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Abstract A symmetric photo-active trithiocarbonate was de-
signed and synthesized, which can act not only as a functional
reversible addition-fragmentation chain transfer (RAFT)
agent, but also as a crosslinker in crosslinking poly(methyl
methacrylate-co-hydroxy ethyl acrylate) (poly(MMA-co-
HEA)) due to interactions of benzophenone moieties of
trithiocarbonate and hydroxyl groups of poly(MMA-co-
HEA) under UV irradiation. In addition, the crosslinked
poly(MMA-co-HEA) demonstrates photo-promoted self-
healing properties by reshuffling C-S bonds of
trithiocarbonate.

Keywords Self-healing - Reversible addition-fragmentation
chain transfer (RAFT) - Photo-active - Trithiocarbonate -
Functional polymer

Introduction

Self-healing and self-repair phenomena are very common in
living organisms. For example, a slight injury of our skins,
fleshes or even bones can be self-healed within a period of
time. The self-healing process of living organisms is sophisti-
cated and elegant with several mechanisms involved [1]. In-
spired by the natural self-healing process and with the purpose
to improve lifespan, durability and reliability of materials es-
pecially those used in hardly accessible or dangerous places,
self-healing of synthetic materials has drawn considerable at-
tention in the past decades both in academia and in industry
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[2—4]. In fact, self-healing research progress has been
reviewed from different perspectives of many papers in recent
years [5-15].

There are mainly two kinds of methods for preparing self-
healing materials according to principles, and one is use of
self-healing agent usually as microcapsules embedded in ma-
terial matrix [16-18], the other is based on reversible interac-
tions of molecules to form dynamic bonds [19-24]. For the
former approach, a crack of materials can break self-healing-
agent-containing microcapsules and cause the self-healing-
agent to flow into the crack by capillary effect and then solid-
ify usually catalyzed by an embedded catalyst. This kind of
repairing is relatively easy to realize, but the healing process
can be usually performed only once, thus limiting its applica-
tions to a certain extent. By comparison, the latter method
utilizes reversible or dynamic bonds to form thermoplastic or
thermoset materials, and these bonds can be cleaved/reformed
more than once with or even without external stimuli. The
external stimuli are usually light, heat, electricity, mechanics,
acids/bases, redox, etc. For example, photo-triggered revers-
ible [2+2] cycloaddition of coumarins and [4+4] cycloaddi-
tion of anthracenes have been applied to produce self-healing
materials [25, 26]. Chuo et al. has reported electrically induced
self-healing polymers based on reversible guest—host complex-
ation of (-cyclodextrin and ferrocene [18]. Typical heat-
responsive reaction is [4+2] cycloaddition of a diene and a
dienophile, known as Diels-Alder (DA) reaction, and the
addition products can undergo reversible cleavage reaction
under elevated temperatures, namely retro Diels-Alder (RDA)
reaction. The DA reaction has been widely used to design self-
healing materials, usually applying maleimide and furan deriva-
tives as reactants [27, 28]. For instance, Tian and coworkers
designed an epoxy resin by using N,N-diglycidyl-furfurylamine
(DGFA) and N,N’-(4,4'-diphenylmethane) bismaleimide
(DPMBMI) as reactants, which showed not only similar
mechanical properties as commercial epoxy resins, but also
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thermal remendability [29]. Similarly, Broekhuis’s research
group made use of Paal-Knorr reaction between polyketones
and furfurylamine to prepare furan-functionalized polypyr-
role, which further underwent DA and RDA reaction with
dimaleimide to form the desired self-healing polymers [30].
Acids/bases-sensitive (pH sensitive) materials usually con-
tain imine or acyl hydrazone groups, which can conduct
reversible reactions under certain pH values [31]. A typical
example is the work of Ono and coworkers, where bis-
hydrazides and dialdehydes reacted to form poly(acyl
hydrazone)s, and an acid catalyst can trigger acyl
hydrazone’s bond exchange [32]. A similar work was report-
ed by Deng et al., who condensed PEO-based bis-hydrazide
with trialdehyde to afford a crosslinked polymer with revers-
ible sol—gel transition and self-healing properties, and the
critical apparent pH value of the gel is 4 [24]. Disulfide bond
is typically redox-responsive, though it can also be cleaved
by thermal scission, mechanical stress, and photo-irradiation
[33-36]. A representative example is the work of Yoon and
his colleagues, where atom transfer radical polymerization
(ATRP) technique was used to synthesize a star-like
macroinitiator, followed by synthesis of S-S bond-containing
gel via chain extension, and this gel can be reversibly trans-
formed into sol under reduction conditions. The prepared
materials showed a rapid self-healing behavior without exter-
nal triggers [36]. More recently, there are also dual responsive
self-healing polymers that are more adaptive to external
environment [23, 37].

In addition to dynamic chemical bonds, there are also
a type of self-healing suprapolymers composed of non-
covalent dynamic bonds such as hydrogen bond and
donor-acceptor interaction [21, 38-42]. For example,
Burnworth and coworkers synthesized ligand-terminated
poly(ethylene-co-butylene) by Mitsunobu reaction,
which can then coordinate with Zn?" to form a
metallosupramolecular polymer. The metal-ligand part
of the supramolecular polymer can be excited on expo-
sure to UV light and caused reversible disengagement,
thereby making the polymer have self-healing property
[43]. Fox et al. designed electron-rich pyrenyl end-
capped oligomer and electron-deficient naphthalene-
diimide (NDI) oligomer, and the two oligomers were
reinforced with 7.5 wt.% of cellulose nanocrystals
(CNCs) to form a self-mendable nanocomposite material
by 7-7t interactions [44].

Reversible addition-fragmentation chain transfer
(RAFT) polymerization as one of the most important
living radical polymerization methods has been widely
used to prepare polymers with topological architectures
or unique properties [45-50]. Herein, we firstly de-
signed a new functional molecule, i.e., a symmetric
benzophenone-containing trithiocarbonate. Secondly, lin-
ear poly(MMA-co-HEA) was prepared by using this
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benzophenone-containing trithiocarbonate as the RAFT
chain transfer agent. Thirdly, the linear poly(MMA-co-
HEA) was crosslinked under UV irradiation, which
showed self-healing property presumably due to revers-
ibly reshuffling of the trithiocarbonate groups.

Experimental
Materials

4-Methyl benzophenone, urea hydrogen peroxide (UHP),
aqueous HBr (>40 %), CS,, NaOH, tetrabutyl ammonium
bromide (TBAB) were all AR grade and used without any
treatment as purchased from Shanghai Aladdin Industrial Cor-
poration. Monomer hydroxyl ethyl acrylate (HEA) and methyl
methacrylate (MMA) were treated with NaOH prior to use in
order to remove inhibitors.

Characterization

Gel permeation chromatography (GPC) was conducted
on an HP 1100 HPLC, equipped with a Waters 2414
refractive index detector and three Styragel HR 2, HR
4, HR 5 of 300x7.5 mm columns (packed with 5 mm
particles of different pore sizes). The column packing
allowed the separation of polymers over a wide molec-
ular weight range of 500-1,000,000. THF was used as
the eluent at a flow rate of | mL'min ' at 40 C. PMMA
standards were used as the reference. Structures of
trithiocarbonate and the copolymer poly(MMA-co-
HEA) were characterized by'H NMR spectroscopy on
a Bruker AV 400 MHz spectrometer. CDCl; was used
as the solvent. Monomer conversions were determined
by gravimetry. Crosslinking experiments were finished
on a RW-UV AH400a UV curing meter. SEM images
were afforded from SSX-550 Scan Electron Microscope.

Synthesis of 4-bromomethyl benzophenone

4-Methyl benzophenone (1.25 g, 6.4 mmol) and UHP (1.2 g,
12.8 mmol) were dissolved in dichloromethane (30 mL) and
were heated to reflux. Under irradiation of a 100-W bulb,
aqueous HBr (1.4 mL, 6.9 mmol) was added dropwise within
about 20 min, followed by refluxing for additional 40 min.
The reaction mixture was cooled, and water was added, sep-
arated, and the organic phase was dried on anhydrous
Na,SQO,, filtered, and finally concentrated in vacuo to afford
a white solid, which was recrystallized in anhydrous ethanol
to give pure 4-bromomethyl benzophenone (1.60 g, 91 %).
M.p. 109-110°C. IR: v (cm ") 3040, 1668, 1610, 1463, 1419,
852, 599."H NMR (CDCl5): § 7.80-7.77 (m, 4H), 7.60-7.58
(m, 1H), 7.51-7.47 (m, 4H), 4.53 (s, 2H).">*C-NMR (CDCl):
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Scheme 1 Synthesis of bis(4-
benzoylbenzyl) carbonotrithioate o

; )\@
Ph
M

1

0 196.0, 142.1, 137.5, 137.4, 132.6, 130.6, 130.0, 129.0,
128.4, 32.3.

Synthesis of bis(4-benzoylbenzyl) carbonotrithioate (3)

Carbon disulfide (4 mL), dichloromethane (6 mL), TBAB
(0.05 g) and 20 % aqueous NaOH (10 mL) were mixed and
stirred at room temperature for 10 min. Then 4-bromomethyl
benzophenone (0.275 g, 1 mmol) was added and the mixture
was stirred at room temperature overnight. The yellow mix-
ture was separated, and the organic layer was washed three
times with brine, dried with anhydrous Na,SO,, and concen-
trated in vacuo to give crude product which was further puri-
fied on silica gel column to obtain a light yellow oil
(0.35 g, 71 %). IR: v (cm ') 3060, 3028, 1725, 1637,
1602, 1492, 1454, 1382, 1064, 767, 701."H NMR
(CDCl3): 6 7.79-7.75 (m, 8H), 7.59-7.57 (m 2H),
7.50-7.45 (m, 8H), 4.70 (s, 4H).">’C-NMR (CDCl5): ¢
221.5, 196.0, 139.9, 137.5, 137.0, 132.5, 130.5, 130.0,
129.2, 128.92, 128.86, 128.6, 128.3, 41.0.

Preparation of poly(MMA-co-HEA) via RAFT
polymerization using bis(4-benzoylbenzyl) carbonotrithioate
(3) as the chain transfer agent

To a 50 mL of three-necked flask were added bis(4-
benzoylbenzyl) carbonotrithioate (3) (0.105 g, 0.2 mmol),
AIBN (3.3 mg, 0.0201 mmol), MMA (2.0 g, 20 mmol),
HEA (1.16 g, 10 mmol) and toluene (5 mL). The mix-
ture was stirred at 65 C for 4 h under N, atm. Access
methanol was added to precipitate the copolymer prod-
uct, filtered to give solid product (2.01 g). The polymer

Scheme 2 Synthesis of Ph
poly(MMA-co-HEA) via RAFT °
polymerization by using bis(4-
benzoylbenzyl) carbonotrithioate
(3) as the chain transfer agent
e
O

Ph

aq. HBr, UHP,
CH,Cl,, Light,
reflux CH,Cl, S

e

Ph
0 Y s
Ph 0 s~

CS,, NaOH,

91% 1%

product was characterized by GPC to afford M,,gpc=
6086~6.1 kDa, PDI=1.48.

UV-curing of the poly(MMA-co-HEA) copolymer

Poly(MMA-co-HEA) (1.0 g, 0.164 mmol) and bis(4-
benzoylbenzyl) carbonotrithioate (0.2 g, 0.402 mmol) were
dissolved in THF (3 mL). The solution was spin-coated on
glass plates, and then irradiated under UV light for a
period of time.

Self-healing of the UV-cured poly(MMA-co-HEA)

The cured poly(MMA-co-HEA) coating was slightly cut by a
razor to form a scratch with the width of c.a. 0.2-0.8 um. Then
the scratch part of the polymer film was irradiated by UV light
with wave-number of 365 nm. After a certain period of time
(e.g., 10 min), changes of the scratch of the polymer was
observed with SEM images.

Results and discussion
Synthesis of bis(4-benzoylbenzyl) carbonotrithioate (3)

Trithiocarbonate RAFT chain transfer agents are usually syn-
thesized from alkyl thio-alcohols, carbon disulfide and appro-
priate alkyl halides under basic conditions [48]. Symmetric
trithiocarbonates can also be prepared by the above usual
methods, but a preferable approach is a straight reaction re-
ported by Aoyagi and Endo between a benzyl halide and car-
bon disulfide in the presence of a base, where most dibenzyl
trithiocarbonates can be prepared in quantitative yields [51].

MMA : HEA
(2 : 1 mol/mol),

OH
) o
o\ /o
S AIBN, 65 °C, N, ° ph
S ” S._S %
Q hig
S y X'n
h 00 [l
I 7x S y
OH Jn

P

Poly(MMA-co-HEA)
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By modification of Aoyagi’s method, bis(4-benzoylbenzyl)
carbonotrithioate (3), a novel photo-active trithiocarbonate,
was synthesized in 71 % yield by using 4-bromomethyl ben-
zophenone (2) as the substrate (Scheme 1).

Preparation and crosslinking of poly(MMA-co-HEA)
with bis(4-benzoylbenzyl) carbonotrithioate (3)

Benzophenone is a widely used type-II photoinitiator, which
can be photo-chemically excited to become triplet state under
UV irradiation. However, the excited state cannot straightly
initiate radical polymerization, and it requires abstracting a

Fig. 1 a "H NMR spectrum of
poly(MMA-co-HEA); b 'TH NMR
spectrum of bis(4-benzoylbenzyl)
carbonotrithioate (3) as contrast

labile hydrogen atom from a suitable hydrogen donor species
(i.e., co-photoinitiator) such as amines, alcohols, thiols, etc.
When an alcohol is used as a hydrogen donor, the formed
radicals can combine to result in cross-linking [52].

Thus, the new compound bis(4-benzoylbenzyl)
carbonotrithioate (3) that contains two benzophenone moieties
is expected to be a photo-crosslinking agent for hydroxyl
groups-containing polymers. To verify the idea, hydroxyl
groups-containing polymer poly(MMA-co-HEA) was
prepared via RAFT polymerization by using bis(4-
benzoylbenzyl) carbonotrithioate (3) as the chain trans-
fer agent (Scheme 2). The other purpose of the

—7.262

L OH Jn
Poly(MMA-co-HEA)

(a)
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Fig. 2 a Linear poly(MMA-co- (a)
HEA) as a viscous liquid. b

Mixtures of bis(4-benzoylbenzyl)

carbonotrithioate (3) and linear

poly(MMA-co-HEA) can form a

yellow solid film on a glass

substrate after UV irradiation for

10 min

polymerization is to confirm that compound 3 can act as
a RAFT chain transfer agent.

Characterization of poly(MMA-co-HEA) by'H NMR was
shown in Fig. 1a and b demonstrated'H NMR spectrum of
bis(4-benzoylbenzyl) carbonotrithioate (3) as contrast. Weak
peaks at the range of 7.46-7.77 ppm represented aryl protons
of benzophenone moiety of the polymer, and the integral
values of the peaks were designated as 18 since there were
two benzophenone groups at the end of the polymer, and
integral values of other peaks were based on this value. The
peaks at 3.6—4.1 ppm corresponded to O-CH,CH,-OH groups
of HEA, whose integral value was about 118, meaning that
there were 118/4~30 of HEA units in the copolymer. The
single peaks at around 3.6 ppm was the methoxy groups of

OH

)W

o Ph

Q

Crosslinked
poly(MMA-co-HEA)

Scheme 3 Crosslinking of poly(MMA-co-HEA) and bis(4-
benzoylbenzyl) carbonotrithioate (3)

"(b)LL e TR 168 O 7~ 5902 W e i
vl Vi o ITH 'y,

o P

2014/01/03

MMA unit in the polymer, and 93 of protons at the single
peaks indicated that there were 93/3=~31 of MMA units in
the polymer. The ratio of copolymer composition between
MMA and HEA units in the linear poly(MMA-co-HEA)
was 31/30 (i.e., 1.03/1), which was less than the ratio of initial
comonomer composition at 2/1, indicating that the reactivity
of HEA was higher than that of MMA during solution RAFT
polymerization. Thus, the number average molecular weight
of poly(MMA-co-HEA) can be calculated as follows:

Munvr = M3 + 30 X M, gea + 31 X M vma
=499 + 30 x 116 + 31 x 100 = 7079~7.1kDa,

where M3 was the molecular weight of compound 3, 116 was
the molecular weight of HEA unit, 100 was that of MMA unit.
Further characterization of poly(MMA-co-HEA) by GPC
gives M, gpc as 6.1 kDa with polydispersity of 1.48. The
relatively broad molecular distribution may be due to possible
branching side reactions caused by difunctional HEA
monomer.

With bis(4-benzoylbenzyl) carbonotrithioate (3) and
poly(MMA-co-HEA) in hand, next, we began to study
photo-crosslinking of the two species. In fact, poly(MMA-
co-HEA) as a linear polymer is a viscous liquid, and it cannot
be solidified or cured to form a film even under UV irradiation
(Fig. 2a). When bis(4-benzoylbenzyl) carbonotrithioate (3)
and poly(MMA-co-HEA) are mixed in THF and spin-coated
on a glass substrate, a transparent film can be easily formed
under UV irradiation for 10 min as shown in Fig. 2b. Under
UV light, the benzophenone part of bis(4-benzoylbenzyl)
carbonotrithioate (3) as a photoinitiator is excited and trapps
a hydrogen atom from hydroxyl groups of poly(MMA-co-
HEA), and the subsequent radical-radical combination leads

Table 1  Hardness of the film under different UV irradiation time
Time (min) 0 15 30 45 60
Hardness Viscous liquid H 3H 3H 4H

@ Springer
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UV | C-S bond cleavage
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Scheme 4 Schematic illustration of cleavage and re-linking of the

trithiocarbonate linkers with polymers. Note: “P” represents polymer,
“S” is sulfur element

to crosslinking of poly(MMA-co-HEA) (Scheme 3). In addi-
tion to this main crosslinking reaction, other radical-radical
combinations such as between the RAFT agents and those
between the poly(MMA-co-HEA) may also occur during

Fig.3 Self-healing process of the (a)
crosslinked polymer films by
SEM photographs: a a normal
polymer film before cutting; b the
polymer film after cutting by a
razor, before UV irradiation; ¢ the
cut polymer film irradiated by UV
for 5 min; d the cut polymer film
irradiated by UV for 10 min

SEI 1.0kV

@ Springer

X1,000 WD 7.1mm 10pm

X2,000 WD7.1mm pm SEI 1.0kV

UV irradiation. Hardness of the film is measured by
special pencil, with results shown in Table 1. In the
first 30 min, hardness of the film changes rapidly under
UV light (i.e., from viscous liquid to a solid film with
the hardness of 3H), which indicates that crosslinking
reactions occurred mainly within the first half an hour.
Further irradiation for another 30 min makes the hard-
ness increase slowly from 3H to 4H. Note that the col-
orless polymer becomes gradually light brown during
exposure to UV light, which may be ascribed to disad-
vantages of benzophenone photoinitiator moiety.

Self-healing of crosslinked poly(MMA-co-HEA) under UV
irradiation

Trithiocarbonate acts as a crosslinker in the crosslinked
poly(MMA-co-HEA) resin, furthermore, this special
crosslinker may function as a chain transfer agent. Under
UV irradiation, weak C-S single bonds of the trithiocarbonate
may cleave to form the corresponding free radicals, which
may re-link with each other in a way different from their
previous connection (Scheme 4) [53].

The self-healing process was demontrated by SEM
photos in Fig. 3. Figure 3a is an undestroyed
crosslinked poly(MMA-co-HEA) film, which is then
cut by a razor to form a crack with width of 0.2—
0.8 wm (Fig. 3b). The cut film is then irridiated for
5 min, and the cracks are mostly repaired (Fig. 3c).

(b)

1.0kvV X10,000 WD 7.1mm Tum

X2000 WD7.1mm  10pm
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Further irridiation for another 5 min, the cracks are
healed, with scars still existing (Fig. 3d).

Conclusions

Benzophenone-containing symmetric trithiocarbonate was
synthesized in moderate yield. Functionalities of this molecule
lie in two aspects: one is the photo-active benzophenone moi-
eties, the other is the trithiocarbonate part that is known as one
of reversible addition-fragmentation chain transfer (RAFT)
agents. The benzophenone moieties of the trithiocarbonate
can act as a crosslinker of viscous linear poly(MMA-co-
HEA) to form a thermoset copolymer resin film with hardness
ofup to 4H under UV irradiation for 60 min. Furthermore, the
crosslinked poly(MMA-co-HEA) shows self-healing proper-
ties promoted by UV light, which may stem from reshuftling
of weak and reactive C-S single bonds of trithiocarbonate
under UV irradiation. SEM images indicate that a crack with
width of 0.2—0.8 um can be self-repaired within 10 min.
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