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Introduction

Dual crosslinking polymer networks: correlation
between polymer topologies and self-healing
efficiencyf

@< Hyocheol Jung,?
? Dong Woog Lee,

Soonyoung Choi,>® Junhee Kim,? Eunyong Seo,
Ji-Eun Jeong,® Young Il Park, ©2' 2 Jin Chul Kim,
Byeong-Su Kim @2 *9 and Sang-Ho Lee (&) *@©

xb

The topologies of polymers can impact the performance of polymeric materials, including their chemical
and physical properties. In this work, a dynamic covalent bond of boronate ester was introduced by the
addition of 4-vinylphenylboronic acid to the rich hydroxyl groups of polyglycidols (PGs) with different
topologies, including branched cyclic, hyperbranched, and linear PGs. The formation of the dual cross-
linked polymer networks, which consisted of dynamic covalent bonds (B—O) and static covalent bonds,
was confirmed by thermogravimetric analysis and a swelling test. In addition, the mechanical properties
of the cured materials were evaluated using a rheometer, dynamic mechanical analysis, and nanoindenta-
tion. Scratch tests and tensile tests were used to determine the self-healing effectiveness of polymer
topologies. Intriguingly, based on the polymer topologies, the crosslinked network with a branched cyclic
structure (bc-cPGB) exhibited a greater self-healing efficiency and modulus than hyperbranched net-
works (hb-cPGB). These findings indicate that the physical properties of polymer networks are influenced
by the network mesh space and preferred intermolecular crosslinking of the branched cyclic structure. In
addition, to maximize the benefits of the dual crosslinking system, the dynamic B—O bonds were utilized
for recycling cured materials, and the PG prepolymer was successfully recovered from cPGB by adding
pinacol to THF with a yield of 99.5%. These findings demonstrate the significance of topology control in
highly adaptable advanced functional materials.

ation and/or dissociation of polymer networks in response
to stimuli, such as heat,® light,> redox response,® and pH

In recent years, polymeric self-healing materials have attracted
a great deal of academic and industrial interest as a potential
technology to preserve material properties and functions
throughout their service life."”* Generally, self-healing of poly-
meric materials can be achieved by chemical, physical, and
physicochemical approaches,® enabling the repetitive associ-
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changes.””® With their environmental and economic benefits,
these self-healing materials can be utilized in numerous
industrial fields, including automotive coatings, adhesives,
solar cells, electronic skins, sensors, and supercapacitors.'®
Over the past decade, efforts have been focused on the
design of dynamic polymer networks with self-healing pro-
perties™* utilizing Diels-Alder chemistry,"* disulfide bonds,"?
hindered urea bonds,** and boron-based bonds.'*?° In these
studies, the stability of reactive groups resulting from chain
cleavage is the key factor for enhanced self-healing perform-
ance.” The cleaved polymeric segments generated from
damage may undergo segmental rearrangements resulting
in conformational changes or diffusion leading to polymeric
network rearrangements. In the rearrangement process, a
self-healing reaction will not occur if the reactive group is
converted to an inactive group by undesired side reactions or
is not spatially synchronized with the opposing reactive
groups. To induce an effective self-healing process, requiring
a delicate interplay between chemical reactions and physical

This journal is © The Royal Society of Chemistry 2023
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network rearrangement, the stability of reactive groups is
crucial.

As a representative example of self-healing materials,
boronic ester-based polymeric networks have received con-
siderable attention due to their high self-healing efficiency
and biocompatibility."”'*?*>” In addition, boron-oxygen
(B-0O) bonds within boronic ester possess a unique combi-
nation of high thermodynamic stability and kinetic tunability.
For example, Sumerlin et al. reported photo-initiated radical
thiol-ene click chemistry crosslinked polymer networks carry-
ing dynamic covalent boronic esters.'® The self-healing was
conducted at room temperature and under ambient conditions
without solvents. Using telechelic diboronic ester, Guan et al.,
also reported boronic ester transesterification to improve self-
healing efficiencies.”” Intriguingly, Li et al. demonstrated that
a phenol compound containing three hydroxyl groups could
facilitate the dynamic exchange of B-O bonds with a phenol
compound containing two hydroxyl groups.'® Although suc-
cessful self-healing can be achieved through efficient boronic
ester transesterification, numerous studies continue to focus
on enhancing the thermodynamic stability and kinetic tunabil-
ity of boronic ester transesterification by controlling pH or
alcohol structures.

Meanwhile, controlling the topology of a polymer is essen-
tial to determine its physical properties and functions in the
bulk and solution state.”® Due to the absence of polymeric
chain ends, macrocyclic polymers have a higher glass tran-
sition temperature (T,) than their linear counterparts in the
bulk state.>® In addition, the hydrodynamic volume of macro-
cyclic polymers in solution is smaller than that of linear poly-
mers due to their reduced conformational degree of
freedom.?® Due to their branching structure, hyperbranched
polymers with intermediate structures between linear poly-
mers and dendrimers have a lower T, value than linear poly-
mers.*' As a representative example, hyperbranched polyglyci-
dols (hb-PGs) possess a number of remarkable characteristics,
including a highly flexible aliphatic polyether backbone, mul-
tiple hydroxyl groups, and excellent biocompatibility.**** In
addition, the degree of branching (DB) affects the microstruc-
tures and physical properties of hb-PGs.*®?*” We have
recently reported a recyclable metal-free catalytic system for
the cationic ring-opening polymerization (CROP) of glycidol
under ambient conditions®® and the metal-free ring-opening
polymerization of glycidol to produce a diverse array of hb-PGs
and branched cyclic PGs (bc-PGs) with precise control of their
topologies (Scheme 1a).® There was a significant correlation
between the topologies and physical properties of the topo-
logy-controlled PGs. For instance, topology-controlled PGs
with a similar degree of polymerization (DP) and similar DB
values (DBp.pg = 0.48 and DBy.pg = 0.51) exhibited distinct T,
values, attributed to intermolecular and/or intramolecular
hydrogen bonding (H-bonding) between the polymer chains
(Tghb-pG > Ty pe-pc). Moreover, their unique solution properties,
such as hydrodynamic volumes and diffusion coefficients (D),
were found to be dependent on the polymer topologies (Dpp-pa
< Dpepg). Despite the abundance of literature on polymeric
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topologies, studies to improve the self-healing efficiency as a
function of polymeric topologies remain scarce.

Experimental

Materials and methods

Materials. 4-Vinylphenylboronic acid (TCIL; purity >95%),
2-propanol (Sigma-Aldrich; 99.5%), 2-methylpropane-1,3-diol
(Sigma-Aldrich; 99%), ethanol (Daejung Chemicals & Metals;
99.9%), 1,2-propanediol (Sigma-Aldrich; 99%), methanol
(Sigma-Aldrich; >99.8%), phenyl bis(2,4,6-trimethylbenzoyl)
phosphine oxide (PBPO, Sigma-Aldrich; 97%), pinacol (Sigma-
Aldrich; 98%), and tetrahydrofuran were used as obtained
from the manufacturers.

Controlled experiments

Synthesis of  diisopropyl(4-vinylphenyl)boronate.  4-
Vinylphenylboronic acid (VPA, 6.23 mg, 0.04 mmol) was dis-
solved in 0.99 mL of deuterated dimethylsulfoxide (DMSO-d,)
and transferred to three vials using a syringe. After dissolving
4-vinylphenylboronic acid completely, dry 2-propanol (6.10 L,
0.08 mmol for [2-propanol]/[VPA] = 2; 12.30 pL, 0.16 mmol for
[2-propanol]/[VPA] = 4; 24.60 pL, 0.32 mmol for [2-propanol]/
[VPA] = 8) and distilled water (1.00 pL, 0.10 vol%) were added.
Then, the mixture was stirred at room temperature for 24 h. "H
NMR (300 MHz, DMSO-d): 6 8.05 ppm (s, 2H), 7.78-7.41 (m,
4H), 6.78-6.69 (m, 1H), 5.90-5.84 (m, 1H), 5.30-5.26 (m, 1H),
4.41-4.40 (m, 2H), 3.83-3.73 (m, 2H), 1.05-1.03 (m, 12H).

Synthesis of diethyl (4-vinylphenyl)boronate. VPA (6.23 mg,
0.04 mmol) was dissolved in 0.99 mL of DMSO-ds and trans-
ferred to three vials using a syringe. After dissolving 4-vinyl-
phenylboronic acid completely, dry ethanol (4.97 pL,
0.08 mmol for [ethanol]/[VPA] = 2; 9.89 pL, 0.16 mmol for
[ethanol]/[VPA] = 4; 19.87 pL, 0.32 mmol for [ethanol]/[VPA] =
8) and distilled water (1.00 pL, 0.10 vol%) were added. The
mixture was then stirred at room temperature for 24 h. 'H
NMR (300 MHz, DMSO-d): 6 8.06 ppm (s, 2H), 7.78-7.42 (m,
4H), 6.78-6.69 (m, 1H), 5.90-5.85 (m, 1H), 5.30-5.26 (m, 1H),
4.44-4.40 (m, 2H), 3.49-3.40 (m, 4H), 1.08-1.04 (m, 6H).

Synthesis of 4-methyl-2-(4-vinylphenyl)-1,3,2-dioxaborolane.
VPA (6.23 mg, 0.04 mmol) was dissolved in 1.0 mL of DMSO-dg
and transferred to three vials using a syringe. After completely
dissolving the 4-vinylphenylboronic acid, 1,2-propanediol
(3.94 pL, 0.04 mmol for [1,2-propanediol]/[VPA] = 1; 6.88 pL,
0.08 mmol for [1,2-propanediol]/[VPA] = 2; 12.76 L,
0.16 mmol for [1,2-propanediol]/[VPA] = 4) and distilled water
(1.00 pL, 0.10 vol%) were added. The mixture was then stirred
for 24 h at room temperature. "H NMR (300 MHz, DMSO-d):
5 8.06 ppm (s, 2H), 7.78-7.42 (m, 4H), 6.78-6.69 (m, 1H),
5.90-5.85 (m, 1H), 5.30-5.26 (m, 1H), 4.53-4.45 (m, 2H),
3.62-3.51 (m, 1H), 3.30-3.12 (m, 2H), 1.01-0.99 (m, 3H).

Preparation of topology-controlled PGs (polyglycidols). bc-
PG (branched cyclic poly(glycidol)s), hb-PG (hyperbranched
poly(glycidol)s), and lin-PG were synthesized according to lit-
erature procedures.*®3°
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Scheme 1 (a) Previous study on controlling the topologies of polyglycidols (PGs). (b) Self-healable polymer network based on various polymer
topologies using dynamic boronic ester bonds.

Synthesis of 30 mol% PGBs (polyglycidyl boronic ester). The acid (300 mM) was added to the mixture. The mixture was
following is a typical procedure for preparing topology- then stirred for 3 h at room temperature. After synthesis, the
controlled PGs (bc-PG, hb-PG, and lin-PG) with VPA. PG (8.16 g, mixture was filtered and evaporated. The final product was
2000 mM) was dissolved in dry methanol (55.1 mL). After the dried overnight under vacuum at room temperature (yield =
PG was completely dissolved, 2.4449 g of 4-vinylphenylboronic  99.9%).
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Synthesis of cured PGBs (cPGBs). The typical procedure for
cPGBs (bc-cPGB, hb-cPGD, and lin-cPGB) is outlined below.
PGBs (1.6 g) were dissolved in ethanol (2.4 mL, 60 wt%) at
room temperature. After completely dissolving the polymer,
the initiator (PBPO, 0.0055 g, 1 wt%) was added, and the
mixture was stirred until the initiator was completely dis-
solved. The mixture was then carefully poured into a Teflon
mold, left for 18 h at room temperature, and cured for 6 h
using a UV lamp (36 W, 365 nm). The cured sample was
extracted from the mold at room temperature. For the prepa-
ration of coating sample, the mixture was bar-coated onto the
glass substrate using the conventional draw-down bar-coating
technique with a wire-wound rod (96 pm) for coatings. The
coatings were then cured with a UV lamp for 6 h.

Measurements. The M, and M,/M, of polymers were deter-
mined using SEC with dimethylformamide (DMF) as the
eluent at 45 °C. For DMF-SEC, three polystyrene-gel columns
[KD-802 (from Shodex); 150 A pore size; 8 mm i.d. x 300 mm,
KD-803 (from Shodex); 500 A pore size; 8 mm i.d. x 300 mm,
KD-804 (from Shodex); 1500 A pore size; 8 mm i.d. x 300 mm]
were connected to a PU-4180 pump, a RI-4030 refractive index
detector, and a UV-4075 ultraviolet detector (JASCO); the flow
rate was maintained at 1.0 mL min~". To analyze the obtained
polymer samples, the columns were calibrated against 13
standard poly(ethylene glycol) (PEO) samples (Agilent
Technologies; M, = 980-811500; M,/M, = 1.03-1.11). A
300 MHz Bruker Ultrashield spectrometer was used to perform
"H NMR. All spectra were recorded in ppm units using DMSO-
de and methanol-d, as deuterated solvents at room tempera-
ture. On a Q500 calorimeter, polymer networks were subjected
to thermogravimetric analysis (TGA) under airflow at a heating
rate of 10 °C min™" from 25 to 800 °C (TA Instruments). A rhe-
ometer oscillatory frequency sweep was performed to evaluate
the mechanical properties of the circular film (Anton Paar,
MCR102). At room temperature, the modulus of the parallel
plates (diameter, 25 mm) was measured over the frequency
range of 0.1 to 1000 rad s~ with a constant strain of 0.1%.
tan § was determined by dynamic mechanical analysis (DMA)
with a constant strain of 0.1% at a heating rate of 3 °C min™"
from -50 to 100 °C wusing a Q800 calorimeter (TA
Instruments). DMA was subjected to a stress relaxation test
with a constant strain of 3% at a range of temperatures
(50-90 °C). For the tan § and stress relaxation experiments, rec-
tangular bars were prepared with dimensions of 30 mm x
5 mm X 0.5 mm and 60 mm x 10 mm x 2 mm, respectively.
Using a nanoindentation tester, hardness and modulus inden-
tation of coatings were determined (Anton Paar TriTec, NHT?).
Loading (0 to 2 mN, 60 mN min '), holding (2 mN), and
unloading (reversed the loading step) measurements were per-
formed. The reported data represent the mean of three separ-
ate measurements.

Swelling tests. The cured samples were submerged in water,
ethanol, and toluene to determine the formation of crosslinked
polymer networks and to analyze their stability in an organic
solvent. Each sample was immersed in water or an organic
solvent, and their time-dependent mass changes were plotted.

This journal is © The Royal Society of Chemistry 2023
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Tensile test. For round-shaped films, samples were cut in
half, and the cut surfaces were reattached after wetting with
water. After three days at room temperature, the self-healing
capabilities of the polymer networks were determined by
applying 500 g weight to the healed samples. Tensile tests were
conducted on dog-bone-shaped films using a Universal
Testing Machine (UTM, Lloyd, LF-Plus). For testing, uncut dog-
bone-shaped samples, which were stored at 80 °C for 3 days
with 500 g weight, were extended at a rate of 20 mm min" as
pristine. To conduct self-healing tests, new samples were cut
in half and their cut surfaces were sprayed with water prior to
attachment. Then, a 500 g weight was placed on the samples
at 80 °C. Usually, healed samples were utilized similarly for
the tensile test. The reported data was the mean of three
measurements.

Scratch test. A micro scratch tester was utilized to conduct
scratch tests on coatings (Anton Paar TriTec, MST). The total
length of the scratch was 1 mm, and the normal constant load
was 2 mN at a rate of 2 mm min~". After 18 h at room tempera-
ture and 80% relative humidity, the optical microscopy of the
scratch tester revealed that the samples had healed.

De-crosslinking of polymer networks with pinacol. The bc-
cPGB (0.24 g) was immersed in THF (3.28 mL) and then 0.73 g
of pinacol was added to the mixture. After adding 0.51 mL of
distilled water, the mixture was stirred for 6 h in an oil bath at
60 °C. The mixture was then evaporated and washed three
times with THF. Immiscible layer with THF was then dissolved
in MeOH and then precipitated in cold diethyl ether. The pre-
cipitated bc-PG was dried under vacuum for overnight. The
THF layer evaporated and dried under vacuum for overnight to
obtain the poly(4-vinylphenylboronic ester) (PVPBE). The
obtained products were subsequently analyzed by 'H NMR
(MeOH-d,, CDCl3, respectively) and SEC (yield of the bc-PG =
99.5%).

Results and discussion

Design of poly(glycidol)s carrying 4-vinylphenylboronic ester
as a crosslinking building blocks

A B-O dynamic covalent bond can generally be formed
through transesterification and re-esterification of alcohols
with boronic acids. In addition, the vinyl group in VPA can be
used to crosslink polymer networks using a photocuring
system. To confirm the reactivity between boronic acid and
various alcohol moieties within the PG backbone (i.e., Ly 3 =
primary alcohol, L,, = secondary alcohol, and T, = diol),
control experiments with small molecule analogs using
ethanol as a primary alcohol, 2-propanol as secondary alcohol,
and 1,2-propanediol as diol with VPA were conducted
(Fig. S171). As anticipated, the reactivity of diol with boronic
acid was significantly higher than that of mono alcohols at
varying ratios ([alcohol]/[VPA] = 1, 2, 4, and 8 molar ratio),
whereas "H NMR analyses confirmed the formation of boronic
ester from mono alcohols to be around 20% in excess of the
alcohols.

Polym. Chem., 2023,14,1184-1194 | 1187
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According to our previous research, the diol units in topo-
logy-controlled PGs comprised approximately 40 mol%; there-
fore, 15 and 30 mol% of the crosslinking agent was added at
room temperature for 3 h.*® As shown in Fig. 1, '"H NMR
spectra indicated the successful synthesis of PGs containing
4-vinylphenylboronic ester, including bc-PGB, hb-PGB, and lin-
PGB. For instance, the peaks originating from the 4-vinylphe-
nyl group in be-PGB could be clearly assigned, including those
of the polyether backbone protons (3.95-3.38 ppm), vinyl
protons (6.84-5.17 ppm), and phenyl protons (7.79-7.32 ppm).
The fraction of boronic ester was calculated by 30 mol% in
PGB backbone based on the peak integration between poly-
ether backbone protons and vinyl group on VPA. In addition,
hb-PG and lin-PG containing 30 mol% of boronic ester (hb-
PGB and lin-PGB) were synthesized using the same protocol
(Fig. 1b and c).

Polymer backbone

View Article Online

Polymer Chemistry

Preparation of crosslinked polymer networks via photo-radical
curing process

The synthesized PGBs were then employed in the photo-
radical curing process with PBPO as the initiator under
365 nm UV light for 6 h (Fig. 2). To determine the degree of
crosslinking on the obtained films, a swelling test in
ethanol was conducted for 5 h. All cured PGB samples
(cPGBs) exhibited nearly constant masses before and after
the swelling test, indicating the quantitative conversion of
vinyl groups in PGBs during curing. Interestingly, the
degree of swelling of bc-cPGB was greater than that of hb-
cPGB and lin-cPGB. It is attributable to the preferred inter-
molecular crosslinked polymer network and larger network
mesh space by the cyclic structure of be-PGB, resulting in a
more stable polymer network and a greater swelling degree

Polymer backbone

O‘ { ) - YOH
/\/ ~0 M\O/{\k\[ %\ HO OH O 5 (@]
“OH “OH + '
a
K[ K[ g
b \c, d
polymer
(a) bc-PGB backbone
H,0 MeOH
a |
D b c d
A M g AN I \
L g s i ‘
117 0.30 0.30 0.30 10.00
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L= S i niiher —_—
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(c) lin-PGB / = T
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T T T
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Fig. 1 H NMR spectra of (a) bc-PGB, (b) hb-PGB, and (c) lin-PGB carrying 30 mol% of 4-vinylphenylboronic ester (MeOH-d,, room temperature).
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Fig. 2 (a) Photocuring system for PGBs, (b) swelling tests of cPGBs in ethanol as a function of time, and (c) photos of cPGBs before and after swell-

ing tests. All images are in the same scale.

in ethanol compared to other polymer structures.*® On the
other hand, the de-swelling behavior of hb-cPGB occurred
after 1 h in ethanol. It is likely due to the gradual formation
of intramolecular bonds in the hyperbranched structure,
which would lead to the disruption of the intermolecular
crosslinked polymer network.*’ In contrast, lin-cPGB

exhibited no swelling due to the dense crosslinking of its
polymer networks.

Furthermore, the swelling behavior of these crosslinked
polymer networks in toluene or water was evaluated (Fig. S27).
Due to the hydrophilic polymer backbone, no swelling behav-
ior was observed in toluene. However, the dissociation of

(a) (b) (c)
6 45 45 30 14
X10% TG of bo-cPGB [ Tensile strength [MPal EHIT [MPa]
- G" of bc-cPGB = [ Young's modulus [MPa] m e (GPa)
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Topological property

Topological property

Fig. 3 (a) Storage (G') and loss (G") modulus of obtained cPGB films, (b) tensile strength, Young's modulus, and elongation at break of cPGB films,
and (c) indentation hardness (HIT) and indentation modulus (EIT) of cPGB surface.
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Fig. 4 (a) Photos of the healing process for different cured polymer networks. (b) Stress—strain curves of bc-cPGB (left) and hb-cPGB (right); pris-
tine (black line) and healed samples. (c) Optical microscopy images of the scratch test of bc-cPGB (top) and (b) hb-cPGB (bottom).
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boronic ester in water resulted in the degradation of polymer
networks.

Thermal and mechanical properties of crosslinked polymer
networks

The glass transition temperature (T,) of bc-cPGB and hb-cPGB
was determined by DMA using the tané peak (Fig. S37).
Intriguingly, similar T, values were observed even though the
crosslinked polymer networks may differ due to competing
crosslinking mechanisms between intermolecular and intra-
molecular crosslinking depending on the prepolymer struc-
ture. Generally, fully crosslinked polymer networks with a
cyclic structure have a lower T, value than those with a linear
structure due to the increased chain mobility resulting
from the mesh structure of the cyclic topology.** In this study,
however, the crosslinking densities of the samples were
restricted to 30%, and hyperbranched prepolymer (hb-PGB)
had a higher probability of forming intramolecular cross-
linking than cyclic prepolymer (bc-PGB), resulting in a lower
T, value than expected.’®

TGA was also used to determine the thermal stability of bc-
cPGB and hb-cPGB (Fig. S41). From 376 °C to 388 °C, the
weight of both cPGBs decreased gradually, indicating the
thermal decomposition of the boronic ester linkage. Even
though the crosslinking densities of bc-cPGB and hb-cPGB
were comparable, the decomposition temperature (Tgs) of be-
cPGB was higher than that of hb-cPGB, indicating that bc-
cPGB is more thermally stable and that the intramolecular
crosslinking pathway of hb-PGB was enhanced (Tgs, be-croB =
254 °C and Tys, hb-cpas = 218 °C).

5
4
E, = 23.60 kJ/mol
;\ 3._ ° °
~ i E, = 18.63 kdJ/mol
£ il
E,, ho-cPGB > Ea, be-cPGB
14
| * bc-cPGB
» hb-cPGB
0= T i T ! T L T
2.8 2.9 3.0 3.1
1000/T (K1)
Fig. 5

topologies.
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To investigate the mechanical property of cured materials
based on the polymer topologies, the viscoelastic property was
analyzed further with a rheometer (Fig. 3a). At all frequencies,
the storage modulus (G') of both networks is greater than the
loss modulus (G”), indicating that elasticity predominates than
viscosity. G' and G” of bc-cPGB are surprisingly higher than
those of hb-cPGB, indicating a higher mechanical property of
be-cPGB because of the unique ring in cyclic polymer networks
contributing to elasticity of the network.*® Similarly, tensile
tests revealed that the tensile strength and Young’s modulus
of bc-cPGB are greater than those of hb-cPGB (Fig. 3b). In
addition, nanoindentation of the surface mechanical pro-
perties of the samples revealed greater indentation hardness
(HIT) and indentation modulus (EIT) due to the unique topo-
logy of cyclic structure (Fig. 3c). These results demonstrated
that polymer networks with branched cyclic polymer matrices
possessed superior overall mechanical properties than those
with hyperbranched polymer matrices.

Effect of polymer topologies on self-healing ability

The boronic ester-based self-healing material functions by
exchanging boronic ester through transesterification and re-
esterification as a dynamic covalent bond.*> Simple tensile
tests confirmed the self-healing property of polymer networks
in this study. A razor blade was used to cut and separate cPGB
samples, and a small amount of water was added to the cut
surface. Then, the cut surfaces were physically placed into
contact by hand. As shown in Fig. 4a, bc-cPGB and hb-cPGB
samples were completely healed within approximately three
days at room temperature while lin-cPGB was not healed

preferred
intermolecular cross-linking

(b)

competition of
intermolecular and intramolecular
cross-linking

(a) Arrhenius plots and activation energy of polymer networks and (b) scheme for the structure of cured sample depending on the polymer
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during the identical time period (Fig. S57). It is possibly due to
the compact crosslinked bonds with boronic acid and low
chain mobility of lin-cPGB. The healed be-cPGB and hb-cPGB
were then utilized in a 500 g (1000 times the mass of the
sample) tensile test to confirm their self-healing efficiencies.
Under the boronic ester exchange reaction, both be-cPGB and
hb-cPGB films could withstand the 500 g weight. In addition,
to determine the quantitative self-healing efficiency, the
healed cPGB samples were utilized for the UTM tensile test
based on the healing time (Fig. 4b). Intriguingly, bc-cPGB
exhibited a relatively higher self-healing efficiency (95% after
1 h), as defined by the ratio of the maximum stress after self-
healing to that of pristine, than that of hb-cPGB (59% after
3 days) because of its unique cyclic structure and increased
chain mobility.**

To further investigate the self-healing performance based
on polymer topologies, the scratch healing property of bc-
cPGB and hb-cPGB was analyzed using a scratch tester. Optical
microscopy was used to observe cPGB samples that had self-
healed under conditions of 80% relative humidity and room
temperature. Surprisingly, as shown in Fig. 4c, the scratched
surface of bc-cPGB was completely healed in 1 h, whereas the
scratched surface of hb-cPGB required 18 h to heal under the
same conditions, indicating that the tendency of the self-

(a)
Polymer backbone
HO OH
oy OH
0o.__0 0.,.0 OH
B B Pinacol
O O THF, 60 °C
(b)
Recycled bc-PG
H,0 MeOH
be-PG
—r
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healing effect is consistent with the tensile test. Thus, a stress
relaxation experiment was conducted to investigate the
dynamic exchange of B-O bonds in polymer networks based
on the various polymer topologies. DMA was used to conduct
the stress relaxation experiment within the linear viscoelastic
region of polymer networks (Fig. S6t). Clearly, both bc-cPGB
and hb-cPGB samples were perfectly relaxed between 50 °C
and 90 °C. Particularly, a shorter relaxation time was observed
for be-cPGB than hb-cPGB at all temperatures, indicating that
be-cPGB has faster exchange dynamics due to its unique cyclic
topology. Based on the Arrhenius equation, the activation
energy (E,) for the self-healing of polymer networks was deter-
mined by plotting the graph of In(z*) versus 1000/T (Fig. 5a). =*
(s) is the relaxation time at G/G, = 1/e, 7, is 7* at an infinite
temperature, R is the gas constant (8.314 J mol " K), and T is
the temperature (K).

E,

In(z*) = RT

E, of bc-cPGB and hb-cPGB were determined to be 18.63 k]
mol ™" and 23.60 k] mol ™", respectively, by fitting the Arrhenius
equation, indicating that dynamic covalent bond in cyclic
structure is more suitable for the efficient self-healing in poly-
meric materials than hyperbranched structure (Fig. 5b). This

HG  OHOH OH ~OH OH

oo o0
7K

(c)
be-PG
M,
MM, Yield (%)
3150 -
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o

1.51

Pinacol H
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Fig. 6 (a) Mechanism for de-crosslinking of polymer networks using pinacol; (b) *H NMR spectrum for recycled polymers (c) SEC traces of bc-PG

of before and after recycling.
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trend corresponds with the previously described shorter self-
healing time of bc-cPGB (Fig. 4).

Recyclable property of crosslinked polymer networks

We then prompted to take advantages of the dual cross-linking
system, in which the dynamic bonds can be further exploited
to recycle the resulting polymers. As a heterogeneous system,
be-cPGB was reacted with pinacol in THF at 60 °C in an effort
to investigate the recyclable property of polymer networks. Due
to the replacement of the boronic ester bonds in the polymer
main backbone by pinacol and the subsequent precipitation of
be-PG in cold diethyl ether, the sample transformed into a
cloudy solution after 6 h (Fig. 6a). Notable is the confirmation
of recycled be-PG and poly(4-vinylphenylboronic ester) (PVPBE)
by "H NMR and SEC analysis (Fig. 6 and Fig. S71). Particularly,
recycled be-PG exhibited identical molecular weight and mole-
cular weight distribution with a high yield (99.5% for recycled
be-PG), attributed to heterogeneous system. We highlight that
this study unveils the effect of polymer topologies on the self-
healing efficiency. Moreover, the remarkable recyclability of
bc-PG is demonstrated due to dual cross-linking system in this
study.

Conclusions

Dual crosslinking polymer networks consisting of dynamic
covalent bonds as a function of self-healing polymer networks
and covalent bonds as a function of crosslinking polymer net-
works were formed by a simple photocuring reaction involving
topology-controlled PGBs carrying 4-vinylphenylboronic ester
and photo-radical initiator. The storage modulus (G'), loss
modulus (G"), tensile strength, Young’s modulus, indentation
hardness (HIT), and indentation modulus (EIT) of the
obtained cPGBs were evaluated. Due to the intramolecular
crosslinking pathway of hb-PGB, bc-cPGB with its cyclic struc-
ture, exhibited superior physical properties to hb-cPGB with its
hyperbranched structure. The be-cPGB and hb-cPGB exhibited
self-healing performance by dynamic exchange of B-O bond,
with the be-cPGB exhibiting faster self-healing due to a lower
E, value than the hb-cPGB, because of enhanced chain mobi-
lity resulting from its unique cyclic structure. In contrast, lin-
cPGB exhibited no self-healing properties due to its dense
crosslinking with boronic acid and low chain mobility. These
results suggest that topology control of polymer materials is
essential for the development of highly tunable, advanced
functional materials.
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