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ABSTRACT: A systematic study of di�usion-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 di�erential scanning calorimetry enables the
characterization of (partial) vitri�cation along the reaction path. In isothermal DA reactions at Tcure, a stepwise negative drop in
�cp at the onset of vitri�cation is observed, followed by a di�usion-controlled reaction at a reduced rate. Tg can exceed Tcure by
at least 15 °C. In nonisothermal DA cure at a su�ciently low heating rate, (partial) vitri�cation is also possible (negative �cp
step), followed by di�usion-controlled cure until devitri�cation occurs again (positive �cp). 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 �rst 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
ful�ll these requirements, whether by means of an extrinsic
(e.g., microencapsulation,7�9 �ber,10,11 or microvascular12�16)
or an intrinsic (supramolecular17�21 or covalent22�29)
approach.

An e�cient 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 su�cient
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

Received: July 12, 2019
Revised: September 20, 2019

Article

pubs.acs.org/MacromoleculesCite This: Macromolecules XXXX, XXX, XXX�XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.macromol.9b01453
Macromolecules XXXX, XXX, XXX�XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 L

IB
R

E
 D

E
 B

R
U

X
E

LL
E

S
 o

n 
O

ct
ob

er
 3

1,
 2

01
9 

at
 1

1:
45

:3
6 

(U
T

C
).

S
ee

 h
ttp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 fo
r 

op
tio

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/Macromolecules
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.9b01453
http://dx.doi.org/10.1021/acs.macromol.9b01453


the vitri�ed state. In this case, reaction rates are di�usion-
controlled and greatly reduced by mobility restrictions, which
could consequently result in a decreased sealing/healing
e�ciency. A �rst 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 su�cient
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
di�usion and segmental mobility restrictions on (i) chemical
reactions/equilibria and (ii) sealing/healing steps is missing.
Nevertheless, the importance of di�usion-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 di�erential scanning calorimetry was
developed to study the e�ect of vitri�cation on reaction
kinetics under isothermal and nonisothermal conditions43�49

and to quantify the time�temperature�transformation dia-
gram of a thermosetting system.46 A “di�usion factor” was
introduced to describe the slowing down of the reaction
kinetics by di�usion e�ects. It was shown that irreversible cure
proceeded even in the (partially) vitri�ed 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 di�usion-controlled irreversible network
formation in bulk to the �eld 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 e�cient study of di�usion-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 Je�amine 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 Speci�c
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 Je�amine 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 con�rmed 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 Je�amine F230 in a stoichiometric ratio for 1 min
with a spatula. The freshly made mixture is placed at room
temperature in di�erential 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
�nely powdered and homogenized with a mixer. Tg of F400-DPBM
synthesized at room temperature is 57 °C (measured by DSC).

Analytical Methods. (Modulated Temperature) Di�erential
Scanning Calorimetry. (Modulated temperature) di�erential 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-de�ned (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 �ow data. To erase the e�ect of
enthalpy relaxation in the �rst heating after a di�usion-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 e�ects due to physical or

Scheme 1. Starting Reagents: (a) Je�amine 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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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
di�usion-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-
de�ned 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
speci�c 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 �tted 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

�
�

�

�
=

� � (6)

where Tg0 represents the glass-transition temperature of the
unreacted system, Tg1 is the one corresponding to a fully cured
system, and � is a �tting parameter.50�52 The Tg�x
relationships for most irreversible thermosetting systems are
clearly curved caused by the e�ect of cross-linking. The
curvature is expressed by the value of �, a �tting parameter that
can be linked to the ratio of change of cp at Tg between the
fully cured (�cp1) and unreacted system (�cp0), as shown in eq
7:

c
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p

p

1

0
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�

� (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 � = 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 �cp0) 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 �cp1, cannot be measured since these
conversions are only reachable at low cure temperatures, where
vitri�cation is unavoidable and full kinetic control is
impossible. The optimized values for Tg0, Tg1, and � 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 �tting parameter
� 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 �cp ratios for F230-M230 and F230-3M
(approximations because �cp0 and �cp1 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 di�erence between eq 6 with
� free and eq 8 with � = 1 is hardly noticeable in the Tg�x
plots for both systems, the parameters with � = 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 de�ned 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 su�ciently high Tg1 (see Figure 1 and Table 1) to allow
an e�cient study of the di�usion-controlled DA reaction under
isothermal conditions around room temperature, as illustrated
in Figure 2 at Tcure = 20 °C for F230-M230.

Di�usion-Controlled Isothermal Reversible DA Re-
action. MTDSC is a major tool for the characterization of
di�usion-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
di�usion control, and whether the MTDSC methodology
elaborated for di�usion-controlled irreversible networks is
transferable to reversible networks.43,44

Figure 3 represents the evolution of the normalized
(nonreversing) heat �ow and (reversing) speci�c 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 �ow, 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 speci�c heat
capacity, cp, initially slightly decreases as the reaction proceeds,
similar to the decrease of exothermicity in the heat �ow (see
also discussion of Figure 7). At one point, a sudden �cp drop,
quanti�ed 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 vitri�cation process during
isothermal cure. The sharp drop in cp represents the change
from a liquid/rubbery to a glassy state that induces a reduced
di�usion-controlled reaction rate. After this �cp drop, however,

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

Tg0 (°C) Tg1 (°C) �
exo/endo

ratio model

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

F230-3M �30.3 55.8 0.88 0.29�6.0 eq 6
�31.9 53.9 1.00 (�xed) 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. Speci�c heat capacity (blue) and normalized nonreversing
heat �ow (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 �ow, 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 di�usion-controlled reaction. The baseline stability and
noise level of the MTDSC nonreversing heat �ow signal are
insu�cient 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
�ow, 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 de�ned as the di�erence between the endset and
onset of Tg (Figure 4, bottom). Similar results of di�usion-
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 �cp) coincides
with the (initial) vitri�cation 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 in�ection point of �cp can be taken to quantify the
conversion at vitri�cation xvit, i.e., xvit = 0.62. Note that the
coincidence of the in�ection point of �cp 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
�cp 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 vitri�cation, the experimental Tg evolution follows
the curve predicted by the kinetics and the Tg�x relationship
(green curve in Figure 4), but beyond vitri�cation, a clear
deviation with lower experimental Tg values is noticed due to
the slowing down of the di�usion-controlled DA reaction
against the kinetic prediction. In the early stage of vitri�cation
beyond xvit, heat �ow 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 �nal 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 vitri�cation (Figure 4 (right))
shows that Tg still increases by ca. 2 °C beyond 104 min in the
later stage of vitri�cation. The observation of the further
(slow) progress of reaction beyond the onset of vitri�cation is
of high importance for the ability to heal damage under
di�usion- and mobility-restricted conditions in these reversible
DA systems, as will be demonstrated in the �nal 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 vitri�cation according to Figure 4 is also indicated
(vertical dotted lines in Figure 5). The end condition of the
vitri�cation 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 di�usion-controlled conditions around ambient
temperature. This is con�rmed by the results of the di�usion-
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 insu�cient isothermal reaction time to reach the
isomerization step (see Figure S4). Note that in the absence of
di�usion control, however, the simulated �nal (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) Speci�c heat capacity (blue) and normalized nonreversing heat �ow (red) measured in MTDSC overlaid with the heat �ow (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 di�erent 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 vitri�cation region (vertical black dashed lines). (right) Expanded view of progress of vitri�cation.
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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 di�usion 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 di�usion 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 �cp 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 vitri�cation
e�ect.

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 �cp
drop is observable at 55 °C as the system no longer vitri�es
under these conditions, as con�rmed 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 e�ect 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) vitri�cation and mobility restrictions of
an isothermal reversible DA reaction, giving rise to di�usion
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 su�ciently high so that it exceeds the conversion at
gelation xgel, i.e., xgel < xeq(Tcure). In the case of vitri�cation
along the DA reaction path, we can distinguish two cases: (i)
gelation precedes vitri�cation, i.e., xgel < xvit, called formation of
a gelled glass or (ii) vitri�cation precedes gelation, i.e., xvit <
xgel, called formation of an ungelled glass. In the latter case, the
DA reaction might be arrested by the vitri�cation 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 Vitri�cation is

Figure 5. Simulated conversion as a function of time (log scale)
without di�usion 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 vitri�cation
window of Figure 4.

Figure 6. DSC measurements of Tg after isothermal cure of F230-3M
at 25 °C; without enthalpy relaxation before vitri�cation (blue and red
curves); with enthalpy relaxation after vitri�cation (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. Speci�c 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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