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Abstract. In this research, a nitrile-butadiene rubber (NBR) was prepared with excellent mechanical, self-healing and recy-
cling properties by introducing metal-ligand coordination interaction. A coordination crosslinking network based on ligand
bonding was successfully introduced in the NBR matrix by mechanical compounding. The dynamic reversibility of the co-
ordination crosslinking network not only provides the vulcanizate with excellent mechanical properties but also confers a
remarkable self-healing ability under high temperatures and recyclable property under mechanical shear, respectively. The
sample, which was subjected to the complete cut, could be capable of restoring its original tensile strength after self-healing
treatment. The self-healing efficiency of NBR vulcanizate is significantly dependent on the self-healing temperature and
time, which can surprisingly reach 97% of the original tensile strength after self-healing treatment at 180 °C for 60 min.
After the mechanical shear, the coordination crosslinking network is reversibly transformed. The tensile strength of the NBR
vulcanizates after mechanical shearing recycling and re-vulcanization was similar to that of the original NBR vulcanizates.
This research presents a novel approach to enhance the durability of rubber used in commercial applications, endowing it
with reshaping and recycling capabilities and mitigating environmental issues associated with waste rubber.
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1. Introduction

Self-healing is one of the most intriguing phenomena
in nature. Most organisms could self-heal themselves
when they suffer damage. Since White ef al. [1] first
reported the self-healing polymers in 2001, many
scholars have attempted to introduce this brilliant
and biological concept into synthetic materials. In
the last decade, a series of self-healing polymers
have been emerged [2—4], which can repair their own
damage spontaneously in response to light, heat, or
other stimuli. Usually, self-healing polymers can be
classified into two distinct categories: extrinsic and
intrinsic self-healing materials. Due to the simpler
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preparation process and the ability to achieve re-
healing, intrinsic self-healing materials are more de-
sirable to researchers. A common approach for con-
structing intrinsic self-healing materials is to intro-
duce reversible bonds, such as Diels-Alder bonds [5,
6], disulfide bonds [7], hydrogen bonds [§], ionic in-
teractions [3, 9] and metal-ligand coordination [10,
11], etc. These dynamic reversible bonds make it
feasible to self-heal the broken bonds. Moreover,
polymers based on reversible bonds have better
chain mobility since the reversible bonds are less re-
strictive to the polymer crosslinking network, which
is also essential for self-healing [9].
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Rubber, as a superior polymer material with a history
of application, can be traced back to a century ago.
With its unique high elasticity and remarkable me-
chanical properties, rubber has an irreplaceable wide
range of applications in medical materials [12], aero-
space [ 13], automotive industry [14] and other fields.
However, during the service, rubber is prone to crack-
ing under stress, light, and heat, resulting in a gradual
loss of mechanical properties [15, 16]. In order to im-
prove the strength and rebounded resilience of rubber
products, crosslinking is necessary. Unfortunately,
the vulcanizates, crosslinked in the traditional way,
are difficult to recycle, which could cause serious
pollution [17]. However, these methods are complex
and ineffective, while the deterioration in the me-
chanical properties of the recycled product is in-
evitable [18, 19]. Self-healing materials are a prom-
ising solution to improve material sustainability and
prolong the lifetime [20, 21]. By constructing the re-
versible supramolecular networks, rubber is expected
to exhibit self-healing and recyclable properties. Nev-
ertheless, rubbers based on reversible supramolecular
crosslinking networks often have weak mechanical
properties due to relatively weak non-covalent inter-
actions [4]. In order to address this challenge, Liu et
al. [22] achieved high strength and stability by con-
structing the ionic-covalent crosslinking networks
while failing to consider the mechanical and self-
healing properties effectively. Therefore, it is expect-
ed to prepare a rubber with excellent mechanical and
self-healing properties simultaneously by introducing
the coordination interactions to form the metal-ligand
crosslinking networks, which have the highest bond
energy among the non-covalent interactions. Based
on the above-mentioned, commercial nitrile-butadi-
ene rubber (NBR) seems to be an ideal choice for
rubber with self-healing and recyclable properties.
The cyano groups in NBR could react with various
transition metal ions to form a metal-ligand crosslink-
ing network effectively [23, 24]. The dynamic re-
versible behavior in the metal-ligand crosslinking
networks can endow rubber with the self-healing and
recyclable features [25].

In this research, a simple strategy was utilized to
prepare the self-healing and recyclable NBR. The
strategy is based on the formation of a metal-ligand
crosslinking network between the cyano group and
metal ions. With the reversible dynamic crosslink-
ing network, the NBR vulcanizate with excellent

self-healing and recyclable properties could be
achieved successfully.

2. Experimental

2.1. Materials

Nitrile—butadiene rubber (NBR, 4155 type, 41 wt%
acrylonitrile content and ML;.4[100°C] = 55+5) was
used in present research and obtained from Nantex
Industry Co. Ltd. (Zhenjiang, China). Cupric sulfate
anhydrous (CuSOg, AR) was procured from Reagent
Chemical Co. Ltd. (Tianjin, China). Dioctyl phthalate
(DOP) plasticizer was sourced from Guangcheng
Chemical Industry Co. Ltd. (Tianjin, China).

2.2. Sample preparation

The NBR was initially mixed with DOP in a two-roll
mill (X[S] K-160, Qun Yi Rubber Machinery Co.
Ltd., Shanghai, China) for 5 min at room tempera-
ture. Subsequently, CuSO4 powder was introduced
into NBR and the blending process proceeded for
another 5 min to ensure the uniform dispersion of
DOP and CuSOy particles in the NBR matrix. The
resulting mixture was subjected to compression
molding at 180 °C for 60 min using a plate vulcan-
izing machine (50 T, Qun Yi Rubber Machinery Co.
Ltd., Shanghai, China) and the series NBR/CuSO.,/
DOP vulcanizates with coordination crosslinking in-
duced by metal-ligand interactions was prepared.
The above NBR vulcanizates were formed into
2 mm thick sheets.

For the convenience of narration, the vulcanizates
were designated according to their NBR/CuSO4/DOP
composition. For instance, NCul0-D10 was used to
refer to the NBR/CuSO4/DOP (100/10/10) vulcan-
izate. The specific compositions of the NBR/CuSOy4/
DOP vulcanizates are summarized in Table 1. For il-
lustrating purposes, the unvulcanized NCul0-D10
blend was noted as NCu10-D10a and the vulcanized
NCul0-D10 vulcanizate was noted as NCul0-D10b.

2.3. Characterization

The curing behavior of the NBR/CuSO4/DOP vul-
canizates was investigated using a Rotorless Rheome-
ter (K'Y-6002, Kai Yuan Machinery Co. Ltd., China)

Table 1. Ingredients [phr] of NBR/CuSO4/DOP vulcanizates.

Sample | NCu3-D10 | NCu5-D10 | NCu10-D10 | NCu20-D10
NBR 100 10 100 100
CuSOy4 3 5 10 20
DOP 10 10 10 10
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at a constant temperature of 180°C and a vibrating
angle of +£1°.

The glass transition temperature (7) of the samples
was investigated using a differential scanning calori-
meter (DSC 204 F1, NETZSCH Instruments, Ger-
many) under a nitrogen atmosphere. The samples
were heated at a rate of 10 K/min from —60 to 70 °C
to determine their 7, values.

X-ray photoelectron spectra (XPS) survey scans
were analyzed by an EscalabTM 250Xi X-ray pho-
toelectron spectrometer (Thermo Fisher Scientific,
USA). The chemical components related to nitrogen
in NBR/CuSO4/DOP vulcanizates were analyzed to
examine their chemical species.

The mechanical properties of NBR/CuSO4/DOP vul-
canizates were evaluated using a universal material
testing machine (TCS-2000, GoTech Testing Ma-
chines Inc., China) at room temperature, with a cross-
head speed of 500 mm-min~'. Each sample was test-
ed a minimum of three times to ensure precision and
reproducibility.

For the self-healing test, an original dumbbell-shaped
sample was cut into two separate pieces using a clean
razor blade. The cutting surfaces were aligned and
adjoined immediately with minimal pressure. Sub-
sequently, the healed samples were subjected to the
healing treatment at the predetermined temperature
for a certain time without loading. After healing, the
mechanical properties were assessed through stress-
strain testing. The healing efficiency was calculated
as the ratio of the tensile strength of the healed sam-
ple to that of the original one.

The morphology of NBR/CuSO4/DOP vulcanizates
was investigated by the utilization of field-emission
scanning electron microscopy (FE-SEM, JSM-
6700F, Japan Electron Optics Laboratory Co., Ltd.,
Japan). Prior to analysis, the surfaces of the samples
were sputter-coated with a thin layer of platinum
coating to prevent electrostatic accumulation.
Tensile stress relaxation experiments were conduct-
ed using a high-temperature and low-temperature
servo-controlled tensile testing machine (AI-70008S,
GoTech Testing Machines Inc., China) at room tem-
perature (RT), 60, 120 and 180 °C, respectively. The
sample were subjected to a strain of 100% at a con-
stant crosshead speed of 100 mm-min~!. The sample
were tested after a 5 min incubation period, and the
relaxation time was set at 5 min.

Equilibrium swelling experiments were conduct-
ed to ascertain the crosslinking density of the

NBR/CuSO4/DOP vulcanizates. Initially, the sam-
ples were submerged in dichloromethane (DCM) for
aperiod of 7 days to attain the swelling equilibrium.
Then the surface of the swollen samples was gently
blotted using the dust-free filter paper to remove any
residual DCM, and the samples were subsequently
weighed. Finally, the swollen samples were dried at
60°C for a duration of 12 hours until a constant
weight was achieved. The crosslinking density of
samples was computed by the Flory-Rehner equa-
tion as shown as Equation (1) [26]:

_ In(1=Vo) + Vo +xVs

6]
(v ~%)
where V) is given by Equation (2):
.
Vo= ﬁ (2)
Py + Py

The crosslinking density () of the samples was cal-
culated using the formula above, where V; represent-
ed the molar volume of dichloromethane (DCM) at
67.8 cm*-mol™!, x was the NBR-DCM interaction pa-
rameter at 0.33, p; and p, were the densities of DCM
and NBR at 1.325 and 0.98 g-cm™, respectively. The
mass of the swollen sample before and after drying
was represented as m and m;, respectively.

3. Results and discussion
3.1. Curing characteristics and coordination
crosslinking behaviors of
NBR/CuSO4/DOP vulcanizates
In our research, a distinctive characteristic of self-
healing rubber is the formation of a coordination
crosslinking network through the reversible coordi-
nation bonds, which is achieved by utilizing the metal-
ligand interaction of cyano in NBR with CuSO4. A
schematic illustration of this process is presented in
Figure 1. Our previous work has demonstrated that
the unmodified commercial NBR can engage in co-
ordination interactions with metal salts to establish
a stable coordination crosslinking network [27]. This
strategy ensures the formation of supramolecular
networks in NBR/CuSO4/DOP compounds based on
dynamic bonds.
Under the stimulation of heat treatment, the cyano
group in NBR will react with the copper ion in CuSOy4
by coordination effectively. During the vulcaniza-
tion, the chain mobility of the NBR is decreased ob-
viously due to the implication of metal-ligand inter-
actions, which can be derived from the analysis of
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curing curves as shown in Figure 2. As seen in the
figure, the series NBR/CuSO4/ DOP compounds
with different CuSO4 dosages at 180 °C. The torque
of the compounds was increased with increasing cur-
ing time, resulting from the formation of the coordi-
nation crosslinking networks induced by the inter-
action between the cyano group and Cu?". Moreover,
the torque was also increased with increasing CuSO4
dosage, which could attribute to the increasing
crosslinking density.

The glass transition temperature (7) is a useful in-
dicator of the mobility of macromolecular segments.
Comparing the 7, values of the NBR/CuSO4/DOP
blend with that of the vulcanizates, it is possible to
identify the occurrence of crosslinking within the
NBR/CuSO4/DOP vulcanizates. The T, of the series
NBR/CuSO4/DOP blend and the vulcanizates were
measured by DSC. The DSC curves are displayed in
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Figure 2. Curing curves of NBR/CuSO4/DOP compounds

with different CuSO4 dosage at 180°C.
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Figure 1. Diagrammatical illustration of the coordination crosslinking structure in NBR vulcanizate.

CuSO, particle

Figure 3. It is evident that the 7, of the series of the
pure NBR and NBR/CuSO4/DOP blend did not
show significant changes in T, of the series (—22.1
and —21.6 °C), indicating that the simple blending of
CuSOy4 with NBR did not result in the considerable
crosslinking between Cu?" and a cyano group. How-
ever, after vulcanization, the 7, of the series value
of NCul0-D10 increased significantly from —21.6 to
—15.1°C, indicating the formation of a coordination
crosslinking network through the strong coordina-
tion effect of Cu?>* and cyano group. The crosslink-
ing network greatly restricted the mobility of NBR
chain segments greatly, resulting in significantly in-
creasing T, of the series values. Moreover, the T, of
the series values of the NBR/CuSO4/DOP vulcan-
izates were increased with the increasing CuSOy4
dosage, indicating that the higher the CuSO4 content
led to the higher the crosslinking density, which

NCu20-D10
NCu10-D10b

Heat flow —

NCu5-D10

NCu10-D10a

Pure NBR

1
-30 -20 -10 0 10
Temperature [°C]

Figure 3. DSC curves of NBR/CuSO4/DOP blend and vul-
canizates.
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resulted in the strongly restricted movement of NBR
chain segments.

XPS could identify the chemical environments of el-
ements by detecting their characteristic binding en-
ergies. Coordination structures, such as those formed
between metal ions and ligands, can significantly
alter the chemical environment of the central and lig-
and atoms. In this research, the N 1s XPS spectra of
NBR/CuSO4/DOP blend and vulcanizates were an-
alyzed to investigate the occurrence of coordination
reactions. As illustrated in Figure 4a, the N 1s spec-
tra of the NBR/CuSO4/DOP blend reveal a solitary
nitrogen environment, displaying a central binding
energy of 399.3 eV, which belonged to the nitrogen
atoms of free cyano groups. However, after vulcan-
ization, as illustrated in Figure 4b, a new peak ap-
peared at higher binding energy (401.6 eV), and the
shift is caused by the coordination of the cyano
group with Cu?’, which results in a transfer of elec-
trons from the nitrogen atom to the metal ions [28].
The resulting increase in the internal electron bind-
ing energy of the coordinated nitrogen atoms leads
to a different chemical environment compared to that
of the NBR/CuSO4/DOP blend without coordina-
tion, resulting in a shoulder peak at the higher bind-
ing energy in the XPS spectrum. These observations
provide supporting evidence for forming coordina-
tion structures between Cu?* and cyano groups in the
NBR/CuSO4/DOP vulcanizates.

3.2. Mechanical properties of
NBR/CuSO4/DOP vulcanizates

The stress-strain curves of NBR/CuSO4/DOP vul-

canizates with different CuSO4 dosage were shown
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Figure 5. Stress—strain curves of NBR/CuSO4/DOP vulcan-
izates with different CuSO4 dosage at 180°C.

in Figure 5. The tensile strength of the series vulcan-
izates was substantially increased with the increasing
CuSO, dosage, while the elongation at break was de-
creased gradually. For the coordination crosslinking
vulcanizates, the metal-ligand coordination bond
acts as a ‘sacrificial bond’, which could improve the
tensile strength significantly while can maintain the
relative high elongation at break [29, 30]. The in-
creasing CuSO, dosage improved the coordination
efficiency of the cyano group with Cu?" greatly, re-
sulting in an increased crosslinking density of the
NBR vulcanizates (as shown in Table 3). Under the
external force, the dumbbell-shaped sample was
stretched to fracture and more coordination bonds
were required to be broken, resulting in increased
tensile strength. The mechanical properties of the se-
ries NBR/CuSO4/DOP vulcanizates are summarized
in Table 2. It can be observed that the tearing strength
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Figure 4. N 1s XPS spectra of NBR/CuSO4/DOP blend and vulcanizate: a) NCul0-D10a; b) NCul0-D10b.
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Table 2. Mechanical properties of NBR/CuSO4/DOP vul-

canizates.
Samples sf::;;til E;:I:)gl‘igl(:n :;f‘:;ltgllti Shore A
[MPa %] (KN-m-] hardness
NCu3-D10 3.08 1940 8.87 35
NCu5-D10 5.19 1557 10.84 42
NCul0-D10 6.62 1012 18.37 65
NCu20-D10 | 21.65 578 32.58 78

and Shore A hardness of the vulcanizates were in-
creased with increasing CuSO,4 dosage, which can be
attributed to the increasing crosslinking density.

3.3. Self-healing properties of
NBR/CuSO4/DOP vulcanizates

In order to assess the self-healing ability, the original

dumbbell-shaped sample was cut into two separate

pieces and then gently rejoined together to ensure

ﬁ :-—:
// \ \\
/ \

~ _~ NBRchain ® cuso, particle

Figure 6. Dlagrammatlcal illustration of self-healing behav-
ior of vulcanizates.

— Express Polymer Letters Vol.17, No.10 (2023) 1019-1030

good contact between the cutting surfaces, as shown
in Figure 6. The samples were then subjected to var-
ious temperatures and duration for healing. Subse-
quently, the stress-strain behavior of the healed sam-
ples was tested at a stretch rate of 500 mm-min~!
after cooling to room temperature.

Figure 7 shows the FE-SEM photographs of the cut
position of the NCul0-D10 sample before and after
healing (180°C, 60 min). Figure 7a shows the sur-
face of the sample with evident cutting marks, which
have clear, sharp edges and an obvious ‘step’-like
fracture, indicating that the separating cut sample
only keeps in contact with each other rather than pro-
ducing a strong bonding. After healing at 180 °C for
60 min, as shown in Figure 7b, the cutting marks on
the sample surface became blurry, and the edges of
the cuts fused with each other, and the ‘step’-like
fractures was disappeared. Only a superficial depres-
sion could be found in the cut position, indicating
the fine fracture healing after heat treatment.

The healed Dumbbell-shaped sample (180°C for
60 min) could successfully sustain a 500 g load with-
out breaking, as shown in Figure 8a, indicating the
excellent self-healing capability of the NBR vulcan-
izate. Figure 8b displays the stress-strain curves of
NCul0-D10 tested before and after healing at 180 °C
for 60 min. It is evident that the healed sample was
fractured at 6.4 MPa (the original sample was
6.6 MPa) with a healing efficiency of about 97%. At
the elevated temperature, the chain mobility of the
vulcanizates can be enhanced obviously, and the
NBR molecular chains diffuse each other in the cut-
ting surface. The Cu®" exposed due to bond breakage
and the uncoordinated Cu?", dispersed in NBR could

b)

Figure 7. FE-SEM photographs of the cut position of NCul0-D10 before and after healing (180 °C, 60 min): a) before heal-

ing; b) after healing.
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Figure 8. a) Photograph of NCul0-D10 hanging a 500 g load after healing; b) stress-strain curves of NCul0-D10 healed at

180°C for 60 min.

reorganize with the cyano group to form a well-es-
tablished network in the cutting surfaces. Moreover,
the elastic modulus (as observed from the slope of
the stress-strain curves) of the healed NCul0-D10
sample was significantly increased, and the elonga-
tion at break was significantly decreased compared
to that of the original sample. This can be attributed
to the repair of broken coordination bonds in the cut-
ting surface and the formation of new coordination
bonds during the healing treatment, resulting in in-
creased crosslinking density. It is notable that, during
the testing of the tensile strength of healed samples,
many samples were not fractured at the cut position
(refer to Figure 9), which is valuable evidence of the
vulcanizate's excellent self-healing ability.

Cuts

Figure 9. Digital photograph of the healed sample after frac-
ture (Sample incisions are marked with white
dashed lines).

Figure 10a illustrates the tensile strength of NCul0-
D10 sample healed at different healing temperatures
for different times. As can be seen from Figure 10a,
the tensile strength of vulcanizates after healing was
increased with the healing temperature and healing
time remarkably. Under the same healing tempera-
ture and healing time (1 h, 60 °C), our study demon-
strates higher tensile strength and healing efficiency
than Mandal et al.’s work in 2021 [31]. Usually, the
self-healing ability of the coordination bond-based
materials is influenced by the viscosity of the inter-
face, the diffusive mobility of molecular chain seg-
ments and the exchanging rate of coordination bonds
[32, 33]. The coordination bond-based self-healing
process involves both the reorganization and ex-
change of coordination bonds and the faster ex-
change rate of coordination bonds could improve the
self-healing efficiency. Increasing the healing tem-
perature and time can remarkably accelerate the dif-
fusion rate of molecular chains and the exchange rate
of coordination bonds.

Reorganization of the coordination crosslinked net-
work is an important mechanism underlying the self-
healing behavior of vulcanizates. To further investi-
gate the reorganization of the coordination cross-
linking network, the tensile stress relaxation experi-
ments were conducted at various temperatures, as
shown in Figure 10b. Generally, the stress relaxation
curves of NBR vulcanizate exhibit a continuous de-
crease of stress with increasing relaxation time and
the higher temperature could accelerate the stress re-
laxation. However, it was surprising to find that the
stress relaxation curves of NCul0-D10 sample ex-
hibited an abnormal phenomenon. With increasing
temperature, the stress relaxation rate of NCul0-D10
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Figure 10. a) Tensile strength of NCul0-D10 healed at different temperature and time; b) tensile stress relaxation curves of
NCul0-D10 at different temperature with 100% strain.

was significantly decreased. Interestingly, the stress
relaxation curves of NCul0-D10 even exhibited stress
recovery at 120 and 180 °C. This can be attributed
to the reorganization of the coordination crosslinked
network in the NBR vulcanizate under high temper-
ature. The elevation of temperature accelerated the
rate of coordination bond exchange, strengthening
the coordination crosslinked network of the vulcan-
izate and requiring great force to maintain the orig-
inal strain. Increasing healing temperature, the reor-
ganization of the coordination crosslinked network
in the vulcanizate occurred more rapidly, which was
consistent with the influence of temperature on the
healing strength, as shown in Figure 10a.

It should be noted that the influence of increasing
healing temperature on the healing efficiency of the
NBR vulcanizate is more sensitive than that of in-
creasing healing time, as shown in Figure 11 and
Figure 10a. Notably, the healing efficiency of the vul-
canizates was only 16.7% after 72 h healing at room
temperature, indicating that the coordination cross-
linking network of vulcanizates is not active at room
temperature. The lower temperature limits the ex-
change rate of coordination bonds, which hinders
them from rebuilding in the short term after break-
ing. It also implies that the coordination crosslinking
network is reversible, which could enable the recy-
cling of vulcanizates through appropriate methods.

3.4. Recycling properties of NBR/CuSO4/DOP
vulcanizates

The recycled method of vulcanizates is shown in

Figure 12. NCul0-D10 scraps were sheared using a

two-roll mill for 20 min to obtain the plasticity, then

1.5 20
12F ¥
115 %
' g
s09l  v— k5
g s
= 410 @
2 =)
[ =
2 o6} =
& g
5
15 g
0.3}
0.0 0
1 6 12 24 72

Self-healing time [h]

Figure 11. Tensile strength and healing efficiency of
NCul0-D10 healed at different times at room
temperature.

followed by hot-pressing at 180 °C for 20 min using
a plate vulcanizing machine. The surface of the re-
cycled vulcanizate was smooth and flat. Moreover,
compared with the original vulcanizate, there was no
discernible difference in appearance in the recycled
vulcanizate.

We conducted serial tests to verify the recycling
effect of vulcanizates after the mechanical shear.

»—a

i

—a
Q'm. Hot-pressing i
Two-roll mill Vulcanizate Recycled
after shearing vulcanizate

Figure 12. Schematic diagram of recycling method of vul-
canizates.
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Figures 13a, and 13b displays the N 1s XPS spectra
of NCul0-D10 after being subjected to mechanical
shearing and re-vulcanization. The N 1s spectra of
NCul0-D10 after mechanical shearing exhibited a
singular nitrogen environment with a central binding
energy of 399.3 eV. This value is consistent with the
N 1s spectra of the NBR/CuSO,4/DOP blend, which
is shown in Figure 4a. It indicates that the coordina-
tion crosslinking network of vulcanizates underwent
a reversible transformation after mechanical shear-
ing and reverted to the unvulcanized condition.
However, a shoulder peak appeared at a higher bind-
ing energy after the re-vulcanization, indicating that
the re-vulcanized vulcanizates could recover the co-
ordination structure after hot-pressing. Figure 13c
shows the DSC curves of NCul0-D10 before and
after mechanical shearing and re-vulcanized. Simi-
larly, the transition of 7, in NCul0-D10 before and

- Experimental data
— Fitting peak at 399.3 eV
0
e
3
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after mechanical shearing and the re-vulcanized
process is attributed to the reversible transformation
of the coordination crosslinking network. The coor-
dination bonds in vulcanizates are broken by the
strong mechanical shear force, reducing the con-
straint of the NBR chain segments and reducing the
T, value. After re-vulcanization, the coordination
crosslinking network of vulcanizates is reconstructed
with a subsequent increase in 7. The T}, of the re-vul-
canized vulcanizates is higher than that of the NBR
vulcanizates, which should be due to the higher cross-
linking density (refer to Table 3). Figure 13d shows
the stress-strain curves of NCul0-D10 after the re-
vulcanization treatment. The tensile strength of the re-
vulcanized vulcanizate was almost the same com-
pared to the original sample. Moreover, an increase in
elastic modulus (as observed from the slope of the
stress-strain curves) of re-vulcanized NCul0-D10
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cycled process; d) stress-strain curves of NCul0-D10 after re-vulcanization.

1027



Y. Gao et al. — Express Polymer Letters Vol.17, No.10 (2023) 1019-1030

was also observed in Figure 13d, which can be at-
tributed to the increased crosslinking density of the
re-vulcanized NBR vulcanizate.

3.5. Swelling properties of NBR/CuSO4/DOP
vulcanizates

The coordination crosslinking behavior of the series
NCul0-D10 vulcanizates was visually investigated by
the swelling experiments, as shown in Figure 14. The
unvulcanized NCul0-D10 was completely dissolved
by DCM at room temperature, indicating that the
NBR matrix was not crosslinked. Interestingly, the
mechanical sheared NCul0-D10 sample was almost
completely dissolved after 24 h of immersion in DCM
as well, indicating that the coordination crosslinking
network had already disappeared after mechanical
shear. Conversely, the vulcanized NCul0-D10 and
re-vulcanized NCul0-D10 could not be dissolved
completely but only partially swelled, indicating that
the crosslinking between the cyano group and Cu?*
had occurred after hot-pressing. After 24 hours of
immersion, the re-vulcanized NCul0-D10 exhibited

Table 3. Dissolvability and crosslinking density of NBR/
CuSO4/DOP blend and vulcanizates by swelling at

equilibrium.
Crosslinking
Sample Dissolvability | density 105
[mol/cm?]
NCu3-D10 X 0.13
NCu5-D10 X 0.37
NCul0-D10a N /
NCul0-D10b X 2.11
Sheared NCu10-D10 \ /
Re-vulcanized NCul0-D10 2.79
NCu20-D10 x 3.45

-~ Mo

Unvulcanized
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Vulcanized | | 4 i | L ! |
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Figure 14. Digital pictures of swelling experiments in DCM
of series NCul0-D10 vulcanizates.

less swelling compared to the vulcanized NCul0-
D10, indicating the formation of more crosslinking
points between molecular chain segments in the re-
vulcanized NCul0-D10. The observation agrees
with the crosslinking density calculated using the
Flory-Rehner equation, as shown in Table 3.

4. Conclusions

In conclusion, a facile strategy was developed to cre-
ate an NBR with remarkable mechanical properties,
excellent self-healing, and recycling abilities by in-
troducing metal-ligand coordination interactions
through simple mechanical blending. The curing
curves, DSC, XPS, and equilibrium swelling exper-
iments demonstrated the successful formation of the
coordination crosslinking network. Crosslinking of
NBR chains was achieved by using Cu?*-cyano co-
ordination bonds instead of conventional crosslink-
ing agents such as sulfur or peroxide. The CuSO4
dosage strongly affects the mechanical properties of
the prepared vulcanizates, and the vulcanizates ex-
hibited excellent mechanical properties, including a
stretchability of up to 1900% (NCu3-D10) and a ten-
sile strength of up to 21.7 MPa (NCu20-D10). More-
over, the NBR/CuSO4/DOP vulcanizates possessed
the excellent self-healing and recycling properties,
which is due to the dynamic reversibility of the co-
ordination crosslinking network. The healing tem-
perature and healing time played a critical role in de-
termining the self-healing properties of the vulcan-
izates, with a remarkable healing efficiency of up to
97% of the original tensile strength achieved after
healing at 180°C for 60 min. Furthermore, the ten-
sile strength of the NBR/CuSO4/DOP vulcanizates
after recycling was comparable to that of the original
sample. It is believed that this strategy of preparing
a combination of excellent mechanical and self-heal-
ing properties has great potential for application in
other polar polymers.
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