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ABSTRACT: Utilizing the dynamic amidation and aza-Michael addition chemistry, a set of high strength, recyclable, and self-
healable covalent adaptable networks (CANs) are synthesized by reacting the precursor and commercial oligoamine cross-linkers
under mild temperature (25—50 °C) and solvent-free conditions. The amide linkages present in these CANs are readily
hydrolyzable under mild acidic (pH = S5.3) conditions, whereas the aza-Michael adducts with secondary amines are thermally
reversible. Utilizing the above, these CANSs are depolymerized under ambient conditions in mild acidic solution and recycled with
retention of original mechanical properties. The crack on the material surface is self-healed at S0 °C. The precursor, a
Knoevenagel condensation product of terephthalaldehyde and diethyl malonate, is easily synthesized in a large scale. Suitable
model compounds are synthesized and studied to further understand the transformations involved in the polymerization—
depolymerization of these networks. These networks exhibit adequate tensile properties (ultimate tensile strength <35 MPa and
Young’s modulus <3 GPa), and the properties can be tuned further by suitably changing the oligoamine cross-linker. The
simplicity of synthesis, cost effectiveness, adequate mechanical property, stability in aqueous and organic media, and recyclability

along with self-healability render these CANs suitable for a range of applications.

Bl INTRODUCTION

The growing concern over global accumulation of plastic debris
has motivated the development of recyclable and degradable
: . . A 12
plastics possessing dynamic or labile linkages.”” Macro-
molecules based on dynamic covalent linkages exhibit
remarkable material properties such as stimuli responsive-
3,4 . 56 i 7
ness,”” adaptiveness,” shape memory characteristic,” self-
healability,”” and reinforcement in mechanical properties.'’" "'
Fascinating examples of dynamic covalent chemistries based on
. T304 L 115,16 1718 . 19,20
the imine, hemiaminal, acyl hydrazones, oxime,
hemiacetals,”' quaternary ammonium salt,”” boronic ester,”
and trans-esterification”* linkages are available in current
literature.”>*® External stimuli such as temperature,””*® pH,*’
light,*>*' and enzyme®” are generally utilized to control the
dynamicity of these labile linkages. Though the vitrimer
approach is particularly useful to induce dynamic character in
networks by simply controlling the temperature,”””* the
temperature susceptibility of the cross-link acts as a deterrent
toward use of these materials under variable temperature
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conditions.”””” Therefore, dynamic cross-links stable to various

temperature conditions and susceptible to stimuli such as pH
and chemicals could be advantageous for specific applications.’”
Moreover, the concept of using multiple types of dynamic
linkages possessing responsiveness toward different stimuli in a
covalent adaptable network (CAN) is advantageous to regulate
the material properties.

Amide linkages are frequently incorporated in pharmaceut-
icals,”® biologically active compounds, and polymers® and
considered as one of the prevalent transformations in synthetic
organic chemistry.””*' These linkages are generally known to
be stable to various temperature and pH conditions.”
Interestingly, the above linkage could be made readily
degradable by suitably substltutlng the a carbon™ or lnducmg
steric strain at the “N” of the amide functionality.** The
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presence of an electron-withdrawing substituent at the a-
carbon is known to promote the hydrolysis of amide
functionality under mild acidic conditions through protonation
of the amide “N” atom.***® Therefore, networks possessing
activated amide linkages may be recycled using pH as the
stimulus. Similarly, reversibility of Michael addition offers
another possibility of being employed in the development of
CANs. However, retro aza-Michael addition typically requires
an additional reagent or catalyst and specific reaction
conditions and therefore is not suitable for synthesis of
CANs.Y Recently, reversibility under noncatalytic and ambient
conditions was introduced into thiol Michael addition by
enhancing the electron deficiency of the double bond through
conjugation with carboxylate and cyano functionality.*** A
similar approach could also possibly be employed to induce
thermal reversibility into the aza-Michael addition between
amine functionality and activated double bond. Moreover, the
cost-effectiveness of the precursor, suitability of the reaction
condition, and kinetics of forward and reverse reaction is
important for an effective design of a dynamic network.

Considering the above, a precursor capable of forming
hydrolyzable amide linkage and reversible aza-Michael adduct is
designed and synthesized. The precursor, a Knoevenagel
condensation product of terephalaldehyde and diethyl malonate
(DEM) consisting of four carboxylate functionality and two
highly activated double bonds, is cross-linked with a set of
oligo-amines to synthesize the CANs. The depolymerization of
the synthesized CANSs is studied under mild acidic conditions,
and their self-healability in the presence of thermal stimulus is
explored. Suitable model compounds are synthesized and
studied to understand the chemical transformations associated
with the formation and degradation of these networks.

B EXPERIMENTAL SECTION

Materials. Terephthaldehyde (Across Organics, 98%), piperidine
(Qualigens, 99.0%), acetic acid (s-d fine chem., 99.5%), DEM (s-d fine
chem., 98%), n-butylamine (Fisher Scientific, >99.5%), diethylamine
(Fisher Scientific, >99.5%), ethanol (Merck, 99.9%), dimethyl
sulfoxide (DMSO, Merck, 99.5%), N-methylpyrrolidone (NMP, SRL
Chem., 99.5%), tetrahydrofuran (THF, Rankem, 99.5%), sodium
hydroxide (Qualigens, 98.0%), methanol (Qualigens, 99.0%), sodium
bicarbonate (NaHCO3, Merck, >99.0%), triethylenetetramine (TETA,
Alfa Aesar, 60%), chloroform (CHCl,, s-d fine chem., 99.5%), sodium
sulfate (Na,SO,, Rankem, 99%), diethylenetriamine (DETA, s-d fine
chem., 97%), pentaethylenehexamine (PEHA, Across Organics,
69.5%), and tetraethylenepentamine (TEPA, Across Organics) were
used as received.

Characterization. "H and '*C NMR spectra were obtained on a
Bruker AMX-500 spectrometer using CDCl; as a solvent and
tetramethylsilane (TMS) as internal standard (SH 0.00). The 'H
and C NMR spectra were recorded at 500 and 125 MHz,
respectively. The FT-IR spectra of the samples as either neat or thin
film were recorded using a PerkinElmer Spectrum Two spectrometer.
All the samples were recorded using “attenuated total reflectance”
(ATR) mode. The PIKE MIRacle single reflection horizontal ATR
accessory equipped with a ZnSe ATR crystal was used for recording
the spectra. The mass spectrometric data were obtained using a
Micromass Quattroll, Micromass, triple quadrupole (LC-MS/MS)
electrospray ionization mass spectrometer (ESI-MS) coupled with a
Waters Agilent HPLC. We used a C18 column (2.1 X 30 mm) with
flow rate of 0.45 mL min~". The mobile phase composition was a
mixture of (A) water with 0.1% TFA and (B) acetonitrile with 0.1%
TFA. The column temperature was maintained at 30 = 1 °C. The
gradient began at 95:5 of A:B with a flow of 0.2 mL/min. The gradient
was changed to 5:95 of A:B over a course of $ min followed by a 5 min
hold at 5:95 of A:B. Over 0.1 min, the gradient was changed to 95:5 of

A:B with a concomitant change in flow rate to 0.45 mL/min. This was
held for 0.8 min to complete the LC gradient (10 min total run time).
The high resolution mass spectra (HRMS) were recorded on a Q-
TOF mass spectrometer. The tensile and compression studies were
performed using an H2SKS UTM Tinius Olsen extensometer
following the ASTM D638 protocol. The tensile or compression of
samples were recorded as rectangular (width: 5 mm; thickness: 1 mm)
or circular (radius: 18 mm; thickness: S mm) strips at ~25 °C using a
1.0 kN load cell and at a crosshead speed of 10.0 or 1.0 mm/min. The
data represented here is an average of three specimens. The Young’s
moduli of the samples were determined from the linear region
(Hookean slope) of the stress versus strain plot. Optical microscopic
images of the samples were obtained at room temperature on a
LEICA-DM7S0P instrument using a 10X or 40X objective. The
dynamic mechanical analysis (DMA) was performed on a DMA Q-800
using the tension mode.’® ASTM D4065-01 norm was followed to
record the samples. The specimen samples of 5 mm width and 15 mm
length were used for this purpose. The storage (G’) and loss modulus
(G”) data under variable frequency were recorded at constant
oscillation amplitude (15 pm). The complex modulus (G*) was
calculated using the formula

6* = VG 1 67

The differential scanning calorimetry (DSC) data of the samples
were recorded on a DSC 25 TA Instruments under N, atmosphere
(100 mL/min). Preweighted (3—9 mg) finely powdered samples were
taken in an aluminum pan for the measurement. The samples were
heated from —50 to 150 °C, cooled to —40 °C, and again heated to
140 °C at a rate of 10 °C/min. The data obtained from the second
heating traces of the samples are reported in this article. Thermal
gravimetric analysis (TGA) of the samples was recorded on a TGA
Q500, TA Instruments under a N, atmosphere (60 mL/min).
Approximately, 10 mg of finely powdered samples was taken in the
platinum pan and heated up to 700 °C at a rate of 10 °C/min, and the
weight loss was measured.

Synthesis of Tetraethyl-2,2’-[1,4-phenylenebis(methanyl-
ylidene)ldimalonate (TPMD). Terepthalaldehyde (3.0 g, 22.4
mmol) was dissolved in anhydrous ethanol (50 mL) in a round-
bottom flask. To it DEM (8.9 g, 55.6 mmol) was added followed by
piperidine (0.2 g, 2.3 mmol) and acetic acid (0.2 g, 3.3 mmol). The
resulting mixture was refluxed overnight under an inert atmosphere.
The temperature of the solution was then decreased to 25 °C, and the
solvent was allowed to evaporate slowly to crystallize the product. The
final product was obtained as white crystals (4.5 g, 10.8 mmol) in
48.2% yield. '"H NMR (500 MHz, CDCl;) 5 (ppm): 7.62 (s, 2H,
CH=C(CO00),), 741 (s, 4H, ArH), 4.28 (q, 8H, —O—CH,—), 1.25
(m, 12H, —O—CH,—CH,). ®C NMR (125 MHz, CDCL,) & (ppm):
164.5 (—COOCH,), 142.7 (—CH=C—(C0O0),), 132.6 (Ar C), 130.1
(~CH=C—(CO0),), 1274 (Ar CH), 602 (—O—CH,—), 14.0
(—O—CH,—CHj,). FT-IR (thin film, cm™): 773 (m, p-substitution),
1200 (s, C—0), 1443 (m, C=C, Ar), 1488 (w, C—H), 1626 (m, C=
C), 1719 (s, C=0), 2875 (w, C—H), 2976 (m, C—H). HRMS (ESL
TOF) m/z: [M + Na]* Calcd for [C,,H,cOsNa]* 441.152S. Found
441.1523.

Preparation of TPMD-Based Networks. A typical procedure is
described below. Synthesis of TPMD-TETA-3: TPMD (1.0 g, 2.4
mmol) and TETA (0.8 g, 5.6 mmol) were mixed together vigorously
in a Teflon tray of circular cross section until a homogeneous solution
obtained. The resulting solution was then kept undisturbed at 25 °C
for 6 h to obtain a soft film. The film was then kept at S0 °C for 10 h
to obtain the final network. FT-IR (thin film, cm™): 3287 (s, N—H),
2928 (m, C—H, Ar), 2853 (s, C—H, alkyl), 1641 (s, C=0, amide),
1559 (s, N—H), 1030 (s, C—N, amide), 1017 (s, C—N, Michael
adduct), 818 (m, C—C, alkyl chain).

Similarly, four sets of networks were prepared by mixing TPMD and
DETA, TETA, PEHA, or TEPA in different molar proportions and
keeping the mixture at 25 °C for 6 h followed by heating the same at
50 °C for 10 h.

Recycling of Networks. A typical recycling procedure is described
below; each film weighing ~5 g was cut into small pieces and
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Scheme 1. Synthetic Pathway Showing the Formation and Depolymerization of TPMD and Oligoamine Cross-Linker Based

CANs
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transferred to 120 mL of 0.1 M acetic acid (pH = 5.3). The mixture
was ultrasonicated for 1.5 h to obtain a homogeneous solution. The
pH of the solution was then neutralized to 7.0. The resulting solution
was then poured to a Teflon Petri disc and kept at 100 °C for 12 h to
simultaneously evaporate the solvent and initiate polymerization
process. Final curing was done at 50 °C for an additional 12 h to
obtain the final networks. FT-IR (thin film, cm™): 3396 (s, N—H),
2926 (m, C—H, Ar), 2851 (s, C—H, alkyl), 1642 (s, C=0, amide),
1443 (w, C—H), 1016 (s, C—N, amide), 951 (s, C—N, Michael
adduct), 822 (m, C—C, alkyl chain).

Reaction of TPMD with n-Butylamine at 50 °C (P-12). TPMD
(2.0 g, 4.8 mmol) was added to n-butylamine (3.5 g, 48.0 mmol) in a
15.0 mL vial equipped with a magnetic stirrer. Within 1S min, a
homogeneous mixture formed, and the mixture was allowed to stir for
6 h at 50 °C. The temperature of the reaction mixture was then cooled
to 25 °C. The product obtained was dissolved in chloroform and
washed repeatedly with water. Finally, the organic solution was passed
over Na,SO, and evaporated under reduced pressure to obtain the
product as a sticky liquid (yield: 95.0%). "H NMR (500 MHz, CDCl,)
5 (ppm): 825 (s, 4H, —CONH=), 7.75 (s, 4H, ArH), 4.12 (m, 2H,
—CH-CH—(CONH-),), 3.55 (m, 4H, -CH-NH—CH,CH,), 3.20
(m, 10H, —-CONH—CH,— and CH(CO),), 3.10 (s, 2H, —NH—
CH,-), 1.60 (m, 8H, —-CONH—-CH,—CH,) 1.35 (m, 4H, CHNH-
CH,CH,), 125 (m, 4H, CHNHCH,CH,CH,), 1.15 (m, SH,
CONHCH,CH,CH,), 0.80 (m, 18H, —CH,). 3C NMR (125 MHz,
CDCly) 6 (ppm): 159.8 (—CONH), 137.5 (Ar C), 127.6 (Ar C), 61.0
(NH-CH-Ar), 59.9 (CH(CO),), 41.1 (CH-NH-CH,) 32.4
(CONH-CH,), 199 (NHCH,-CH,), 13.3 and 13.5 (—CH,—
CH,—CH,). FT-IR (neat, cm™): 3288 (s, C—H, alkyl), 2959 (s,
C—H, Ar), 2931 (s, C—H, alkyl), 1644 (s, C=0, amide), 1542 (s, N—
H, amide), 1464 (m, C—H), 1093 (m, C—N), 1050 (m, C—N). ESI-
MS: m/z Calcd for [C3sHgNgO4Na,]* [M + 2Na—H]* 717.5. Found
717.5. HRMS (ESI-TOF) m/z: [M + Na]* Calcd for C3gHggO,NgNa
695.5200. Found 695.5203.

Reaction of TPMD with n-Butylamine at 10 °C (P-11). TPMD
(2.0 g, 4.8 mmol) was added to n-butylamine (1.4 g, 19.2 mmol) in a
15.0 mL vial equipped with a magnetic stirrer at 10 °C. The mixture
was stirred at 10 °C for 6 h. The product was then dissolved in
chloroform and washed repeatedly with water to remove the unreacted
starting material. Finally, the organic solution was passed over Na,SO,
and evaporated under reduced pressure to obtain the final product as a
free-flowing liquid (yield: 92.0%). '"H NMR (500 MHz, CDCL,) &
(ppm): 825 (s, 4H, —CONH-), 7.72 (s, 4H, ArH), 745 (s, 2H,
—CH=C-(CONH-),), 321 (m, 8H, —-CONH-CH,—), 1.48 (m,
8H, —CONH-CH,—CH,), 1.30 (m, 8H, —CH,—CH,), 0.82 (m,
12H, —CHj). FT-IR (neat, cm™): 3316 (s, C—H, alkyl), 2959 (s, C—

H, Ar), 2931 (s, C—H, alkyl), 1644 (s, C=0, amide), 1539 (w, N—H,
amide), 1465 (m, C—H), 1035 (s, C—N), 835 (w, C—C).

Degradation of P-12 in Acidic (pH = 5.3) Solution (P-13). The
degradation procedure is described below; P-12 (1.0 g, 1.5 mmol) was
transferred into a 15.0 mL vial containing 10 mL of 0.1 M acetic acid
solution and mixed thoroughly. The milky solution became
homogeneous after ultrasonicating the mixture for 1.5 h at 25 °C.
The solution was then kept undisturbed at 25 °C for 24 h. White
crystalline solids settled at the bottom was filtered and dried under
vacuum (yield: 85.0%). '"H NMR (500 MHz, CDCl,) & (ppm): 10.0
(s, 4H, —COOH), 7.0 (s, 4H, Ar—H), 4.25 (m, 2H, —NHCHC-
HCOOH), 3.55 (m, 2H, —NHCHCHCOOH), 3.20 (m, 4H
—NHCH,-), 3.15 (s, 2H, —NHCH,-), 1.40 (m, 4H,
—NHCH,CH,—-), 1.26 (m, 4H, —CH,CH,), 0.83 (m, 6H, —CH,).
3C NMR (125 MHz, CDClL,) § (ppm): 167.6 (C=0), 129.9 (Ar C),
1282 (Ar CH), 60.5 (NHCHCH-), 43.0 (-NHCHCH-), 39.3
(-NHCH,-), 31.3 (-NHCH,CH,—), 20.0 (—CH,CH,CH,), 13.7
(—CH,CH,). FT-IR (neat, cm™): 3288 (s, O—H acid), 2959 (m, C—
H, Ar), 2933 (m, C—H, alkyl), 1687 (m, C=0, acid), 1197 (s, —C—
0O, acid), 990 (m, C—N). ESI-MS: m/z Calcd for [C,,H3,N,OgNa]*
[M + Na]* 475.2. Found 475.2. HRMS (ESI-TOF) m/z: [M + K +
H]** Calcd for C,,H;;04N,K 246.0937. Found 246.0936.

Reaction of TPMD with Diethylamine (P-21). TPMD (2.0 g,
4.8 mmol) was added to diethylamine (2.1 g, 28.7 mmol) in a 15.0 mL
vial equipped with a magnetic stirrer. The mixture was stirred for 6 h at
50 °C. The temperature of the reaction mixture was then cooled to 25
°C. The resulting yellowish liquid was finally dried under vacuum
(yield 85.0%).

Mono Aza-Michael Adduct. '"H NMR (500 MHz, CDCl,) &
(ppm): 7.62 (s, IH, CH=C(COO0),), 7.35 (d, 2H, Ar H), 7.15 (d,
2H, Ar H), 452 (m, 1H, CH—-CH(COO),), 431 (m, 4H, —O—
CH,-), 423 (m, 4H, —O—CH,—), 3.85 (m, 1H, CH-CH(CO0O),),
2.61 (m, 4H, -N—CH,—CH,), 1.25 (m, 12 H, —O—CH,—CHj,), 0.80
(m, 6H, —-N—CH,—CH,). *C NMR (125 MHz, CDCL;) 6 (ppm):
166.6 (COOCH,), 137.3 (Ar C), 127.8 (Ar, CH), 62.2 (N—CH—Ar),
60.9 (O—CH,), 55.2 (CH(CO),), 43.1 (N—CH,), 13.2 (—CH,). ESI-
MS: m/z Caled for [CysH3;sNOg]* [M + HJ* 492.3. Found 492.3.
HRMS (ESI-TOF) m/z: [M + H]* Caled for CyHygNOg 492.2597.
Found 492.2552.

Bis Aza-Michael Adduct. "H NMR (500 MHz, CDCl;) § (ppm):
7.06 (s, 4H, ArH), 4.52 (m, 2H, CH—CH(COO),), 4.23 (m, 8H,
—0-CH,-), 3.85 (m, 2H, CH-CH(COO),), 2.61 (m, 8H, —N—
CH,—CH,), 1.25 (m, 12 H, —O—CH,—CHj), 0.80 (m, 12H, —N—
CH,—CH;). C NMR (125 MHz, CDCL;) § (ppm): 167.3 (CH—
CO-), 165.1 (=C-CO-), 140.9 (CH=C(CO),), 139.9 (Ar C),
133.6 (Ar C), 131.8 (Ar CH), 128.8 (Ar CH), 62.5 (N—CH—Ar), 60.9
(O—CH,), 43.5 (N—CH,), 13.3 (CH,CH,). ESI-MS: m/z Calcd for
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Figure 1. "H NMR spectra of (A) TPMD, (B) P-12, and (C) P-13. (D) Photographs of TPMD, P-12, and P-13. The peak marked with an asterisk

is assigned to the CDCl; solvent.

[CyoHoN,0,]* [M + H]* 565.3. Found $65.3. HRMS (ESI-TOF) m/
z: [M + H]* Caled for CgH,oN,Oy 565.3489. Found 565.3483. FT-IR
(neat, cm™): 2980 (s, C—H, Ar), 2890 (m, C—H, alkyl), 1730 (s, C=
O, ester), 1646 (m, C=C), 1464 (m, C—H, alkyl), 1253 (s, C-0,
ester) 1035 (s, C—N), 857 (w, C—C).

Degradation of P-21 at 25 °C. The liquid P-21 (1.0 g) was kept
in an open sample vial at 25 °C for 48 h. The physical state of the
compound changed to solid. "H NMR (500 MHz, CDCl,) & (ppm):
7.65 (s, 2H, CH=C(COO0),), 749 (s, 4H, Ar H), 428 (q, 8H, —O—
CH,-), 1.65 (m, 12H, —O—CH,—CH;). *C NMR (125 MHz,
CDCl) & (ppm): 1632 (—COOCH,), 140.1 (CH=C—(COO0),),
133.8 (CH=C—(COO),), 128.6 (Ar CH), 124.4 (Ar C), 60.2 (—O—
CH,-), 12.8 (—O—CH,—CH,). FT-IR (neat, cm™): 2980 (m, C—H),
2876 (w, C—H), 1719 (s, C=0), 1626 (m, C=C), 1488 (w, C—H),
1443 (m, C=C, Ar), 1200 (s, C—0), 773 (m, p-substitution). ESI-
MS: m/z caled for [Cp,H,sOgNa,]* [M + 2Na—H]*: 463.2. Found:
463.2. HRMS (ESI-TOF) m/z: [M + Na]* Calcd for [C,,H,cO4Na]*
441.1525. Found 441.1526.

Determination of Gel Fraction. A typical procedure is described
below. A thin piece of CAN (150—300 mg) was dipped in methanol
(10 mL) and left undisturbed for 18 h at 25 °C. The solvent was then
replaced with 10 mL of fresh methanol. After 8 h, the same process
was repeated for one more cycle. Finally, the solvent was decanted off,
and the sample was dried under vacuum and the weight of resulting
sample was recorded. The gel fraction was determined by the equation

gel fraction = (W;/W,) X 100

where W¢ and W; are the final and initial weights of the sample,
respectively.

Gel fractions of TPMD-DETA-3, TPMD-TETA-3, TPMD-TEPA-3,
and TPMD-PEHA-3 were determined to be 97.7, 97.5, 98.0, and
98.3%, respectively.

B RESULTS AND DISCUSSION

TPMD was synthesized using a procedure similar to that of the
reported in the literature.”’ TPMD and commercially available
oligopamines [NH,(C,H,NH),C,H,NH,, n = 1—4] possessing
primary (1°) and secondary (2°) amine functionalities were
cross-linked under mild temperature (25—50 °C) conditions to
synthesize the networks through possible formation of amide
linkage and aza-Michael adduct (Scheme 1). No solvent or
catalyst was used in the preparation step. Bands at 1719 (C=
O) and 1200 cm™" (C—O) assigned to the —COOC,H; of
TPMD disappeared, and new bands at 1641 (C=0) and 1030
cm™ (C—N) appeared in the FTIR spectrum of the resulting
network supporting the formation of amide linkage (Support-
ing Information, Figure S1). The 1° amines are known to react
with carboxylate moieties possessing activating groups at the o
carbon under ambient conditions to form the corresponding
amides.””>” Similarly, the disappearance of band at 1626 cm™'
(C=C of TPMD) and appearance of band at 1017 cm™" (C—
N) suggested the formation of aza-Michael adducts in the
network (Figure S1). Though a catalyst is typically used in the
literature for the aza-Michael addition,”* in this particular case
the reaction progressed under catalyst free conditions possibly
due to involvement of highly conjugated double bond as the
Michael acceptor.*®

To gain further insight into the polymerization pathways of
CAN, suitable model compounds were synthesized under the
polymerization conditions by reacting TPMD with 1° and 2°
amine. Keeping the steric suitability of oligopamine cross-linkers
in mind, n-butylamine and diethylamine were chosen as the 1°
and 2° amine, respectively. The reactions were carried out
under both low (10 °C) and moderate (50 °C) temperature
conditions. Both aza-Michael addition and amidation between
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1° amine (n-butyl amine) and TPMD proceeded to completion
under solvent-free conditions at 50 °C. In '"H NMR spectra,
resonance at 4.28 ppm assigned to the —COOCH,— of TPMD
disappeared, and new resonances at 8.25, 3.20, and 1.60 ppm
accountable to —CONHCH,—, —CONHCH,—, and
—CONHCH,CH,—, respectively, appeared, suggesting quanti-
tative amidation of TPMD (P-12) (Figures 1A,B). Similarly,
the disappearance of resonance at 7.62 ppm accountable to
Ph—CH=C(CO),— and appearance of peaks at 4.12 and 3.55
ppm for —NHCHCH(CO),— and —CHNHCH,—, respec-
tively, suggested successful aza-Michael addition between n-
butylamine and TPMD double bonds. The aromatic peak at
7.41 ppm also shifted to 7.75 ppm, suggesting the formation of
overall product. The peak at 164.5 ppm shifted to 159.8 ppm
and the resonances at 142.7 and 130.1 ppm disappeared in the
C NMR spectrum of P-12, supporting amidation of the ester
functionality and aza-Michael addition of amine functionality to
the a,f-unsaturated double bond, respectively (Figure S2A).
The FTIR bands at 1719 (C=0) and 1200 cm™' (C—0) for
the carboxylate group disappeared, and new bands at 1644
(C=0) and 1050 cm™" (C—N) accountable to amide linkage
appeared suggesting formation of the product (P-12) (Figures
2A,B). The peak for P-12 [M + 2Na—H]" was visible at 717.5

1063

1719 1200

1800 1600 1400 1200 1000 900

Wave number (cm)
Figure 2. FT-IR spectra of (A) TPMD, (B) product (P-12) of

reaction between TPMD and n-butylamine at 50 °C, and (C) P-13
(hydrolyzed product of P-12).

in the ESI-MS spectrum (Figure S3). The HRMS peak at
695.5203 accountable to the [M + Na]* supported the
formation of P-12. TPMD, a white crystalline solid at 25 °C,
changed to viscous liquid after reaction with n-butylamine at 50
°C (Figure 1D). At low temperature (10 °C), amidation
between n-butylamine and TPMD prevailed over aza-Michael
addition. The peaks at 4.28 and 1.25 ppm accountable to
—OCH,— and —OCH,CHj, respectively, in TPMD disap-
peared, and new resonances at 3.21, 1.48, and 0.82 ppm
accountable to —CONHCH,—, —CONHCH,CH,—, and
—CH,CHj;, respectively, appeared in the 'H NMR spectra of
the product, suggesting quantitative amidation (Figure S4B).
However, the presence of small resonances at 3.62 and 1.58
ppm suggested formation of a small amount of aza-Michael
adduct along with P-11. The resulting product was a free-
flowing colorless liquid.

No reaction between 2° amine (diethylamine) and TPMD
was witnessed at low and ambient conditions (temperature <25
°C). At higher temperature (50 °C), the reaction between
TPMD and diethylamine was restricted to the formation of aza-
Michael adduct only."H NMR spectroscopic analysis revealed
the presence of both mono and bis aza-Michael adduct along
with a trace amount of TPMD and existence of a dynamic
equilibrium between Michael addition and f# elimination. In the
aromatic region, resonances at 7.06 ppm (bis aza-Michael
adduct), 7.15 and 7.35 ppm (mono aza-Michael adduct), and
741 ppm (TPMD) were visible (inset, Figure 3B). The
integration of the above peaks revealed that the mono and bis
aza-Michael adducts and TPMD are present in 69:21:10 molar
ratio in the product. New resonances at 3.85 and 4.52 ppm
accountable to —CH—CH(CO), and (C,H;)N—CH— sup-
ported the formation of above aza-Michael adducts. The *C
NMR spectrum of P-21 showed the characteristic resonances
for both mono and bis aza-Michael adducts along with the
precursor (Figure S2B). The FTIR band at 1719 cm™' (C=0)
assigned to the COOC,H; in TPMD shifted to higher
frequency (1730 cm™") region, suggesting loss of conjugation
due to the formation of the aza-Michael adduct (Figure SSB).
The intensity of band at 1626 cm™ (C=C) substantially
decreased in the product. The mono ([M + H]*: 492.3) and bis
([M + HJ]": 565.3) aza-Michael adducts were also detected in
ESI-MS analysis (Figure S6). The HRMS data further
supported the product formation by displaying peaks at
4922552 ([M + H]* of mono adduct) and 565.3483 ([M +
H]* of bis adduct). On exposing the above product (P-21) to
atmospheric conditions (25 °C), § elimination readily occurred
and TPMD was isolated after 48 h. Gradual evaporation of
volatile diethylamine (boiling point: 55 °C) under ambient
condition also favored the f elimination by shifting the
equilibrium toward reverse direction. The 'H NMR spectrum
of the compound obtained after storing P-21 at 25 °C for 48 h
matched with that of the TPMD, suggesting quantitative
recovery of the precursor (Figures 3A,C). The FTIR bands at
1626 and 1719 cm™' accountable to TPMD reappeared
supporting the above (Figure SSC). ESI-MS spectra of the
aged P-21 after 48 h of storage displayed the peak for TPMD
([M + 2Na—H]*: 463.2) (Figure S7). The physical state of
TPMD also notably changed from solid to liquid after reaction
with diethylamine (Figure 3D). The state again changed back
to solid on exposing P-21 to the atmosphere for 48 h. However,
no trace of amidation between diethylamine and TPMD was
noticed up to 12 h of reaction time at 50 °C. The resistance of
diethylamine toward amidation is attributed to the steric
hindrance around the —NH— moiety offered by two N-ethyl
groups.

The degradability of the amide linkage in acidic solution was
studied by adding P-12 to pH 5.3 aqueous solution at 25 °C.
The milky solution became homogeneous after 1.5 h of
ultrasonication, suggesting possible degradation of the amide
linkage (Figure S8B). White crystalline solids settled at the
bottom on keeping the above homogeneous solution
undisturbed for 24 h at 25 °C. The 'H NMR spectrum of
the above crystalline solid showed appearance of resonance at
10.0 ppm accountable to —COOH, disappearance of resonance
at 8.25 ppm assigned to —CONH—, and upfield shifting of
aromatic resonance from 7.75 to 7.0 ppm, suggesting formation
of the corresponding tetracarboxylic acid (P-13). All the proton
resonances assigned to —-CONHCH,CH,CH,CHj disappeared
in the degraded product supporting successful cleavage of the
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Scheme 2. Reactivity of TPMD toward 1° (n-Butylamine) or 2° (Diethylamine) Amine under Different Conditions
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amide linkage (Figure 1C). The appearance of new FTIR bands
at 1687 (C=0) and 1197 cm™' (C-0) for the COOH
functionality supported successful hydrolysis of amide
functionalities and formation of P-13 (Figure 2C). The ESI-
MS trace displayed the characteristic peak for P-13 ([M +
Na]*: 475.2) (Figure S9).

On the basis of above information, the following pathway for
the reactions between TPMD and 1° or 2° amines is proposed
(Scheme 2).

With 1° amine (—NH,), amidation preferably occurs at low
temperature (10 °C), whereas at moderate temperature (S0
°C) both Michael addition and amidation proceed to
completion. The amide linkage formed with 1° amine is easily
hydrolyzable in acidic (pH < 5.3) medium. The 2° amine
(-NH-) is not capable of forming amide linkage under
polymerization conditions and forms a reversible aza-Michael
adduct with TPMD. The above fully supported the polymer-
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Figure 4. (A—D) Tensile plots of the CANs, (E—H) hysteresis curves from uniaxial compression tests, and (E1—H1) compressive stress versus time
profiles of the CANs ([TPMD] ~ 30 mol %) for three load—unload cycles.

ization/depolymerization pathway for the networks proposed
in Scheme 1.

The as-synthesized thin films of the networks were uniform
and displayed a characteristic color based on the type and
amount of oligoamine cross-linker in the networks (Figure
S10). Since the cross-linking was carried out under solvent-free
condition, the mol % of TPMD in the networks was restricted
between 30 and 50.> The CANSs exhibited adequate solvent
resistance and swelled marginally (<10% of the initial weight
after 12 h) in few high polarity solvents such as methanol and
NMP (Figure S11). The gel fractions of the CANs possessing
30 mol % of TPMD were determined using methanol as the
solvent and found to be in the range of 97—98%.

The networks possessing 30 mol % of TPMD (functional
group equivalence of COOC,H; to NH, ~ 1:1) exhibited
optimum ultimate tensile strength (UTS) (23—35 MPa) and
Young’s modulus (1.9-3.0 GPa) (Figures 4A—D and Table
S1). The modulus is comparable to several commercial
polyamides and other high strength polymers.’® The G*
(4.5—7.9 GPa at 1 Hz) values obtained from the DMA analysis
also supported the Young’s modulus values and stiffness of the
networks (Figure S). The G’ values were higher than G” values
throughout the frequency range, suggesting cross-linked nature
of the samples. On changing the mol % of TPMD to S0
(functional group equivalence of COOC,H; to NH, = 2:1),
the UTS (3.6—21.9 MPa) and modulus (0.2—1.7 GPa)
decreased due to a possible decrease in degree of cross-linking.
For a fixed TPMD:cross-linker (30:70, mol:mol) ratio, the UTS
and Young’s modulus of the networks gradually increased with
the increase in number of —NH— (2° amine) groups in the
cross-linker (Figure 6A). The network based on DETA (one
—NH- group) exhibited least UTS (22.8 MPa) and modulus
(2.0 GPa), whereas the UTS and modulus of the network based
on PEHA (four —NH— groups) increased up to 30.9 MPa and
3.0 GPa, respectively. The G* values also gradually increased
with the increase in number of —NH— in the cross-linker
(Figure S). Since —NH— is not capable of forming amide bond
with TPMD under polymerization conditions, the above
increase in stiffness could be attributed to the additional
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Figure 5. DMA (G'/G" versus frequency) data of the CANs recorded
at 25 °C.

cross-linking resulting from the formation of aza-Michael
adducts in the samples.

To understand the performance of these networks under
load, hysteresis studies under compression were carried out
with networks possessing 30 mol % of TPMD. The CANs
endured compressive stress up to 30 MPa. The nature of the
loading curve was similar to that of the reported network based
on amide linkage.”” The networks displayed typical viscoelastic
behavior with noticeable hysteresis during the repetitive cycles
(Figures 4E—H). Importantly, the samples quantitatively
recovered from stress for all three cyclic measurements, and
no residual strain was noticed after each cycle. The unloading
curves of the cycles superimposed upon each other in the case
of all the samples. The area within the hysteresis loop reflected
the amount of energy dissipated during the load—unload cycles.
The energy dissipation per unit volume of DETA based
network (0.6 MJ/m®) was 1 order of magnitude lower
compared to those of the other networks (2.4—4.9 MJ/m?)
(Figure 6B).
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Figure 6. (A) Variation in modulus and UTS of the networks with the
number of 2° amine (—NH—) groups in the cross-linker; the networks
studied have 30 mol % of TPMD. (B) Energy loss per unit volume
data derived from the area of hysteresis loops. (C) Stress versus time
plots of the networks derived from a typical decompression curve of
the first cycle (the data from the first cycles of each network is adopted
from Figures 4E1—H1 for this purpose). (D) Magnified view of the
plateau region (for time scale in the range of 1—15 s) in (B).

The compressive stress versus time profiles of the networks
for continuous three cycles are shown in Figures 4E1—HI1.
Typical compression and release cycles were recorded between
128 and 209 s at 1 mm/min scan rate. The stress versus time
plots derived from the decompression curves of the first cycle
revealed a plateau region up to initial 10 s and an exponential
decay afterward (Figure 6C). The terminal behavior of TPMD-
DETA-3 showed a much faster decay (time constant ~1.4 s)
compared to those of the networks based on the other cross-
linkers (time constants ~ 6.2 + 0.9 s).® The slopes of the
plateau regions (0.42—0.48) suggested that the network strands
in TETA-, TEPA-, and PEHA-based systems followed a Rouse-
like dynamics with a relaxation time of ~10 s, whereas the
DETA-based system exhibited a much smaller slope (0.22)
(Figure 6D). This suggested the DETA-based network has a
more compact structure and incurs less viscous loss durin§ the
stress loading—relaxation cycles compared to the others.’

The DSC analysis of the CANs possessing 30 mol % of
TPMD and different oligoamine cross-linkers was conducted
under a N, atmosphere. As anticipated, no noticeable thermal
transition occurred in the temperature range of —35 to 140 °C
owing to the cross-linked nature of the samples (Figure S12).
The TGA data of the CANs possessing 30 mol % TPMD were
recorded under a N, atmosphere in the temperature range of
20—700 °C (Figure 7). The initial minor weight loss (<5%) in
the range of 20—70 °C could be attributed to the presence of
moisture and other volatile impurities in the samples. These
CANs exhibited thermal stability up to ~220 °C. The first
considerable weight loss (12—30%) occurred in the range of
230—280 °C. The subsequent and maximum weight loss (23—
36%) was witnessed in the temperature range of 300—440 °C.
Conventional aliphatic polyamides are known to possess high
thermal stability up to 350 °C and low char yield (<5%).”” The
lower thermal stability of these networks compared to that of
the conventional polyamide could be attributed to the presence
of aliphatic malonamide moiety in the structure. Aliphatic
polymalonamides are known possess moderate thermal stability
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Figure 7. TGA traces of CANs possessing 30 mol % of TPMD and
different oligoamine cross-linkers recorded under a N, atmosphere.

up to ~300 °C.°" Reasonably high char yields (18—38%) of the
samples sup6ported the cross-linked nature of these networks
(Table $2).*

To explore the recyclability of these networks, the effect of
different pH conditions on their degradability was studied. Thin
films of the networks were cut into small pieces and dipped in a
particular pH solution. The films dipped in mildly acidic (pH =
5.3) solution dissolved after 1.5 h of ultrasonication at 25 °C,
whereas no noticeable change to the samples occurred in
neutral and basic (pH = 10.5) solutions up to 6 h (Figures
8C,E,F). In acidic solution, a possible depolymerization of the
networks occurred through the hydrolysis of amide linkages
(Scheme 1). To further understand the degradation pattern, the
change in compressive modulus of the samples dipped in pH
5.3 solution was measured after a regular time period (Figure
8A). A substantial loss (70—100%) in compressive strength was
observed in all the cases after 3 h of dipping time. The gradual
loss in modulus with time revealed that the degradation
occurred in bulk and was not restricted only to the surface of
the films.

The recycling process of these networks is fairly simple. After
dissolution of the network in acidic solution, the pH was
neutralized to 7.0, and the temperature of the solution was
raised to 100 °C to simultaneously evaporate the water and
cross-link the resulting tetracarboxylic acid (VBTA) with amine
functionality (Scheme 1). The appearance of peaks at 1643
(C=0) and 1551 cm™ (N—H) supported the formation of
amide cross-links in the recycled networks (Figure S13). The
condensation of carboxylic acid with 1° amine at 80—110 °C to
form the amide under solvent-free conditions is reported in the
literature.®>®* The re-formed networks exhibited comparable
tensile properties to that of the parent networks, suggesting
these samples could be recycled with retention of their
mechanical properties (Figures 8G—] and Table S3).

Moreover, the thermoresponsiveness of the aza-Michael
addition between 2° amine (—NH-) and activated double
bond was utilized to achieve self-healing in the CANs. Thin slits
made on the surface of the thin films were exposed to 50 °C. As
shown in Figure 9, TPMD-DETA-3 quantitatively healed
within 30 min, whereas a healing time of ~1 h was necessary to
completely heal the TPMD-DETA-3 sample. Possibly, a higher
number of —NH— groups present in PEHA (four) compared
to that of the DETA (one) facilitated the aza-Michael addition
and enhanced the rate of healing in the samples synthesized
using the former as cross-linker.

In conclusion, dynamic amidation and aza-Michael addition
chemistry could be utilized to develop recyclable and healable
networks. These networks possess adequate strength and
mechanical reversibility from stress, suggesting these could be
used for various load bearing applications. The networks could
be depolymerized in mild acidic solution and repolymerized
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Figure 8. (A) Compressive modulus of the networks after different
dipping time in acidic (pH = 5.3) solution. (B, D) Photographs of
original and recycled TPMD-TETA-3 thin films ([TPMD] = 30 mol
%) and (C, E, F) small pieces of TPMD-TETA-3 in different pH
solutions. (G—]J) Tensile plots of original and recycled networks. *The
data is an average of at least three measurements.

without sacrificing mechanical properties. These networks are
stable to various organic and aqueous environments. Cracks
and defects on these material surfaces could be self-healed
under moderate temperature conditions. These networks can
be easily synthesized in a large scale under solvent-free and
moderate temperature conditions. The facile synthesis, cost
effectiveness, and recyclability render these networks suitable
for a range of applications.
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