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ABSTRACT: The design and synthesis of closed-loop recyclable

polymers is a promising solution to address the large negative effects 3 Hl\o DBU/TU ©\/ Q

of plastic pollution problem and massive economic loss associated |\ = O(T]/\NJJ\( 07‘H
]])e\R Sn(Oct),, A o H g 1

with single-use plastics. We demonstrate that ring-opening polymer-

ization (ROP) of 6-alkyl-substituted morpholine-2,5-dione (MDs) o]

leads to closed-loop recyclable aliphatic poly(ester-amide)s (PEAs) Polymer R
with tunable mechanical properties. The controlled ROP of these v Egsily derived MDs P1 NN
MDs was achieved using benzyl alcohol as an initiator and DBU/

TU as a catalyst, affording various PEA homo- and copolymers with v Controlled ROP P2 M
different molar masses and compositions. All these PEAs are . High strength & Ductility P3 J{‘(\/‘)\
amorphous and thermally stable with T}, values in the range of :
267-292 °C. Their glass transition temperatures (T) are in the v’ Chemical recyclability P4 iﬁ

range of 58—142 °C, being affected by the structure of pendent alkyl
groups, the hydrogen bonding between amide groups, and the
composition of copolymers. Tensile tests revealed that the structure of pendent alkyl groups exerts a significant effect on the
mechanical property of PEAs, and they are brittle (n-butyl or cyclohexyl substituted) or ductile (n-hexyl or n-octyl substituted)
plastics. In addition, the mechanical properties of PEAs could be finely adjusted by the copolymerization of different MD monomers.
Of importance, both homopolymers and copolymers of these PEAs could be thermally depolymerized by sublimation to recover the
corresponding monomers in high purity and efficiency. Given their good and adjustable thermal/mechanical properties, and
excellent recyclability, these PEAs show promise as new close-loop recyclable polymers.

Bl INTRODUCTION Polymers generated via ring-opening polymerization (ROP)

Synthetic polymers, known for their excellent durability, of low-strained cyclic monomers are supposed to be intrinsi-

processability, low density, and other diverse properties, have cally depolymerized back into their corresponding cyclic

become indispensable in our daily life. However, the increasing monomers above their ceiling temperatures. Polyesters from
production and extensive single-use of nondegradable synthetic the ROP of cyclic ester monomers are among the most
plastics brings concerns of resource waste and environmental extensively investigated chemically recyclable polymers. This
pollution owing to their high stability.' > Efforts to address has been demonstrated with monomers ranging from five- to
these issues include the development of new biodegradable seven-membered lactones, each of them needs a tailored
polymers and finding feasible means to (up)recycle commer- structure to reach an appropriate balance between polymer-

cial plastics. It has been found that most biodegradable
polymers can be efficiently degraded in laboratory experiments
but show a drastically different degradation kinetics under
normal environmental conditions.”” At present, mechanical
and chemical recycling are the two most widely used methods
to deal with waste plastics, whereas they either cause significant
quality loss or need a large amount of organic solvents.”"* An
attractive alternative strategy is to design new chemically

ization and depolymerization.””™'® These monomers can
undergo ROPs at high monomer concentrations and low
temperatures to afford polyesters with high monomer
conversions. These polyesters are kinetically thermally stable
in the bulk states for real applications, while in the presence of
suitable catalysts, they can be selectively depolymerized into

recyclable polymers that can depolymerize back into their Received: January 28, 2022
constituent monomers and subsequently repolymerize them to Revised:  April 20, 2022
the virgin-quality materials.”~"" Although the process of Published: May 10, 2022

depolymerization can be energetically costly and catalysts
should be used, this closed-loop recycling is a potentially
sustainable solution to recycling waste plastics.
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the original monomers at elevated temperatures or in diluted
solutions.”' >

Poly(ester-amide)s (PEAs) contain both ester and amide
motifs in their backbones, which combine the excellent
thermal/mechanical properties of polyamides and the degrad-
ability of aliphatic or some semi-aromatic polyesters. PEAs can
be synthesized via polycondensation of difunctional monomers
or ROP of cyclic monomers.'””” The ROP of the cyclic
monomers containing both ester and amide in the ring is not
only atom-economical but can also afford PEAs with a
perfectly alternating ester-amide sequence distribution. In
addition, the obtained PEAs may possess the potential to be
chemically depolymerized if the ester and amide motifs are
carefully arranged along the polymer backbones. Hocker and
coworkers synthesized a series of 11- to 14-membered cyclic
ester-amide monomers, ROPs of which were carried out at
high temperatures, being accomzpanied by obvious side
reactions like transesterification.””” These PEAs were not
suitable for chemical recycling to recover the corresponding
monomers. The six-membered morpholine-2,5-dione deriva-
tives (MDs) are an important class of cyclic ester-amide
monomers and have been extensively studied.”> Most of the
MDs contain different side groups at the 3-position, being
prepared from the versatile amino acid feedstocks via
traditional synthetic routes. In general, these methods have
drawbacks such as low overall yields and difficulty of
introducing substituents at the 6-position of MDs.”* Moreover,
the ROPs of MDs were mostly carried out with enzymes or
metal compounds, yieldin§ PEAs with relatively low molar
mass and broad dispersity.”>>

We have recently reported a simple method for the efficient
synthesis of MDs based on the Passerini-type reaction. By
using different aldehydes and isocyanides derived from a-
amino acids, various MDs with substituents at 3- and/or 6-
positions can be easily prepared, which greatly expands the
structural diversity of MDs. We also demonstrated that the
diazabicyclo[5.4.0]Jundec-7-ene (DBU)/1-(3,5-Bis-
(trifluoromethyl)-phenyl-3-cyclohexyl-2-thiourea) (TU)-cata-
lyzed ROP of MDs was well controlled. Some of the obtained
PEAs could be depolymerized back into the corresponding
monomers catalyzed with acids, indicating that PEAs generated
by the ROP of MDs represent a new type of promising
polymers with chemical recyclability.”” Nevertheless, these
reported PEAs were brittle, and more efforts are necessary to
improve their material performance. To translate the recyclable
polymers into useful materials in real applications, the tradeofts
between the recyclabilitg and mechanical performance need to
be well addressed.'">**” It is well known that side groups can
greatly influence the thermal and mechanical properties of
polymers.’* > We hypothesize that the introduction of the n-
alkyl group at the 6-position of MDs could enhance the
ductility of the PEAs while maintaining their mechanical
strength as a consequence of hydrogen bonding interactions.
Notably, these 6-substitued MDs with various side groups can
be easily tailored from different aldehydes, which allows the
facile tuning of PEA material properties. Furthermore, these
PEAs could be thermally depolymerized via sublimation to
recover the corresponding MD monomers with a high
efficiency (Scheme 1).

B EXPERIMENTAL PART

Materials. Ethyl isocyanoacetate (Meryer, 98%), boric acid
(Xilong, 99%), valeraldehyde (Macklin, 98%), heptaldehyde

4001

Scheme 1. ROPs of MDs and Chemical Recycling of PEAs
via Depolymerization
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(Macklin, 98%), nonaldehyde (J&K, 95%), cyclohexanaldehyde
(Bide, 95%), 4-methylbenzenesulfonic acid (p-TsOH, 99%, Xiya
Reagent), diazabicyclo[S5.4.0] undec-7-ene (DBU, J&K, 98%), and
benzyl alcohol (J&K , H,0 < 30 ppm) were purchased from
commercial suppliers and used directly. 1-(3,5-Bis(trifluoromethyl)-
phenyl-3-cyclohexyl-2-thiourea) (TU) was synthesized according to
the published procedure.*®

Measurements. 'H and '*C NMR spectra were recorded on a
Bruker Avance 400 or 500 MHz spectrometer using tetramethylsilane
as the reference. Fourier transform infrared (FT-IR) spectroscopy was
performed on a Thermoscientific (Nicolet iS50) FT-IR spectrometer
equipped with a temperature controller. For the temperature-
dependent FT-IR measurements, the sample was heated from 30 to
100 °C, and the spectra were recorded every 10 °C in the
wavenumber range of 800—4000 cm™'. Electrospray ionization
(ESI) mass spectra were recorded on a Bruker Solarix XR Fourier
transform mass spectrometer in the positive ion mode with a high
resolution. Matrix-assisted laser desorption ionization time-of-flight
mass spectroscopy (MALDI-TOF MS) was performed on the AB
Sciex 5800 mass spectrometer. a-Cyano-4-hydroxycinnamic acid was
used as the matrix, and the spectrum was acquired in cation reflection
mode. Size exclusion chromatography (SEC) measurements were
performed on a Waters system equipped with a Waters 1525 binary
HPLC pump, a Waters 2414 refractive index detector, and three
Waters Styragel HT columns (HT2, HT3, HT4) thermostated at 35
°C. Tetrahydrofuran (THF) was used as the eluent at a flow rate of
1.0 mL/min. The calibration was made against a series of polystyrene
standards with narrow distribution. The data were collected and
processed with a Breeze software. Thermogravimetric analysis (TGA)
was performed on a Q600-SDT thermogravimetric analyzer (TA Co.
Ltd.). Polymer samples were heated from 50 to 600 °C at a heating
rate of 10 °C/min under a nitrogen flow of 100 mL/min.
Decomposition onset temperatures (T;) of the polymers were
defined at 5% weight loss. Differential scanning calorimetry (DSC)
was performed on a TA QIO00 differential scanning calorimeter.
Polymer samples were heated from —40 to 200 °C at a heating/
cooling rate of 10 °C/min under a nitrogen flow of 50 mL/min. Data
of the endothermic thermograms were recorded from the second scan
after the removal of thermal history and analyzed with a TA Universal
Analysis software.

The bulk static tensile properties of polymer samples were
measured using an Instron 5567 instrument with a 5 kN load cell.
Dumb-bell-shaped samples (GB/T 4B specimens, 12 mm X 2 mm X
1 mm) were made by hot-pressing in a stainless-steel mold under 10
MPa pressure at 20 °C above the T, of the sample for 30 min and
stretched at a strain rate of 1 mm/min at ambient temperature until
break. The measurements were performed in triplicate, and the
average values with standard errors were calculated.

Synthesis of MDs. Detailed synthetic procedures and character-
izations of monomers, M1, M2, M3, and M4, are provided in the
Supporting Information.

ROP of M1—-M4. The ROP of M1 catalyzed by DBU/TU was
described as a representative procedure (Table 1, entry 2). In a N,-
filled glovebox, M1 (2.56 g, 15 mmol, 200 equiv) and TU (138.9 mg,
0.375 mmol, S equiv) were dissolved in DCM (19.8 mL) in a 50 mL
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Table 1. Synthesis and Characterization of P1—P4“

entry polymer [M]o/[1], time (h) conv. (%)°
1 Pla 20 1 98
2 P1b 200 8 96
3 Plc 400 21 95
4 P2a 20 1 94
S P2b 200 8 90
6 P2c 400 21 89
7 P3a 20 1 96
8 P3b 200 8 89
9 P3c 400 21 87
10 P4a 20 1 96
11 P4b 400 120 88

M, heo (KDa) M, (kDa)? p? T, (°C)° T, (°C)
3.4 3.3 1.11 —
322 19.2 1.21 272 78.7
65.1 28.2 1.36 278 80.5
3.9 4.4 1.07 - —
35.9 25.6 1.14 269 60.2
70.9 35.1 1.22 280 65.0
4.5 4.8 1.06 - -
40.5 27.0 1.08 290 58.9
77.7 44.0 1.27 290 60.4
3.9 3.3 1.09 - -
69.5 13.8 1.31 267 141.8

“All Polymerizations were conducted in DCM at 30 °C in a glovebox under N, using BnOH as the initiator and DBU/TU as the catalyst.
[BnOH],/[DBU]/[TU] = 1/1/5, [M], = 0.6 M in DCM. P1—P4 were obtained by ROP of the corresponding monomers M1—M4. YDetermined
by 'H NMR. “Calculated from Conv. x ([M]y/[I],) X (MW of M) + MW of BnOH). “Determined by SEC using THF as the eluent and PS

standards. “Determined by TGA. /Determined by DSC.

vial containing a microstirring bar, then 100 yL of BnOH solution
(0.75 M in DCM) and 100 uL of DBU solution (0.75 M in DCM)
were sequentially added to the vial. The mixture was stirred at 30 °C.
After 8 h, the polymerization was quenched by adding excess benzoic
acid solution. The crude product was purified by three successive
precipitations from diethyl ether and dried in vacuo. Pure P1b was
obtained as a transparent solid (2.0 g, 78%). '"H NMR (400 MHz,
CDCl,) 6: 8.38—7.74 (m, 1H), 5.18 (m, 1H), 4.38—3.68 (m, 2H),
2.14-1.59 (m, 2H), 1.50—1.20 (m, 4H), 1.05—0.69 (m, 3H). *C
NMR (126 MHz, CDCl,) §172.43, 168.27, 74.69, 42.04, 31.40, 26.89,
2224, 13.82.

The experimental procedure was the same as that for the ROP of
M2—M4. Because of the difference in solubility of these polymers,
different solvents were applied for precipitation: diethyl ether for
Pla—PIlc and P4a—P4c, diethyl ether/petroleum ether (1/1, v/v) for
P2a—P2c, and acetonitrile for P3a—P3c. The overall yields of these
PEA homopolymers are Pla (152 mg, 86%), Plc (1.8 g, 70%), P2a
(181 mg, 88%), P2b (1.9 g, 63%), P2c (2.2 g, 73%), P3a (134 mg,
58%), P3b (2.4 g, 70%), P3c (2.2 g, 64%), P4a (134 mg, 58%), and
P4b (2.4 g, 70%).

Copolymerization of M3 and M4. A representative example
(Table 3, entry S) is given. In a N,-filled glovebox, M3 (1.36 g, 6.0
mmol, 200 equiv), M4 (1.18 g, 6.0 mmol, 200 equiv), and TU (55.5
mg, 0.15 mmol, S equiv) were dissolved in DCM (20.8 mL) in a SO
mL vial containing a microstir bar, then 100 yL of BnOH solution
(0.3 M in DCM, 1 equiv) and 100 uL of DBU solution (0.3 M in
DCM, 1 equiv) were added to the vial sequentially. The mixture was
stirred at 30 °C. The polymerization process was monitored by 'H
NMR. After the reaction was completed, excess benzoic acid solution
was added to quench the reaction. The copolymer was purified by
three successive precipitations from cold acetonitrile and dried in
vacuo to provide CS as a transparent solid (1.8 g), and the overall
yield is 71%. The molar fraction of two monomer units was calculated
by 'H NMR. Copolymers with different compositions were prepared
by changing the feed ratio of two monomers under the same
condition.

Kinetic Studies. The homopolymerization of M1 catalyzed by
DBU/TU was described as a representative procedure for the studies
of kinetics. In a N,-filled glovebox, M1 (352.2 mg, 2.0 mmol, 100
equiv) and TU (37.0 mg, 0.1 mmol, S equiv) were dissolved in DCM
(4.3 mL) in a 20 mL vial containing a microstir bar, then 100 uL of
BnOH solution (0.2 M in DCM, 1 equiv) and 100 uL of DBU
solution (0.2 M in DCM, 1 equiv) were added to the vial sequentially.
The mixture was stirred at 30 °C. At a specific time, 40 uL of the
reaction solution was taken out and transferred into a nuclear
magnetic resonance (NMR) tube, and quickly quenched by adding SO
UL of benzoic acid solution (1 M in DCM). After removing the
solvent in vacuo, the residue was redissolved in CDCl, for '"H NMR
measurement or in THF for SEC characterization. For the other
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monomers (M2—M4) or the copolymerization kinetics of M3 and
M4, the experimental procedure was the same as mentioned above.
Depolymerization of (Co)Polymers to Recover Monomers.
Thermal depolymerization of polymers and recovery of monomers
were carried out by sublimation in vacuo using the polymer samples
after uniaxial tensile tests. Take P3b as an example. 200 mg of PEO
and S mg of Sn(Oct), were added into a sublimation device with a
microstirring bar and heated at 140 °C for 2 h in vacuo. After cooling
to ambient temperature, the cold finger was cleaned up, and 202 mg
of P3b was added. The mixture was further stirred at 140 °C in vacuo
for a certain time, and the sublimate was collected. The amount of
sublimate was used to calculate the yield, and the purity of the
sublimate was characterized by 'H NMR. The depolymerization
procedure was the same for other homo- and copolymers.

B RESULTS AND DISCUSSION

Synthesis of 6-Substituted MDs. To obtain PEAs with
tunable mechanical properties and recyclability, we have
designed four 6-substituted MD monomers (M1—M4)
containing pendent n-butyl, n-hexyl, n-octyl, and cyclohexyl
groups, respectively. They were synthesized by two steps of
reactions (Scheme 2). The intermediate compounds 1—4 were

Scheme 2. Synthesis and Chemical Structure of M1-M4

o
CN\)L N 2
o . OH o
Passerini-type H \)J\ p-TsOH 3 0
N o~ >
o R (o) HN R
N ° ®
R H (o]
1-4 M1-M4
Monomers: o o o o
Lo A A .
HN HN HN HN
(o] [o] 2 o 3 o
M1 M2 M3 M4

prepared from commercially available ethyl isocyanoacetate
and different aldehydes via the boric acid-catalyzed Passerini-
type reaction in yields of 61—93%.”* Then, M1—-M4 were
simply obtained by the acid-catalyzed intramolecular cycliza-
tion of 1—4 with overall yields of 38—72%. The detailed
synthetic procedure and characterization data are given in the
Supporting Information (Figures S1—SS).

Synthesis of PEA Homopolymers. The ROP of MDs has
been investigated recently with the catalysis of 1,8-
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Figure 1. (a) 'H NMR and (b) MALDI-TOF MS spectra of Pla (Table 1, entry 1).
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Figure 2. Kinetics study of the homopolymerization of M1—M4: (a) monomer conversion vs time; (b) semilogarithmic kinetic plots; (c) plots of

polymer molar mass (M,) and dispersity (D) vs monomer conversion.

diazabicyclo[5.4.0]Jundec-7-ene (DBU) or triazabicyclo[4.4.0]-
dec-5-ene (TBD).”””> The polymerizations were not well
controlled using DBU or TBD alone as the catalyst, probably
due to the deprotonation of amide in MDs. The in situ-
generated amide anions could also initiate the ROP of MDs
but with a poor controllability.”> To prevent this undesired
deprotonation of amide, thiourea (TU) was used as the
cocatalyst, affording a significantly improved controllability of
the ROP. The DBU/TU or TBD/TU binary catalyst system
has been successfully applied to the controlled ROP of MDs
with different substituents.””***” Herein, we employed the
DBU/TU catalyst system to synthesize P1-P4 from the
corresponding monomers M1—M4, using benzyl alcohol
(BnOH) as the initiator and with the BnOH/DBU/TU ratio
fixed at 1/1/S. At a low monomer to initiator ratio (20/1), the
ROP of M1—M4 achieved high conversions within 1 h (Table
1, entries 1, 4, 7, and 10), the molar masses of the obtained
Pla—P4a were close to the theoretical values, and all of them
exhibited low dispersities (P < 1.2). These polymers were
characterized by 'H/"*C NMR and MALDI-TOF MS spectra.
The representative 'H NMR and MS spectra of P1a are shown
in Figure 1, which clearly indicated that the ROP of M1 was
initiated by BnOH. The chemical structures of P2a—P4a were
also confirmed by NMR and MS spectra (Figures S6—S9).
By increasing the initial ratio of the monomer to the
initiator, we could obtain polymers of a high molar mass.
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However, a much longer reaction time was necessary to reach
high monomer conversion, in particular, for the ROP of M4
(Table 1, entry 11). Accordingly, the dispersities of the
polymers became slightly broader because of the trans-
esterification between polymer chains. Moreover, at the high
ratios of monomer to initiator, the molar masses measured by
SEC were much lower than theoretical values that were
calculated according to monomer conversion, which is
probably due to that some polymer chains were initiated by
trace water instead of BnOH.

To explore the effect of the substituent at 6-position on the
polymerization of MDs, we further studied the ROP kinetics of
M1 to M4 under the same condition ([M],/[BnOH],/
[DBU]/[TU] = 100/1/1/5, 30 °C in DCM) by using 'H
NMR and SEC. As shown in Figure 2b, all the monomers
followed a first-order kinetics, and their apparent ROP rate
constants (k,,) were 0.60 h™' (M1), 0.53 h™'(M2), 0.53
h™!(M3), and 0.14 h™' (M4), respectively. In comparison with
the n-alkyl-substituted monomers (M1—M3), the drastically
slower rate of M4 is most likely due to the more steric
hindrance of the cyclohexyl group on the ROP of M4. A
similar phenomenon was observed in the ROP of rac-
dicyclohexylglycolide, whose polymerization rate is 1/70 of
that of rac-lactide.*® Moreover, monomers M1—M3 showed
similar rate constants, which are close to that of 6-(9-decenyl)-
morpholine-2,5-dione,27 indicating that the length of the n-
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Figure 3. (a) TGA and (b) DSC thermograms of P1—P4; (c) variable temperature FT-IR of P3c in the 1600—1800 cm™" region; (d) Stress—strain

curves of P1—P3 and the regional enlarged view.

alkyl chain at the 6-position exhibited a negligible effect on the
ROP of MDs. Recently, Giani and coworkers studied the ROP
kinetics of 3S-(isobutyl)-morpholine-2,5-dione under the
similar condition ([M],/[BnOH],/[DBU]/[TU] = 100/1/
1/5, 40 °C in DCM) and obtained 2 kopp of ~24 h™!, which is
~40—45 folds of that of M1—M3.”” The s1gn1ﬁcant1y slower
ROP rates of the 6-alkyl-substituted MDs compared with the
3-alkyl-substituted counterpart could be attributed to the less-
active propagating chain end (secondary alkoxide) during the
former’s ROP.

Figure 2c shows that there was a linear relationship between
the polymer molar masses and the monomer conversion
(<80%), and the dispersities were relatively low throughout
polymerization, demonstrating the good controllability for the
ROP of M1-M4 catalyzed by DBU/TU. We also briefly
examined the impact of the solvent and temperature on the
ROP of M3. The ROP of M3 was carried out in THF at 30
and 60 °C, respectively, while maintaining the other conditions
same as in DCM. The obtained k,,,, value for M3 in THF is
only 0.06 h™" at 30 °C, greatly lower than that in DCM.
Increasing the temperature from 30 to 60 °C, the k,,, of M3
was increased only moderately (~1.3 fold), but the dispersities
of the polymers became broader most probably due to the
inter- and intramolecular transesterification side reaction
(Figure S10).

Thermal and Mechanical Properties of PEA Homo-
polymers. The thermal stability of the above polymers with
relatively high molar masses was evaluated by TGA (Figure
3a), their 5% weight loss temperatures (Tysq) were in the
range of 267—290 °C. Among these tested polymers, P3b and
P3c with the longest alkyl side chain showed the highest Ty 5
(290 °C), which is similar to that of crystalline poly(L-lactide)
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PLLA.”> DSC results revealed that all these polymers are
amorphous, owing to the irregular stereochemistry of side
chains.*® Their glass transition temperatures (T) are in the
range of 59—142 °C (Figure 3b). With the same structure, the
polymers with higher molar mass (P1c—P3c) exhibited a
slightly higher T, than their low molar mass analogues (P1b—
P3b). Moreover, T, was decreased sequentially from 80.5 °C
for Plc to 65.0 °C for P2c, and to 60.4 °C for P3¢, being
moderately influenced by the length of the side chain (Table
1). A similar phenomenon was observed in other polymer
systems such as poly(n-alkyl methacrylates) and n-alkyl-
substituted polyalkylglycolides. For these two types of
polymers, the introduction of long n-alkyl substituents
remarkably reduced their Ts to well below room temperature,
for instance, T, decreased from 20 °C for poly(n-butyl
methacrylates) t6 —20 °C for poly(n-octyl methacrylates).”"*"
In contrast, all three kinds of PEAs (P1—P3) with M, ~ 19—
44 kDa have much higher T,s and are plastic materials at room
temperature, which is attributed to the hydrogen bonding
interactions between the amide groups in PEA main chains.
For P4b, the less-flexible cyclohexyl group was directly
attached to the PEA backbone, possessing a T, of 141 °C.
The greatly increased T, can be explained by the combined
effects of sterically hindered substituents and hydrogen
bonding interactions.”’ The introduction of cyclohexyl to
polymers will increase the rotational barriers along the polymer
backbone and lead to a higher Tg.38’42 Likewise, the intra- and
intermolecular hydrogen bonding in the polymer retards the
mobility of polymer chains, which would also result in an
increased Tg.43 The FT-IR measurements were conducted to
prove the hydrogen bonding interaction between amide
groups. As shown in Figure 3¢, with increasing temperature
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from 30 to 100 °C, the carbonyl absorption of the H-bonded
amide at ~1660 cm™' gradually decreased, whereas the signal
of free amide (~1690 cm™") increased, being associated with
the partial dissociation of hydrogen bonds.***’

Overall, P1—P4 are amorphous materials and show good
thermal stability, and all of them have a relatively wide
processing temperature range. It is interesting to note that T,
of the isomer of P2 that contains n-hexyl substituent at the 3-
position was 30 °C lower than P2, which is probably attributed
to the weakened hydrogen bonding between amides induced
by the adjacent alkyl groups at the 3-position.*

Uniaxial tensile tests were carried out to examine the
mechanical properties of P1—P3 (b and c series). The dog-
bone-shaped specimens were prepared by hot-pressing, and
they are all transparent. The length of the pendent n-alkyl
substituents has a dramatic impact on the mechanical
properties (Figure 3d and Table 2). A general trend was

Table 2. Mechanical Properties of P1-P3

polymer E/MPa Gy/MPa 0y,/MPa &,/%
P1b 1276 + 14 - 43.9 + 10.3 4.0 £ 0.9
Plc 1134 + 102 - 51.0 + 14 4.8 +£ 0.5
P2b 623 + 33 499 + 6.0 30.5 + 3.0 45.7 + 6.3
P2c 743 + 22 523 £ 09 314 + 0.5 45.1 + 6.0
P3b 541 + 16 259 + 2.3 15.1 + 1.7 216.6 + 40
P3c 563 + 15 274 + 1.8 24.8 + 2.4 332.6 + 14

“Tested by uniaxial tensile tests. E: Young’s modulus; o,: yield stress;
o: breaking stress; &,: strain at break.

observed for P1—P3, that is, Young’s modulus (E), yield stress
(0,), and tensile stress (g;) gradually decreased along with the
increase in the side chain length, whereas the strain at break

(¢,) followed a reverse tendency. Polymer P1 samples are
brittle plastics with a small &, (4—5%) and the largest E (1.1—
1.3 GPa). In contrast, both P2 and P3 are ductile materials.
Polymer P2c exhibited the E of 743 MPa, 6, of 52.3 MPa, ¢, of
31 MPa, and ¢, of 45%. With further prolonging the pendent
n-alkyl length, the &, of P3¢ reached 330%, despite a moderate
decrease in its E (563 MPa) and o;, (24.8 MPa) as compared
to P2c. Both P2 and P3, P3c in particular, are superior in their
ductility over some reported thermal recyclable polyesters such
as PLLA and Poly(3,4-T6GBL),"”* while maintaining a
moderate mechanical strength.

Phase Structure of PEA Homopolymers. To understand
the relationship between the polymer microphase structure and
material properties, Plc—P3c were further characterized by
wide-angle X-ray diffraction (WAXD). P1c—P3c showed a
broad peak at g = 14.2 nm™" and a relatively narrow peak at
low angles but did not exhibit any sharp reflection peak (Figure
4a). This is consistent with the DSC results, indicating their
amorphous structures. The low-angle reflection peak gradually
shifted to a low g value upon increasing the side chain length,
the corresponding d-spacing values (1.42 nm for Plc, 1.81 nm
for P2c¢, 2.18 nm for P3c) showed a good linear relationship
with the side chain carbon atom number (Figure 4b). On the
basis of above WAXD results, we proposed a double-layer
molecular packing mode for these PEAs (Figure 4c). The side
chains are arranged on two sides of the twisted PEA main
chains, and such a packing mode is driven by the
incompatibility of nonpolar alkyl groups and the polar ester/
amide moieties. From the linear fit, the increase in the double-
layer spacing per carbon atom is 0.19 nm, which is
approximately consistent with all-trans conformations of the
alkyl side chains. The intercept of 0.66 nm represents the size
of the twisted PEA main chain without counting the side alkyl
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Figure 4. (a) 1D-WAXD profiles and (b) plot of d-spacing versus side chain length for P1c—P3c; (c) proposed double-layer molecular packing
model. 2D-WAXD patterns of (d) pristine and (e) tensile-deformed P3c.
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Figure S. Kinetic study of the copolymerization of M3 and M4: (a,d,g) monomer conversion vs time; (b,e,h) semilogarithmic kinetic plots; (c,fi)
plots of copolymer molar mass (M,) and dispersity (D) vs monomer conversion.

chains.”” The broad reflections g = 14.2 nm™", corresponding
to a 0.44 nm d-spacing, did not shift with the length of side
chains. This d-spacing (0.44 nm) could be correlated to the
conventional van der Waals interaction and/or hydrogen
bonding between the neighboring polymer main chains.*
Then, we employed 2D-WAXD to reveal the microstructure
change in P1—P3 induced by tensile deformation. The 2D-
WAXD patterns of pristine Plc—P3c specimens were all
isotropic (Figures 4d and S1lab). After being stretched, the
broken specimens of Plc and P2c retained the isotropic
microstructure (Figure S11c,d); in contrast, an anisotropic 2D-
WAXD pattern was clearly observed for P3c (Figure 4e). The
scattering intensity of the low-angle reflection was greatly
enhanced in the equatorial direction, indicating that the
double-layer nanophases were oriented along the polymer
chain orientation, that is, the stretching direction (Figure S12).

4006

This result is consistent with the up-curved stress—strain curve
in the region of large strain for P3c (Figure 3d). It is well
known that the orientation of polymer chains or ordered
nanophases upon stretching can increase the tensile strength
along the stretching direction.”’

Synthesis and Properties of PEA Copolymers.
Copolymerization is a practical manner to adjust the polymer
properties.”” P4 with a cyclohexyl side chain shows the highest
T, among the four PEAs, but it is very brittle at room
temperature. Considering the good ductility but a relatively
low T, of P3¢, we speculate that the ring-opening
copolymerization (ROCP) of M3 and M4 may afford
copolymer materials with a broad scope of thermomechanical
properties. First, we studied the copolymerization kinetics
under the same condition as for homopolymerization (([M3],
+ [M4],)/[BnOH],/[DBU]/[TU] 100/1/1/5), only
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changing the feeding ratios of M3 to M4 from 25:75 to 50:50,
and to 75:25, '"H NMR and SEC were also used to monitor the
copolymerization process (Figure S13). High monomer
conversions (80%) were observed for M3 and M4 within 10
h (Figure Sa,d,g), and both monomers followed pseudo-first-
order kinetics (Figure Sb,e;h). In each of these experiments,
M3 showed a slightly faster rate than M4, and the values of k,,,
increased with the proportion of M3 in feeding: 0.29, 0.37, and
0.45 h™' for M3, and 021, 0.28, and 0.37 h™! for M4,
respectively. The k,,, value of M3 during copolymerization was
lower than that in homopolymerization (0.53 h™'), whereas the
opposite trend was observed for M4. Next, we determined the
reactivity ratios of M3 and M4 using the Fineman—Ross
method (Table S1, Figure S14), and ry; and ry, were
calculated to be 0.27 and 0.93, respectively.”' This result
indicated that the obtained copolymers possess approximately
a randomly distributed sequence. The molar mass of
copolymers increased almost linearly with increasing the total
monomer conversion (<80%), and the dispersities of the
copolymers remained low (<1.2) throughout the whole
process (Figure Sc,fi), demonstrating again the good
controllability of the copolymerization.

To obtain copolymers with high molar mass, we carried out
the copolymerization at a higher monomer to initiator ratio
(([m3], + [M4],)/[BnOH], = 400/1), and five copolymers
(C1-Cs) with different compositions were prepared (Table
3). With increasing the feed ratio of M4 from 10 to 50%, the

Table 3. Synthesis and Characterization of Copolymers
C1-Cs“

feed rlatio/

%" conv./%"
copolymer M3 M4 time/h M3 M4 M4%? M,/kDa° P°
C1 9 10 24 88 8 7 36.2 1.10
Cc2 80 20 41 8 73 16 347 114
c3 70 30 70 8 74 25 29.3 112
c4 60 40 80 79 70 34 27.6 1.09
cs 50 50 8 91 8 46 293 1.14

“All copolymerizations were conducted in DCM at 30 °C in a
glovebox under N, using BnOH as the initiator and DBU/TU as the
catalyst. ([M3], + [M4],)/[BnOH],/[DBU]/[TU] = 400/1/1/5,
[M3], + [M4], = 0.5 M in DCM. “Molar ratio in feed. “Determined
by '"H NMR spectra. “Percentage molar fraction of M4 in copolymers
determined by "H NMR (Figure S15). “Determined by SEC.

time needed to reach a relatively high monomer conversion
was greatly prolonged. The M, values of these copolymers are
in the range of 27.6—36.2 kDa, and they all have a relatively
narrow dispersity (P < 1.2). The molar ratio of the M3 unit to
the M4 unit in the copolymer was calculated from the 'H
NMR spectrum (Figure S15), and the molar content of the M4

unit was determined to be 0.07, 0.16, 0.25, 0.34, and 0.46 for
C1-CS, respectively, being generally consistent with the
monomer feed ratio.

The thermal properties of C1—CS were explored by TGA
and DSC (Table 4, Figure S16). All these copolymers are
thermally stable with Ty 5y values in the range of 283—-292 °C.
DSC results revealed that each of the copolymers showed a T,
but did not exhibit any endothermic peak, demonstrating their
amorphous structures. The T, values were increased
monotonically from 62.4 °C for Cl1 to 87.8 °C for CS.
These experimental values are close to the theoretical ones
calculated from the Fox equation, indicating a relatively
random distribution of the two monomer units in the
copolymers. The mechanical properties of C1—CS were also
investigated by tensile tests (Table 4 and Figure S17). As
expected, the composition of copolymers exerts a significant
effect on their mechanical property. With increasing the
amount of the M4 unit, the values of E and o, gradually
increased while &, showed an opposite tendency. Copolymer
CS showed a brittle character because of its largest fraction of
the steric M4 unit content among the tested copolymers.
Overall, the thermal and mechanical properties of these PEA
copolymers could be easily manipulated by changing the ratio
of two monomer units, affording PEAs from strong brittle
plastic to ductile polymeric materials.

Depolymerization of PEAs and Monomer Recovery.
We previously reported that the PEAs obtained by the ROP of
MDs could be quantitatively and rapidly alcoholyzed into MD
precursors at ambient temperature in the presence of a
catalytic amount of TBD, but the obtained degradation
products need further cyclization procedure to generate
MDs. Moreover, the depolymerization of the MD-derived
PEAs in toluene under acid catalysis could directly recover the
MD monomers, yet this process needs a large amount of
solvent.”” Recycling of a polymer by its bulk thermal
depolymerization, with or without the assistance of a matrix,
represents another promising method. Monomers could be
recovered by distillation or sublimation, avoiding the usage of
organic solvents and the plausible complex process of
monomer purification.'®*> Herein, we tested the bulk thermal
recycling of PEA polymers using the sublimation method,
using Sn(Oct), as a catalyst to promote transesterification and
PEO as the reaction medium. Upon heating at 140 °C for 4 h
in vacuo, polymer P1b was depolymerized into its monomer
M1 with high purity (>95%) in a yield of 95—97% (Figure S18
and Table S2, entries 1 and 2). Similarly, P2b and P3b could
also be converted to their corresponding monomers (M2 and
M3) with a high purity and yield (>90%) under similar
conditions (Figure S19 and Table S2, entries 3—8). Among
these PEA homopolymers, polymer P3b with the longest
pendent n-alkyl group needed a longer sublimation time to

Table 4. Thermal and Mechanical Properties of Copolymers C1-C$

copolymer Ty (°C)* , (cc)” Tytox (°C)°
C1 292 62.4 62.6
C2 289 66.0 65.7
C3 285 70.3 69.3
C4 283 74.8 73.3
Cs 284 87.8 79.8

“Determined by TGA. ®Determined by DSC. “Calculated according to the Fox equation: 1/ Ty, = @1/T,

E (MPa)? o, (MPa)? o, (MPa)? g, (%)7
541 £ 7 28.7 £ 0.4 209 + 1.0 3823 + 194
668 + 17 34.6 + 2.1 173 + 1.8 101.4 + 10.0
70S £ 59 39.2 £ 0.5 20.1 £ 0.5 35.5 £ 3.7
840 + 40 47.7 +£ 1.0 275+ 14 18.5 £ 3.5
966 + 56 — 46.8 + 5.6 5.6 +08

o3 T @2/ Typy 1 and w, represent the

weight fraction of M3 and M4, respectively. “Determined by uniaxial tensile tests.
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obtain a high monomer recycling efficiency (Figure 6 and
Table S2, entries 6—8). Furthermore, copolymer CS$ was
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Figure 6. 'H NMR spectra of P3b, pristine, and the recycled M3.

depolymerized into a mixture of M3 and M4 in a total
recovering yield of 93% upon heating at 140 °C in vacuo for 8
h (Figure S20 and Table S2, entry 9). Finally, all the recycled
monomers could be directly reused for the ROP to afford
PEAs because of their high purity (Figure S21).

B CONCLUSIONS

We have synthesized four 6-substituted MD monomers (M1—
M4) with n-butyl, n-hexyl, n-octyl, and cyclohexyl groups,
respectively, by Passerini-type reaction and the subsequent
acid-catalyzed intramolecular cyclization. All of them can
undergo controlled ROP to generate PEA homo- or
copolymers with high molar masses and narrow dispersities.
These PEAs are amorphous and thermally stable with Ty
above 260 °C. Their T,s were influenced greatly by the
flexibility of pendent alkyl groups but exhibited only a modest
dependence on the n-alkyl length because of the hydrogen
bonding between the amide groups. However, both the chain
length and rigidity of the pendent alkyl groups exerted a
significant effect on the mechanical properties of PEAs. By
changing the structure of the pendent alkyl groups, we could
manipulate the mechanical properties of the PEAs from brittle
(P1 or CS) to ductile (P2, P3, or C1), with a wide range of E
(1270-541 MPa), o, (51—15 MPa), and &, (4.0—330%)
values. Moreover, the bulk thermal depolymerization of these
PEA homo- or copolymers by sublimation could recover
monomers with a high efficiency, and the purity of them was
high enough for the direct ROP to regenerate the PEA

(co)polymers.
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