leads to
delamination and interfacial debonding.7 Using reversible DA
networks, multimaterial interfaces and components can be
made more robust, as illustrated by the development of
multimaterial healable soft grippers out of multiple DA
elastomers.26,34 The tunability of the mechanical properties
and the compatibility of multiple DA networks integrated in a
single part provide a large design freedom for future
applications. Material models that are fitted onto these
mechanical behaviors can be adopted in FEA simulations
used to design or control (robotic) components. An example is
presented by Ferrentino et al.,46 in which constitutive material
laws are fitted onto the hyperelastic behavior of a DPBM-
FT5000-r0.5 network. This fitted neo-Hookean law is used to
simulate and control a healable soft robotic actuator made
from the DA network.

■ CONCLUSIONS
The wide range of properties of the synthesized and
characterized DA networks described in this paper illustrates
their potential for diverse applications, including soft robotics.
This work presented the direct effects of the three network
design parameters, DA concentration at 25 °C, functionality,
and stoichiometry, on the macroscopic material properties. We
made special efforts to independently change the network
design parameters, while keeping the others constant, to
investigate their effect on the thermomechanical and
viscoelastic behavior, and on the reaction kinetics. Although
not completely independent, the three network design
parameters allow us to design and tune individually the
mechanical properties, (de)gelation transition, and healing
performance (Figure 1). This decoupling provides an
interesting degree of freedom for designing networks that
suit both manufacturing techniques and application require-
ments. As such, this work provides the key insights for

designing intrinsic self-healing elastomers based on thermor-
eversible DA chemistries for future applications. Because of the
large degree of freedom in changing the material properties
independently, the authors are convinced that thermorever-
sible networks, and in particular reversible elastomers based on
the Diels−Alder chemistry, will be increasingly used in
healable soft robotics. The ability to heal damage will increase
the lifetime of components, which, in combination with the
recycling and reprocessing potential of these materials, paves
the way to more sustainable products.

■ EXPERIMENTAL SECTION
Materials. Three diamines, Jeffamines D400, D2000, and D4000,

which are poly (propylene oxide) bis(2-amino propyl ether), with
repeated oxypropylene units in the backbone and average molar
masses of 432, 1793, and 4546 g mol−1, respectively, were used in this
publication. Three triamines, Jeffamines T3000, T5000-1, and T5000-
2 were used, having trifunctional polypropylene glycol backbones and
average molar masses of 3240, 5712, and 6650 g mol−1, respectively.
D400, D4000, T3000, and T5000-2 were supplied by Huntsman
(Belgium). D2000 and T5000-1 were supplied by Aurora Chemicals
(China). The molar masses were determined using NMR in
Supporting Information 3. Furfuryl glycidyl ether (FGE), with a
purity of 95%, was purchased from Sage Chemicals (China) and
stored in refrigerated conditions. 1,1′-(Methylenedi-4,1-phenylene)-
bismaleimide (DPBM) with a purity of 95% was obtained from Sage
Chemicals (China). Hydroquinone (1,4-benzenediol) was used as a
radical inhibitor and was supplied by Sigma-Aldrich. Chloroform
(stab./amylene) (minimum of 99.9%) was obtained from Biosolve
Chimie. All chemicals were used as delivered. The chemical structure
of these reagents is presented in Figure 17, as well as in Supporting
Information 2.

Synthesis. FGE is reacted with a stoichiometric amount of
Jeffamine, yielding a furan-functionalized Jeffamine (FFJ) compound.
This reaction was performed for a minimum of 7 days at 60 °C under
continuous magnetic stirring, after which the reaction was completed
for 4 days at 90 °C. To synthesize the network, FFJ, DPBM, and
hydroquinone (5 wt % of DPBM) were dissolved in chloroform (20
wt %) and stirred using a magnetic stirrer for 24 h. The
polymerization is performed through solvent casting. The chloroform
is extracted through vacuum at room temperature for 24 h. As the
reactant concentration increases by the evaporation of the solvent, the

Figure 17. Reagents of the reversible DA networks, including furfuryl
glycidyl ether (FGE), 1,1′-(methylenedi-4,1-phenylene)bismaleimide
(DPBM), hydroquinone (C6H6O2: 1,4-benzenediol), D400, D2000,
and D4000 diamines and T3000, T5000-1, and T5000-2 triamines.
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network is gradually formed through DA crosslinking. A more detailed
synthesis report can be found in Supporting Information 4.
Synthesized network samples were stored at 25 °C.
DSC. Differential scanning calorimetry (DSC) was performed using

a TA Instruments Discovery DSC. The DSC was equipped with a
refrigerated cooling system (RCS) that allows cooling down to −90
°C. Nitrogen was used as a purge gas. The DA network samples (15−
20 mg) were measured in TA Instruments Tzero pans with perforated
Tzero hermetic lids to ensure an inert atmosphere above the sample.
The DSC has a temperature accuracy of ±0.025 K.
Tensile Testing. Tensile testing with a fixed strain ramp of 1% s−1

until fracture was also performed on a TA Instruments DMA Q800 at
ambient temperature, using 5 × 30 × 1 mm3 samples and a gauge
length of 7−8 mm. Engineering stresses and engineering strains are
used to calculate the Young’s modulus, fracture strain, and fracture
stress.
DMA. Dynamic mechanical analysis (DMA) was performed on a

TA Instruments DMA Q800 equipped with a liquid nitrogen cooling
system (LNCS). 5 × 30 × 1 mm3 samples were clamped with a gauge
length of 15 mm in a tensile clamp setup. Oscillating strains with an
amplitude of 0.2% and a frequency of 1 Hz were used to characterize
the viscoelastic properties in the −80 to 100 °C temperature window,
using a temperature ramp of 1 K min−1. The DMA Q800 has a
temperature accuracy of ±0.1 K.
Rheometry. Dynamic rheometry was performed on a TA

Instruments Discovery Hybrid Rheometer DHR-2, equipped with
an environmental test chamber (ETC) to control the temperature.
Sample disks with a diameter of 14 mm and a thickness of 1 mm were
placed between disposable aluminum parallel-plate geometries with a
diameter of 14 mm. Samples were subjected to a stepwise temperature
increase of 2 K after an isothermal of 10 min. More details on this
temperature profile can be found in Supporting Information 5. At the
end of each isothermal segment, the samples underwent a
multifrequency test that subjects the samples to sinusoidal strains
with a strain amplitude of 10% at frequencies of 10, 6.31, 3.98, 2.51,
1.58, and 1 Hz. The DHR-2 has a temperature accuracy of ±0.1 K.
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