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ABSTRACT: The coupling of epoxides and carbon dioxide to
polycarbonates (CO,—PCs) has been the subject of intense
research for nearly half a century. Although tremendous
progress has been achieved, their aliphatic characteristics and
lack of functionalities of CO,—PCs limit the scope of their
application in high value-added and functional materials. In this
article, the first CO,-based polycarbonate with the ability to
autonomously self-heal is constructed via a one-pot synthetic
strategy. The key to the success of the synthetic strategy is
efficient tandem three different catalytic reactions, i.e.,
hydrolysis of epoxides, immortal copolymerization of CO,/epoxides, and thiol—ene click reactions in a one-pot process.
Based on the standard tensile testing, these CO,-based materials show robust self-healing properties, where the extensibility,
maximal strength, and Young’s modulus of the specimens can almost entirely recover to their original value under ambient
temperature. Our studies demonstrate that the self-healing capability of these CO,-based materials arises both from the homo-
hydrogen bonding (between amide groups) and the hefero-hydrogen bonding (between amide group and carbonate group of
polycarbonate backbone). The convenient and atom economic synthesis strategy, combined with the impressive self-healing
capability for these materials, should expand the library of high value-added CO,-based polycarbonates and the scope of their
applications.

H INTRODUCTION condensation reactions with diisocyanates to afford one of the
most widely used polymers in modern society, polyurethane.”’
This limited scope of the application for CO,—PCs could be
attributed to their aliphatic characteristics and lack of
functionalities, preventing their use in high value-added and
functional materials. Therefore, the synthesis of more diverse
CO,—PCs with different functionalities is highly needed to
meet the demands of various applications.

During the past decade, self-healing materials have sparked
great interest in polymer chemistry due to their great potential
to deliver products with improved durability, extended lifetime,
and maintained structural integrity.”' ~>* To date, many types of
self-healing materials via encapsulation of healing agents,*
employment of thermally irreversible and reversible covalent
bonds,*' 7 and supramolecular assemblies®”** have been well
developed. Among various self-healing materials being
investigated, autonomic healing polymers based on H-bonding
are more desirable due to their mild processing conditions and

Beginning with Inoue’s discovery in 1969, the catalytic coupling
of epoxides and carbon dioxide to polycarbonates (CO,—PCs)
has been the subject of intense research for nearly half a
century." The driving force for this catalytic transformation is
the use of CO,, a nontoxic, abundant, and cheap C1 source, to
produce a wide variety of degradable polycarbonates. This
transformation provides in many instances an attractive
alternative route to the current polycarbonate production
technology which is based on the polycondensation of diols and
phosgene or phosgene derivatives.” Under a global concerted
effort, enormous progress has been achieved for this trans-
formation, particularly utilizing well-defined hetero- and
homogeneous catalyst systems.””” Based on these systems,
CO,—PCs with controlled molecular weights, ether linkages
suppression, thermoresistance, regio- or/and stereoselectivit?r,
and crystalline property have been well-developed.'*™"®
Regardless of such advances, current attempts at the

industrialization of this transformation are limited to propylene reversibility as well as no neefi for an external st'1mulus..39' !
oxide (PO) and ethylene oxide (EO) and its derivatives to Recently, we have been particularly interested in designing
produce poly(propylene carbonate) (PPC), poly(ethylene

carbonate) (PEC), and their analogues.1 The most important Received: December 21, 2017

industrial interest in CO,—PCs stems from the motivation that Revised:  February 1, 2018
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Scheme 1. Strategy Performed for Preparation CO,-Based Self-Healing Materials
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Figure 1. Photographic sequences of sample specimens tests and the corresponding self-healing results: (a) a pristine sample, (b) the sample was cut
in half, and (c) the two halves were then gently brought back into contact for 1 min. The mechanical and self-healing properties of the three samples:
(d) P1, (e) P2, and (f) P3. (g) A screenshot for a P2 specimen (in dashed rectangle) subjected to the standard stress—strain tensile test, after
spontaneously self-healing for 24 h under ambient conditions without any external stimulus.

functional CO,—PCs to expand their applications, particularly
by the development of CO,-based copolymers to introduce
diverse functionalities. These CO,-based copolymers have
shown great potential for biomedical purposes, nanodevices,
and lithography.*~*" Encouraged by our studies on con-
struction of CO,-based block polymers and the understandings
on the self-healing materials design, herein, the first example of
CO,-based polycarbonate with autonomic self-healing capa-
bility is reported (Scheme 1). A noteworthy feature of our
report is that the self-healing CO,—PC materials could be
conveniently constructed in a one-pot strategy by tandem three
different chemical reactions including hydrolysis of epoxides,
immortal copolymerization of CO,/epoxides, and thiol—ene
click reactions. Using the tandem strategy, CO,-based block
copolymers with different ratios of stiff and soft domains are
easily synthesized and systematically studied. In the materials,
the stiff polycarbonate domain provides mechanical strength
and the soft part allows for the self-healing capacity. Based on
the standard stress—strain tensile test, our CO,-based materials
display favorable mechanical performance and robust self-
healing properties, where the extensibility, maximal strength,
and Young’s modulus of the materials can almost entirely
recover their original values without any external stimulation
under ambient temperature.
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B RESULTS AND DISCUSSION

Our synthesis strategy for the preparation of CO,-based self-
healing materials is illustrated in Scheme 1, and more details are
provided in Figure S1 of the Supporting Information. A certain
amount of water was intentionally added to the PO/CO,
copolymerization process with the salenCoTFA/PPNTFA
catalytic system (Figure S2). Given the high speed of the
hydrolysis of PO in the presence of the cobalt complex, PO
reacts with the added water first to generate the corresponding
1,2-propanediol, which worked as a chain transfer agent during
the following copolymerization of PO and CO,, giving the
corresponding  a,w-dihydroxy end-capped PPC (HO-PPC-
OH). It should be parenthetically noted here that the formation
of high-quality HO-PPC-OH benefited from the trifluoroace-
tate initiating group, which has been investigated and proven to
undergo hydrolysis rapidly and easily during the epoxide/CO,
copolymerization in our and others’ studies.****" After full
conversion of PO, the unreacted CO, was released, and a
precalculated amount of allyl glycidyl ether (AGE), a popular
monomer for incorporating functional groups via its double
bond,***°™>% was added to the reactor. After recharging the
reactor with CO,, the generated HO-PPC-OH served as a
macro-chain-transfer agent to incorporate the AGE/CO,
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Table 1. Characterization

and Mechanical and Self-Healing Properties of P1—-P3

self-healing (% recovery of

mechanical properties extensibility)
PPC/PACC* M,? PDI®
polymer (mole ratio) (kg/mol) M,/M, T, (°C) E? (MPa) ¢ (MPa) ¢ (%) 1h 8 h 24 h
P1 3:2 17.8 1.0 0.3; 40 1.8 + 0.0 0.3 + 0.01 1300 + 40 36 +1 52 +2 73+2
P2 1:1 19.0 1.03 —0.1; 31 0.9 + 0.03 0.12 + 0.005 1700 + SO 61 +2 89 +2 9 + 1
P3 2:3 21.1 1.03 0.2; 19 0.6 + 0.02 0.08 + 0.004 750 + 20 9 +1 9 +1 9 +1

“Determined by 'H NMR spectroscopy. Determined by GPC using polystyrene standards in THF. “Determined by DSC. dYoung’s modulus, taken
as the slope of the initial part of the stress—strain curve. “Maximal strength, taken at the maximal point along the stress—strain curves. fStrain at
break, strain rate = 100 mm/min, 25 °C. All mechanical properties were determined from three replicates for each sample.

copolymer blocks, affording the corresponding PPC/poly-
(allylglycidyl ether carbonate) (PAC) triblock copolymers. The
polymerization was continued for sufficient time to ensure
complete conversion of AGE. Following careful release of CO,,
the radical-mediated thiol—ene click reaction was achieved by
the addition of 2-(acetylamino)ethanethiol (AET). After
complete conversion, our objective CO,-based block copoly-
mers were obtained in quantitative yield. For simplicity, the
objective block copolymer is referred to as PACC-b-PPC-b-
PACC in the ensuing paragraphs.

The specific NMR signal assignments (Figures S3—S5)
coupled with predictable molecular weight and unimodal
distribution on GPC curves of the obtained polymers (Figure
S6) indicate the success of our tandem strategy. The
corresponding intermediate in each synthesis step was also
characterized by GPC and 'H NMR, and the detailed synthesis
procedure and characterization are provided in the Supporting
Information. Two glass transition temperatures at ~0 °C for
the PACC block and 19—40 °C for the PPC block indicated the
occurrence of microphase separation for the materials as
characterized by differential scanning calorimetry (DSC)
(Figures S7—S9). In order to systematically study the material
performance, three PACC-b-PPC-b-PACCs with different
PPC/PACC mole ratios were synthesized and were abbreviated
as P1 (PPC/PACC = 3/2), P2 (PPC/PACC = 1/1), and P3
(PPC/PACC = 2/3).

Before evaluation of the self-healing properties of the
obtained materials, the mechanical performance was initially
characterized via static uniaxial tensile testing. Standard
specimens for tensile testing (20 X 8 X 2 mm) were hot-
pressed at a plate vulcanizing machine under 120 °C and 10
MPa for 8 min. The stress—strain curves of P1—P3 are plotted
in Figure 1, and their key mechanical properties are
summarized in Table 1. Based on the tensile testing, the
stiffness and strength of the materials decrease with the
increasing of the PACC blocks because of the relative low T, of
PACC. The P1 with 40 mol % of PACC has a Young’s modulus
(calculated by the slope of the initial part of the stress—strain
curve, Figure 1) of ~1.8 MPa, maximal strength of ~0.3 MPa,
and strain-at-break of ~1300%. When the mass ratio of PACC
domain increased to 60 mol % for P3, the Tg’s of the PPC block
and the PACC blocks both are lower than ambient temper-
ature. The material behaves like a viscous substance and has the
weakest Young’s modulus (~0.6 MPa), maximal strength
(~0.08 MPa), and the lowest elongation (~750%) of all three
samples. When the PACC block is around 50 mol %, a Young’s
modulus of ~0.9 MPa, maximal strength of ~0.12 MPa, and the
highest strain-at-break of ~1700% were observed for P2,
presumably due to the good balance of hard PPC and soft
PACC domains.
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Based on the mechanical properties testing, the autonomic
self-healing behavior of these materials was then examined at
room temperature. Self-healing tests were conducted by cutting
sample specimens into two completely separate pieces by a
sharp blade, and then the two pieces were contacted gently to
ensure the cut surfaces fit entirely for 1 min. The two faces
spontaneously self-heal over time under ambient conditions
(Figure la—c). After healing for a certain period of time, the
sample specimens were subjected to a standard stress—strain
tensile test at the pulling rate of 100 mm/min. The tensile test
for the pristine samples and self-healing samples are shown in
Figure 1d—f, and the results are summarized in Table 1. As
shown in Figure 1, the healing properties were time-dependent.
Increasing the healing time generally leads to better recovery of
both tensile strength and extensibility of the sample specimens.
All the healing specimens are able to regain their Young’s
modulus (initial stiffness) as indicated by the good overlap of
the initial region of stress—strain curves between the healed and
pristine samples. After healing 1 h, the extensibility of P1, P2,
and P3 recovered ~36%, ~61%, and ~100%, respectively.
Meanwhile, the maximal strength recovered ~86%, ~89%, and
~93%, respectively. After healing 24 h, P1 recovered ~73% of
extensibility and ~90% of maximal strength. To our
gratification, the P2 and P3 nearly completely recovered their
extensibility and maximal strength, as the stress—strain curves
of healing samples of P2 and P3 were almost entirely
overlapping the curve of their pristine samples after healing
24 h. Figure lg is a screenshot for a healing P2 specimen (in
dashed rectangle) subjected to the stress—strain tensile test
after spontaneously self-healing for 24 h, where a strain-at-break
of over 1700% (approximately equal to the pristine sample) was
observed, demonstrating the great healing capability of our
designed CO,-based polymers.

With the impressive healing capability of block copolymers in
hand, our interest focused on the self-healing mechanism, since
an understanding of the chemistry and physics of macro-
molecules is a prerequisite for the development and application
of new materials. First, in order to verify that the self-healing
property for these materials relies on the employment of
reversible H-bonding, we investigated the self-healing behavior
of the samples at different humidity environment since water
should be able to destroy the hydrogen bonds of the polymer
chains and thus influence the self-healing ability of the
materials. The tensile results of these samples after healing 24
h are shown in Figure S10, and it is obvious that higher
humidity environment results in reduced mechanical property
recovery. In addition, water works as a plasticizer; thus, the
plasticizing effect of H,O to the PACC phase should also be
considered. As a result, the reduced mechanical recovery
property can be attributed to new hydrogen bond formation

DOI: 10.1021/acs.macromol.7b02715
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Figure 2. (a) "H NMR signals of amide group of AET with different contents of PPC and (b) the accompanying '*C NMR signals carbonyl group of
PPC (conditions: the mole ratio of the carbonate unit of PPC to amide group of AET = 3/1, 2/1, and 1/3, in CDCl,).

between water molecules and the amides group on the freshly
cut surface, thus reducing the mobile PACC soft domains cross
the fracture interface when the surfaces are brought back into
contact.

The above experiment revealed that the self-healing property
for these materials relies on the employment of the reversible
H-bonding; however, we suspect that the hydrogen bonding
interaction not only occurred between the amides (—NH—
CO— to —NH—CO- groups, homo-hydrogen bonding) but
also existed between the carbonate groups on polycarbonate
backbones and the amide groups (—O—CO—O— to —NH—
CO-—, hetero-hydrogen bonding) in our materials since there
are abundant carbonate groups on the polycarbonate back-
bones. In order to verify our speculation, solutions with
different ratios of PPC homopolymers to AET small molecules
were characterized by NMR measurements (Figure 2). To
avoid the solvent effect, the experiment was performed in
CDCl;, a nonpolar solvent. Figure 2a shows the change of the
chemical shift of the amide group of AET with different
amounts of PPC homopolymers. The proton of the amide was
located at 6.10 ppm in neat CDCl;. Upon the addition of PPC
homopolymers, the proton peak of amide group gradually shifts
to higher field (from 6.10 to 5.92 ppm). Meanwhile, the
variation of the carbonate unit of PPC was also monitored by
BBC NMR. As indicated in Figure 2b, the carbonyl peak of PPC
gradually shifts to higher field (from 154.10 to 153.67 ppm)
with increasing amount of AET. Furthermore, the *C NMR
measurement of the block polymers was also performed, and
the carbonyl peak of carbonate unit also shifts to a slightly
higher field with increasing amount of PACC block (Figure
S11). These results indicate the generation of hetero-hydrogen
bonding interaction between the carbonate groups of
polycarbonate backbones and the amide groups in our
materials. Furthermore, FT-IR spectroscopy was also per-
formed to evaluate the formation of hetero-hydrogen bonding in
bulk samples. As shown in Figure 3, a shoulder at around 1815
cm™' (the C=0 stretching peak of carbonate units at 1750
ecm™"), characteristic of the formation of hetero-hydrogen
bonding, was clearly observed with increasing of PACC
domain. In addition to these expected changes in IR signals,
the signal at ~1655 cm™' (amide groups) broadened with the
increasing amount of the PACC block, which leads us to
conclude the formation of hetero-hydrogen bonding between
polycarbonate backbones to the amide groups.
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Figure 3. FT-IR spectroscopy of pure PPC and P1—P3 samples. The
signals at 1750 and 1655 cm™" are the absorbances of the carbonyl and
amide groups, respectively.

Based on the aforementioned understanding, the self-healing
mechanism is proposed in Scheme 2. In our materials, because
of the relatively high T,, the PPC phase constrains the chain
motion and works as the stiff domain to keep the mechanical
strength, while the soft PACC phase provides H-bonds for the
self-healing agent. Meanwhile, the phase separation between
the PPC block and the PACC blocks leads to the hard PPC
polymer chains aggregating together, providing physical cross-
links in the materials. When the two damaged faces are
contacted, rearrangement of the mobile soft domains is
stimulated across the fracture interface, and the homo-hydrogen
bonds (between amide groups) and hetero-hydrogen bonds
(between amide group and carbonate group) are regenerated. It
should be note that the homo- and hetero-hydrogen bonds
generated exist both inter- and intrablock copolymers (Scheme
2), leading to excellent autonomic self-healing capability.

In addition, these designed CO,-based materials also show
high transparence (Figure S12) and stability. Importantly, there
are no chemical changes in the materials during thermoforming
process as indicated by '"H NMR (Figure S13). The small
pieces of test specimens could be melt pressed and re-form to
bulk materials for reuse, and the thermoforming process could
be repeated several times, without any loss in the mechanical
and self-healing properties, thus showing profound implications
in the future developments of degradable materials.

DOI: 10.1021/acs.macromol.7b02715
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Scheme 2. Schematic Illustration of the Self-Healing Mechanism of the CO,-Based Block Copolymers
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B CONCLUSION

In summary, the first CO,-based autonomic self-healing
polycarbonates were synthesized efficiently in a one-pot
strategy. The synthetic strategy is enabled by the judicious
choice of tandem three different chemical reactions, including
hydrolysis of epoxides, immortal copolymerization of CO,/
epoxides, and thiol—ene click chemistry. Using this strategy,
CO,-based block copolymers with impressive self-healing
capability were well synthesized and systematically studied.
The standard stress—strain tensile test indicates that the
extensibility, maximal strength, and Young’s modulus of the
materials can almost entirely recover after healing for a certain
time under ambient temperature, without any external
stimulation. Furthermore, we verified that the homo- and
hetero-hydrogen bonding interactions both lead to the
remarkably healing capability. The facile synthesis and robust
self-healing capacity of these materials should enable future
studies in the development of advanced CO,-based polycar-
bonates with new applications. Such investigations are currently
underway in our laboratories.

B EXPERIMENTAL SECTION

For information regarding experimental procedures, materials, and
other details, see the Supporting Information.
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