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Abstract: Two reversible polymer networks, based on Diels—Alder cycloadditions, are selected
to discuss the opportunities of mobility-controlled self-healing in ambient conditions for which
information is lacking in literature. The main methods for this study are (modulated temperature)
differential scanning calorimetry, microcalorimetry, dynamic rheometry, dynamic mechanical analysis,
and kinetic simulations. The reversible network 3M-3F630 is chosen to study the conceptual aspects of
diffusion-controlled Diels-Alder reactions from 20 to 65 °C. Network formation by gelation is proven
and above 30 °C gelled glasses are formed, while cure below 30 °C gives ungelled glasses. The slow
progress of Diels—Alder reactions in mobility-restricted conditions is proven by the further increase of
the system’s glass transition temperature by 24 °C beyond the cure temperature of 20 °C. These findings
are employed in the reversible network 3M-F375PMA, which is UV-polymerized, starting from a
Diels—-Alder methacrylate pre-polymer. Self-healing of microcracks in diffusion-controlled conditions
is demonstrated at 20 °C. De-gelation measurements show the structural integrity of both networks
up to at least 150 °C. Moreover, mechanical robustness in 3M-F375PMA is maintained by the
poly(methacrylate) chains to at least 120 °C. The self-healing capacity is simulated in an ambient
temperature window between —40 and 85 °C, supporting its applicability as self-healing encapsulant
in photovoltaics.

Keywords: dynamic covalent bonds; reversible thermosets; kinetic simulations; self-healing in
vitrified state; self-repair of microcracks; encapsulant for photovoltaics

1. Introduction

Self-healing polymer networks have the ability to heal (micro-)defects in order to maintain
and restore functional properties [1-6]. The first stage of the healing process is the sealing step,
in which the gap between crack surfaces is closed. This requires the creation of a sufficiently mobile
phase, enabling close contact between both sides of the damaged site. The second stage is the
healing step, during which the initial polymer properties are restored [4,7]. Typically, self-healing
polymers are designed based on (i) an extrinsic approach using pre-embedded healing agents
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(e.g., microcapsules [8-10] or microvascular systems [11-14]) or (ii) an intrinsic approach using
reversible covalent [15-24] or supramolecular [25-29] bonds.

The thermoreversible Diels—Alder reaction between furan (a conjugated diene) and maleimide
(a dienophile) is particularly interesting for the design of dynamic covalent self-healing polymer networks,
because the equilibrium reactions can be repeated multiple times without side reactions, and the reaction
kinetics are well studied [30-39]. Recently, the kinetics and equilibrium thermodynamics for polymer
network systems formed from amorphous furan and maleimide have been updated to match a broader
range of building blocks [40]. At low temperatures, the forward Diels—Alder reaction is favored,
and Diels—Alder conversion increases. During this [4+2]-cycloaddition, the Diels-Alder adduct with two
new stereogenic centers is formed. The relative orientation of the substituents in the Diels—Alder adduct
is determined by two suprafacial approaches (endo and exo), leading to the formation of endo and exo

Diels-Alder adducts (Figure 1).
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Figure 1. Reversible Diels—Alder reactions between maleimide and furan derivatives, forming endo
and exo Diels—Alder adducts. Reversible Diels—Alder bonds are indicated by red arrows.

The endo Diels—Alder adduct is kinetically favored, while the exo Diels—Alder adduct is
thermodynamically more stable [41]. At high temperatures, the reaction equilibrium is shifted,
and cycloreversion (retro Diels—Alder reaction) is favored. During retro Diels-Alder reaction, furan and
maleimide are formed again by breaking Diels—Alder bonds. This causes the Diels—Alder conversion
to decrease. Furthermore, Diels—Alder bonds possess a lower bond energy than other carbon-carbon
o-bonds [34,37,42], which means that these bonds are preferentially broken in case the material is
damaged (Figure 1). Subsequently, the reversible nature of the Diels—Alder reaction allows Diels-Alder
bonds to re-form, enabling repeatable healing of the material [33,34,36,39].

The majority of self-healing studies on reversible covalent polymer networks focusses on materials
in the elastomeric state. This means that the sealing and healing stages are performed at temperatures
(Tapp) higher than the material’s glass transition temperature (Tg), at which the polymer network
exhibits sufficient segmental mobility (Tapp > Tg) [34,36,43-45].

However, few studies can be found on self-healing polymer networks at temperatures below
the Ty, ie., in the (partially) vitrified state (Tapp < Tg), even though it is very relevant in many
applications (e.g., as self-healing encapsulant in photovoltaics or protective polymer network
coatings in general) [38,39]. Here, reaction rates are diffusion-controlled, and thus, reduced due
to mobility restrictions.
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For fully reversible polymer networks, undesired loss of mechanical robustness and even loss
of structural/geometrical integrity can be an issue in the sealing step at elevated temperatures. Here,
crosslink density decreases to zero if the Diels-Alder conversion decreases below gel conversion (xge;)
and de-gelation occurs above Tge-gel, leading to unwanted changes in mechanical properties, such as a
decrease in the elastic modulus to an insufficient level and eventually viscous flow [30,34]. However,
sufficient mechanical robustness can be maintained over a broad temperature range, even below x|,
through (i) the use of interpenetrating polymer networks (IPNs), which consist of an irreversible
polymer network of high(er) Tg in combination with a reversible polymer network of low Ty [46]
(pp- 155-180), or (ii) by using a polymer network containing reversible crosslinks (e.g., Diels—Alder
bonds) between irreversible polymer chains (e.g., poly(methacrylate) chains) [39].

In this work, two reversible polymer networks 3M-3F630 and 3M-F375PMA are selected to
study network formation in diffusion-controlled reaction conditions and the self-healing potential at
ambient temperature in the (partially) vitrified state. These research topics are innovative, both for the
underlying theoretical aspects as well as for applications in ambient conditions, and are lacking in
the literature of self-healing polymer materials. The system 3M-3F630 is based on a tris-functional
maleimide (average functionality f = 2.65) and a tris-functional furan compound (functionality g = 3).
The system 3M-F375PMA is synthesized from the same tris-functional maleimide (f = 2.65) and a
mono-furan-mono-methacrylate compound (obtaining 3M-F375MA), followed by UV-polymerization
(obtaining 3M-F375PMA). Both polymer networks are fully reversible as all crosslinks are reversible
covalent Diels—Alder bonds based on furan and maleimide derivatives. The system 3M-3F630 is
chosen to systematically study the influence of cure temperature on gelation and vitrification at
different cure temperatures up to 85 °C as well as the de-gelation of the formed reversible network at
more elevated temperatures. The progress of cure in the vitrified state at 20 °C is followed based on
the evolution of Tg during cure. The continuation of Diels-Alder reactions under these conditions
is an important prerequisite for self-healing in the vitrified state. These findings are exploited in
the second system 3M-F375PMA. Self-healing of microcracks in diffusion-controlled conditions is
demonstrated. It is shown that this fully reversible polymer network maintains mechanical robustness
over a broad temperature range (due to the irreversible poly(methacrylate) chains). The simulated
self-healing capacity in a more extended ambient temperature window between —40 and 85 °C for
outdoor applications, and preliminary UV-Vis transmittance results support its potential applicability
as self-healing encapsulant in photovoltaics.

2. Materials and Methods

2.1. Materials

Amorphous propylene oxide trismaleimide (3M, Meq = 249 g mol ™!, f = 2.65) is purchased from
Specific Polymers. Glycerol-based polyol Daltolac R630 (M = 267 g mol ™) is supplied by Huntsman.
Poly(propylene glycol) methacrylate (PPG375-MA, M = 375 g mol~!, 97%), furfuryl isocyanate
M=123¢g mol™), dibutyl tin dilaurate (DBTDL, catalyst) and phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide or bisacyl phosphine oxide (BAPO, 97%, powder, photoinitiator) are purchased from
Sigma Aldrich. Daltolac R630 is dried over molecular sieves (4 A), all other materials are used as
received. 3M is stored at 4 °C under inert gas atmosphere. Furfuryl isocyanate is stored at 4 °C.
Chemical structures of all products are shown in Figure 2.
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Figure 2. Chemical structures of the starting reagents: (a) amorphous trismaleimide 3M, (b) glycerol-based
polyol Daltolac R630, (c) furfuryl isocyanate, (d) poly(propylene glycol) methacrylate PPG375-MA.

2.2. Synthesis

Synthesis of trisfuran 3F630. Equimolar amounts of Daltolac R630 and furfuryl isocyanate are
allowed to react at ambient temperature, with DBTDL as catalyst. The reaction is considered complete,
when the asymmetric stretching vibration of the isocyanate group v,s(N=C=0) cannot be detected
anymore by means of attenuated total reflectance Fourier transform infrared (ATR FTIR) spectroscopy.

Synthesis of furan-functionalized methacrylate F375MA. The photoinitiator BAPO is dissolved
in furfuryl isocyanate, and subsequently, an equimolar amount of PPG375-MA is added. The final
BAPO concentration in F375MA is 0.1 wt%. The compounds are reacted in the presence of a catalytic
amount of DBTDL, and the reaction progress is monitored by means of ATR FTIR as described above.

Synthesis of the reversible polymer network 3M-3F630. Equimolar amounts of 3M and 3F630
(maleimide:furan = 1:1) are mixed at ambient temperature, and immediately transferred to the
respective equipment for analysis. The reversible network structure is shown in Figure 3a.

Synthesis of the reversible polymer network 3M-F375PMA. The synthesis of 3M-F375PMA
is a two-step procedure. In the first step, 3M and F375MA are mixed in equimolar amounts
(maleimide:furan = 1:1) and allowed to react at ambient temperature for at least four days to form
3M-F375MA, a tris-methacrylate-functionalized reversible prepolymer containing Diels—Alder bonds.
In the second step, 3M-F375MA is spread onto a glass substrate (treated with release agent) at ambient
temperature. Subsequently, the sample is UV-polymerized for 30 min at 60 °C in nitrogen atmosphere
with a UV-light intensity of 115 mW cm™2 (Amax = 360 nm) to form polymer films 3M-F375PMA with
a thickness of 300-500 um. The network structure is shown in Figure 3b. For further details on the
reaction procedure, see [39].
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Figure 3. Chemical structures of the polymer networks (a) 3M-3F630 and (b) 3M-F375PMA.
2.3. Methods

Fourier-transform infrared (FTIR) spectroscopy is performed on a Thermo Scientific Nicolet 6700
FTIR spectrometer. Spectra are recorded at ambient temperature between 4000 and 400 cm~!, with a
resolution of 4 cm™!. All spectra are averaged from 32 scans. The progress of urethane reactions is
monitored by means of ATR FTIR spectroscopy using a single reflection Smart iTR ATR sampling
accessory with a zinc selenide (ZnSe) crystal. The urethane reaction is considered complete when the
asymmetric stretching vibration of the isocyanate group v,s(N=C=0) at about 2250 cm™! cannot be
detected anymore. Reversibility of the UV-cured polymer network 3M-F375PMA is studied using
transmission FTIR spectroscopy in potassium bromide (KBr) pellets with an approximate sample
concentration of 1 wt%.

(Modulated temperature) Differential scanning calorimetry (MT)DSC) is performed using a
Discovery DSC 250 from TA Instruments equipped with a refrigerated cooling system. All experiments
are performed under nitrogen atmosphere with samples of ca. 5 to 10 mg. Freshly prepared
Diels—Alder mixtures are immediately measured or stored in liquid nitrogen to avoid conversion
change. Hermetic Tyero aluminum pans with perforated lids are used to assure nitrogen purging in the
DSC cell. Quasi-isothermal MTDSC experiments are carried out with a temperature modulation of
0.5 °C and a period of 40 s to follow the heat capacity change during reaction. Non-isothermal DSC
measurements are performed at a heating rate of 5 K min~! and at a cooling rate of 20 K min~! to limit
reaction during the cooling step, except stated otherwise.
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Dynamic rheometry is carried out with a TA Instruments Discovery HR-2 hybrid rheometer,
equipped with an environmental test chamber. All experiments are carried out between parallel plates
of 10 mm diameter, using 0.3, 0.6, 1.0, 1.7 and 3.1 Hz as modulation frequencies. The gelation time
teer during an isothermal cure is defined as the time at which the loss angle becomes independent of
frequency. Non-isothermal de-gelation measurements are performed with a heating rate of 0.5 K min~".

Microcalorimetry is performed on a TA Instruments Thermal Activity Monitor (TAM III) in
isothermal conditions at 20 °C (0.1 °C). The equipment has a precision of £200 nW and a baseline
drift of maximum 200 nW in 24 h. For experiments regarding vitrification through Diels-Alder
reaction, furan and maleimide compounds are mixed in equimolar amounts in a measuring ampoule,
and the microcalorimetry experiment is started immediately. For self-healing experiments on UV-cured
polymer networks, freshly prepared powder is compressed for 10 min at elevated pressure, then the
compressed powder is inserted into a measuring ampoule, and the measurement is started without
delay. Additionally, the residual heat flow of unground bulk material, which serves as reference,
is measured via the same procedure.

Dynamic mechanical analysis (DMA) is carried out on a TA Instruments DMA Q800, using a gas
cooling accessory. All experiments are performed at a frequency of 1 Hz between —40 and 120 °C, with a
heating/cooling rate of 0.5 K min~!. UV-cured polymer network films are measured in tension mode,
while powder rectangular bar samples are measured in 3-point bending mode. Powder rectangular
bars are prepared by compressing freshly prepared polymer network powder for 10 min at elevated
pressure in a mold with the dimensions 30 mm X 5 mm X 2 mm. Reference samples are immediately
demolded and analyzed in DMA, whereas self-healed rectangular bars are allowed to heal for one
week at 20 °C and 1 bar before being tested in DMA.

UV-Vis spectroscopy is performed on a PerkinElmer LAMBDA 35 UV/Vis spectrophotometer
between 1000 and 200 nm at a scanning speed of 480 nm min~! on UV-cured 3M-F375PMA polymer
network films with an approximate thickness of 500 um.

Kinetic simulations are performed using an in-house MATLAB software in which the equilibrium
reactions between the Diels—Alder functional groups, furan and maleimide, forming endo and exo
Diels—Alder cycloadducts are described by a mechanistic model shown in Figure 1 [34]. For both
stereoisomers, the kinetics of the Diels—Alder and retro Diels—Alder reactions are described by their
corresponding rate constants k(T). The following set of differential equations is derived from this model:

% =Y @) (1)

with C; (mol kg_l) the concentration and dCy/dt (mol kg_1 s71) the production rate of component i,
R the number of reactions involved (R = 2 or 4), vl/. (mol kg_1 s71) the formation (or consumption) rate
of component 7 in reaction j, which depends on the rate constant kj(T) and the concentrations of the
components involved in reaction j. The differential equations can be related to the measured reaction
heat flow profiles normalized against the sample weight:

dg,  h[dc; .
E—Z[EAin )

i=1

with dg,/dt (W kg™!) the experimental microcalorimetric heat flow, A fH? the formation enthalpy of
component i (k] mol~!) and N the number of components (N = 4).

The model parameters comprise the kinetic and thermodynamic parameters of the two Diels—Alder
equilibria of Figure 1, and the functionalities of the furan and maleimide compounds. Parameter values
optimized for Diels—Alder systems based on different combinations of furan-functionalized polyether
amines (Jeffamines) with amorphous maleimides are used for the simulations of the two Diels-Alder
systems of this paper ([40], see Table S1in the Supplementary Materials). A representative reversible network
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system M400-3F251 (see Figure S1 in the Supplementary Materials), showing fully kinetically-controlled
cure at 20 °C, is used to prove the validity of the data of Table S1 for all kinetic simulations in this paper
(see Figure S2 in the Supplementary Materials).

For all simulations, the concentration of the starting products based on the starting weight
fraction (i.e., [F]y for the furan compound, [M], for the maleimide compound, [Endo]y or [Exo], for
the Diels—Alder adducts) are taken into account, along with the preparation time and temperature.
The total Diels—Alder conversion x, describing the formation of the endo and exo adducts for each
combination of time and temperature, is calculated according to:

[Endo] + [Exo]
min([F],, [M],) + [Endo], + [Exo],

®)

X = Xendo + Xexo =

with min([F]o, [M]p) the minimum value between [F]y and [M], while the equilibrium conversion is
based on:

2Kt [Flo+1- ) (2Kiae[Flo+1)2~4K2, [F)3

4)

Xeq =
with Kiot = Kendo + Kexo-

3. Results and Discussion

3.1. Vitrification and Gelation during Cure of Reversible Network 3M-3F630 in Ambient Conditions

3.1.1. Vitrification Study Based on Modulated Temperature Differential Scanning Calorimetry

During the cure of an irreversible thermosetting network at a temperature Tcyre below the glass
transition temperature of the full-cured network Tg1 (Teure < Tg1), the Tg of the curing network
progressively increases until it reaches the applied cure temperature (Tg ~ Tcure) where decreasing
segmental mobility leads to vitrification and a subsequent slowing down of the reaction. An interesting
technique to study this phenomenon is MTDSC. With this tool, the heat flow and heat capacity evolutions
during reaction can be measured simultaneously, which give indications on the decrease in reaction rate
during vitrification. This was proven in previous publications for irreversible thermosets [47—49] and
recently also reversible furan-maleimide Diels—Alder thermosets [38]. A drop in heat capacity (Acy)
shows the occurrence of the vitrification process as it expresses the progressive decrease of segmental
chain mobility due to diffusion-controlled reactions (see [38] and [40] for more details).

In this paper, the same methodology is applied for the 3M-3F630 thermosetting system of
maleimide functionality f = 2.65 and furan functionality g = 3 (see Section 2. Materials and Methods).

Figure 4 shows the normalized non-reversing heat flow and specific heat capacity measured in
quasi-isothermal MTDSC experiments of fresh 3M-3F630 mixtures cured for one day at 30, 65 and
85 °C. Here, the exothermic heat flow shows a maximum intensity at the beginning of the reaction,
ie, 16 mW g~ at 30 °C, 135 mW g~! at 65 °C and 290 mW g~! at 85 °C, and is progressively decreasing
over time. As observed, the forward Diels—Alder reaction rate is thus the highest at the beginning
of the cure for the highest cure temperature. Subsequently, depending on the cure temperature,
a sudden drop of ¢, can be observed, indicative for the first stage (onset) of the vitrification process.
At 30 °C, the sudden Ac, drop of —0.39 J g™! K™! occurs after 103 min while at 65 °C, the ¢, drops
more progressively and by only —0.14 ] g~* K™}, showing partial vitrification. At 85 °C, no drop in ¢,
is observed which shows that vitrification no longer occurs. Here, the higher the cure temperature,
the lower will be Acy linked to the vitrification phenomenon, until no vitrification is visible anymore.
These MTDSC measurements correlate with Tgs of 50, 62 and 59 °C after quasi-isothermal cure at 30,
65 and 85 °C, respectively (Tys measured in a subsequent cooling at 20 K min~! and heating step at
5K min~! in standard DSC mode). Note that the retro Diels-Alder reactions are more important at
85 °C than at 65 °C which explains the lower Tg at 85 °C than at 65 °C. After the initial vitrification step,
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the ¢, continues to slightly decrease over time for 30 and 65°C, showing that the reaction still proceeds
even in the vitrified state for at least one day. This effect will be further explored in Section 3.2.2.
A major benefit of MTDSC is the reliable detection of very small quasi-isothermal ¢, changes with high
sensitivity, free of noise and not affected by a heat flow baseline drift. On the contrary, the baseline
stability of the non-reversing heat flow of quasi-isothermal MTDSC measurements over a long cure
time is insufficient to detect the weak exothermicity of a still ongoing reaction. For this purpose,
microcalorimetry is more appropriate (see also Section 3.2.2.).

(a) (b)

Heat flow [W g'] Heat capacity [J g' K']  Heat flow [W g-'] Heat capacity [J g K]
0.2Jg" K [ 0.2 J.g" K" {
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Figure 4. MTDSC thermogram of 3M-3F630 at isothermal cure temperatures of (a) 30 °C, (b) 65 °C,
(c) 85 °C. Black: (specific) heat capacity as a function of time; Red: (non-reversing) normalized heat
flow as a function of time.

While the 3M-3F630 system can vitrify in ambient cure conditions around room temperature and
even higher, this is not the case for the second reversible Diels—Alder system, the prepolymer
3M-F375MA, as shown in Figure S3 (in the Supporting Material) with a MTDSC ¢, and a
microcalorimetric heat flow measurement at 20 °C. This is in agreement with the measured Tg of
-31 °C after two days of cure. The prepolymer 3M-F375MA will only obtain thermosetting properties in
ambient conditions after photo-cure into the reversible network 3M-F375PMA (see Section 2.2 Synthesis).

3.1.2. Dynamic Rheometry as Proof of Gelation and Vitrification

In order to assure at least structural integrity of the material above Tg, the polymer must have
a network structure, preventing flow of the material (see also 1. Introduction). The formation of
this network occurs during the gelation process. During cure, the conversion progressively increases
until the gel point is reached, corresponding to the critical gel conversion Xgel at a certain time fge,
where an incipient network is formed (crosslink density is zero at this point). Afterwards, conversion
further increases and crosslink density builds up until reaching an “arrested” equilibrium induced



Polymers 2020, 12, 2543 9 of 24

by vitrification (see Section 3.1.1). MTDSC is not suitable to characterize 4., however, gelation can
be studied by means of dynamic rheometry in isothermal conditions, as shown in Figure 5 for the
3M-3F630 system for cure at 30, 65 and 85°C.

(a) (b)
25/ 25/
10 - 10 e ."\"--n\\..‘ 65 °C
0.8 0.8 gelation
0.6 " | 06 ol eessniiize
_."..‘-.......:::...-::.,.o .....
0.4 0.4 G
0.2 A1 0.2
0-0 T T T T 0.0 T T
0 20 40 60 80 100 0 10 20 30
t [min] t [min]
(c)
25/
1.0 9 .y 85°C
0.8 1 .A}'at'on
0.6 -
0.4
0.2 -
0.0 e :
0 10 20 30

Figure 5. Normalized loss angle of dynamic rheometry during isothermal cure of 3M-3F630 at (a) 30°C,
(b) 65°C, (c) 85°C. Black: 0.3 Hz; Blue: 0.6 Hz; Red: 1.0 Hz; Green: 1.8 Hz; Purple: 3.1 Hz.

Here, the frequency-independency of the rheometrical loss angle 6 is chosen as criterion for the gel
point determination as it is characteristic of the network formation for which the critical gel conversion
Xgel is reached [50-53]. The crossing of ¢ is clearly observable at 65 and 85 °C (indicated in Figure 5 by
arrows) but not at 30 °C. At 85 °C, the system behaves as an unvitrified thermoplastic until gelation
after about 4 min. From then on, it shows elastomeric behavior as no vitrification is observed for the
rest of the isothermal experiment (see also MTDSC at 85 °C in Section 3.1.1). At 65°C, the system
behaves first as a thermoplastic until gelation after about 10 min. At this point, it shows elastomeric
behavior until vitrification, observable through the following increase of 6 due to the rising shear
storage modulus (not shown) during (partial) vitrification. At 30 °C, no crossing of § is observable
which means that no gelation occurs before the start of vitrification. In this measurement, vitrification
is observed with a frequency dependent peak in 6 following its initial drop. Thus, at 30 °C, an ungelled
glass is formed while at 65 °C, a gelled glass is obtained.

The critical gel conversion can be calculated using the preparation conditions, the rheometrical
time-temperature program, the starting weight fractions of furan and maleimide compounds and the
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kinetic parameters from [40]. The calculated value is independent of cure temperature, as expected [40],
and has a value of xge; = 0.50. The critical loss angle at gelation for 3M-3F630 is between 60° and 65°,
thus above 45°, meaning that gelation is still viscous-dominated [53]. This is also the case in other
reversible Diels—Alder networks [34,40].

At 30 and 65°C, vitrification is observed at similar times as with MTDSC measurements
(see Section 3.1.1). However, dynamic rheometry is less suited than MTDSC to describe the vitrification
process in a quantitative way due to the fact that this measuring technique is designed for liquids and
visco-elastic materials and not for thermosetting solids with too high elastic moduli.

Note that for 3M-F375MA gelation measurements are not meaningful as no reversible network is
formed through the forward Diels—Alder reactions in the first step of the synthesis. The reversible
network 3M-F375PMA is only formed during the second step of the synthesis by UV-cure (see Section 2.2
Synthesis for more details).

3.2. Proof of Progress of Cure in Diffusion-Controlled Conditions at 20 °C in Reversible Network 3M-3F630

3.2.1. Tg—x Relationship

The Tg—x relation of a reversible network is an important tool to evaluate its structure-property
relations. This Tg—x relation allows the direct translation of a calculated conversion x in terms of
Tg. To build this relation, Tgs of fresh mixtures are established by DSC for specific time-temperature
programs that are simulated with the kinetics model in order to determine their corresponding
conversion. A typical experiment consists of an isothermal segment for a well-chosen time-temperature
combination at which reactions stay kinetically controlled, followed by a cooling at 20 K min~! (to limit
further reaction) and a heating step at 5 K min™! (to measure the T). The corresponding conversions x
are calculated with the kinetics model considering the starting weight fractions and functionalities of
furan and maleimide compounds, the preparation conditions, the DSC time-temperature program,
and the kinetic parameters from [40]. As shown in Figure 6, the Tg—x couples are often fitted to the
empirical DiBenedetto model:

Ty—Teo _ Ax 5)
Te1—Tgo 1-(1-A)x

where A represents a fitting parameter, Ty is the glass transition temperature of the unreacted system
(i.e., at x = 0) and Ty the one corresponding to a fully cured system (i.e., at x = 1) [54-56].

T,[°C]
75

60 -
45 A
30 -
15
0_
-15 4

'30 T T T

0.0 0.2 0.4 0.6 0.8 1.0
conversion x

Figure 6. Tg—x relation for 3M-3F630. Black line: DiBenedetto model with optimized Tgp, T3 and A;

Blue dots: experimental Tg-calculated x couples.

Due to the minimum preparation time required, Tgo cannot be measured since a minimum
conversion of around 0.02 is expected at room temperature. Likewise, Tgl cannot be measured either
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as full conversion in such Diels—-Alder systems can only be reached at low cure temperatures where
vitrification and diffusion-controlled reaction are unavoidable. Only Tgs for a range of conversion
between x = 0.02 and x = 0.90 could be experimentally measured.

The optimized parameters of the DiBenedetto model are —25°C for Ty, 67°C for Tg; and 0.99
for A. The resulting Tg—x curve is shown in Figure 6. Note that during the different experiments to
construct the Tg—x, between 30% and 92% of exo Diels—Alder adduct is formed. Nevertheless, a unique
Tg—x relation is found, linking Ty to the overall (endo+exo) Diels-Alder conversion and validating the
assumption that the Tgs of the endo and exo cycloadducts are (almost) equal.

3.2.2. Cure in Diffusion-Controlled Conditions at 20 °C

In Figure 7, the Tg evolution of the 3M-3F630 vitrifying system is shown along with the ¢, measured
in MTDSC and the heat flow measured in microcalorimetry (Thermal Activity Monitor, TAM) at 20 °C.
The experimental Tgs are obtained with separate measurements at an isothermal temperature of 20 °C
for different reaction durations (before, during and after vitrification). The isothermal segments are
followed by a cooling (at 20 K min™!) and heating step (at 5 K min™!) for the T, determination in
the heating step. For experiments where vitrification occurs, the heating was stopped just after the
relaxation peak to limit further reaction at high temperature. Subsequently, the sample was rapidly
cooled down and heated up to remeasure an iso-enthalpic Tg. The change of conversion induced
between the first heating and the second heating is simulated with the kinetics model to determine
the conversion change Ax. The correction applied to the Tg, i.e., ATg, is then deduced from the Tg—x
relationship established in the previous subsection. The resulting experimental Tgs are shown in
Figure 7.

In order to correctly interpret the influence of vitrification on the measured Tygs, it is crucial to
simulate what should be the Ty evolution in case of a fully kinetically controlled cure at the same
temperature. With the starting weight fractions and functionalities of the furan and maleimide
compounds and a suitable set of kinetics parameters [40], the evolution of conversion at 20 °C is
established and converted into Tg values using the Tg—x relation. As can be seen in Figure 7, the Tg
profile evolves towards an equilibrium value of 65 °C predicted by the kinetics model.

Before vitrification, the ¢, is nearly constant and the TAM exothermic heat flow intensity rapidly
decreases (similar to the isothermal MTDSC measurements at different temperatures, see Section 3.1.1)
while the Ty gradually increases with the Diels—Alder conversion according to the kinetics model
prediction, as the Diels—Alder reactions take place in kinetically controlled conditions. As can be seen
in Figure 7, the improved baseline quality of the TAM heat flow measurement allows to describe the
ongoing reaction more accurately than in MTDSC.

When the region of the stepwise decrease Acy, is entered, the crossing of the increasing experimental
T with the temperature of cure at 20 °C is observed along with the start of the deviation of the increasing
experimental Tg from the T profile predicted by the kinetics model. The latter is caused by vitrification
which slows down the reaction because of the interference of segmental mobility restrictions. From that
moment on, the reaction becomes diffusion-controlled and is no longer kinetically controlled. To correct
for this effect in the simulation, a diffusion factor DF should be introduced, but this is out of the scope of
this paper. Note that the coincidence between the drop of Acy, the crossing of experimental Tg and Tcure
and the start of the deviation of the experimental T from the kinetics model prediction is dependent
on the measurement conditions (see [38] for more details). After the start of vitrification, the reaction
proceeds as shown by the still decreasing ¢, and TAM heat flow intensity and by the increasing
experimental Tg. However, the Ty increase noticeably slows down until reaching an apparent plateau
around 44 °C, corresponding to 24 °C above the cure temperature of 20 °C and still 21 °C below
the equilibrium T of 65 °C. This means that the conversion still increased by 0.26 after vitrification.
The observation of the further progress of forward Diels—Alder reaction after vitrification is crucial for
the self-healing capability in diffusion and mobility-controlled conditions as further demonstrated in
Section 3.4.
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Figure 7. MTDSC, microcalorimetry, simulated and experimental evolution of the T as a function of
time at 20 °C of the 3M- 3F630 system. Full black line: (specific) heat capacity measured in MTDSC;
Full red line: heat flow measured in microcalorimetry; Full green line: simulated evolution of the
Tg; Black crosses: experimental T; measured at different time of cure at 20 °C; Black dashed line:
equilibrium Tg at 20 °C based on the kinetics model; Green dashed line: Tcyre (20 °C).

3.3. De-Gelation

The concept of de-gelation is crucial in view of applications. The presence of a network ensures
the structural integrity of the material and as such, it is important that the material keeps its network
structure within the entire application temperature window. However, reversible systems such as
Diels-Alder networks show a variation of conversion during changes of temperature. During heating,
the conversion of a cured Diels—Alder network progressively decreases due to retro Diels—Alder
reaction and eventually Xge| (Or Xde-gel) is reached. The reversibility of the network ensures the same
critical conversion at gelation and de-gelation. The de-gelation temperature (Tge-ge1) should thus be
determined in order to know to which temperature the material can be heated before the onset of
viscous flow.

As described in Section 3.1.2., dynamic rheometry measurements are suitable to characterize
gelation, but they should also be suitable for de-gelation measurements. Figure 8 shows the evolution
of rheometrical loss angle 0, storage modulus G’ and loss modulus G” of thermally cured 3M-3F630
reversible network after an isothermal segment for 15 min at 90 °C before being heated at 0.5 K min~"
up to 160 °C. The same information is given for the photo-cured reversible network 3M-F375PMA in
Figure 54 (in the Supplementary Materials). The isothermal segment at 90 °C is necessary to stabilize
the materials above their Tg to avoid any interference of the vitrification process. For de-gelation the
same criterion as for gelation, namely the frequency-independency of the loss angle, can clearly not be
used. For the 3M-3F630 system, from values close to 0° the loss angles start to increase around 120 °C
to reach a maximum before 150 °C and afterwards going down again without crossing. The increase
of loss angle could be the start of the de-gelation process, but the expected value should rise to
60°-65° (see Section 3.1.2.) which is not the case even at the lowest frequency. Another experimental
criterion to define gelation (and de-gelation), i.e., a phase angle of 45° giving equal elastic and
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viscous contributions G’ = G” and corresponding to 26/ = 0.5 in Figure 8 [50-53], does not allow
an unambiguous determination of Tgege either. The observed decrease of loss angle above 150 °C
(by an increase of the storage modulus, see Figure 8) is probably due to side reactions at these high
temperatures, such as the radical homopolymerization of maleimide groups giving extra (irreversible)
crosslinking [39,57]. An alternative approach to determine de-gelation is by means of the critical gel
conversion xge = 0.50 (see Section 3.1.2) which is also equal to Xge-gel. At a heating rate of 0.5 K min~!
starting from 90°C, Tqe-gel can be simulated using the kinetic parameters of [40], leading to a value
of 156 °C. It confirms that the rheometrical measurement of de-gelation is masked by side-reactions
at the high temperature side, but probably lies beyond 150°C so that structural integrity is certainly
maintained up to these temperatures.

Storage modulus [MPa]
Loss modulus [MPa] 20/t

1

0.1

- 1.0

- 0.5

0.0

90 110 130 150
T [°C]

Figure 8. Storage modulus, loss modulus and normalized loss angle of dynamic rheometry during
heating at 0.5 K min~! between 90 and 160 °C of previously cured reversible network 3M-3F630.
Black: normalized loss angle; Red: storage modulus; Green: loss modulus.

For the 3M-F375PMA system, the loss angles start to slightly increase around 130 up to 160 °C but
stays far below 45° (26/mt = 0.5) without crossing (see Figure S4). This shows that the 3M-F375PMA
system does not de-gel up to 160 °C, which is also well above the usual application temperatures such
as for photovoltaic encapsulants.

3.4. Proof of Self-Healing of the Reversible Network 3M-F375PMA at Ambient Temperature

3.4.1. Reversibility of the Poly(methacrylate) Network 3M-F375PMA

The network 3M-F375PMA is synthesized according to a two-step procedure described in detail
in Section 2.2 Synthesis. Transmission FTIR spectroscopy is used to study the reversibility of the
synthesized 3M-F375PMA in a KBr pellet. Diels—Alder bonds that are present in the polymer network
can undergo retro Diels—Alder reaction to form maleimide and furan groups. In FTIR spectroscopy,
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this can be recognized by the increasing peak intensity related to the maleimide ring deformation at
695 cm™1.

First, a FTIR spectrum of 3M-F375PMA is taken at 20 °C. This spectrum represents the starting
conditions of the material with high Diels—Alder conversion. Then, the sample is heated to 100 °C for
15 min, reducing the Diels—Alder conversion through retro Diels—Alder reaction. The sample is then
quickly cooled down to 20 °C, and FTIR analysis is performed again, showing an increased maleimide
concentration. Subsequently, the material is left at 20 °C for seven days, and then another FTIR spectrum
is taken, which resembles the initial FTIR spectrum of the material in starting conditions. Furthermore,
it can be recognized from the decreased maleimide ring deformation peak that Diels—Alder bonds were
formed again. This procedure is repeated multiple times in order to show that 3M-F375PMA reversibly
undergoes Diels—Alder and retro Diels—Alder reaction for at least four thermal cycles. Figure 9 shows
an overlay of the FTIR spectra between 800 and 680 cm™".

Absorbance
0.10
maleimide ring
deformation
0.05 A
0.00

800 780 760 740 720 700 680
v [cm]

Figure 9. Transmission FTIR spectra of 3M-F375PMA in a KBr pellet at 20 °C, normalized to the C-O-C
symmetric stretching vibration at 12001050 cm~! (not shown). Red: material at starting conditions;
Green: 1st time retro Diels—Alder reaction (after 15 min at 100 °C); Black: 4th time retro Diels—Alder
reaction (after 15 min at 100 °C); Blue: material at starting conditions after thermal cycling (fourth cycle
after seven days at 20 °C).

Figure 10 shows the simulated Diels—Alder conversion and the influence of thermal treatment
on the Diels—Alder conversion, using the kinetic parameters of [40]. However, as mentioned above,
this kinetic model only fully applies to kinetically controlled reactions, and a diffusion factor DF
should be introduced to correctly describe reactions in diffusion-controlled conditions. During the first
step of the synthesis, i.e., the formation of Diels—Alder bonds to yield the prepolymer 3M-F375MA,
the total Diels-Alder conversion x increases from 0 to 0.93. During the second step of the synthesis,
i.e.,, UV-polymerization of the methacrylate bonds at 60 °C to form 3M-F375PMA, x is slightly reduced to
0.87. However, after four days at 20 °C, the initial x of 0.93 is recovered. As discussed, FTIR spectroscopy
is used to demonstrate the reversibility of the Diels—Alder reaction. The simulation in Figure 10 shows
that through heating the sample to 100 °C for 15 min, the total Diels-Alder conversion is reduced
to 0.69. During a subsequent recovery step, i.e., seven days at 20 °C, the initial total Diels—Alder
conversion is restored, and even slightly increased to 0.95. Repeated heating to 100 °C for 15 min
reduces the total Diels-Alder conversion again, in this case to 0.75. Thus, the simulation confirms the
findings from the FTIR experiments. Note that while the total Diels—Alder conversion is reaching
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almost the same level after each long recovery step at 20 °C, the exo/endo ratio is changing in favor of
the more stable exo cycloadduct each time a temperature increase is involved in the temperature cycle.
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Figure 10. Simulated evolution of the Diels—Alder conversion for the formation of 3M-F375MA
(first synthesis step, seven days at 20 °C), the subsequent photopolymerization to form 3M-F375PMA
(second synthesis step, 30 min at 60 °C), a recovery period of four days at 20°C, the first heating to
100 °C for 15 min, a recovery period for seven days at 20 °C, and the second heating to 100 °C for 15 min.
Dashed blue line: total Diels—Alder conversion x (= X,,4, + Xexo); Dotted red line: endo Diels—Alder
adduct conversion x,,4,; Dash-dotted green line: exo Diels—Alder adduct conversion Xeyo.

Moreover, DSC (heating/cooling at 10 K min~!) is used to study thermal reversibility of the
3M-F375PMA network (Figure 11a). The DSC thermogram of the sample in starting conditions
(full black curve in Figure 11a) shows a broad glass transition temperature between 0 and 55 °C and
two endothermic reaction peaks between 70 and 150 °C due to the retro Diels—Alder reaction of the endo
and exo Diels-Alder adducts, respectively. If the same sample is subjected to a second DSC experiment
immediately after the first measurement (dashed blue curve in Figure 11a), the temperature range of
the glass transition is shifted to lower temperatures (between —15 and 40 °C), and the endothermic retro
Diels—Alder reaction enthalpy is reduced. Both phenomena are caused by the fact that the material’s
crosslink density is reduced compared to its starting conditions because the sample was not allowed
enough time to recover between the first and the second heating. However, if the material is allowed
enough time to recover between DSC experiments (e.g., seven days at 20 °C), it can return to its
starting equilibrium, and the same Ty and retro Diels—Alder peaks as in the first heating are detected
(dotted red curve in Figure 11a). Thus, the DSC experiments confirm that 3M-F375PMA is reversible
under these conditions. When comparing the endothermic reaction peaks of the first and the third DSC
experiment in Figure 11a, it becomes apparent that the two thermograms do not have the exact same
shape between 70 °C and 150 °C. As mentioned earlier, endo and exo stereoisomers of the Diels—Alder
adduct are formed during Diels—Alder reaction between maleimide and furan. The endo stereoisomer
is kinetically favored, while the exo stereoisomer is thermodynamically more stable [38], and the ratio
between these two stereoisomers influences the shape of the endothermic and exothermic reaction
peaks in the DSC experiments.
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Figure 11. (a) DSC thermogram of 3M-F375PMA. Full black line: first heating; Dashed blue line:
second heating (immediately after first heating); Dotted red line: third heating (after seven days at
20 °C). Frames indicate Tg region. (b) Simulated normalized heat flows of first, second and third
heating (without Tg), showing effect of ongoing Diels—Alder reactions, using the kinetic parameters
of [40]. Curves vertically shifted for clarity.

Figure 11b shows the simulated normalized heat flow when applying the same temperature
profile as in the DSC experiments, using the kinetic parameters of [40], which is in good agreement
with the experimental results. Note that the simulation does not include the Tgs since changes in the ¢,
are not simulated.

3.4.2. Structural Integrity and Mechanical Robustness of the Reversible Poly(methacrylate)
Network 3M-F375PMA

The structural integrity of 3M-F375PMA network film is studied between —40 and 120 °C via
non-isothermal DMA experiments in tension mode (Figure 12). According to the loss modulus E” and
tan 6 curves, which show one broad T centered around 50 °C (peak maximum of tan 6), the material
can be considered a homogeneous thermoset network at ambient temperature. This is also in agreement
with the DSC thermograms of Figure 11a. Additionally, the storage modulus E’ reaches a rubbery
plateau at temperatures above the Ty (around 50 MPa measured up to 120 °C), meaning that the
poly(methacrylate) network maintains its structural integrity over a broad temperature range. Here,
acceptable mechanical properties are ensured by the irreversible poly(methacrylate) chains even if the
material’s crosslink density is reduced through retro Diels—Alder reaction.
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Figure 12. DMA of 3M-F375PMA network film measured in tension mode. Storage modulus E’

(full line), loss modulus E” (dashed line) and tan 0 (dotted line).

3.4.3. Self-Healing of 3M-F375PMA Powder Rectangular Bar Samples at Ambient Temperature

The ambient-temperature self-healing capability of the poly(methacrylate) network 3M-F375PMA
regarding microcracks is tested in the (partially) vitrified state, following a specific procedure [38,39],
as illustrated in Figure 13. First, a film of 3M-F375PMA is ground into a fine powder. Here,
the Diels—Alder bonds formed in the reaction between maleimide and furan (indicated with red
arrows in Figure 1) are preferentially broken, because they are weaker than other carbon-carbon
o-bonds [34,36]. Second, the fresh powder is compressed for 10 min at ambient temperature in a mold
with the required dimensions. This way, the powder particles are brought into close contact with each
other, mimicking microcracks. Third, the compressed sample is allowed to self-heal for seven days at
20 °C and 1 bar. Here, Diels—Alder bonds are formed between the surfaces of the powder particles,
restoring the Diels—Alder equilibrium and leading to consolidation of the powder rectangular bar.
Finally, the sample is demolded and analyzed by means of DMA in 3-point bending mode. A reference
sample is prepared by omitting the healing step and immediately demolding the compressed powder
sample, which, however, cannot be analyzed by means of DMA, because no bulk sample is obtained.

Figure 14 shows an overlay of the DMA results obtained for an undamaged 3M-F375PMA film
(measured in tension mode) and a self-healed rectangular bar sample prepared from fresh 3M-F375PMA
powder. The results show that the mechanical properties of the damaged material are (partially)
restored during the healing step at 20 °C, and that a powder rectangular bar with acceptable mechanical
properties, around 1.7 GPa at 20 °C, is obtained. However, the initial mechanical properties of the
undamaged sample are not fully recovered, probably by remaining voids in the self-healed bar of
compressed powder and also due to the difference in measuring mode (bending against tension).
Furthermore, the Tg of the self-healed rectangular bar is slightly shifted to higher temperatures
(i.e., by about 5 °C, at temperature of maximum tan 6) compared to the T of the undamaged film
sample. Note that no healing takes place in the same conditions if aged powder is used of which the
surface area has a restored Diels—Alder equilibrium before compression in the mold.
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Figure 13. Self-healing of 3M-F375PMA at 20 °C. A polymer film is ground into fine powder, compressed

in a metal mold at elevated pressure at T, for 10 min, demolded after self-healing for seven days at

1 bar and 20 °C, and analyzed by DMA in 3-point bending mode. A reference is prepared by immediate

demolding after compression.
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Figure 14. DMA of the 3M-F375PMA, measured on film in tension mode (undamaged, black) and on
powder rectangular bar in 3-point bending mode (healed at 20 °C after damage, red). Storage modulus
E’ (full lines), loss modulus E” (dashed lines) and tan 6 (dotted lines).

As discussed above, during the healing step, Diels—Alder bonds are reformed in freshly ground
3M-F375PMA powder in order to restore Diels—Alder equilibrium. The heat flow originating from this
reaction can be measured by means of isothermal microcalorimetry. Figure 15 shows the normalized

heat flow of freshly ground 3M-F375PMA powder after 10 min compression at ambient temperature.
Here, the residual heat flow of undamaged 3M-F375PMA film, which was stored for three weeks at
ambient temperature prior to the experiment, serves as reference. Both measurements are performed

over seven days at 20 °C, i.e., under the same conditions as the healing step during the preparation of
powder rectangular bar samples. The net exothermic heat flow difference, AH, = -2.16 ] g_l, which is
determined by integration of the area between the two curves (shaded area in Figure 15), verifies that
Diels—Alder reaction takes place in fresh 3M-F375PMA powder. Thus, it is confirmed that Diels-Alder
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reaction is responsible for the material’s self-healing properties through the formation of Diels—Alder
bonds between powder particle surfaces.

Heat flow [uW g]

Exo 4

0 1 2 3 4 5 6 7
t[d]
Figure 15. Microcalorimetry of 3M-F375PMA. Normalized heat flow as a function of time at 20 °C.

Black line: undamaged film sample; Red line: compressed fresh powder; Grey area: Diels—Alder
reaction enthalpy of fresh powder.

3.5. Ambient-Temperature Healing Application: Encapsulant in Photovoltaics

The results of Section 3.4 show that self-healing of the poly(methacrylate) network 3M-F375PMA
is feasible in (partially) vitrified conditions at ambient temperature, which can be valuable in outside
applications, such as in self-healing encapsulant layers in photovoltaics. In photovoltaic modules,
solar cells convert solar radiation into electricity. Therefore, overlying layers are required to be highly
transparent for ultraviolet and visible light. Preliminary tests on 3M-F375PMA film with a thickness
of 0.50 mm show a transmittance of T > 85% between 1000 and 515 nm, and a UV-cutoff at 315 nm
(Figure S5 in the Supplementary Materials), which is comparable to poly(ethylene-co-vinyl acetate)
(EVA) used as photovoltaic encapsulants [58].

Typically, photovoltaic modules are exposed to operating temperatures between —40 and 85 °C,
and, therefore, a typical daily temperature cycle (Figure 16) enables self-healing in ambient conditions
using solar energy as trigger.

T[°C]
100

60

20 A

t[d]
Figure 16. Typical daily temperature cycle in summer (full red line) and in winter (dashed blue line).

Photovoltaic modules are solid composite structures, comprised of solar cells, glass front sheet,
backsheet and two layers of encapsulant. Due to mismatching thermal expansion coefficients of the
different layers, thermal cycling can lead to thermal stress [59]. Therefore, conventional encapsulant
layers, such as EVA and polyolefin elastomer (POE) [58], are susceptible to the formation of micro-defects,
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which may impair solar panel efficiency if they grow into larger defects. Introducing self-healing
properties into the encapsulant material can help prevent crack growth in the encapsulant layer through
regular healing of newly formed micro-defects.

The daily temperature cycling causes a continuous change in Diels—Alder conversion, and,
therefore, can be exploited as thermal trigger for self-healing. Figure 17 shows the simulated
Diels—Alder conversion between —40 and 85 °C for a typical heating/cooling rate during a day cycle,
using the kinetic parameters of [40]. Simulations are done starting from the simulated Diels—-Alder
conversion of 0.93 after the two-step synthesis at 20 °C (see Figure 10), and without accounting for
diffusion limitations (full kinetic control). The equilibrium conversion line is indicated for comparison
(full black line in Figure 17). At heating rates comparable with these of a daily cycle (e.g., 0.17 K min™*
in case of cycling between —40 and 85 °C in 12 h) deviations from the equilibrium conversion are
observed as a result of too slow reaction kinetics [34]. At the low temperature side of the thermal
cycle, the Diels—Alder conversion stays nearly constant as if dictated by diffusion control and mobility
restrictions below and inside the broad glass transition region of the 3M-F375PMA reversible network
(indicated by vertical grey lines between 0 and 55 °C in Figure 17). At the higher temperature side of
the thermal cycle, almost coinciding with temperatures above the upper limit of the glass transition
region, the increasing reaction kinetics give clear variations of the Diels—Alder conversion. After a
few transient day cycles the equilibrium curve is approached at the high temperature side, and an
equilibrium hysteresis loop is obtained. This simulation proves that the 3M-F375PMA reversible
network can be used as an encapsulant for photovoltaics with self-healing capacity in a broad ambient
temperature window, typically between —40 and 85 °C. Moreover, the fact that the Diels—Alder
conversion never decreases below 0.75 (first transient cycle) or below 0.85 (consecutive cycles and
equilibrium hysteresis loop) ensures mechanical robustness of the protective encapsulant in these
outside application conditions. Note that the conversions of the simulated day cycles will vary with
the specified experimental conditions, such as exact heating and cooling rates and concentrations of
the furan and maleimide functionalities in the synthesized reversible network. However, the main
conclusions stay valid.

conversion x
1.00 1 e

0.95 \
0-90 _—.--—.--—-.._— e

0.85

0.80 ]

0.75

0.70 1 : .
40 20 0 20 40 60 80
T[°C]

Figure 17. Equilibrium conversion (full black line) and simulated Diels—Alder conversion for the
3M-F375PMA reversible network in five consecutive day cycles. Dashed blue line: first day cycle
(starting from the simulated Diels—Alder conversion after the two-step synthesis of 0.93 at 20°C);
Dotted red line: second day cycle; Dash-dotted green line: third day cycle; Dash-dot-dotted orange
line: fourth day cycle; Dotted purple line: fifth day cycle. Equilibrium hysteresis loop is reached after
five day cycles. Vertical grey lines: T, region of the 3M-F375PMA reversible network.
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4. Conclusions

Two reversible polymer networks, 3M-3F630 and 3M-F375PMA, were synthesized and studied in
terms of network formation and potential self-repair in diffusion-controlled conditions. Information on
these aspects is scarce in the literature of self-healing polymer materials.

The progress of the Diels—Alder reactions was successfully followed for the 3M-3F630 system.
(Partial) vitrification could be observed with MTDSC, while network formation was observed by
rheometrical measurements. At 20 °C, clear progress of the reaction in the vitrified state was still
observed as the Ty of the material increased 24 °C above the cure temperature, which gives a
straightforward indication of the self-repair potential of such systems in vitrified conditions.

In view of applications of self-healing polymer materials in general, the persistence of a network
structure is primordial to conserve the structural/geometrical integrity of the material, also at
more elevated temperatures during the sealing step. The structural integrity of the 3M-3F630
and 3M-F375PMA networks was guaranteed to at least 150 °C. Moreover, mechanical robustness in
3M-F375PMA was maintained to at least 120 °C by the poly(methacrylate) chains, which are the result
of the UV-polymerization step of the Diels-Alder pre-polymer 3M-F375MA.

The thermal reversibility of 3M-F375PMA was proven to be repeatable if enough time is given at
the low-temperature side of the thermal cycle to recover the initial state.

The ability to self-repair microcracks in the vitrified state at 20 °C was demonstrated.

In addition, the potential of the 3M-F375PMA system as an encapsulant in photovoltaics was
explored. Kinetic simulations showed that a continuous change of Diels—Alder conversion is observed
when the material is subjected to daily temperature cycles between —40 and 85 °C. This shows that
the temperature cycle could act as a trigger for the self-healing of defects in the protective coating.
The broad Tg of the network between 0 and 55 °C and the diffusion-controlled Diels-Alder reaction
inside and below this Ty region is hardly influencing the change of conversion during thermal cycling.

As a final remark, the importance of kinetic simulations based on Diels—Alder equilibrium
reactions of endo and exo cycloadducts and the essential role of reliable kinetics to interpret the
experimental results should be emphasized. Examples are: (i) the proof of diffusion-controlled progress
of Diels—Alder reactions during vitrification, (ii) the effect of thermal cycling on the total Diels—Alder
conversion and on the changing exo/endo ratio in favor of the more stable exo cycloadduct each time a
temperature increase is involved, (iii) the indirect calculation of the de-gelation temperature which is
not directly measurable because of side reactions at higher temperatures, (iv) the variations during
day cycles of the transients and equilibrium hysteresis loops in Diels—Alder conversion with changes
in heating/cooling rates and furan and maleimide concentrations in the self-healing encapsulants
for photovoltaics.

Supplementary Materials: Available online at http://www.mdpi.com/2073-4360/12/11/2543/s1.  Table S1.
Kinetic and thermodynamic parameters from [40]; Figure S1. Additional chemical structures of the starting
reagents used in Figure S2 to cure model reversible network M400-3F251; Figure S2. Microcalorimetry and
simulated evolution of the normalized heat flow as a function of time at 20 °C of the M400-3F251 model reversible
network prepared the same way as the reversible thermosetting network 3M-3F630 (See 2.2 Synthesis of the
main text); Figure S3. MTDSC and microcalorimetry of 3M-F375PMA at 20 °C; Figure S4. Storage modulus,
loss modulus and normalized loss angle of dynamic rheometry during non-isothermal treatment at 0.5 K min!
between 90 and 160 °C of previously photo-cured reversible network 3M-F375PMA; Figure S5. Transmittance
determined by means of UV-Vis spectroscopy for a 500 um thick 3MF375PMA film.

Author Contributions: Conceptualization, D.E., ].M., K.V.D., B.V.M. and N.V.d.B.; methodology, D.E., ]. M., ].B.;
investigation, D.E., ]. M., ].B.; resources, K.V.D., B.V.M. and N.V.d.B.; writing—original draft preparation, D.E.
and ].M.; writing—review and editing, ].B., K.V.D., B.V.M. and N.V.d.B.; visualization, D.E. and ].M.; supervision,
K.V.D,, B.VM. and N.V.d.B,; funding acquisition, D.E., ] M., K.V.D., B.V.M. and N.V.d.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by DSM Specialty Compounds and Flanders Innovation & Entrepreneurship
(VLAIO) via the PhD Baekeland mandate of Dorothee Ehrhardt, HBC.2016.0583, and by the Research Foundation -
Flanders (FWO-VIlaanderen) via the PhD fellowship of Jessica Mangialetto, 1128520N.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/2073-4360/12/11/2543/s1

Polymers 2020, 12, 2543 22 of 24

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Van der Zwaag, S. An introduction to material design principles: Damage prevention versus damage
management. In Self-Healing Materials: An Alternative Approach to 20 Centuries of Materials Science; Springer:
Dordrecht, The Netherlands, 2007; pp. 1-18. ISBN 97 8-1-4020-6250-6.

Ando, K.; Barbero, E.J.; Ford, K.J.; Joseph, C.; Kalista, S.J.; Ghosh, S.K.; Manuel, M.V.; Mayugo, ].A.; Nakao, W.;
Rong, M.Z,; et al. Self-Healing Materials: Fundamentals, Design Strategies, and Applications, 1st ed.; Gosh, S.K.,
Ed.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2009; ISBN 978-3-527-31829-2.

Wu, D.Y,; Meure, S.; Solomon, D. Self-Healing polymeric materials: A review of recent developments.
Prog. Polym. Sci. 2008, 33, 479-522. [CrossRef]

Hager, M.D,; Greil, P; Leyens, C.; van der Zwaag, S.; Schubert, U.S. Self-Healing materials. Adv. Mater. 2010,
22,5424-5430. [CrossRef] [PubMed]

Billiet, S.; Hillewaere, X K.D.; Teixeira, R.E.A.; Du Prez, FE. Chemistry of crosslinking processes for self-healing
polymers. Macromol. Rapid Commun. 2013, 34, 290-309. [CrossRef] [PubMed]

Lyon, G.B.; Baranek, A.; Bowman, C.N. Scaffolded thermally remendable hybrid polymer networks.
Adv. Funct. Mater. 2016, 26, 1477-1485. [CrossRef]

Kotteritzsch, J.; Stumpf, S.; Hoeppener, S.; Vitz, J.; Hager, M.D.; Schubert, U.S. One-component intrinsic
self-healing coatings based on reversible crosslinking by Diels-Alder cycloadditions. Macromol. Chem. Phys.
2013, 214, 1636-1649. [CrossRef]

Biggs, P; Jones, L.; Lewis, G. An autonomically-healed PMMA bone cement: Influence of the crystal
size of Grubbs’ catalyst on fracture toughness and polymerisation rate. Int. ]. Nano Biomater. 2009,
2,494-504. [CrossRef]

Xing, R.Y;; Zhang, Q.Y.; Sun, ].L. Preparation and properties of self-healing microcapsules containing an
UV-curable oligomers of silicone. Polym. Polym. Compos. 2012, 20, 77-82. [CrossRef]

Tippabhotla, S.K.; Song, W]J.R,; Tay, A.A.O.; Budiman, A.S. Effect of encapsulants on the thermomechanical
residual stress in the back-contact silicon solar cells of photovoltaic modules—A constrained local curvature
model. Sol. Energy 2019, 182, 134-147. [CrossRef]

Dry, C. Procedures developed for self-repair of polymer matrix composite materials. Compos. Struct. 1996,
35, 263-269. [CrossRef]

Cuvellier, A.; Torre-Muruzabal, A.; Van Assche, G.; De Clerck, K.; Rahier, H. Selection of healing agents for a
vascular self-healing application. Polym. Test. 2017, 62, 302-310. [CrossRef]

Toohey, K.S.; Sottos, N.R.; White, S.R. Characterization of microvascular-based self-healing coatings.
Exp. Mech. 2009, 49, 707-717. [CrossRef]

Hansen, C.J.; Wu, W.; Toohey, K.S.; Sottos, N.R.; White, S.R.; Lewis, J.A. Self-healing materials with
interpenetrating microvascular networks. Adv. Mater. 2009, 21, 4143-4147. [CrossRef]

Maeda, T.; Otsuka, H.; Takahara, A. Dynamic covalent polymers: Reorganizable polymers with dynamic
covalent bonds. Prog. Polym. Sci. 2009, 34, 581-604. [CrossRef]

Davis, D.A.; Hamilton, A.; Yang, J.; Cremar, L.D.; Van Gough, D.; Potisek, S.L.; Ong, M.T.; Braun, P.V,;
Martinez, T.].; White, S.R.; et al. Force-induced activation of covalent bonds in mechanoresponsive polymeric
materials. Nature 2009, 459, 68-72. [CrossRef]

Capelot, M.; Montarnal, D.; Tournilhac, F.; Leibler, L. Metal-catalyzed transesterification for healing and
assembling of thermosets. |. Am. Chem. Soc. 2012, 134, 7664-7667. [CrossRef]

Kloxin, C.J.; Bowman, C.N. Covalent adaptable networks: Smart, reconfigurable and responsive network
systems. Chem. Soc. Rev. 2013, 42, 7161-7173. [CrossRef]

Kuhl, N.; Bode, S.; Hager, M.D.; Schubert, U.S. Self-Healing polymers based on reversible covalent bonds.
Adv. Polym. Sci. 2015, 273, 1-58. [CrossRef]

Van Damme, J.; Vlaminck, L.; Van Assche, G.; Van Mele, B.; van den Berg, O.; Du Prez, F. Synthesis and
evaluation of 9-substituted anthracenes with potential in reversible polymer systems. Tetrahedron 2016,
72,4303-4311. [CrossRef]

Van Damme, J.; Van Den Berg, O.; Brancart, J.; Vlaminck, L.; Huyck, C.; Van Assche, G.; Van Mele, B.;
Du Prez, F. Anthracene-Based thiol-ene networks with thermo-degradable and photo-reversible properties.
Macromolecules 2017, 50, 1930-1938. [CrossRef]


http://dx.doi.org/10.1016/j.progpolymsci.2008.02.001
http://dx.doi.org/10.1002/adma.201003036
http://www.ncbi.nlm.nih.gov/pubmed/20839257
http://dx.doi.org/10.1002/marc.201200689
http://www.ncbi.nlm.nih.gov/pubmed/23255325
http://dx.doi.org/10.1002/adfm.201505368
http://dx.doi.org/10.1002/macp.201200712
http://dx.doi.org/10.1504/IJNBM.2009.028339
http://dx.doi.org/10.1177/0967391112020001-215
http://dx.doi.org/10.1016/j.solener.2019.02.028
http://dx.doi.org/10.1016/0263-8223(96)00033-5
http://dx.doi.org/10.1016/j.polymertesting.2017.07.013
http://dx.doi.org/10.1007/s11340-008-9176-7
http://dx.doi.org/10.1002/adma.200900588
http://dx.doi.org/10.1016/j.progpolymsci.2009.03.001
http://dx.doi.org/10.1038/nature07970
http://dx.doi.org/10.1021/ja302894k
http://dx.doi.org/10.1039/C3CS60046G
http://dx.doi.org/10.1007/12_2015_336
http://dx.doi.org/10.1016/j.tet.2016.05.077
http://dx.doi.org/10.1021/acs.macromol.6b02400

Polymers 2020, 12, 2543 23 of 24

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

McBride, M.K.; Worrell, B.T.; Brown, T.; Cox, L.M.; Sowan, N.; Wang, C.; Podgorski, M.; Martinez, A.M.;
Bowman, C.N. Enabling applications of covalent adaptable networks. Annu. Rev. Chem. Biomol. Eng. 2019,
10, 175-198. [CrossRef]

Winne, ].M.; Leibler, L.; Du Prez, EE. Dynamic covalent chemistry in polymer networks: A mechanistic
perspective. Polym. Chem. 2019, 10, 6091-6108. [CrossRef]

Alabiso, W.; Schlogl, S. The impact of vitrimers on the industry of the future: Chemistry, properties and
sustainable forward-looking applications. Polymers 2020, 12, 1660. [CrossRef]

Brunsveld, L.; Folmer, B.].B.; Meijer, E.W.; Sijbesma, R.P. Supramolecular polymers. Chem. Rev. 2001,
101, 4071-4097. [CrossRef]

Lehn, ].M. Supramolecular polymer chemistry-Scope and perspective. Polym. Int. 2002, 51, 825-839. [CrossRef]
Bosman, A.W.; Sijpesma, R.P; Meijer, EEW. Supramolecular polymers at work. Mater. Today 2004,
7,34-39. [CrossRef]

Burnworth, M.; Tang, L.; Kumpfer, J.R.; Duncan, A.].; Beyer, EL.; Fiore, G.L.; Rowan, S.J.; Weder, C. Optically
healable supramolecular polymers. Nature 2011, 472, 334-337. [CrossRef]

Herbst, E; Dohler, D.; Michael, P; Binder, W.H. Self-healing polymers via supramolecular forces.
Macromol. Rapid Commun. 2013, 34, 203-220. [CrossRef]

Adzima, B.J.; Aguirre, H.A.; Kloxin, C.J.; Scott, T.F.; Bowman, C.N. Rheological and chemical analysis
of reverse gelation in a covalently cross-linked diels-alder polymer network. Macromolecules 2008,
41,9112-9117. [CrossRef]

Scheltjens, G.; Brancart, J.; De Graeve, I.; Van Mele, B.; Terryn, H.; Van Assche, G. Self-healing property
characterization of reversible thermoset coatings. |. Therm. Anal. Calorim. 2011, 105, 805-809. [CrossRef]
Scheltjens, G.; Diaz, M.M.; Brancart, J.; Van Assche, G.; Van Mele, B. A self-healing polymer network based
on reversible covalent bonding. React. Funct. Polym. 2013, 73, 413—420. [CrossRef]

Mineo, P; Barbera, V.; Romeo, G.; Ghezzo, F; Scamporrino, E.; Spitaleri, F.; Chiacchio, U. Thermally reversible
highly cross-linked polymeric materials based on furan/maleimide Diels-Alder adducts. J. Appl. Polym. Sci.
2015, 132, 1-9. [CrossRef]

Diaz, M.M.; Van Assche, G.; Maurer, FH.J.; Van Mele, B. Thermophysical characterization of a reversible
dynamic polymer network based on kinetics and equilibrium of an amorphous furan-maleimide Diels-Alder
cycloaddition. Polymer 2017, 120, 176-188. [CrossRef]

Terryn, S.; Brancart, J.; Lefeber, D.; Van Assche, G.; Vanderborght, B. Self-healing soft pneumatic robots.
Sci. Robot. 2017, 2, 1-13. [CrossRef]

Diaz, M.M.; Brancart, J.; Van Assche, G.; Van Mele, B. Room-temperature versus heating-mediated healing of
a Diels-Alder crosslinked polymer network. Polymer 2018, 153, 453—463. [CrossRef]

Cuvellier, A.; Verhelle, R.; Brancart, J.; Vanderborght, B.; Van Assche, G.; Rahier, H. The influence of
stereochemistry on the reactivity of the Diels-Alder cycloaddition and the implications for reversible network
polymerization. Polym. Chem. 2019, 10, 473-485. [CrossRef]

Mangialetto, J.; Cuvellier, A.; Verhelle, R.; Brancart, J.; Van Assche, G.; Van den Brande, N.; Van Mele, B.
Diffusion-and mobility-controlled self-healing polymer networks with dynamic covalent bonding.
Macromolecules 2019, 52, 8440-8452. [CrossRef]

Ehrhardt, D.; Van Durme, K,; Jansen, ]. EG.A.; Van Mele, B.; Van den Brande, N. Self-healing UV-curable
polymer network with reversible Diels-Alder bonds for applications in ambient conditions. Polymer 2020,
203, 122762. [CrossRef]

Mangialetto, J.; Verhelle, R.; Van Assche, G.; Van Mele, B.; Van den Brande, N. Time-Temperature-Transformation,
Temperature-conversion-Transformation, and Continuous-Heating-Transformation diagram of reversible polymer
networks. Macromolecules 2020. in publication.

Fringuelli, F.; Taticchi, A. Diels-Alder reaction: General remarks. In The Diels-Alder Reaction: Selected Practical
Methods; John Wiley & Sons, Ltd.: Chichester, UK, 2002; pp. 3-28. ISBN 0-471-80343-X.

Chen, X.; Dam, M.A.; Ono, K.; Mal, A ; Shen, H.; Nutt, S.R; Sheran, K.; Wudl, F. A Thermally remendable
cross-linked polymeric material. Science 2002, 295, 1698-1702. [CrossRef]

Jung, S.; Liu, ]J.T.; Hong, S.H.; Arunbabu, D.; Noh, SM.; Oh, J K. A new reactive polymethacrylate
bearing pendant furfuryl groups: Synthesis, thermoreversible reactions, and self-healing. Polymer 2017,
109, 58-65. [CrossRef]


http://dx.doi.org/10.1146/annurev-chembioeng-060718-030217
http://dx.doi.org/10.1039/C9PY01260E
http://dx.doi.org/10.3390/polym12081660
http://dx.doi.org/10.1021/cr990125q
http://dx.doi.org/10.1002/pi.852
http://dx.doi.org/10.1016/S1369-7021(04)00187-7
http://dx.doi.org/10.1038/nature09963
http://dx.doi.org/10.1002/marc.201200675
http://dx.doi.org/10.1021/ma801863d
http://dx.doi.org/10.1007/s10973-011-1381-4
http://dx.doi.org/10.1016/j.reactfunctpolym.2012.06.017
http://dx.doi.org/10.1002/app.42314
http://dx.doi.org/10.1016/j.polymer.2017.05.058
http://dx.doi.org/10.1126/scirobotics.aan4268
http://dx.doi.org/10.1016/j.polymer.2018.08.026
http://dx.doi.org/10.1039/C8PY01216D
http://dx.doi.org/10.1021/acs.macromol.9b01453
http://dx.doi.org/10.1016/j.polymer.2020.122762
http://dx.doi.org/10.1126/science.1065879
http://dx.doi.org/10.1016/j.polymer.2016.12.029

Polymers 2020, 12, 2543 24 of 24

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

Padhan, A.K.; Mandal, D. Thermo-reversible self-healing in a fluorous crosslinked copolymer. Polym. Chem.
2018, 9, 3248-3261. [CrossRef]

Fortunato, G.; Tatsi, E.; Rigatelli, B.; Turri, S.; Griffini, G. Highly transparent and colorless self-healing
polyacrylate coatings based on Diels—Alder chemistry. Macromol. Mater. Eng. 2020, 305, 1900652. [CrossRef]
Diaz Acevedo, M.M. Physical Chemical and Thermomechanical Characterization of Reversible and Partially
Reversible Dynamic Polymer Networks for Self-Healing Applications. Ph.D. Thesis, Vrije Universiteit
Brussel, Brussels, Belgium, 2016. ISBN 978-9-4619735-6-6.

Van Assche, G.; Van Hemelrijck, A.; Rahier, H.; Van Mele, B. Modulated differential scanning calorimetry:
Isothermal cure and vitrification of thermosetting systems. Thermochim. Acta 1995, 268, 121-142. [CrossRef]
Van Assche, G.; Van Hemelrijck, A.; Rahier, H.; Van Mele, B. Modulated differential scanning calorimetry:
Non-isothermal cure, vitrification, and devitrification of thermosetting systems. Thermochim. Acta 1996,
286,209-224. [CrossRef]

Van Assche, G.; Van Hemelrijck, A.; Rahier, H.; Van Mele, B. Modulated temperature differential scanning
calorimetry: Cure, vitrification, and devitrification of thermosetting systems. Thermochim. Acta 1997, 304-305,
317-334. [CrossRef]

Winter, H.H. Can the gel point of a cross-linking polymer be detected by the G’-G” crossover? Polym. Eng. Sci.
1987, 27, 1698-1702. [CrossRef]

Winter, H.H. Evolution of theology during chemical gelation. Prog. Colloid Polym. Sci. 1987, 75,104-110. [CrossRef]
Winter, H.H. The solidification rheology of amorphous polymers—Vitrification as compared to gelation.
Macromol. Symp. 2017, 374, 1600113. [CrossRef]

Fang, H.; Ye, W.; Ding, Y.; Winter, H.H. Rheology of the critical transition state of an epoxy vitrimer.
Macromolecules 2020, 53, 4855-4862. [CrossRef]

DiBenedetto, A.T. Prediction of the glass transition temperature of polymers: A model based on the principle
of corresponding states. J. Polym. Sci. Part B Polym. Phys. 1987, 25, 1949-1969. [CrossRef]

Couchman, PR. Thermodynamics and the compositional variation of glass. Macromolecules 1987,
20, 1712-1717. [CrossRef]

Pascault, ].P; Williams, R.J.]. Relationships between glass transition temperature and conversion-Analyses of
limiting cases. Polym. Bull. 1990, 24, 115-121. [CrossRef]

Grenier-Loustalot, M.E; Gouarderes, F,; Joubert, F.; Grenier, P. Synthesis, mechanism and kinetics of radical
polymerization of bismaleimide-type telechelic oligomers in solvent and in the solid state. Polymer 1993,
34, 3848-3859. [CrossRef]

Sharma, B.K.; Desai, U.; Singh, A.; Singh, A. Effect of vinyl acetate content on the photovoltaic-encapsulation
performance of ethylene vinyl acetate under accelerated ultra-violet aging. J. Appl. Polym. Sci. 2020,
137,48268. [CrossRef]

Eitner, U.; Kajari-Schroder, S.; Kontges, M.; Altenbach, H. Thermal stress and strain of solar cells in photovoltaic
modules. In Shell-Like Structures; Springer: Berlin, Germany, 2011; pp. 453-468. ISBN 9783642218545.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/C8PY00471D
http://dx.doi.org/10.1002/mame.201900652
http://dx.doi.org/10.1016/0040-6031(95)02693-2
http://dx.doi.org/10.1016/0040-6031(96)03005-5
http://dx.doi.org/10.1016/S0040-6031(97)00175-5
http://dx.doi.org/10.1002/pen.760272209
http://dx.doi.org/10.1007/BF01188363
http://dx.doi.org/10.1002/masy.201600113
http://dx.doi.org/10.1021/acs.macromol.0c00843
http://dx.doi.org/10.1002/polb.1987.090250914
http://dx.doi.org/10.1021/ma00173a045
http://dx.doi.org/10.1007/BF00298330
http://dx.doi.org/10.1016/0032-3861(93)90510-H
http://dx.doi.org/10.1002/app.48268
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis 
	Methods 

	Results and Discussion 
	Vitrification and Gelation during Cure of Reversible Network 3M-3F630 in Ambient Conditions 
	Vitrification Study Based on Modulated Temperature Differential Scanning Calorimetry 
	Dynamic Rheometry as Proof of Gelation and Vitrification 

	Proof of Progress of Cure in Diffusion-Controlled Conditions at 20 C in Reversible Network 3M-3F630 
	Tg–x Relationship 
	Cure in Diffusion-Controlled Conditions at 20 C 

	De-Gelation 
	Proof of Self-Healing of the Reversible Network 3M-F375PMA at Ambient Temperature 
	Reversibility of the Poly(methacrylate) Network 3M-F375PMA 
	Structural Integrity and Mechanical Robustness of the Reversible Poly(methacrylate) Network 3M-F375PMA 
	Self-Healing of 3M-F375PMA Powder Rectangular Bar Samples at Ambient Temperature 

	Ambient-Temperature Healing Application: Encapsulant in Photovoltaics 

	Conclusions 
	References

