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ABSTRACT: Combining reprocessing and self-healing in one material provides an opportunity for the development of sustainable
materials with enhanced mechanical properties. We developed fluorinated acrylic-based covalent adaptable networks (CANs)
capable of self-healing and reprocessing by copolymerizing (2-acetoacetoxy)ethyl methacrylate (AAEMA), 2,2,2-trifluoroethyl
methacrylate (TFEMA), and n-butyl acrylate (nBA), followed by cross-linking with tris(2-aminoethyl) amine (TREN). These
materials exhibit the maximum stress at break of about 16 MPa and the storage modulus of ~2.6 GPa in the —60 to 25 °C range.
Capable of complete recovery of mechanical properties, these materials are reprocessable by compression molding at 120 °C. The
recovery of physical and chemical properties involves the exchange reactions between vinylogous urethane linkages and primary
amines. Upon multicycle reprocessing, junction densities and stored entropic energy are also recovered and preserved. These CANs
self-heal under ambient conditions. Upon damage, initially C=O groups of vinylogous urethanes respond to perturbation by
conformational changes, followed by the (E) — (Z) isomerization of C=C bonds accompanied by the conformational
rearrangements of the CF; and CH, moieties. This reversible process leads to the recovery of dipolar interactions that facilitates self-
healing under ambient conditions. The concept of equipping materials with dynamic cross-linking and self-healing attributes can be
extended to other systems.

KEYWORDS: copolymerization, self-healable copolymers, reprocessable fluorinated acrylic thermosets,
covalent adaptable networks (CANs), dipolar interactions, molecular mechanisms of self-healing

B INTRODUCTION pump parts, and heat-shrinkable tubing as well as coatings to
improve the chemical and weather resistance of metals.
However, fluoropolymers are not exempted from distraction.
One property that will extend their functionality is the ability

Attractive mechanical properties, thermal stability, resistance to
chemicals, and environmental stresses in thermosetting
polymeric materials make them highly desirable in many

applications. On the other hand, the inherent irreversible cross- to self-heal upon mechanical damage, thus extending their
linking inhibits their processibility, which also reduces their purposeful life span.”’ Since the high polarity of the C—F
sustainability upon bond cleavage or damage during service. bonds considerably enhances dipolar interactions, fluorinated
To overcome these inherent disadvantages, the exploration of copolymers are promising candidates for the development of
reprocessable and healable thermosets is highly desirable. self-healing materials.”* On the other hand, due to the inherent
Although noncovalent supramolecular interactions may serve inertness and stability of fluoropolymers, one of the properties
this purpose, the paradigm of covalent adaptive networks that is often challenging to achieve is their reprocessing.
(CANs) " introduced to thermoset polymers by the exchange Although fluorinated polymer properties are remarkable
pathways of dissociative and associative dynamic bonds created compared to carbon-based materials, only recently the

an opportunity to introduce reprocessing. Using this concept,
an array of highly promising polymer systems has been
introduced.”™"’

Owing to the vast range of exceptional properties, including -
high solvent and heat resistance, unique electrical and Received:  September 15, 2022
mechanical properties, and low coefficients of friction,”’™** Accepted:  November 17, 2022
fluoropolymers are widely used in transportation, energy Published: November 28, 2022
storage, medicine, and other technology sectors. Many useful
applications are found in microelectronics, architectural
coatings, chemical-resistant pipes, valves and fittings, bearings,

reversible covalent bonds were introduced to perfluoropo-
lyethers.”> If thermoplastic fluorinated copolymers are
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Scheme 1. Synthesis of p(AAEMA/TFEMA/nBA) CANs: (A) p(AAEMA/TFEMA/nBA) Prepolymer Synthesized via RAFT
Polymerization and Radical-Induced End Group Removal and (B) Cross-Linking Reaction of p(AAEMA/TFEMA/nBA) with
TREN in 2:1 Molar Ratio (the Circle Marks a Cross-Linking Site and R=H or Repeating Unit of the p(AAEMA/TFEMA/

nBA) Copolymer)
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equipped with dynamic cross-links to form CANs, multiple
reprocessin§ without sacrificing properties may be
achieved.”>™*® If both self-healing and reprocessing are
incorporated into one material, not only practical functions
will be extended but also, when no longer needed, it can be
reprocessed to serve other funtions.”” While the combination
of dipolar interactions between C—F and C=0 bonds as well
as CH,/CHj; entities in F-containing copolymers facilitates
self-healing without external intervention,”* combined reproc-
essablity and self-healing in these materials has not been
reported. These studies outline the development of fluorinated
acrylic-based copolymers that exhibit self-healing and reproc-
essing in one material, as well as propose molecular processes
responsible for these properties.

B RESULTS AND DISCUSSION

In these studies, we synthesized poly((2-acetoacetoxy)ethyl
methacrylate/trifluoroethyl methacrylate/n-butyl acrylate) [p-
(AAEMA/TFEMA/nBA)] CANs that self-heal under ambient
conditions and are reprocessable at elevated temperatures
under pressure. Scheme 1 illustrates reversible addition—
fragmentation chain-transfer (RAFT) copolymerization of f-
ketoester groups containing AAEMA monomer, TFEMA
monomer, and nBA to obtain p(AAEMA/TFEMA/nBA)
prepolymers. During the radical-induced end group removal,
thiocarbonylthio groups are replaced with cyanopropyls
preventing rapid aminolysis as well as the unnecessary
consumption of free primary amines when cross-linked with
tris(2-aminoethyl) amines (TREN). For the AAEMA/
TFEMA/nBA monomer molar ratio of 4.5:44:51.5, this
prepolymer upon cross-linking with TREN in 2:1 molar ratio
forms p(AAEMA/TFEMA/nBA) CANs via a condensation
reaction between f-ketoesters and primary amines. The choice
of the monomer molar ratios was determined by the following
criteria: self-healability under ambient conditions (when
TFEMA/#nBA molar ratios in the vicinity of ~45:55)*" and
reprocessability with optimized mechanical properties
(AAEMA). While Figures S1, S2, and Table S1 provide a
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detailed characterization of synthetic and polymerization steps,
Scheme 1B illustrates the process of the network formation.
The appearance of the IR bands at 1600 and 1655 cm™" due to
C=C and N-H vibrations’’ in p(AAEMA/TFEMA/nBA)
CANs (Figure S3, traces a and b) is attributed to the formation
of vinylogous urethane linkages. While reprocessability of
CANs was examined by fragmenting copolymer films into
small pieces, followed by compression molding at 120 °C, self-
healing was analyzed by cross-cutting intact solution-cast and
reprocessed films, followed by spectroscopic analysis to
elucidate molecular origins of damage—repair.

Figure 1A illustrates optical images of solution-cast
p(AAEMA/TFEMA/nBA) CAN films that were physically
destroyed into tiny pieces and compression molded at 120 °C.
The reprocessing is facilitated by transamination exchange
reactions, in which dynamic cross-links adjacent to free
primary amines undergo the exchange at 120 °C, resulting in
reformed dynamic cross-links as well as the release of free
reactive amines for further exchange reactions (Figure 1B).
Dynamic mechanical analysis (DMA) (Figure 1C,D) em-
ployed to examine the preservation of mechanical properties
upon reprocessing shows that the storage modulus of ~2.58
GPa in the —60 to 25 °C range (Figure 1C) and the glass
transition temperature (T,) at ~36 °C (Figure 1D) are
retained during four reprocessing cycles (Rx4). Furthermore,
junction densities (v;) and stored entropic energy (AS,) values
of solution-cast and reprocessed films determined from
viscoelastic length transitions (VLTs) (Table $2)*"** remain
unchanged within experimental error, signifying the preserva-
tion of mechanical properties. Tensile strain, maximum stress
at break, and Young’s modulus after RX4 are also maintained
at ~95, 93, and 96%, respectively (Figure 1E, traces a and c).
These p(AAEMA/TFEMA/nBA) CANSs are thermally stable
up to ~200 °C (Figure S4A), and the weight loss after 180 min
at 120 °C is ~2.3% (Figure S4B).

Optical images of p(AAEMA/TFEMA/nBA) CAN films
shown in Figure 1F1—F4 illustrate autonomous self-healing of
solution-cast and RX4 films. Mechanically damaged solution-
cast (Figure 1F1) and Rx4 (Figure 1F3) specimens self-heal
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Figure 1. (A) Reprocessing of p(AAEMA/TFEMA/nBA) CANs via mechanical fragmentation and compression molding at 120 °C. (B) Chemical
structure of p(AAEMA/TFEMA/nBA) CANs and the transamination exchange reaction during the reprocessing of p(AAEMA/TFEMA/ nBA)
CANs . (C) Overlayed storage modulus and (D) tan § curves from DMA analysis. (E) Stress—strain curves of intact and self-healed specimens after
48 h: curve a, solution-cast intact; curve b, solution-cast self-healed; curve c, reprocessed X 4 times (Rx4) intact; and curve d, Rx4 self-healed.
(F1-F4) Optical images in damage—repair process of solution-cast and reprocessed p(AAEMA/TFEMA/nBA) CANs: (F1) solution-cast-
damaged, (F2) solution-cast-self-healed, (F3) Rx4-damaged, and (F4) Rx4-self-healed p(AAEMA/TFEMA/nBA) CANs (small scars vanish at

longer times but do not impact mechanical properties).

within 48 h (~27 °C; RH ~ 53%) (Figure 1F2,F4) and
stress—strain measurements (Figure 1E, traces a—d) indicate
over 90% recovery of mechanical properties. The solution-cast
films exhibit the tensile strain of ~221% with the maximum
stress at break at ~15.98 MPa, which upon self-healing are
recovered at ~90 and ~94%, respectively. The percent
recoveries of damaged RX4 films are ~92 and ~95%. It
should be noted that self-healing and recovery of mechanical
properties are highly sensitive copolymer molar ratios. For
example, in similar p(TFEMA/nBA) copolymers with 45:55
molar ratios,** 95(£4)% of stress, strain, and Young’s modulus
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(E) recovery was observed, but tuning to the 50:50 ratio, only
~75(+5)% of recovery with the tensile strain ~700%,
maximum stress at break ~7.3 MPa, and Young’s modulus
(E) of 55.6 MPa was obtained. For non-fluorinated p(MMA/
nBA) counterparts with the molar ratios of 45:55 to 50:50,*
the recovery of 90—100% (+5%) with the tensile strain of
~550% and the stress values of ~8.6 MPa after self-healing was
observed.

To determine molecular events that occur during the
damage—repair cycle, the vibrational bands sensitive to this
perturbation were identified in attenuated total reflectance

https://doi.org/10.1021/acsapm.2c01609
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Figure 2. ATR-FTIR spectra and spectra of two-dimensional correlation spectroscopic (2D-COS) analysis for solution-cast and RX4 specimen
during the damage—repair cycle. (A1) Overlayed ATR-FTIR spectra of solution-cast intact and damaged p(AAEMA/TFEMA/nBA) CANs in the
3000—2825 cm™" range. (A2) Synchronous (SYN) and (A3) asynchronous (ASYN) spectra of solution-cast p(AAEMA/TFEMA/nBA) CANS in
the 3000—2825 cm™' range. (B1) Overlayed intact and damaged ATR-FTIR spectra of solution-cast p(AAEMA/TFEMA/nBA) CANs in the
1800—1550 cm™" range. (B2) SYN and (B3) ASYN spectra of solution-cast p(AAEMA/TFEMA/nBA) CANS in the 1730—1575 cm™ range. (C1)
Overlayed intact and damaged ATR-FTIR spectra of solution-cast p(AAEMA/TFEMA/nBA) CANGs in the 1325—1200 cm™" range. (C2) SYN and
(C3) ASYN spectra of solution-cast p(AAEMA/TFEMA/nBA) CANS: (v,) in the 1325—1200 cm™' range and (1) in the 1775—1575 cm™" range.
(C4) SYN and (CS) ASYN spectra of solution-cast p(AAEMA/TFEMA/nBA) CANS: (v;) in the 1325—1200 cm ™" range and (v,) in the 3000—
2825 cm™! range. (D) Correlation slicing profile at 1725 cm™" of ASYN 2D-COS of solution-cast p(AAEMA/TFEMA/nBA) CANs.

Fourier transform infrared (ATR-FTIR) spectra. While
assignments of the IR bands sensitive to the damage—repair
cycle are provided in Table S3, the intensities of these
vibrational bands return to nearly the same values after self-
healing (Figure SS; band assignments are in Tables S4 and SS).
Figure 2A1,B1,C1 illustrates ATR-FTIR spectra of the intact
and damaged specimens in the C—H, C=0/C=C/N-H,
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and C—F stretching/bending regions, respectively. Since the
concentration and composition of p(AAEMA/TFEMA/nBA)
copolymers remain unchanged, the intensity changes are
attributed to the dipole moment changes due to conforma-
tional changes of the group sensitive to the damage—repair
cycles. The most pronounced intensity changes are observed in
the C—H stretching regions, and although the C=C stretching

https://doi.org/10.1021/acsapm.2c01609
ACS Appl. Polym. Mater. 2022, 4, 9360—9367
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Figure 3. Schematic representations of molecular entities participating in self-healing of p(AAEMA/TFEMA/nBA) CANs of intact and damaged
states. (A1, B1) (E) = (Z) isomerization of the C=C bond in vinylogous urethane moiety. (A2, B2) Conformational changes of —CH,—CF,

groups.

vibrations in general are relatively weak due to small dipole
moment changes, as shown in Figure 2B1, the intensity of the
1600 cm™ band slightly increases. Also, relatively minute
intensity changes are observed in the C—F stretching
vibrations upon damage (Figure 2C1). Although the increase
of the C=C band intensity may suggest depolymerization,
DMA analysis (Figure 1C,D) rules out this possibility because
storage modulus, tan J, v and AS, values remain unchanged
after RX4 cycles. However, if conformational changes take
place, it is hypothesized that the C=C bond may rotate.”**’

To test this hypothesis and determine dynamic changes
resulting from the damage—repair cycle, ATR-FTIR measure-
ment in combination with two-dimensional correlation
spectroscopic (2D-COS) analysis was employed.”>*” This
approach enables the identification of molecular responses that
participate in damage—repair perturbation through the analysis
of synchronous (SYN) and asynchronous (ASYN) spectra.
While the SYN spectra reflect simultaneous in-phase responses
of chemical groups upon damage—repair, ASYN is sensitive to
sequential out-of-phase events during this process. Positive
cross-peaks (red) in the SYN spectra (Figure 2A2,B2,C2,C4)
imply that given molecular entities responsible for IR
absorbances respond in-phase in the same direction to
damage—repair perturbation, and negative cross-peaks (blue)
also reflect in-phase response but in opposite directions. On
the other hand, ASYN analysis reflects sequential out-of-phase
responses to the perturbation, in which positive (red) cross-
peaks reflect responses of molecular moieties represented by y
wavenumber in the (1,) spectrum that respond before other
moieties represented by vibrations at x wavenumber in the (v;)
spectrum. Negative cross-peaks (blue) are also attributed to
sequential responses but in a reverse order.
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SYN spectra shown in Figure 2A2,B2,C2,C4 illustrate
positive and negative cross-peaks resulting from conforma-
tional changes of the CF;, CH,, C=C, and C=0 groups, and
Table S4 provides the summary of the cross-peaks upon
damage with positive (red) and negative (blue) responses. The
ASYN analysis summarized in Figure 2A3,B3,C3,C5 indicates
that upon damage, CF;, CH,, C=C, N—H, and C=0 groups
respond sequentially, reflected in the positive and/or negative
out-of-phase responses. These data show that, initially, three
types of C=0O groups (1740, 1705, and 1675 cm™') in
vinylogous urethane moieties respond upon mechanical
damage. Since the intensity of the C=C stretching vibrations
at 1600 cm™" increases (Figure 2B1), it is anticipated that this
increase is associated with the symmetry changes during
perturbation. Furthermore, analysis of the ASYN spectra
shown in Figure 2B3 shows that the response of the C=C
and N—H groups follows conformational changes of the C=0
groups in vinylogous moieties. This is also reflected in the
slicing profile along the 1725 cm™ band shown in Figure 2D,
which illustrates initial responses (positive) of C=O groups,
followed by the responses of the C=C and N—H entities
(negative), indicating the (E)- to (Z)-isomerization around the
C=C bond. These rearrangements are followed by conforma-
tional changes of the terminal CF; groups of TFEMA, which
trigger the symmetry changes in covalently bonded CH, units.
These changes occur when going from intact to damaged states
and are depicted in Figure 2C2—CS. The same changes are
observed for damage—repair cycles of p(AAEMA/TFEMA/
nBA) CANSs after RX4 reprocessing (Figure S6).

Figure 3 summarizes molecular events during damage—
repair perturbation of p(AAEMA/TFEMA/nBA) CANs. As
shown in Figure 3Al, in an undamaged/healed state within
vinylogous urethane moieties (green circle), the (E)-isomer

https://doi.org/10.1021/acsapm.2c01609
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Figure 4. 2D-COS analysis for solution-cast and Rx4 p(AAEMA/TFEMA/nBA) CANs in the range of 1050—1200 cm™
Synchronous (SYN) spectra of solution-cast p(AAEMA/TFEMA/nBA) CANS in the 1050—1200 cm ™!
of solution-cast p(AAEMA/TFEMA/nBA) CANs in the 1050—1200 cm™!
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upon damage. (Al)
range. (A2) Asynchronous (ASYN) spectra

range. (A3) SYN 2D-COS spectrum of Rx4 p(AAEMA/TFEMA/nBA)

CANs in the range 1050—1200 cm™'. (A4) ASYN spectra of Rx4 p(AAEMA/TFEMA/nBA) CANs in the 1050—1200 cm™' range. (B)
Representative chemical structures of selected ester groups in p(AAEMA/TFEMA/nBA) CANs. (C) (E)- and (Z)-forms of esters in solution-cast
and Rx4 specimens, respectively. Note: the presence of unstable (E)-form esters does not impact mechanical properties in a measurable way.

geometry is favorable, and the CF; groups covalently attached
to the CH, units take tetrahedral geometry (Figure 3A2, blue
circle). Upon damage, vinylogous urethane moieties around
the C=C bond are transformed to the (Z)-form (Figure 3B1;
green circle) to favor inter- and intrachain H-bonding. These
conformational changes are followed by CF; groups adapting
near-planar geometries,24 allowing H atoms on the neighboring
CH, groups to align on both sides of the methylene carbon
(Figure 3B2, blue circle). Thus, the relatively small content of
AAEMA facilitates reprocessing at 120 °C and the TFEMA/
nBA molar ratio secures self-healing under ambient conditions.
Although one would expect that the cis—trans isomerization
during an associative exchange of amines may affect the
conformations of COOCH,CF; moieties in the solution state,
the formation of interfacial regions with significantly enhanced
segmental mobilities is likely to contribute to this process.
Thus, four molecular events are anticipated: (a) (E) = (Z)
isomerization around the C=C bonds in vinylogous moieties,
(b) exchange of inter- and intrachain H-bonding, (c) local
compressions that induce structural rearrangements from
tetrahedral to nearly planar geometry in the CF; groups,
resulting in the reduction of steric hindrance between CF; and
CH,, and (d) increased junction densities between neighbor-
ing chains, resulting in the enhanced dipolar interactions that
facilitate self-healing.

Considering vinylogous urethane moiety cross-links, it is
worth pointing out that alkyl groups on amines and esters will
increase the electron delocalization, thus increasing electron
density on the oxygen atom of the C=O groups while
reducing the C=0 and C=C bond orders and promoting H-
bonding. Consequently, the activation energy of the (Z) =
(E) isomerization will be lower. Also, the steric hindrance
between—C—CH; entities and N-alkyl groups linked to
another chain in the (Z)-form will force the N—H groups to
bend toward COOR moieties, further strengthening intrachain
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H-bonding that destabilizes (Z)-isomer relative to the
strainless (E)-form, thus promoting self-healing.38

2D-COS analysis identified acrylic (TFEMA, nBA, AAEMA)
and vinylogous urethane ester C—O stretching vibrations in
p(AAEMA/TFEMA/nBA) CAN spectra reflected in the
1120—1165 and 1155—1175 cm™' SYN and ASYN correla-
tions, respectively (Figure 4A1—A4). Comparison of the
solution-cast (Figure 4A1) and Rx4 film (Figure 4A3) SYN
spectra shows that upon damage—repair, the 1120 and 1165
cm™ bands exhibit the same in-phase and out-of-phase
responses regardless of the preparation method. On the
other hand, cross-peaks at 1155 and 1175 cm™" in the ASYN
spectra in Figure 4A2 (solution-cast) and Figure 4A4 (Rx4)
(green circles) due to the C—O stretching vibrations of acrylic
and vinylogous urethane esters, respectively, show reverse out-
of-phase responses: from positive (red) to negative (blue).
While the respective ester structures in p(AAEMA/TFEMA/
nBA) CANS are illustrated in Figure 4B, this analysis indicates
that ester groups in solution-cast films are in the (E)-form
conformations, which are inverted to the (Z)-form in the Rx4
films. The same 2D-COS cross-peaks are detected in RX1,
RX2, and RX3 as in RX4 reprocessed specimens (Figure S7).
According to the literature,” the preferable conformations of
ester linkages are in the (Z)-form, particularly when R’ groups
are large. However, if condensation reactions leading to cross-
links in solution-cast films kinetically trap ester groups, they
most likely remain in the (E)-form. Upon reprocessing by
compression molding at elevated temperatures, ester groups
will be thermodynamically equilibrated into more stable (Z)-
form illustrated in Figure 4C.

B CONCLUSIONS

To succinctly summarize these findings, we developed a class
of fluorinated acrylic-based CANs that exhibit autonomous
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self-healing under ambient conditions and can be reprocessed
at 120 °C under pressure. Using RAFT copolymerization of -
ketoester groups containing AAEMA and copolymerizing
TFEMA and nBA monomers, p(AAEMA/TFEMA/nBA)
polymers were obtained that upon cross-linking with TREN
form CANs via a condensation reaction between f-ketoesters
and primary amines. The choice of the monomers and their
molar ratios was dictated by self-healability under ambient
conditions, reprocessability, and mechanical properties. These
materials exhibit the maximum stress at break of ~16 MPa and
the storage modulus of ~2.6 GPa in the —60 to 25 °C range.
The mechanism responsible for reprocessing is transamination
exchange reactions between vinylogous urethane linkages and
primary amines. These networks self-heal upon the recovery of
dipolar interactions accompanied by the sequential conforma-
tional changes of C=0 groups in vinylogous urethanes and
(E) = (Z) isomerization of C=C bonds, followed by the
conformational rearrangements of CF; and CH, moieties. It
should be noted that self-healing requires no external
intervention, whereas reprocessing typically does; thus,
distinctly different mechanisms under different conditions are
responsible for each property. Although there are literature
reports assuming these two events are equivalent, in these
materials, self-healability is achieved by dipolar interactions of
acrylic-based repeating units, whereas reprocessability requires
the presence of reversible chemical cross-links activated at
elevated temperatures and pressures.
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