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Abstract Regulation of phase structure has been recognized as one of the most effective ways to fabricate self-healing polymers with high me-
chanical strength. The mechanical properties of the resultant polymers are certainly affected by the size of separated phase domain. However,
the study on this aspect is absence, because it can hardly exclude the influence of variation in monomer proportion required for tuning the sepa-
rated phase size. Here, we report the first study on tuning the phase size through reversible addition-fragmentation chain transfer (RAFT) poly-
merization without changing the proportion of monomers. As expected, the size of separated phase has been successfully mediated from 15 nm
to 9 nm by tuning the molecular weight of the chain transfer agent. It is found that the mechanical strength and the self-healing efficiency of the
resultant polymers increase simultaneously with the decrease of phase size. The study on the formation kinetics of hydrogen bonds reveals that
the decrease of phase size can facilitate the re-bonding rate of hydrogen bonds, even if the migration of polymer chains is restricted.
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INTRODUCTION

Imparting polymer materials with self-healing ability can cer-
tainly extend their service life and enhance their reliability in
practical applications, which are beneficial to realize a sustain-
able society.l'"7 The intrinsic self-healing polymers have been
attracted wide interesting of researchers due to their repeat-
able self-healing ability.8='% For this kind of polymers, high me-
chanical properties are, however, generally achieved at the ex-
pense of their self-healing ability, which severely restricts their
applications."'='3! To address this conflict, enormous endeavors
have been dedicated for designing self-healing polymers with
high mechanical strength and superior self-healing ability by
constructing particular micro- or nano-structures, such as hy-
drogen-bonding array,!'¥ bionic structures,'>'®! phase separa-
tion structures,['”~2%! and so forth. Among them, phase separa-
tion structure induced by hard/soft or/and hydrophilic/
hydrophobic segments, as well as supramolecular self-assembly
has been proved to be an effective method for direct fabricat-
ing robust self-healing polymers 1222

* Corresponding authors, E-mail: zhwp@qust.edu.cn (W.P.Z)
E-mail: skyan@mail.buct.edu.cn (S.K.Y.)
 These authors contributed equally to this work.
Received December 6, 2023; Accepted January 16, 2024; Published
online March 7, 2024

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

It has been reported that the separated phase structures in
the polymers serve as nanofillers to improve their mechanical
strength.[23] In this case, the phase structure and size of sepa-
rated phase domains, i.e., the phase size, exhibits certainly ef-
fect on the mechanical properties of the resultant polymers.
The effect of phase size on the mechanical properties has,
however, rarely been studied, because it can hardly exclude
the influence of monomer variation for purposeful tuning the
phase size. For example, the phase structure of self-healing
polymers caused by separation of hard and soft segments is
generally fabricated through polycondensation of the related
hard and soft segments.24 Consequently, the regulation of
phase size can only be realized by changing either the sort of
monomer or the monomer proportion, which show also evi-
dent influence on the mechanical properties of the resultant
polymer. On this account, tuning the domain size of separat-
ed phase without changing the proportion of monomers is
prerequisite to investigate the influence of phase size on the
mechanical properties of self-healing polymers.

Self-healing polymers based on hydrogen bonding exhibit
many excellent characteristics, such as fast self-healing speed,
mild self-healing condition, adjustable mechanical properties
and so forth, and thus have attracted intensive interest.[25] Re-
cently, Sun et al?3! constructed a self-healing polymer com-
posite of hydrophilic poly(acrylic acid) (PAA) and
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polyvinylpyrrolidone (PVP) based on hydrogen bonding. The
phase structures were formed through the hydrophobic inter-
action between the pyrrolidone groups. The regulation of
phase size is, however, also realized by tuning the proportion
of PAA and PVP. In our previous studies,26-30% we fabricated
fast self-healing polymers (defined as PA) based on hydrogen
bonding through free radical polymerization of poly(ethy-
lene glycol) 480 methyl ether acrylate (MPEG480) and acry-
loylmorpholine (ACMO). It should be pointed that the mor-
pholine group in ACMO exhibits actually a similar structure as
pyrrolidone in PVP. Therefore, we infer that separated phase
structures may also be generated through the hydrophobic
interactions among morpholine groups. In this case, the
phase size of it can be regulated simply by tuning the chain
length of it. To check this, reversible addition-fragmentation
chain transfer (RAFT) polymerization has been used to regu-
late the chain structure of the polymer and its phase separa-
tion structure has been studied. As expected, the phase size
can be successfully mediated from 15 nm to 9 nm by tuning
the molecular weight of chain transfer agent (CTA) without
changing the sort of monomer or the monomer composition.
The glass transition temperature (T) increases from 28.1 °C to
47.5 °C with the decline of phase size from 15 nm to 9 nm. As
a result, the mechanical strength of the elastomer exhibits up-
trend with the decrease of phase size. Interestingly, the de-
cline of phase size can facilitate the exchange rate of hydro-
gen bonding within the elastomer. Therefore, the self-heal-
ing ability of the elastomers increases, even if their strength
and Tgs are improved.

EXPERIMENTAL

Materials

Carbon disulfide, chloroform, acetone, toluene, tetrabutylam-
monium bisulfate, NaOH, and HCl were purchased from Yantai
Sanhe Chemical Reagent Co., LTD. Poly(ethylene glycol) methyl
ether acrylate (MPEG, 99 %, Aladdin, China), Acryloylmorpho-
line (ACMO, 98%, Aladdin, China), potassium persulfate (KPS, ini-
tiator, 99.5%, Bodi, China), N,N,N',N-tetramethylethyl enedi-
amine (TEMED, 99.5%, Aladdin, China), were all used without
further purification. Distilled water was used for all experiments.

Synthesis of CTA

A certain amount of carbon disulfide (0.36 mol), chloroform (0.9
mol), acetone (0.9 mol), and tetrabutylammonium hydrogen
sulfate (7.1 mmol) were mixed with 120 mL of petroleum ether
in a 1 L boiling flask-4-neck cooled with ice bath under nitrogen
atmosphere. NaOH solution with a mass fraction of 50% was
then added dropwise into the solution. 900 mL of water was
added to dissolve the reaction products after stirring for 8 h.
Concentrated HCI (120 mL) was thereafter added slowly to acid-
ify the aqueous layer, and stirred for 30 min under N, purge. The
product was obtained after filtering and washing thoroughly
with deionized water. After drying at 60 °C in an oven, the resul-
tant powder was washed with a mixture of toluene/acetone
with a volume ratio of 4/1, and finally obtained a light-yellow
powder.

Synthesis of Macro-CTA
Different amounts of ACMO (0.5668 g, 0.2834 g, 0.1889 g), CTA
(0.002mmol) and 10 mL of deionized water were added to a 50

mL flask stirring for 30 min under nitrogen atmosphere. After
the solution was heated to 40 °C, KPS (0.2 mL, 2 wt% aqueous
solution) and TEMED (0.2mL) were added and reacted for 3 h,
yielding the macro-CTA.

Synthesis of RPA-n

Taking RPA-4 as an example: after macro-CTA-4 was cooled to
room temperature MPEG (1.944 g) and ACMO (1.7004 g) were
added and stirred for 30 min under nitrogen atmosphere. The
solution was then cooled down to 0 °C using ice bath and vacu-
um degassing for another 30 min before KPS (0.2 mL) and
TEMED (0.2 mL) were added. The mixture was finally transferred
to tailored glass tubes and polymerized at desired temperature
for 12 h to obtain the precursor hydrogel. The precursor hydro-
gels were first washed thoroughly with distilled water to re-
move the unreacted monomers. The elastomers were obtained
by air-drying the precursor hydrogels for 12 h and followed by
drying for another 12 h at 60 °C.

Characterization

The mechanical properties were characterized using a UTM2502
electronic universal testing machine (SUNS, China) at room tem-
perature in air (at 20%—40% humidity) with a tensile speed of 50
mm/min. The self-healing measurement was as below: the rod-
like sample was cut thoroughly using a blade and the fresh frac-
ture surfaces were then put together gently. The reunite sam-
ple was allowed to heal at room temperature for 10 s. The heal-
ing efficiency of the sample was calculated from the ratio of the
ultimate tensile strength before and after healing. The tempera-
ture-dependent FTIR spectra were recorded in situ in the range
of 4000—-400 cm™ with 16 scans at a resolution of 4 cm™" using a
Vertex 70 spectrometer (Bruker, GER) equipped with a hot stage
(Linkam, UK). The glass transition temperature was determined
using dynamic mechanical analysis (DMA, TAQ800) in tension
mode under a frequency of 10 Hz, with a heating rate of 5
°C/min in the temperature range from —60 °C to 80 °C. TEM ob-
servation was performed on a HT-7800 microscope with an ac-
celerated voltage of 200 kV. Before TEM observation, the ultra-
thin sections of RPA-n were stained by dropping the solution of
phosphotungstic acid (1 wt%) onto a copper mesh. After 60 s,
the excess phosphotungstic acid solution on the copper grid
was gently wiped with filter paper and dried at room tempera-
ture. NMR spectra were recorded on a Bruker AVANCE NEO 400
MHz NMR spectrometer ("H-NMR 400 MHz) at 298 K. GPC exper-
iments were performed on an Agilent HPLC system equipped
with a model 1260 Hip degasser, a model 1260 Iso pump and a
model 1260 differential refractometer detector with using THF
as mobile phase at a flow rate of 1.0 mL'min~" at 40 °C. One
PLgel 5 pm guard column and three Mz-Gel SDplus columns
(10° A, 10* A and 10° A, linear range of M,=1000-2x10° Da)
were connected in series. The molecular weight and dispersity
were calculated using polystyrene as standard. The sample con-
centration used for GPC analyses was 5-10 mg-mL™".

RESULTS AND DISCUSSION

As illustrated in Fig. 1(a), the synthesis of the target polymer can
be divided into three steps. (i) The trithiocarbonate with two ho-
molytic leaving groups named as S-ethyl-S’-(a,a’-dimethyl-a”-
acetic acid) trithiocarbonate (EMP), synthesized via a one-pot
procedure reported by Lai et al,B% was used as CTA. Its struc-
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Fig. 1

(@) The synthetic procedure of the self-healing polymer by RAFT polymerization; (b) The real photos of the RPA-4, RPA-8 and

RPA-12 precursor hydrogels (from left to right) and the one of free radical polymerization of ACMO and MPEG with the same monomer
mass ratio and concentration as RPA-n samples denoted as PA (rightmost).

ture has been confirmed by the corresponding "H-NMR spec-
trum shown in Fig. S1 (in the electronic supplementary informa-
tion, ESI). (ii) The CTA obtained in (i) was reacted with certain
amount of acryloylmorpholine (ACMO) to produce macro-CTA,
and the chain structure of target polymer has been regulated
through changing the molecular weight of macro-CTA by tun-
ing the weight of ACMO. The macro-CTAs were named as
macro-CTA-4, macro-CTA-8 and macro-CTA-12 for the weight
ratio of total ACMO and ACMO used in (i) i.e, 4, 8 and 12, re-
spectively. Tetrahydrofuran (THF) gel permeation chromatogra-
phy (GPC) studies indicate that the molecular weight of macro-
CTAs increase from M,=1.81x10* g-mol~" for macro-CTA-12 to
M,=4.62x10* g-mol™" for macro-CTA-4 with the increasing
amount of ACMO (see in Fig. S2 in ESI). Taking macro-CTA-4 as
an example, the structure of it was evidently confirmed by the
"H-NMR spectrum shown in Fig. S3 (in ESI). (iii) The resultant
macro-CTA-n (n=4, 8, 12) were reacted with ACMO and
poly(ethylene glycol) 480 methyl ether acrylate (MPEG) to fabri-
cate the desired polymers with tunable phase separation struc-
ture, named as RPA-n.

The left three images shown in Fig. 1(b) are the real photos
of precursor hydrogels of RPA-4, RPA-8 and RPA-12 (from left
to right), respectively, while the rightmost one exhibits the
precursor hydrogel obtained through free radical polymeriza-

tion of ACMO and MPEG with the same monomer mass ratio
and concentration as RPA-n samples, denoted as PA. It is obvi-
ous that the PA precursor hydrogel is completely transparent,
indicating that it possesses a homogeneous network struc-
ture. In contrast, the precursor hydrogels of RPA-n exhibit a
downward trend in transparency, manifesting the occurrence
of phase separation. Moreover, the transparency of the pre-
cursor hydrogels decreases with the increase of macro-CTA
molecular weight, indicating that the phase separation struc-
ture can be regulated by tuning the molecular weight of
macro-CTA. The phase separation originates from the hy-
drophobic interactions between morpholine groups in AC-
MO, like the pyrrolidone groups in PVP.23!

As illustrated in Fig. 2(a), the RPA-n polymer chains contain
two segments, i.e., the random P(ACMO-co-MPEG) (red) and
PACMO (blue) segments. The hydrophobic interactions
among morpholine groups in ACMO compels the blue seg-
ments together to form the separated phase structures. To
verify the phase separation structure, transmission electron
microscopy (TEM) characterization was carried out. The RPA-n
samples were first sliced into ultrathin films, and then stained
with sodium phosphotungstate. Figs. 2(b)-2(d) show the
phase contrast bright field TEM images of RPA-4, RPA-8 and
RPA-12, respectively. The hydrophobic assembled PACMO
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Fig. 2 (a) Sketch of phase structure for RPA-n polymers; TEM images of RPA-4 (b), RPA-8 (c), RPA-12 (d), respectively, and their corresponding
phase size distributions (e); The damping coefficient i.e., tand, curves (f) and stress-strain curves (g) of the resultant polymers.

domains cannot be strained by sodium phosphotungstate
and thus exhibit bright contrast in phase contrast TEM im-
ages, which uniformly disperse in the RPA-n matrix. In sharp
contrast, the TEM image of PA fabricated by free radical poly-
merization displays a homogenous structure (shown in Fig. S4
in ESI), which confirms that the phase separation in RPA-n
originates from PACMO segments. Fig. 2(e) shows the phase
size distribution of RPA-n calculated from Figs. 2(b)-2(d). It is
clear that the mean size of the separated phase domains
(MSPD) increases with the increasement of used ACMO
amount in (ii). In another words, the MSPD of RPA-n has been
successfully mediated from 9 nm to 15 nm by simple tuning
the molecular weight of macro-CTA from 1.81x10* g-mol~" to
4.64%x10* g-mol~" without changing the proportion and total
concentration of monomers, which is a prerequisite to reveal
the influence of phase size on the properties of self-healing
polymers.

The effect of MSPD on T, of polymer was first investigated
through dynamic mechanical analysis. As shown in Fig. 2(f),
the MSPD affects T, of the resultant polymers significantly.
The Tgs of RPA-n are 28.1 °C for RPA-4, 35.5 °C for RPA-8 and
43.7 °C for RPA-12 with the MSPD of 15, 12 and 9 nm, respec-
tively. The variation of Tgs certainly affects the molecular
chain segment mobility of the polymer and thus influences
definitely the mechanical properties of RPA-n. To quantita-
tively analyze the effect of phase size on the mechanical

properties of the resultant polymers, static tensile tests of
RPA-n were carried out. Fig. 2(g) displays the stress-strain
curves of RPA-n samples. From Fig. 2(g), two things should be
addressed here. First, it is obvious that the ultimate mechani-
cal strengths of the samples increase from 5.2 MPa to 7.5 MPa
and then 8.4 MPa with the MSPD decreases from 15 nm to 12
nm and then 9 nm. Meanwhile, the values of elastic modulus
and toughness exhibit the same varying tendency with me-
chanical strength (see in Fig. S5 in ESI). It should be noticed
that the elastic modulus of RPA-4 is similar to that of RPA-8,
which is about one-fourth of that for RPA-12. Second, com-
pared with the mechanical properties of PA sample (with a
tensile stress/strain of 4.4 MPa/640%, see in Fig. S6 in ESI), the
incorporation of phase structure enhances the stress and
strain of RPA-n simultaneously. These results clearly reflect
that (i) the phase separation structure can definitely improve
the mechanical strength of polymers, and (ii) the mechanical
properties of the resultant polymers increase with decrease of
phase size. Unfortunately, we cannot fabricate the elastomer
with MSPD smaller than 9 nm. It is thus difficult to say what
will happen if the MSPD further decreases to few nanometers
or even to sub-nanometer. According to Pan et al,B"
nanoscale phase mainly dominates the tensile behavior of
polymer, while sub-nanoscale phase mainly governs the vis-
coelasticity. Based on this, we predict that (i) the mechanical
strength of the elastomers would increase with the decline in

https://doi.org/10.1007/s10118-024-3097-5
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the MSPD within nanoscale, and (i) further decrease MSPD to
sub-nanometer may decrease the tensile strength of the elas-
tomer in some extent.

To investigate the effect of MSPD on the self-healing abili-
ty of the RPA-n, the samples were cut into two pieces and the
fresh cutting interfaces were then brought together gently to
heal. The stress-strain curves of the healed RPA-n are shown
in Figs. 3(a)—3(c). It can be seen that, only healing for 10's, the
healed samples achieve a tensile strength of 4.8 MPa for RPA-
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4, 6.9 MPa for RPA-8 and 7.8 MPa for RPA-12 with a healing ef-
ficiency of 89%, 91.6% and 92.7% (see in Fig. S7 in ESI), re-
spectively. It is obvious that the mechanical strength and
healing efficiency, two important properties that normally
trade-off with each other, increase simultaneously with the
decrease of phase size, indicating that the conflict between
strength and healing efficiency in self-healing polymers can
be dispelled by tuning the size of separated phase. Moreover,
the resultant elastomers exhibit much faster healing speeds
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Fig.3 Stress-strain curves of virgin (black) and healed (red) samples of RPA-4 (a), RPA-8 (b) and RPA-12 (c); (d) The healing time needed
for the resultant polymers and recently reported room-temperature self-healing polymers with separated phase domain; (e) The
normalized peak height of C=0 group with time in the sequential scanning spectra calculated from Fig. S8 (in ESI); (f) The optical
micrographs taken during the healing process of RPA-4 at time periods of (i) O's, (ii) 10 s, (iii) 205, (iv) 30 s.
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than previously reported self-healing elastomers with sepa-
rated phase domain, as shown in Fig. 3(d).[2332-42

It is well known that the large amount of dissociated hydro-
gen bonds at the fracture surfaces, which can re-bond once
they encounter, are responsible for the fast self-healing abili-
ty.[43:441 Based on this, we infer that the decrease of MSPD can
facilitate the re-bonding of hydrogen bonds, which improves
the healing efficiency of the polymers, even if the migration
of polymer chains is restricted. To verify this deduction, the
re-bonding process of the hydrogen bonds of RPA-n were fol-
lowed in situ by Fourier transform infrared (FTIR) spec-
troscopy as below, the sample was first heated to 130 °C to
dissociate the hydrogen bonds and the re-bonding process of
it during cooling (with a cooling rate of 2 °C) was followed by
FTIR measurements. For clarity, the time dependent differ-
ence FTIR spectra of RPA-n are shown in Figs. $8(a)—-S8(c) (in
ESI). From Figs. S8(a)—S8(c) (in ESI), it is obvious that the inten-
sities of the hydrogen bonded C=0 at 1633 cm~' in RPA-n in-
crease with the decrease of temperature. On the other hand,
the peak intensities of the free C=0 at 1651 cm~! display an
inverse tendency with the hydrogen bonded C=0, indicat-
ing a gradual re-bonding of hydrogen bonds upon cooling.
To further disclose the re-bonding rate of the hydrogen
bonds, Fig. 3(e) shows the plots of normalized peak height of
hydrogen bonded C=0 versus time for RPA-n. From Fig. 3(e),
it is clear that the peak height of hydrogen bonded C=0O in
RPA-12 exhibits the highest variation rate at the used condi-
tion, whereas that in RPA-4 displays the lowest changing rate.
The times needed for re-bonding of ca. 50% hydrogen bonds
are estimated to be 37, 32 and 31 min for RAP-4, 8 and 12, re-
spectively. Therefore, RPA-12 exhibits the highest healing effi-
ciency after healing for 10 s. In addition, RPA-n exhibits excel-
lent scratch healing capability. As shown in Fig. 3(f), the artifi-
cial scratch on RPA-4 surface disappears completely after ca.
30 s at room temperature (see Figs. 3f-i—3f-iv and Video S1 in
ESI), demonstrating the excellent self-healing performance
of it.

CONCLUSIONS

In summary, we established an intelligent method to fabricate
self-healing polymers with tunable phase structure without
changing the proportion of monomers. The chains of the resul-
tant polymer contain two segments, ie., random P(ACMO-co-
MPEG) and PACMO segments. The hydrophobic interactions
among PACMO segments compel them together to form sepa-
rated phase structures with the size of separated phase domain
to be simply regulated by tuning the molecular weight of PAC-
MO segment. It was found that the phase separation structure
can definitely improve the mechanical strength of polymers,
which increases with decrease of phase domain size. Most im-
portantly, the decrease of phase size can facilitate the re-bond-
ing rate of hydrogen bonds and thus enhance the self-healing
efficiency of the polymers significantly.
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