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ABSTRACT: A systematic study of diffusion-controlled reversible
Diels−Alder (DA) network formation is performed under both
isothermal and nonisothermal reaction conditions based on two
amorphous furan−maleimide thermoset model systems. The
experimental evolution of the glass-transition temperature, Tg, with
the predicted DA conversion, x, simulated by a two-equilibrium
kinetic model for endo and exocycloadducts leads to the Tg−x
relationship of these model systems. The heat capacity, cp, from
modulated temperature differential scanning calorimetry enables the
characterization of (partial) vitrification along the reaction path. In isothermal DA reactions at Tcure, a stepwise negative drop in
Δcp at the onset of vitrification is observed, followed by a diffusion-controlled reaction at a reduced rate. Tg can exceed Tcure by
at least 15 °C. In nonisothermal DA cure at a sufficiently low heating rate, (partial) vitrification is also possible (negative Δcp
step), followed by diffusion-controlled cure until devitrification occurs again (positive Δcp). Gelation along the reaction path is
proven by dynamic rheometry, and gelled glasses can always be obtained under ambient conditions. This information is of
importance in the damage management of reversible thermosets by self-repair of microcracks in bulk, as evidenced by dynamic
mechanical analysis of a compressed powder after healing below Tg.

■ INTRODUCTION

Self-healing or re-mendable materials such as polymer
networks are a class of sustainable materials aiming at
maintaining and restoring functional properties according to
a “damage management” strategy instead of the conventional
“damage prevention” approach.1−6 To heal damage and to self-
repair (micro)cracks in polymer networks, at first enough
mobility has to be available or generated in some way to close
the gap between crack surfaces and to re-form molecular
contact between both sides of the crack (sealing step).
Afterward, the properties of the damaged area have to be
restored (healing step). Several material design strategies can
fulfill these requirements, whether by means of an extrinsic
(e.g., microencapsulation,7−9 fiber,10,11 or microvascular12−16)
or an intrinsic (supramolecular17−21 or covalent22−29)
approach.
An efficient intrinsic self-healing polymer network system is

based on a dynamic covalent bonding mechanism by the
introduction of thermoreversible Diels−Alder (DA) cyclo-
addition reactions.30−38 At low temperatures, the forward DA
reaction between a diene and a dienophile is favored leading to
an increased DA conversion, whereas at high temperatures, the
equilibrium is shifted to favor the retro-DA reaction resulting
in a decreased DA conversion. Furan (diene)−maleimide
(dienophile) DA chemistry is suitable for producing reversible
polymer networks, and their self-healing ability has been
proven for applications in bulk39,40 or as coatings.33,37,41 An
important characteristic of the cycloadduct single bonds is

their lower bond energy than that of classic single bonds in
irreversible networks.42 As a consequence, they are preferen-
tially broken in case of damage, but also reversibly re-form,
leading to a repeatable healing cycle and an increased lifetime
of the material.34,36,37 Recently, the kinetics and equilibrium
thermodynamics have been established for a network system
made of an amorphous four-functional furan with an
amorphous bismaleimide, taking into account stereoisomeric
endo and exocycloadducts.38

Up to now, the self-healing properties of these reversible
covalent polymer networks have been studied in the
elastomeric state, i.e., at temperatures (Tapp) with sufficient
segmental mobility for the consecutive sealing/healing steps
(Tapp > Tg, glass-transition temperature of the network).36,37 In
fact, the temperature window of application will change the
properties of the material in the case of DA reactions, as the
retro-DA reaction is favored at high temperatures leading to a
decrease in cross-link density and changes in mechanical
properties, such as a decrease in the elastomeric modulus.36

Information on the self-healing ability of reversible networks at
Tapp around or below Tg of the reversible thermoset is lacking.
However, self-healing in this temperature window (Tapp < Tg of
the reversible network) is very relevant for many applications
in which the reversible polymer network is mainly applied in
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the vitrified state. In this case, reaction rates are diffusion-
controlled and greatly reduced by mobility restrictions, which
could consequently result in a decreased sealing/healing
efficiency. A first example is damage management of
microcracks in bulk applications of thermosets to increase
the sustainability when high reliability and long service times
are required.3 Other examples are the self-repair of protective
thermoset coatings for all kinds of substrates, such as
protective coatings for solar cells and anticorrosion coatings
on metals. The reversible network coating should possess
adapted thermomechanical properties to ensure a sufficient
protection of the substrate, implying that Tg of the coating
should be high enough, i.e., well above the service temperature.
For these reversible thermoset networks, knowledge of

diffusion and segmental mobility restrictions on (i) chemical
reactions/equilibria and (ii) sealing/healing steps is missing.
Nevertheless, the importance of diffusion-controlled cure
reactions during production and shaping of irreversible
thermosets in bulk (Tapp < Tg) is well established. A
methodology based on the heat capacity signal from
modulated temperature differential scanning calorimetry was
developed to study the effect of vitrification on reaction
kinetics under isothermal and nonisothermal conditions43−49

and to quantify the time−temperature−transformation dia-
gram of a thermosetting system.46 A “diffusion factor” was
introduced to describe the slowing down of the reaction
kinetics by diffusion effects. It was shown that irreversible cure
proceeded even in the (partially) vitrified state, as the Tg
achieved for a typical epoxy−amine network could rise 20 °C
above Tcure.

49 This result is quite promising since it means that
bond formation can still occur even with a marked decrease in
the reaction rate.
The major objective of this paper is the transfer of

knowledge from diffusion-controlled irreversible network
formation in bulk to the field of reversible networks with
dynamic covalent bonding for self-healing applications. The
studied systems will be based on a four-functional furan
compound combined with bis- or trismaleimides leading to a
suitable “equilibrium” Tg at ambient temperature (equilibrium
Tg > Tamb), allowing an efficient study of diffusion-controlled
reversible network formation. Preliminary results on the self-
healing of microcracks in a reversible thermoset will be
presented.

■ MATERIALS AND METHODS
Materials. Poly(propylene glycol)bis(2-aminopropyl ether) D230

and D400, from the commercial Jeffamine D-series, with average
molar mass MM = 251 g mol−1 and MM = 434 g mol−1, and of
average degree of polymerization x = 3.0 and x = 6.1, respectively, are
purchased from Huntsman. Polypropylene oxide bismaleimide M230
(equivalent MM = 192 g mol−1, <n> = 2−3; amorphous) and
polypropylene oxide trismaleimide 3M (equivalent MM = 240 g
mol−1, <x + y + z> = 5−7; amorphous) are supplied by Specific
Polymer. 1,1′-(Methylenedi-1,4-phenylene)bismaleimide DPBM
(equivalent MM = 188 g mol−1; crystalline) and furfuryl glycidyl
ether FGE (MM = 154 g mol−1, 96%) are purchased from Sigma-
Aldrich. All products, shown in Scheme 1, are used as received.
Preparation of Reversible DA Networks. Mixtures for Model

Systems F230-M230 and F230-3M. The preparation of the thermally
reversible networks is performed in two steps. First, the furan-
functionalized diene F230 is obtained by the epoxy−amine reaction at
90 °C for 7 days of a mixture of Jeffamine D230 with a 20% excess of
FGE. The remaining free FGE is removed in a vacuum oven at 110
°C for 5 days. This preparation yields a furan-functionalized
compound as confirmed by nuclear magnetic resonance showing a

furan functionality of 3.85 for F230. As a second step, the mixture for
reversible network formation is prepared at room temperature in a vial
by mixing the amorphous maleimide M230 or 3M (dienophile) with
the functionalized Jeffamine F230 in a stoichiometric ratio for 1 min
with a spatula. The freshly made mixture is placed at room
temperature in differential scanning calorimetry (DSC) pans with
perforated lids (i) to directly start DSC measurements or (ii) to be
immersed in liquid nitrogen for storage and consecutive use in DSC
measurements. The residue of the freshly prepared mixture in the vial
is placed in liquid nitrogen for consecutive use in rheological
measurements. Freshly prepared mixtures are also placed in ampules
for microcalorimetry.

Reversible Thermoset F400-DPBM for Self-healing Tests. The
furan-functionalized compound F400 is prepared in the same way as
F230. It is stoichiometrically mixed with the crystalline maleimide
DPBM in 20 wt % chloroform to dissolve the crystalline DPBM. The
reversible thermoset F400-DPBM is synthesized as described
before,33 but instead of curing the mixture for 1 week at room
temperature while evaporating most chloroform, the system is left in a
closed vial for 2 days until gelation. After network formation, the gel is
crushed and left in a vacuum chamber for 1 week at 40 °C to dry and
evacuate the remaining solvent. Finally, the gross powder is more
finely powdered and homogenized with a mixer. Tg of F400-DPBM
synthesized at room temperature is 57 °C (measured by DSC).

Analytical Methods. (Modulated Temperature) Differential
Scanning Calorimetry. (Modulated temperature) differential scan-
ning calorimetry (MT)DSC is performed using a Discovery D250
DSC from TA Instruments equipped with a refrigerated cooling
system. DSC pans containing ca. 5−10 mg of the freshly prepared
mixtures are immediately used or stored in liquid nitrogen to avoid
any reaction. Hermetic Tzero DSC pans with perforated lids are used
to ensure nitrogen purging in the DSC cell. Quasi-isothermal and
nonisothermal MTDSC programs of well-defined (T, t) combinations
are performed with a modulation amplitude of 0.5 K and a period of
40 seconds to measure the heat capacity (cp) evolution of the
reversible DA reactions as a function of Tcure. Isothermal cure
measurements are followed by a cooling step to −70 °C at 20 K min−1

and a heating to 170 °C at 5 K min−1 to measure the glass transition
(Tg) and the subsequent nonisothermal reversible DA reactions. All
Tg values are determined from heat flow data. To erase the effect of
enthalpy relaxation in the first heating after a diffusion-controlled
isothermal cure, a second cooling from a temperature just above the
relaxation peak is performed followed by an extra second heating to
determine Tg.

Microcalorimetry. A thermal activity monitor TAM III from TA
Instruments is used to follow small heat effects due to physical or

Scheme 1. Starting Reagents: (a) Jeffamine D230 and D400,
(b) Furfuryl Glycidyl Ether FGE, (c) Amorphous
Bismaleimide M230, (d) Amorphous Trismaleimide 3M
and (e) Crystalline Bismaleimide DPBM
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chemical changes. Before lowering the 4 mL sample ampule with the
freshly prepared DA mixture and the reference ampule in the
microcalorimeter cell, a thermal equilibration step of 15 min is needed
to avoid any disturbance of the microcalorimeter temperature. The
temperature accuracy of the TAM is of ±0.1 K with a heat flow signal
precision of ±200 nW and a baseline drift of less than 250 nW over 24
h. Samples of around 3 g are used for isothermal measurements.
Samples of compressed powder of the freshly crushed F400-DPBM
thermoset are run 4 days at 25 °C to test the self-healing ability of the
reversible thermoset below Tg.
Dynamic Rheometry. Dynamic rheometrical experiments are

performed with a Discovery HR-2 hybrid rheometer from TA
Instruments, equipped with an environmental test chamber for a good
temperature control. Gel point determination of reversible network
formation is done between parallel plate geometries of 10 mm, using
0.3, 0.6, 1.0, 1.7, and 3.1 Hz as modulation frequencies.
Dynamic Mechanical Analysis. Dynamic mechanical analysis

(DMA) 3-point bending tests are performed with a TA Instruments
Q800 dynamic mechanical analyzer equipped with a gas cooling
accessory in multifrequency mode. The samples are kept at 30 °C
with a strain of 0.10% until stabilization of the signals. The DMA test
samples are prepared by hydraulic compressing of F400-DPBM
powder (see preparation of reversible thermoset F400-DPBM) at
room temperature in molds of dimensions 30 × 5 × 2 mm3. To test
the ability of self-healing under mobility-restricted conditions, both
freshly prepared powder and powder aged for 1 week at ambient
temperature are used to prepare the DMA test samples in the molds.
Simulations. A mechanistic model for the reaction kinetics is

used, which considers the equilibrium reactions between the DA
functional groups (e.g., furan and maleimide) and the stereoisomeric
endo and exocycloadducts. The kinetics of the Diels−Alder and retro-
Diels−Alder reactions are described for both stereoisomers by their
corresponding rate constants kkin(T), as shown in Scheme 2. The
mechanistic model leads to a set of differential equations for all
components i:

C
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with Ci (mol kg−1) the concentration and dCi/dt (mol kg−1 s−1) the
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with dqr/dt (W g−1) the experimental heat flow and N the number of
components i with formation enthalpy ΔfHi

0 (kJ mol−1) (N = 4).
For the simulations, in-house developed Matlab software is used.38

Available optimized rate constants kendo and kexo (with respective pre-
exponential factors A and activation energies E) and equilibrium
constants Kendo and Kexo (=k/kr, with reaction enthalpies ΔrH and
reaction entropies ΔrS for endo and exo) for the elastomeric reversible
network F400-M40036,38 are considered to be valid for the
simulations of the kinetically controlled part of the reversible
thermoset model systems, F230-M230 and F230-3M. These data
are summarized in Table S1.

For each simulation, the concentration of the starting products (i.e.,
[F]0 for the furan compound, [M]0 for the maleimide compound, and
[endo]0 or [exo]0 for the DA adducts), along with the preparation
time and temperature are taken into account. The total DA
conversion x as a combination of the formation of endo and exo
adducts is given by

x
endo exo

min( F , M ) endo exo0 0 0 0
= [ ] + [ ]

[ ] [ ] + [ ] + [ ] (3)

with min([F]0, [M]0) the minimum value between [F]0 and [M]0. In
the case of a stoichiometric mixing ratio ([F]0 = [M]0, always used in
this work), the total equilibrium DA conversion xeq is

x
K K K

K
2 F 1 (2 F 1) 4 F

2 Feq
tot 0 tot 0

2
tot
2

0
2

tot 0
=

[ ] + − [ ] + − [ ]
[ ] (4)

with Ktot = Kendo + Kexo.
In the case of diffusion control, the rates of all equilibrium steps

slow down and their rate constants kkin(T) are corrected by overall or
specific diffusion factor(s) DF:49

k k DFkin= (5)

with DF = 1 for kinetic control and DF = 0 for fully frozen reaction
conditions. The modeling of these diffusion factor(s) is beyond the
scope of this paper.

■ RESULTS AND DISCUSSION
Reversible Thermoset Model Systems. Two reversible

thermoset model systems based on furan−maleimide DA
chemistry are chosen, using a four-functional furan (F230) in
combination with a two-functional maleimide (M230) and a
trifunctional maleimide (3M). These (4 + 2)- or (4 + 3)-
functional systems lead to reversible networks, as illustrated for
F230-M230 in Scheme 3. Each DA cycloaddition gives rise to
two stereoisomers, i.e., endo and exo adducts, so that two
equilibria of forward and backward reactions interfere, with
respective equilibrium constants Kendo(T) and Kexo(T) and
forward rate constants kendo(T) and kexo(T), and backward rate
constants kr,endo(T) and kr,exo(T) (see Scheme 2). The endo
adduct is kinetically favored at lower temperatures, but
gradually isomerizes into the thermodynamically more stable
exo adduct. Both endo and exo equilibria are influenced by
temperature and the concentration of functional groups. An
increase in temperature and/or lower concentrations lower the
DA reaction conversion and favor the initial furan and
maleimide compounds by the endothermic retro-DA reaction,
resulting in a lower cross-link density and equilibrium Tg. In
contrast, a decrease in temperature and/or higher concen-

Scheme 2. Furan−Maleimide DA Cycloadditions with endo
and exo Stereoisomers
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trations increase the DA reaction conversion and favor the
cycloadduct by the forward exothermic DA reaction, resulting
in increased cross-linking with a higher equilibrium Tg. Note
that the dissolution of reversible networks by means of solvents
is possible at any temperature as a result of the equilibrium
shift by dilution (change in concentration), which is impossible
for irreversible networks.
Both amorphous model systems are suitable for the study of

diffusion-controlled reversible network formation around room
temperature.
Tg−x Relationships. The glass-transition temperature

(Tg)−DA conversion (x) relations are crucial for the
interpretation of all following results. The Tg−x relationships
for both F230-M230 and F230-3M systems are built based on
DSC measurements of Tg in combination with the kinetics
model for the estimation of the corresponding x after a well-
defined time−temperature program. Pans with perforated lids
containing the fresh mixture (see Materials and Methods) are
directly put in the DSC instrument to undergo a temperature
program consisting of an isothermal segment for network
formation followed by a cooling and a heating step. The Tg

values are measured during the heating step by the change in
specific heat capacity (cp) at Tg. The corresponding
conversions are calculated with the kinetics model considering
all steps of the applied temperature program. It should be
pointed out that all measurements for the Tg−x relationships
are performed under kinetically controlled conditions (Tg <
Tcure). The obtained Tg−x couples, as shown in Figure 1, are
generally fitted with the empirical DiBenedetto model for
thermosetting systems given by eq 6:

T T

T T
x

x1 (1 )
g g

g g

0

1 0

λ
λ

−
−

=
− − (6)

where Tg0 represents the glass-transition temperature of the
unreacted system, Tg1 is the one corresponding to a fully cured
system, and λ is a fitting parameter.50−52 The Tg−x
relationships for most irreversible thermosetting systems are
clearly curved caused by the effect of cross-linking. The
curvature is expressed by the value of λ, a fitting parameter that
can be linked to the ratio of change of cp at Tg between the
fully cured (Δcp1) and unreacted system (Δcp0), as shown in eq
7:

c

c
p

p

1

0
λ =

Δ
Δ (7)

Scheme 3. (a) Reversible Network Formation with DA Cycloaddition between F230 and M230a

aReversible covalent bonds in the network are indicated with arrows in red.

Figure 1. Tg−x relation for F230-M230: experimental data (black),
DiBenedetto model with optimized Tg0, Tg1, and λ = 1 (red dashed
line).

Macromolecules Article

DOI: 10.1021/acs.macromol.9b01453
Macromolecules XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acs.macromol.9b01453


For the reversible network systems, F230-M230 and F230-3M,
Tg0 (and Δcp0) for the unreacted mixtures, i.e., at x = 0, cannot
be measured as a result of the minimum required sample
preparation time at room temperature and the corresponding
DA conversion during this preparation step (estimated at x =
0.023). Similarly, Tg at the highest conversions around x = 1,
and so also Tg1 and Δcp1, cannot be measured since these
conversions are only reachable at low cure temperatures, where
vitrification is unavoidable and full kinetic control is
impossible. The optimized values for Tg0, Tg1, and λ for
DiBenedetto’s empirical model are shown in Table 1, whereas

the Tg−x curves based on these parameters together with the
experimental data are shown in Figure 1 for F230-M230 and
Figure S1 for F230-3M. In the measurable conversion range
with kinetic control, i.e., x = 0.02−0.86 for F230-M230 and x =
0.13−0.84 for F230-3M, an almost perfect linear Tg−x
relationship is observed with an optimized fitting parameter
λ close to one (see Table 1), so that eq 6 can be reduced to

T T

T T
xg g

g g

0

1 0

−
−

≈
(8)

The measured Δcp ratios for F230-M230 and F230-3M
(approximations because Δcp0 and Δcp1 are not experimentally
accessible) are about 0.69 and 0.76, respectively, and are not
appropriate for the observed Tg−x trends of these systems.
The linear trends as observed in this work are surprising, and
an explanation for the absence of curvature is lacking. Note
that no distinction can be made between Tg of endo and
exocycloadduct stereoisomers, so that unique Tg−x relation-
ships are obtained using experimental data of a wide range of
endo and exocycloadduct ratios, ranging from 22 to 86% exo
isomers (see Table 1). Since the difference between eq 6 with
λ free and eq 8 with λ = 1 is hardly noticeable in the Tg−x
plots for both systems, the parameters with λ = 1 are
considered in further discussions enabling a straightforward
correlation between the DA conversion, x, and the
corresponding Tg:

T x( C) 41.1 94.5 for F230 M230g ° = − + ‐ (9)

and

T x( C) 31.9 85.8 for F230 3Mg ° = − + ‐ (10)

These linear relations predict an increase in Tg of ca. 0.9 °C per
increase in DA conversion of 1%. Therefore, the equilibrium
conversion as well as the equilibrium Tg can be predicted with
the kinetics/thermodynamics model for any defined temper-
ature program. This is illustrated in Figure 2, where x (left
scale) and Tg (right scale) as a function of Tcure can be
described by the same curve for F230-M230.

It can be noted that both F230-M230 and F230-3M systems
have a sufficiently high Tg1 (see Figure 1 and Table 1) to allow
an efficient study of the diffusion-controlled DA reaction under
isothermal conditions around room temperature, as illustrated
in Figure 2 at Tcure = 20 °C for F230-M230.

Diffusion-Controlled Isothermal Reversible DA Re-
action. MTDSC is a major tool for the characterization of
diffusion-controlled reactions in thermoset cure, as has been
proven for irreversible networks. In this paper, it is investigated
whether the MTDSC heat capacity signal remains useful to
describe the slowing down of the reversible DA reaction by
diffusion control, and whether the MTDSC methodology
elaborated for diffusion-controlled irreversible networks is
transferable to reversible networks.43,44

Figure 3 represents the evolution of the normalized
(nonreversing) heat flow and (reversing) specific heat capacity
of F230-M230 cured for 1 day at 20 °C (left) and 10 °C
(right). An exothermic peak of the forward DA reaction is
observed in the heat flow, with maximum intensity at the
beginning of the measurement and decreasing as a function of
time, which shows that the forward reaction rate is the highest
at the beginning of the experiment. The DA reaction rate is
obviously higher at 20 °C than that at 10 °C. The specific heat
capacity, cp, initially slightly decreases as the reaction proceeds,
similar to the decrease of exothermicity in the heat flow (see
also discussion of Figure 7). At one point, a sudden Δcp drop,
quantified as endset minus onset of cp, of ca. −0.38 J g−1 K−1 at
20 °C and of ca. −0.32 J g−1 K−1 at 10 °C is observed (see
Figure 3), which is indicative of the vitrification process during
isothermal cure. The sharp drop in cp represents the change
from a liquid/rubbery to a glassy state that induces a reduced
diffusion-controlled reaction rate. After this Δcp drop, however,

Table 1. Optimized Values of Tg0, Tg1, and λ for F230-M230
and F230-3M Based on eq 6 and Approximated by eq 8 with
λ = 1

Tg0 (°C) Tg1 (°C) λ
exo/endo
ratio model

F230-M230 −41.5 53.2 1.05 0.28−6.1 eq 6
−41.1 53.4 1.00 (fixed) eq 8

F230-3M −30.3 55.8 0.88 0.29−6.0 eq 6
−31.9 53.9 1.00 (fixed) eq 8

Figure 2. Equilibrium conversion (left scale) and equilibrium Tg
(right scale) as a function of Tcure (blue curve) for F230-M230. Lines
of Tg = Tcure (gray line) and Tcure = 20 °C (vertical dashed line).

Figure 3. Specific heat capacity (blue) and normalized nonreversing
heat flow (red) as a function of time (linear scale) of F230-M230
cured for 1 day at 20 °C (left) and at 10 °C (right).
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cp continues to gradually decrease together with the
exothermicity of the heat flow, indicating that the DA
conversion x (and thus the net forward DA reaction) continues
to proceed even under mobility-restricted conditions up to at
least 1 day. Longer isothermal cure times are needed to follow
this diffusion-controlled reaction. The baseline stability and
noise level of the MTDSC nonreversing heat flow signal are
insufficient to follow this process accurately, as observed in
Figure 3.
For longer cure times, microcalorimetry (TAM, thermal

activity monitor) is preferable over (MT)DSC because of the
improved sensitivity and isothermal baseline stability of heat
flow, as seen for F230-3M at 25 °C for a cure time of 13 days
(log scale; compare red and black curves of MTDSC and
TAM, respectively). The corresponding cp, not measurable by
microcalorimetry, is followed by MTDSC. Both signals are
shown in Figure 4 (top). Tg for distinct cure times up to 120
days (approximately 4 months) was measured by conventional
DSC (see Materials and Methods) together with the width of
the transition defined as the difference between the endset and
onset of Tg (Figure 4, bottom). Similar results of diffusion-
controlled isothermal cure for extended cure times are shown
in Figure S2 for F230-M230 at 20 °C.
The region of the drop in heat capacity (Figure 4, dashed

vertical lines between the onset and endset of Δcp) coincides
with the (initial) vitrification process of the curing system,
observed as the crossing of the measured increase of Tg with
the applied curing temperature, Tcure (Figure 4, blue arrow).
The inflection point of Δcp can be taken to quantify the
conversion at vitrification xvit, i.e., xvit = 0.62. Note that the
coincidence of the inflection point of Δcp with the crossing of
Tg with Tcure depends on the measuring conditions of cp
(MTDSC, period of 40 s) and Tg (DSC, heating rate of 5
°C min−1). An increase in the modulation period delays the
Δcp drop, as seen for a period from 20 to 200 s in Figure S3,
whereas Tg increases by 4 °C on average per decade of heating
rate under the experimental conditions of this work.53

Before vitrification, the experimental Tg evolution follows
the curve predicted by the kinetics and the Tg−x relationship
(green curve in Figure 4), but beyond vitrification, a clear
deviation with lower experimental Tg values is noticed due to
the slowing down of the diffusion-controlled DA reaction
against the kinetic prediction. In the early stage of vitrification
beyond xvit, heat flow and cp still clearly change, and x and Tg

thus slowly progress, but in a later stage, all further evolution is
almost arrested. In any case, the final value of Tg exceeds Tcure

by 17.4 °C for F230-3M, which is equivalent to a further
increase in conversion of 25% (x = 0.87 > xvit = 0.62). The
extended view of the progress of vitrification (Figure 4 (right))
shows that Tg still increases by ca. 2 °C beyond 104 min in the
later stage of vitrification. The observation of the further
(slow) progress of reaction beyond the onset of vitrification is
of high importance for the ability to heal damage under
diffusion- and mobility-restricted conditions in these reversible
DA systems, as will be demonstrated in the final section.
The endo-to-exo isomerization step for F230-3M at 25 °C is

simulated in Figure 5 by the conversions of the DA endo and
exostereoisomers together with the total DA conversion. The
window of vitrification according to Figure 4 is also indicated
(vertical dotted lines in Figure 5). The end condition of the
vitrification window (black vertical dotted line) shows that
after an extended reaction time of more than 105 min a low
exo/endo ratio is still expected, even under kinetic simulation
conditions. It can be concluded that a high exo content of the
thermodynamically most stable stereoisomer can hardly be
reached under diffusion-controlled conditions around ambient
temperature. This is confirmed by the results of the diffusion-
controlled isothermal cure of F230-M230 at 20 °C (Figure
S2). In this case, the simulated exo/endo ratio is even lower
because of an insufficient isothermal reaction time to reach the
isomerization step (see Figure S4). Note that in the absence of
diffusion control, however, the simulated final (stepwise)
increase in x to equilibrium is 3.7% or ca. 3.2 °C in Tg with an
eventual high exo/endo ratio of ca. 8.5 (see Figure 5).

Figure 4. (top) Specific heat capacity (blue) and normalized nonreversing heat flow (red) measured in MTDSC overlaid with the heat flow (black)
measured in TAM as a function of time (log scale) of F230-3M cured at 25 °C; (bottom) experimental Tg and width of transition at different cure
times up to 120 days (+) with simulated Tg evolution and Tg at equilibrium conversion based on the kinetics model (green), Tcure (25 °C, dashed−
dotted line), and the initial vitrification region (vertical black dashed lines). (right) Expanded view of progress of vitrification.
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Note that the appearance of an enthalpy relaxation peak on
the Tg DSC signal after isothermal cure is an extra indication
for the switch from kinetic to diffusion control, as clearly seen
in Figures 6 and S5. The upward shift of Tg caused by the
enthalpy relaxation peak is erased by an extra cooling and
heating step (see also Materials and Methods).
The higher the chosen isothermal temperature Tcure, the less

prominent the diffusion control will be (see also Figure 2).

Quasi-isothermal MTDSC cp measurements as a function of
time (1 day) at 45 and 55 °C are represented in Figure 7 for
F230-M230. At 45 °C, the Δcp drop of −0.04 J g−1 K−1 is
much smaller than those previously reported at 20 or 10 °C
(see Figure 3), indicative of just a slight partial vitrification
effect.
Indeed, Tg measured in the heating step following the

isothermal cure of 1 day is 39 ± 5 °C, slightly lower than Tcure
of 45 °C, which means that the system just started to vitrify
considering the width of the glass-transition region. No Δcp
drop is observable at 55 °C as the system no longer vitrifies
under these conditions, as confirmed by the Tg value after a
cure time of 1 day, i.e., 41 ± 5 °C. The slight decrease in cp at
the start in this case is due to the effect of the forward DA
reaction of ca. 0.04−0.06 J g−1 K−1. These results of Figure 7
are consistent with the plots of Figure 2.
It is clear that the heat capacity measurement from a quasi-

isothermal MTDSC experiment is an excellent tool to
determine (partial) vitrification and mobility restrictions of
an isothermal reversible DA reaction, giving rise to diffusion
control and slowing down of the reaction rate. This
methodology clearly demonstrates the rheological change
from a liquid, viscous state toward a solid, energy-elastic
material state, but it is not suited to decide whether or not a
polymer network structure is formed along the isothermal
reaction path.

Proof of Network Formation. The ability to form a
network structure in a reacting polymer system depends on the
functionality of the reacting components which should exceed
2 for at least one of these. F230-M230 and F230-3M are (4 +
2)- and (4 + 3)-functional systems, respectively, and should
both lead to reversible DA network systems if at the chosen
isothermal temperature, Tcure, the DA equilibrium conversion,
xeq, is sufficiently high so that it exceeds the conversion at
gelation xgel, i.e., xgel < xeq(Tcure). In the case of vitrification
along the DA reaction path, we can distinguish two cases: (i)
gelation precedes vitrification, i.e., xgel < xvit, called formation of
a gelled glass or (ii) vitrification precedes gelation, i.e., xvit <
xgel, called formation of an ungelled glass. In the latter case, the
DA reaction might be arrested by the vitrification process
before the gel point could be reached, and we, therefore, end
up with a thermoplastic glass without any cross-linking. These
aspects cannot be elucidated by MTDSC. Instead dynamic
rheometry is used as a complementary technique to determine
the gel point of both DA reversible networks under identical
conditions to those in MTDSC. In isothermal dynamic
rheometry, the gel point is reached at the DA reaction time,
tgel, for which the phase angle becomes independent of the
measuring frequency (see arrows in Figure 8).36 Vitrification is

Figure 5. Simulated conversion as a function of time (log scale)
without diffusion control for F230-3M at 25 °C (red); evolution of
the endo stereoisomer (green), exo stereoisomer (purple), and exo/
endo ratio (dashed). Vertical dotted lines indicate the vitrification
window of Figure 4.

Figure 6. DSC measurements of Tg after isothermal cure of F230-3M
at 25 °C; without enthalpy relaxation before vitrification (blue and red
curves); with enthalpy relaxation after vitrification (green and purple
dashed curves), and correction by extra cooling and heating (green
and purple full curves). Isothermal cure times are indicated in
minutes.

Figure 7. Specific heat capacity (MTDSC) as a function of quasi-isothermal cure time of F230-M230 for 1 day at 45 °C (left) and 55 °C (right).
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a frequency-dependent process, which is delayed at lower
frequencies (see the peak maximum in loss angle in Figure 8
(top)). The conversion at gelation, xgel, can be derived from tgel
by means of the kinetics model, leading to xgel = 0.47 < xvit =
0.57 (from MTDSC) for F230-M230 at 20 °C and xgel = 0.41
< xvit = 0.62 (from MTDSC) for F230-3M at 25 °C. Gelation

is, thus, observed before vitrification and gelled glasses are
formed in both cases. Gelation is reached at a lower conversion
for F230-3M because of the higher functionality of this
reversible DA system, and the difference “xvit − xgel” is also
doubled.
In contrast, xgel approaches xvit at lower Tcure and eventually

an ungelled glass is obtained for which vitrification precedes
gelation. This is illustrated for F230-M230 at 10 °C in Figure 8
(bottom). No gelation occurs before vitrification. The latter is
observed by the frequency-dependent switching of the loss
angle from viscous (90°) to energy-elastic behavior (0°)
around 500 min, which is consistent with the MTDSC result of
F230-M230 at 10 °C in Figure 3 (right). While a reversible
network architecture is still formed at 20 °C, a reversible
thermoplastic glass is formed by the diffusion-controlled DA
reaction at 10 °C.

Diffusion-Controlled Nonisothermal Reversible DA
Reaction. It has been proven that vitrification and
devitrification can also be observed in nonisothermal
MTDSC measurements of irreversible thermosetting systems,
at least if the heating rate is sufficiently low compared to the
reaction rate.44 This principle is verified in this work for the
chosen DA model systems. The situation is more complex due
to the equilibrium reactions involved, as simulated in Figure 9.
Between −50 and 100 °C and depending on the heating rate,
an exothermic heat flow is followed by an endothermic, a
second exothermic, and finally a last endothermic contribution.
These consecutive reaction steps represent the net forward
(endo and exo) DA reactions (exothermic), followed by
primarily the endo retro-DA reaction (endothermic), the
isomerization from the endo to the exo stereoisomer
(exothermic), and finally primarily the exo retro-DA reaction
(endothermic). In the subsequent cooling, the equilibria shift
back to the (endo and exo) cycloadducts by the exothermic
forward DA reactions. The relatively low reaction enthalpies of
the different reaction steps in heating and cooling lead to
unreliable MTDSC heat flows for the lowest heating/cooling
rates.
The MTDSC heat capacity curves cp(T), however, are very

stable and provide valuable experimental information during
nonisothermal DA cure. The heat capacity evolution of the
reversible DA reactions in heating and subsequent cooling at
different rates between −50 and 60 °C is shown for F230-
M230 in Figure 10. The general trend is a gradual increase of
cp(T) in heating followed by a gradual decrease in cooling. In
both heating plots of Figure 10, a first devitrification is seen as

Figure 8. Isothermal dynamic rheometry: loss angle as a function of
cure time for F230-3M at 25 °C (top) and for F230-M230 at 20 °C
(middle) and 10 °C (bottom), for five frequencies ranging from 0.3
Hz (red) to 3.1 Hz (blue).

Figure 9. Simulated heat flows of nonisothermal reversible DA reactions of F230-M230 at 0.1 K min−1 (left) and 0.03 K min−1 (right) in heating
(red) and subsequent cooling (blue), starting from x = 0. Simulated heat flow contributions of the endo stereoisomer (green, dashed in cooling)
and the exo stereoisomer (purple, dashed in cooling).
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a positive Δcp step at Tg of the freshly prepared DA mixture
(Δcp = 0.30 J g−1 K−1 at Tg = −34 °C). This Tg is not equal to
Tg0 because the conversion after preparation is estimated at x =
0.023 (see Tg−x relationships) in combination with the first
stage of the temperature program. After this initial Tg, the
forward and backward DA reactions progress as a function of
the temperature imposed by the heating program. The forward
DA reaction is dominant at lower temperatures and the
backward (retro) DA reaction becomes more important at
higher temperatures. As long as x stays below the equilibrium
value at Tcure, i.e., x < xeq, the forward DA reaction will
continue progressing and x will increase. At a heating rate of
0.1 K min−1, these reversible DA reactions occur under
kinetically controlled conditions and no further transitions are
observed in cp(T) (Figure 10 (top, left), red curve). This
experimental observation can be validated by simulation of the
DA conversion x and the corresponding Tg as a function of
Tcure based on the kinetics/thermodynamics model and the
Tg−x relationship. The initial increase in Tg is accelerated due
to the accelerated rate of the net forward DA reaction and is
decelerated again by the growing importance of the retro-DA
reaction. The simulated Tg stays below Tcure along the heating
path, and kinetic control is always maintained (Figure 10
(bottom, left), red curve). In the subsequent cooling step at
−0.1 K min−1 (blue curves), the equilibrium shifts back to
favor the forward DA reaction, and a vitrification step (Δcp of
−0.27 J g−1 K−1) is seen at the crossing of Tcure with Tg
corresponding to x at that instant (Tcure = Tg = 38 °C). Further
cooling occurs in the vitrified state, and cp at the end of the
measurement is slightly lower than cp at the start. This is a
similar effect to that observed in nonisothermal irreversible
epoxy thermoset cure for which the slight decrease in cp was
explained by the effect of cross-linking (and increased Tg).

44

To observe vitrification during heating as a result of the
ongoing DA reactions, the heating rate should be much lower
than 0.1 K min−1, so that Tg progresses faster than Tcure and
crossing of Tg from below to above Tcure can happen. This is
illustrated in Figure 10 (top, right) for a heating and cooling
rate of 0.03 K min−1. In the heating step, three transitions are
observed. The first transition is again the devitrification at Tg of
the freshly prepared DA mixture. The second transition at Tcure
= 22 °C = Tg(x) shows a vitrification with a Δcp drop of −0.23
J g−1 K−1, followed by a second devitrification step around Tcure

= 45 °C = Tg(x) with a Δcp of 0.21 J g−1 K−1. The two latter
transitions are slightly less sharp than the first one expressing
the partially vitrified state between 22 and 45 °C. The
vitrification occurring during the subsequent cooling is at Tcure
= 47 °C with a Δcp drop of −0.26 J g−1 K−1. As observed, Tg
slightly increases between the last devitrification in the heating
step and the vitrification in the cooling step due to the further
progress of the DA reaction with an increase in x. This is
confirmed by the Tg values estimated with the kinetics model
(Figure 10 (bottom, right)). Note that in the final part of
heating at 0.03 K min−1 the retro-DA reaction starts to be
more favored than the forward DA reaction resulting in a
decrease of Tg. Only small deviations are noticed between
measured (via Δcp) and estimated Tg values, with differences
of maximum 3 °C, which is very acceptable as vitrification and
diffusion-controlled phenomena are not taken into account for
the estimations.
F230-3M shows a similar behavior, as demonstrated in

Figure S6. It is clear that these cp(T) measurements from
MTDSC are again an excellent tool to determine (partial)
vitrification and mobility restrictions of nonisothermal
reversible DA reactions.

Self-Healing Ability of Reversible DA Thermoset
Network under Mobility-Restricted Conditions. General
Considerations. A main requirement for a reversible polymer
network to be self-healing is the ability to create a phase with
sufficient mobility closing the gap between the surfaces of the
defect caused, for instance, by mechanical loading (sealing step
of defect), followed by hardening (healing step of defect with
recovery of initial properties). These aspects are linked to the
dynamic character of the reversible DA reaction, which can be
quantified by means of two time constants, namely, the
cycloadduct lifetime, τrDA, and the relaxation time to restore
equilibrium after a perturbation, τDA.

37,38 The cycloadduct
lifetime, τrDA, is given by

T
k
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which is valid for endo and exo isomers, and the relaxation time,
τDA, is given by
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Figure 10. Nonisothermal MTDSC measurements between −50 and 60 °C of F230-M230 at 0.1 K min−1 (left) and 0.03 K min−1 (right) in
heating (red) and subsequent cooling (blue). Experimental cp (top) and simulated Tg (bottom). Devitrification is indicated by an upward arrow
and vitrification by a downward arrow. Tg = Tcure is indicated by dashed lines.
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with kDA = kendo + kexo, <krDA> = kr,endo[Kendo/(Kendo + Kexo)] +
kr,exo[Kexo/(Kendo + Kexo)], and [F]e and [M]e the equilibrium
concentrations of furan and maleimide compounds. More
details on the derivation of eq 12 are provided in a previous
paper as Supporting Information.38

The rate constants of the forward and reverse DA reactions
increase with temperature, resulting in lower time constants
and an increase of the dynamics of the DA cycloaddition.
The cycloadduct lifetime, τrDA(T), is the persistence time

before bond cleavage in equilibrium at T. Heating-mediated
healing is based on the decrease in τrDA(T) and the
corresponding improved sealing ability with temperature.
The flow behavior of a reversible network at elevated
temperatures can be explained accordingly.36

The relaxation time, τDA(T), is linked to the time necessary
to restore the DA equilibrium in the case of off-equilibrium
conditions by a perturbation, such as after heating or cooling
the material at high heating or cooling rates, or when the
reversible endo and exocycloadduct bonds are broken by
mechanical forces in the absence of additional heating.37,38 To
be efficient for self-healing applications, the time needed to seal
damage should be much shorter than the relaxation toward the
disturbed reaction equilibria, which explains the difference
between room-temperature healing of fresh damage and
heating-mediated healing of aged damage.37

Moreover, segmental mobility of polymer chains at the
damage surfaces needs to be sufficient for the free furan or
maleimide groups of the broken chains to find a new reaction
partner and to create bonds across the damage area. Segmental
mobility restrictions by (partial) vitrification at or below Tg of
the network will impede or at least substantially slow down the
healing action. τrDA(T) and τDA(T) depend on rate constants
kkin(T), which are influenced by the overall or specific diffusion
factor(s), DF, in reversible thermoset networks (see eq 5). The
modeling of these diffusion factor(s) is beyond the scope of
this paper.
Mimicking Self-Healing of Microcracks in Reversible

Thermoset F400-DPBM. An experimental preliminary study
is done to prove the feasibility of sealing and healing under
ambient conditions in the reversible thermoset, F400-DPBM.
This system is obtained by the DA reaction at ambient
temperature (Tamb) of the 4-functional furan F400 with the 2-
functional maleimide DPBM giving rise to a network with Tg =
57 °C. F400-DPBM has the properties of a reversible
thermoset at Tamb andwhile not interesting for a reliable
kinetic study because of the solvent used during cureis
excellent to study self-healing under mobility-restricted
conditions because of its availability in larger quantities than
F230-M230 or F230-3M. The healing ability of F400-DPBM is
evaluated by the recovery of a characteristic bulk property, in
this case the mechanical storage modulus measured by means
of DMA.
A special experimental in-house procedure is followed to

confirm the ability of self-healing below Tg and to mimic the
healing of initial damage or “microcracks” in a reversible
thermoset. The term microcracks is used in fracture mechanics
to indicate (sub)microscopic or nanoscopic defects, which can
ultimately lead to complete macroscopic material failure. The
reversible thermoset F400-DPBM in bulk is first crushed to a
powder. The powder is then compressed at Tamb in molds for
mechanical testing (see Figure S7 and analytical methods:
dynamic mechanical analysis). Different combinations of
pressure and pressure time (see Table 2) are applied (i) on

freshly prepared powder and (ii) on powder aged for 1 week at
Tamb. After being kept the four following days in the molds at
ambient pressure and Tamb to maintain close (“molecular”)
contact between the powder particles, all samples are
demolded, weighed to calculate their average density, and
subsequently tested in DMA 3-point bending mode to measure
their storage modulus (see Table 2). As observed for
increasing mold pressure and pressure time, the densities
increase and the test samples become less porous. All
calculated densities are around 1.0 g cm−3, indicating that
the samples are quite compact.
If fresh powder is used, the storage modulus of all test

samples can be measured. In other words, the particles are
again transformed into a bulk thermoset by a healing process at
Tamb below Tg of the powder. The samples are brittle at Tamb
due to the fact that the F400-DPBM powder has a Tg around
57 °C. The storage modulus increases with the calculated
densities and varies from 0.25 to 1.33 GPa, indicative of the
energy-elastic deformation behavior of these (porous)
thermosets in bulk. Since the DPBM-F400 powder is
compressed, the powder particles come into close contact in
the mold as if a “sintering” process takes place. However, no
thermoplastic welding at the powder surface is possible
because of the network architecture of the particles. The
explanation lies in the reversibility of the DA reaction and the
relaxation time, τDA, to restore equilibrium after a mechanical
perturbation during the sample preparation. For DPBM-F400
at Tamb, the calculated value of the relaxation time under
kinetic conditions is τDA ≈ 1.5 days, which is much longer than
the maximum molding time. The crushing and further
powdering activates the powder particle surfaces because the
less strong bonds of the F400-DPBM thermoset, i.e., the new
covalent bonds in the DA adducts, are most likely broken
during this process step.37 Thanks to the compression of the
powder, the activated surfaces are put in close contact so that
the forward DA reactions restoring the DA equilibria create the
sintering effect. No bulk sample is produced, and thus, no
sintering effect is created immediately after molding and
compression of the powder. Four extra days at Tamb in the
mold, however, are sufficient to reach again a high DA
conversion and heal the material under diffusion-controlled
conditions. This implies that kDA = kkinDF ≠ 0 (eq 5) or DF ≠
0 under these specific conditions, which is supported by the
previous results on diffusion-controlled isothermal DA
reactions (see Figures 4 and S4). Extra proof is provided by
the microcalorimetry results of Figure 11. The heat flow of a
sample of compressed powder of the freshly crushed F400-
DPBM thermoset is followed for 4 days at 25 °C and

Table 2. Calculated Density of Samples of F400-DPBM
Powder Prepared in Metallic Molds at Tamb and DMA 3-
point Bending Storage Modulus after 4 days of Cure at Tamb
and 1 bar, Starting from Fresh Powder for Different
(Pressure, Time) Combinations

pressure
(bar)

time
(min)

density
(g cm−3)

storage modulus fresh powder
(MPa)

10 10 1.19 1350
10 5 1.06 700
10 1 0.98 350
5 10 1.05 800
5 5 0.91 350
5 1 0.82 250
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compared with the residual heat flow of the original bulk
thermoset before crushing (cured for 1 week at 25 °C). The
net exothermic heat flow difference is clear proof of the
forward DA reaction occurring between the activated powder
particles to restore the DA equilibria, which is the underlying
basis for the self-healing ability of the reversible thermoset
below Tg. The DA reaction enthalpy of the activated powder is
−1.94 J g−1 (shaded area in Figure 11).
Note that the experimental setup with the procedure of

compressing the powder in the mold mimics the occurrence of
microcracks of different length scales in a bulk thermoset. The
particle size and distribution of the powder are not controlled,
and the time and pressure of compression in the mold are
arbitrarily chosen. The compressed samples contain a
distribution of damaged areas between the activated particle
surfaces with gaps (voids) ranging from the nanoscopic
(molecular) to the macroscopic scale. In the absence of
compressionmimicking macrocracks in a bulk thermoset
extra measures should be taken such as a temperature increase
to improve molecular mobility to close the gap between
damaged surfaces. This also holds if aged powder is employed.
If powder aged for 1 week at Tamb is used, no measurable

bulk mechanical properties can be developed because no
macroscopic samples can be produced following the (pressure,
time) scheme of Table 2. In case aged powder surfaces are
brought into contact, the forward DA reaction to create the
sintering effect is absent. Indeed, the powder surfaces (after
crushing) are again deactivated by relaxation to equilibrium
after 1 week of aging (τDA ≈ 1.5 days at Tamb). Heating-
mediated healing with a thermal sealing step is needed under
these conditions.37

As a final remark, it should be noted that the healing
capacity as described with the results of Table 2 for reversible
thermoset networks below Tg can never be achieved by means
of conventional irreversible thermoset networks.

■ CONCLUSIONS
A systematic study of diffusion-controlled reversible DA
network formation is performed under both isothermal and
nonisothermal reaction conditions for model systems F230-
M230 and F230-3M. The experimental evolution of the glass-
transition temperature, Tg, with the DA conversion, x, for these
model systems can successfully be predicted by a kinetics/
thermodynamics model and their Tg−x relationship. The
corresponding evolution of the heat capacity, cp, obtained from
modulated temperature DSC is an excellent tool to character-
ize vitrification or partial vitrification along the reaction path of

well-defined temperature programs. The heat capacity shows a
stepwise negative drop Δcp at the onset of vitrification in
isothermal DA cure, whereas a negative Δcp step of (partial)
vitrification followed by a positive Δcp step of devitrification is
observed in nonisothermal DA cure. Gelation along the
reaction path is confirmed by dynamic rheometry, and gelled
glasses with network architectures can be obtained in all
reversible systems studied.
This information on diffusion-controlled reversible DA

network formation is of importance for applications of DA
reversible thermosets and their capacity of self-repair
increasing service lifetime and improving sustainability, e.g.,
in the initial damage management of microcracks in bulk
applications. In preliminary experiments on the sintering of
F400-DPBM powder, it is demonstrated that mobility-
restricted self-healing below Tg is favored by

(i) close contact between the powder surfaces by compress-
ing the powder in a mold, mimicking the healing of
microcracks in a bulk reversible thermoset;

(ii) activation of the damage surfaces by “out-of-equilibrium”
conditions (shown by the use of freshly crushed powder
instead of aged powder) and subsequent diffusion-
controlled self-repair by restoration of the DA
equilibrium.

In the case of macrocracks, extra measures are needed, such
as sample compression to reduce the size of the macrocracks or
a heat-mediated sealing step to enhance molecular mobility. In
this respect, the use of reversible thermosets seems favorable
for self-repair and improved sustainability if they are applied in
compression and if tension is avoided.
The rate of diffusion-controlled healing will slow down with

the decrease of the DA rate constant, kDA, which depends on
the diffusion factor, DF. As long as kDA = kkinDF ≠ 0 or DF ≠
0, the healing process can slowly progress.
In future, a model for the diffusion control of the forward

DA, retro-DA, and endo/exo isomerization with specific
diffusion factors for all equilibrium steps will be elaborated.
The methodology to investigate diffusion-controlled reversible
networks will also be extended from bulk samples to thin
coatings and films.
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