Volume 1

Number 2
November 2023
Pages 125-340

RSC
Applied Polymers

rsc.li/RSCApplPolym

ISSN 2755—31><

F 2 ROYAL SOCIETY PAPER

Kyohei Kotani et al.
“ O F CH EMIST RY Tough tetrazine-functionalized styrene-butadiene rubber

with self-adhesion through zinc-nitrogen coordination



Open Access Article. Published on 12 September 2023. Downloaded on 3/14/2026 9:14:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC

Applied Polymers

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: RSC Appl. Polym., 2023, 1,
229

Received 14th July 2023,
Accepted 11th September 2023

DOI: 10.1039/d3lp00112a

rsc.li/rscapplpolym

Introduction

Tough tetrazine-functionalized styrene—butadiene
rubber with self-adhesion through zinc—nitrogen
coordinationy}

Kyohei Kotani,**® Katsuhiko Tsunoda® and Hideyuki Otsuka (2 *°

We report a feasible system for the direct adhesion of cross-linked rubbers, based on incorporating tetra-
zine ligands into a styrene—butadiene rubber (SBR) followed by the addition of zinc dimethacrylate
(ZDMA) with the aim of forming reversible coordination cross-links. The modification of SBR is achieved
using an inverse-electron-demand Diels—Alder (IEDDA) click reaction with 3,6-di(2-pyridyl)-1,2,4,5-tetra-
zine (DPT) during the rubber-kneading process. The complexation capability of the bound DPT in the SBR
with ZDMA is demonstrated using a small model molecule including a DPT unit via UV-vis spectra. The
obtained DPT-ZDMA cross-linked rubbers show unique temperature dependence in dynamic mechanical
analysis (DMA), demonstrating the dissociation and reassociation of the DPT-ZDMA cross-linking. Strain-
sweep DMA tests exhibited a typical Payne effect with increasing amount of bound DPT units in the SBR,
supporting the formation of ZDMA-ZDMA filler interactions. Furthermore, the reversible nature of DPT—
ZDMA cross-linking endows the resulting composites with high strength. A tensile strength of up to 30.5
MPa at 579% elongation was achieved when 2.6 mol% of DPT was incorporated into SBR with 40 phr of
ZDMA. Hysteresis measurements revealed that the amount of bound DPT in the SBR and the ZDMA
content significantly impact the hysteresis loss due to the dissociation of the DPT-ZDMA cross-linking
and ZDMA-ZDMA filler interactions, leading to high energy dissipation and high toughness. Finally, a
direct adhesion application was demonstrated using T-peel tests, where the adhesion-peeling force
reaches up to 5.72 N mm™ when 2.6 mol% of DPT was incorporated into SBR with 60 phr of ZDMA. The
maximum peeling force showed a good correlation with the difference between the E’ value at 25 °C and
that at 145 °C as obtained from the DMA tests, clearly demonstrating that the degree of DPT-ZDMA
cross-linking is a main factor in determining the adhesion strength in the DPT-ZDMA cross-linking
system.

rubber-surface modifications and adhesive technology have
been widely studied."”®* Nonetheless, repair processes, such

Adhesion between cross-linked rubbers is one of the most
important processes for engineering the manufacture of
rubber products." However, it is commonly known that direct
adhesion between cross-linked rubbers without treatment of
the rubber surfaces is quite difficult due to the restricted
polymer-chain mobility on account of cross-linking," and
therefore, it is not surprising that pretreatment methods for
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as tyre retreading, for cured rubber products that involve an
adhesion process between cross-linked rubbers are still
limited given several issues with the processes, including
curing temperature and time."*®

To develop a more efficient adhesion system, it is important
to induce the interdiffusion of polymer chains between two
cured rubber samples during an adhesion process, such as
heat-pressing, followed by interlinkage between the two rubber
samples after cooling. Hence, the introduction of reversible

linkages,"'** such as hydrogen bonds,”?° ionic
interactions,>*  host-guest  interactions,>***  dynamic
covalent bonds**** and metal-ligand coordination

bonds,***™* given that introducing cross-linking bonds into
cured rubber is a potential strategy to achieve direct adhesion
between cross-linked rubbers, as reversible linkages often
show a temperature dependence that is different from that of
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conventional covalent bonds, which results in good malleabil-
ity at high temperature. Metal-ligand coordination bonds are
particularly promising cross-linkages on account of their
bonding energy, which can be controlled by changing the type
of metal salt and the design of the ligands on the polymer
chains. For example, Bao et al®’ have designed a highly
stretchable autonomously self-healing poly(dimethylsiloxane)
(PDMS) by introducing the 2,6-butylpyridinedicarboxyamide
ligand and cross-linking with FeCl;. The resulting cross-linked
PDMS samples show a high recovered-fracture strain due to
the metal-ligand exchange and the low T, (below —90 °C) of
the PDMS, giving high mobility to the polymer chain. Weder
et al.>® have demonstrated that cross-linkages that consist of
the 2,6-bis(1-methylbenzimidazolyl)-pyridine ligand, incorpor-
ated into a styrene-butadiene rubber (SBR) via a thiol-ene
reaction, and Zn(OTf), can act as reversible bonds and show a
unique tan § peak at ca. 90 °C due to energy dissipation upon
activation of the metal-ligand cross-linkages at this tempera-
ture in dynamic-mechanical-analysis (DMA) measurements.
Das et al.”® have reported that a mixture of epoxidized natural
rubber (ENR), FeCls, zinc acetate dihydrate, and 2,6-diamino-
pyridine (DAP) forms reversible cross-links and exhibits self-
healing behaviour at 60 °C. In this system, Fe’" ions form
bonds with the oxygen atom of the epoxy group in the ENR,
while DAP not only acts as a catalyst for the ring-opening of the
epoxide moiety, but also kinetically controls the release of Fe®".

Meanwhile, the incorporation of ligand molecules into the
conventional rubber polymer chains is of great interest from a
manufacturing perspective. One of the most promising
methods in this context is click chemistry,>® which is charac-
terized by high atom-efficiency and performed under relatively
mild conditions. In particular, inverse-electron-demand Diels-
Alder (IEDDA) reactions between tetrazine moieties and unsa-
turated bonds®”®° is a powerful tool to incorporate functional
groups into polymer chains.**>>%> Recently, Wu et al. have
reported a route for the modification of NBR** and SBR®’
using the IEDDA reaction with 3,6-di(2-pyridyl)-1,2,4,5-tetra-
zine (DPT) during the rubber-mixing process. The resulting
polymers form reversible cross-links with metal salts (ZnCl,,
CoCl, and CuSO,), and show self-healing behaviour upon
thermal treatment at 170-190 °C. However, the metal salts
used in the aforementioned studies are not easy to handle in
realistic industrial rubber-mixing processes due to their hygro-
scopicity and the risks they present to human health and/or
the environment. Thus, we were interested to create a more
feasible system, especially from the viewpoint of material
handling in the rubber industry.

In this study, zinc dimethacrylate (ZDMA) was selected for
the formation of the reversible metal-ligand cross-links with
DPT-modified SBRs. ZDMA is not hygroscopic and less toxic
than the aforementioned metal salts, and is thus widely used
in the rubber industry as a reinforcing cross-linking coagent,
mainly with peroxide curing systems.?**733:63768 The objective
of this study was to design novel cross-linked SBR composites
that exhibit direct adhesion behaviour without the need for
pretreatment (Fig. 1). For this purpose, we prepared DPT-modi-

230 | RSC Appl. Polym., 2023, 1, 229-242

View Article Online

RSC Applied Polymers

fied SBRs using a rubber-kneading process with reference to a
previous study,”® and investigated the coordination capability
of the DPT unit towards ZDMA. Subsequently, the DPT-modi-
fied SBRs were compounded with ZDMA, which acted not only
as a cross-linking agent, but also as a reinforcing filler. Finally,
the physical properties of the resulting cross-linked samples,
including their dynamic viscoelasticity, tensile behaviour and
adhesive strength, were examined in detail. The obtained
results demonstrate that the DPT-ZDMA cross-linking network
is successfully formed to endow the resulting SBR composites
with unique physical properties, including high tensile
strength and improved adhesion strength.

Experimental
Materials

A random solution styrene-butadiene copolymer (SBR; 25 wt%
styrene and 75 wt% butadiene; grade: TUFDENE™ 2000R) was
purchased from Asahi Kasei Corp. Zinc dimethacrylate (ZDMA,
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Fig. 1 Conceptual outline of this study: (a) preparation of DPT-
modified SBRs by IEDDA reactions during the kneading process, fol-
lowed by the formation of DPP-ZDMA cross-linkages and (b) schematic
description of the adhesion process via rearrangement of the DPT-
ZDMA cross-linkages.
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Dymalink® 708) was obtained from Cray Valley Co., Ltd.
Dichloroacetic acid, cis-cyclooctene and 3,6-di(2-pyridyl)-
1,2,4,5-tetrazine (DPT) were acquired from Tokyo Chemical
Industry Co., Ltd. Dicumyl peroxide and chloroform-d,; were
purchased from Sigma Aldrich Co. LLC. Tetrahydrofuran
(THF), toluene, dichloromethane, xylene, methanol, n-hexane,
n-heptane and silica gel 60 N (spherical, neutral) were acquired
from Kanto Chemical Co., Ltd. 1,1,2,2-Tetrachloroethane-d,
was purchased from Fujifilm Wako Pure Chemical Corp.

Measurements

Gel-permeation chromatography (GPC) measurements were
carried out at 40 °C using a TOSOH HLC-8320 GPC system
equipped with a guard column (TOSOH TSK guard column
HXL-H), two separation columns (TOSOH TSK gel GMHXL), a
differential refractive-index (RI) detector and a UV detector.
Tetrahydrofuran (THF) was used as the eluent at a flow rate
of 0.6 mL min'. Polystyrene (PS) standards (M, =
8420000-1010 g mol™") were used to calibrate the GPC
system. Differential-scanning-calorimetry (DSC) measurements
were conducted using a DSC2500 (TA Instruments Inc.) instru-
ment under an atmosphere of nitrogen at a heating rate of
20 °C min~'. High-resolution mass spectra (HRMS) were
obtained using an Acquity UPLC system coupled to a Xevo G2-
XS QTOF mass spectrometer (Waters) using MeOH as the
eluent. Fourier-transform infrared (FT-IR) spectra were
recorded at room temperature on a Nicolet iS5 FT-IR spectro-
meter using a germanium-crystal attenuated-total-reflectance
(ATR) attachment (Thermo Scientific Inc.). '"H and *C NMR
spectra were measured in chloroform-d; (CDCl;) with tetra-
methylsilane (TMS) as the internal standard or 1,1,2,2-tetra-
chloroethane-d, (C,D,Cl,) at 300 K on a Bruker AVANCE III HD
600 MHz spectrometer. UV-vis spectra were measured at room
temperature in CH,Cl, using a V-680 (Jasco Corp.) spectro-
photometer. Rotorless rheometer measurements were carried
out at 145 °C using an RLR-4 (Toyo Seiki Manufacturing Co.
Ltd) instrument under a pressure of 10 MPa with a fixed ampli-
tude angle of +1° and a frequency of 100 cpm. Dynamic
mechanical analysis (DMA) tests were conducted on a GABO
EPLEXOR (Netzsch) apparatus equipped with a 500 N load
cell, using standard JIS-K6251 strip-shaped specimens (length:
40.0 mm; width: 4.7 mm). Temperature-sweep DMA tests were
carried out under tensile mode with a fixed frequency of 15
Hz, a static strain of 6%, a dynamic strain of 0.4%, and a
heating rate of 2 °C min™" from —75 to 150 °C. The strain-
sweep tests were conducted at 25 °C under tensile mode with a
fixed frequency of 15 Hz, a static strain of 10%, and a dynamic
strain range from 0.1 to 10%. Tensile tests were carried out at
room temperature using an Instron 5965 (Instron) instrument
equipped with a 5 kN load cell at a crosshead speed of
100 mm min~", using dumbbell-shaped ISO 37-4 specimens.
Three measurements were performed for each sample. The
fracture energy, W, was calculated using the equation
W = |5 o(e)de. Hysteresis tests were performed at room temp-
erature using an Instron 5965 (Instron) apparatus equipped

with a 5 kN load cell at a crosshead speed of 100 mm min ™,
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using dumbbell-shaped ISO 37-4 specimens. The hysteresis
loss was calculated using the equation, Hysteresis loss =
Witored — Waunloads Where Wiiored(€) = _[g o(e')de’ and Wynioad
were calculated using the stress-strain relationship for the
unloading process. T-peel adhesion tests were conducted at
room temperature on an Instron 5965 (Instron) instrument
equipped with a 5 kN load cell at a crosshead speed of
300 mm min~" using laminated stripes (length: 75 mm; width:
10 mm). Two measurements were performed for each sample.

Preparation of DPT-modified SBRs

SBR (65.0 g) and varying amounts of DPT were kneaded at 70
rpm at 120 °C for 3 min in an internal mixer (Toyo Seiki
Manufacturing Co. Ltd). The resulting DPT-SBRs were denoted
as DPT-SBR1, DPT-SBR2 and DPT-SBR3, for DPT loading
amounts of 1, 2 and 4 mol% relative to the butadiene unit in
the SBR, respectively.

Synthesis of DPT-CO®’

A round-bottom flask was charged with 3,6-di(2-pyridyl)-
1,2,4,5-tetrazine (0.472 g, 2.00 mmol) and xylene (20 mL),
before the resulting solution was sparged with nitrogen gas.
Subsequently, cis-cyclooctene (0.331 g, 3.00 mmol) was added
to the solution, which was subsequently stirred under reflux
conditions at a setting temperature of 160 °C. After 20 min,
the red solution turned pale yellow, indicating that the reac-
tion had reached completion. The solution was then concen-
trated under reduced pressure, before the thus obtained
residue was subjected to column chromatography on silica gel
using acetone/n-hexane 5/95 (v/v) to give 0.612 g (1.92 mmol,
96%) of DPT-CO as a yellow solid. "H NMR (CDCl;, 600 MHz,
5): 8.81 (s, 1H), 8.63 (ddd, J = 4.8, 1.7, 1.1 Hz, 1H), 8.59 (ddd,
J=4.8,1.7, 1.1 Hz, 1H), 8.08 (dt, J = 8.0, 1.0 Hz, 1H), 7.72 (td,
J=7.7, 1.4 Hz, 1H), 7.63 (m, 1H), 7.54 (m, 1H), 7.21 (ddd, J =
7.5, 4.8, 1.0 Hz, 1H), 7.16 (ddd, J = 7.4, 4.8, 1.1 Hz, 1H), 4.40
(m, 1H), 2.90 (ddd, J = 15.2, 9.0, 3.3 Hz, 1H), 2.15 (m, 1H), 2.07
(m, 1H), 1.88 (m, 1H), 1.83-1.65 (m, 5H), 1.63-1.56 (m, 2H),
1.53 (m, 1H). *C NMR (CDCl;, 150 MHz, §): 154.8, 152.6,
149.4, 148.6, 143.2, 136.3, 135.8, 133.8, 124.0, 122.5, 122.4,
121.0, 112.4, 35.3, 31.4, 28.8, 27.6, 26.9, 24.7, 22.8. IR (ATR,
em™) 3265, 2917, 2860, 1580, 1564, 1488, 1471, 1427, 1353, 1152.
HRMS (ESI) [M + Na] caled for C,H,,N,;Na 341.1742; found
341.1790. UV-vis (6.4 X 107> M in CH,Cl,, Nm) Aoy 255, 325.

Mixing and curing conditions for the uncured rubber samples

SBR or DPT-SBRs (15 g, 100 phr) were mixed with different
amounts of ZDMA for 10 min on a two-roll open mill with a
roller speed of 15 rpm at 65 °C. The SBR/ZDMA mixtures were
further mixed with varying amount of dicumyl peroxide (DCP)
for 2 min on the two-roll open mill with a roller speed of 15 rpm
at 65 °C. The resulting samples were hot-pressed at 145 °C and
15 MPa for 30 min to give sheets with a thickness of ~1 mm.

Dissolution study of cross-linked samples

The cross-linked sheets were cut into disc-shaped specimens
with a diameter of 8.0 mm. The cut samples were immersed in

RSC Appl. Polym., 2023,1, 229-242 | 231
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10 mL of toluene/dichloroacetic acid (v/v = 95/5)*" and kept at
room temperature for 4 days, followed by heating (80 °C for
6 h).

Preparation of T-peel test samples

Two sheets of each of the prepared cross-linked rubber
samples were attached to each other without any pretreatment
or adhesive (Fig. 2; left). To ensure a sufficient gripping area
on the specimens for T-peel tests, a thin piece of poly
(tetrafluoroethylene) (PTFE) film (length: 15-20 mm) was
placed between the two sheets at the edge of the specimens
(Fig. 2; middle and right). Then, the laminates were hot-
pressed at 145 °C under 15 MPa for 30 min to give specimens
of approximately 2 mm.

Results and discussion

Preparation of DPT-SBRs and a small model molecule
(DPT-CO)

To prepare the DPT-SBRs, DPT and SBR were kneaded using
an internal mixer. After the kneading process, the reaction
between red DPT and colourless SBR was visually confirmed to
have proceeded by the disappearance of the red colour of DPT
and the appearance of a yellow colour (Fig. 3).

For a detailed DPT-SBR characterization, a small model
molecule (DPT-CO) was synthesized for comparison. DPT-CO
was obtained from the IEDDA reaction between cis-cyclooctene
and DPT (Scheme 1). Compared to previously reported syn-
thesis conditions, which use trans-cyclooctene in THF at room
temperature to reach completion immediately,”” a much
higher temperature was required for the reaction with cis-
cyclooctene, most likely due to its lower strain energy com-
pared to that of trans-cyclooctene.®® Nevertheless, the targeted
DPT-CO was obtained in 96% yield.

75 mm

—>
<“«—>
15 mm
PTFE film

Gripping area
Hot-press

Fig. 2 Schematic description of the preparation of the T-peel test
specimens.

DPT-
SBR1

Fig. 3 Photographs of the DPT, SBR and DPT—SBR samples.

DPT-
SBR2 SBR3
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[1.0 eq] [1.5 eq]
DPT
xylene, reflux —
20 min =0
96% —N N—NH N
DPT-CO

Scheme 1 Synthesis of DPT-CO from DPT and cis-cyclooctene.

Characterization of SBR and DPT-SBRs

To characterize the original SBR and obtained DPT-SBRs, "H
NMR, GPC and DSC measurements were carried out and the
characteristic values are summarized in Table 1. 'H NMR
measurements were performed to characterize the obtained
DPT-SBRs in detail (Fig. 4 and Fig. S1 as well as Table S17).
The initial signals for DPT disappeared in the spectrum of the
DPT-SBR samples, and new distinctive signals corresponding
to the aromatic protons in the DPT unit in the aromatic region
and C-H protons (a) at § 4.33 ppm appeared. In a previous

Table 1 Characterization of SBR and DPT-SBRs

Butadiene (1,4 unit: 1,2 unit): My Ty
Polymer styrene : DPT* (mol%) M’ M,"  (°C)
SBR 85.7 (77.3:8.4):14.3: — 141606 2.45 —68.4
DPT-SBR1  84.7 (76.6:8.1):14.6:0.7 81 800 1.78 —65.1
DPT-SBR2  83.6(75.9:7.7):15.1:1.3 75096 1.76  —=53.5
DPT-SBR3  81.7 (74.1:7.6):15.7:2.6 60303 1.76 -52.0

“ Determined by "H NMR spectroscopy. ” Determined by GPC based on
polystyrene standards (eluent: THF). ¢ Determined by DSC.

o

i\ Butadiene

|
h 1
W Styrer"e’ o ; 1,4 unit, 2H
- \ :} \/,,r,,,,
SRR P Butadiene ‘ Butadiene
}w 1,2 unit, 1H L—J w
NN v

‘ [\
\ | 2

A

|
Ne ] o,

IRY

90 85 80 75 70 65 60 55 50  45ppm

Fig. 4 'H NMR spectra of DPT, SBR and DPT—SBR3.
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study,® the signal at 4.33 ppm was assigned to the N-H
protons of the DPT units, but this interpretation contradicts
the assignment of the "H NMR spectrum for a DPT unit in a
model small molecule (DPT-CO), which was supported by
several NMR techniques, including 2D NMR experiments
(Fig. S2-S5%). A comparison of the NMR spectra of the DPT-
SBR samples with those of DPT-CO suggested that the signal
at 6 4.33 ppm for the DPT-SBRs should be assigned to the C-
H proton (a) of the DPT units. A close observation of the
signals of the butadiene units (§ 5.70-4.70 ppm) revealed that
both the content of 1,4 and 1,2 units per mole SBR decrease
upon DPT loading, indicating that DPT reacts with both units
in the butadiene segments. The modification-efficiency was
calculated based on the ratio of the aromatic protons of the
DPT units (8H, & 8.81-7.46 ppm) relative to the aromatic
protons of the styrene units in the SBR as well as the protons
of the of butadiene 1,4 unit (2H) and the butadiene 1,2 unit
(3H, 5.70-4.70 ppm) (eqn (S1)-(S6)t1). In their entirety, these
results indicate modification-efficiency values of 75.7, 76.4 and
75.8% for DPT-SBR1, DPT-SBR2 and DPT-SBR3, respectively.
The unreacted residual DPT in each sample was considered to
have further reacted with the SBR during the subsequent
curing process and increased the modification efficiency.>®
The M, and M,/M, values of the SBR and DPT-SBR
samples were determined using GPC. The M, values of the
resulting DPT-SBR samples were lower than those of the start-
ing SBR samples (Fig. 5a). The decrease in M, upon DPT modi-
fication is most likely predominantly due to the main-chain
scission caused by the oxidative decomposition of the DPT
units’® induced by heat and/or mechanical shear forces”*
during the kneading process. Furthermore, in the GPC profiles
monitored using a UV detector, the measured peak intensities
of the DPT-SBR samples increased with increasing loading
amount of DPT, while the peak intensities measured using an
RI detector decreased slightly compared to the unmodified

a) RI b) 5
= .
~ r=52.0°C
2 -53.5°C
uv = r 1-65.1 °C
—_— = T | 84T :
0 12 14 16 18 20 -100 -75 -50 -25 0
Retention time (min) Temperature (°C)
c),;_ —SBR
S 1 DPT-SBR1
by 1586 om —DPT-SBR2
2 —DPT-SBR3
38
S _/—’"\_/\/\fpy/
8
<
1700 1600 1500 1400 1300

Wavenumber (cm-")

Fig. 5 Characterization of SBR (black), DPT-SBR1 (yellow), DPT-SBR2
(orange) and DPT-SBR3 (red): (a) GPC curves obtained using an RI
detector (top) or UV detector (bottom), (b) DSC curves and (c) ATR FT-IR
spectra.
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SBR. The increased UV absorbance intensity in the GPC
measurements is consistent with the strong UV absorbance of
the DPT unit (Fig. S61), which suggests that the degree of DPT
incorporation into the SBR is increased by increasing the
amount of DPT used. DSC measurements were performed to
determine the glass-transition temperature (T,) of the
samples, and the obtained T, values of the unmodified SBR,
DPT-SBR1, DPT-SBR2 and DPT-SBR3 are —68.4, —65.1, —53.5
and —52.0 °C, respectively (Fig. 5b). The increase in T, with
increased DPT loading is probably due to a decrease in
polymer-chain mobility’> upon incorporation of the bulky DPT
units, indicating the successful modification of the SBR with
DPT.>> The DPT-modification of SBR is also supported by
FT-IR spectroscopy, in which the distinctive absorbance of the
-C=N bending vibration® is observed at 1586 cm™'. The
intensity of this peak increases with increasing DPT loading
(Fig. 5¢) and almost identical absorption peaks were observed
for the original DPT-CO (Fig. S77).

ZDMA complexation study

UV-vis measurements were conducted in order to examine the
complexation capability of the DPT units in the SBRs with
ZDMA, as well as the complexation of DPT-CO with ZDMA. The
UV-vis measurements were performed using DPT-SBR3 or
DPT-CO in CH,CIl, with a constant DPT-unit concentration of
6.4 x 107> M and a gradually varying molar ratio of ZDMA to
DPT units from 0 to 2.0 (Fig. 6). Distinctive absorbances at
approximately 380 and 450 nm appeared with increasing
ZDMA ratio for both DPT-SBR3 and DPT-CO. The latter absor-
bance is presumably due to the complexation of one DPT unit
to a Zn>" ion, given that this absorbance appeared strongly in
the presence of an excess of ZDMA relative to the DPT unit. On
the other hand, the absorbance at approximately 380 nm
appeared first, suggesting that it is due to complexation of two
or more DPT units to a Zn>* ion. Furthermore, TOF-MS study
using the mixture of DPT-CO and ZDMA was also performed
and demonstrated the formation of a complex consisting of a
Zn*" ion coordinated to two DPT-CO ligands (Fig. S81).

Preparation of cross-linked rubber samples

In the next step, cross-linked rubber composites were prepared
using unmodified SBR or DPT-SBR samples; the formulation
of all samples is summarized in Table 2 and Table S2.7 To
achieve cross-linking in the unmodified SBR as a control
sample, 40 phr of ZDMA and 0.2 phr of dicumyl peroxide
(DCP) were mixed (run 1). The control samples with varying
degrees of cross-linking density were also prepared by mixing
the unmodified SBR with 40 phr of ZDMA and 0.05 or 0.4 phr
of DCP (runs S1 and S2t). The samples for runs 2, 3 and 4
were prepared using 40 phr of ZDMA with DPT-SBR1, DPT-
SBR2 and DPT-SBR3, respectively, in order to clarify the
effects of the amount of bound DPT in the SBR on the physical
properties. Further samples were synthesized using 30, 50 and
60 phr of ZDMA, in order to gain further insight into the
impact of the amount of incorporated ZDMA on the mechani-
cal behaviour (runs 5, 6 and 7). All samples were mixed with
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Fig. 6 UV-vis spectra for (a) DPT-SBR3 with ZDMA and (b) DPT-CO
with ZDMA.

an open roll and hot-pressed with an ordinary condition
(145 °C; 30 min) into sheets with an approximate thickness of
1 mm. The hot-pressing condition was set to adjust the cross-
linking density indicated by the swelling experiment using
n-heptane of SBR/Z40/DCP and DPT-SBR2/Z40 within the com-
parable level (Fig. S97).

Demonstration of DPT/ZDMA cross-linking

To demonstrate the successful cross-linking of DPT-ZDMA,
the elastic torque of the samples was analysed using a rhe-
ometer at 145 °C (Fig. 7 and S1071). As shown in Fig. 7a, the
control SBR sample using DCP based on a conventional per-
oxide and ZDMA-based curing system showed a rapid and sig-
nificant increase in its elastic torque.®® In Fig. 7b, the increase

View Article Online

RSC Applied Polymers

4
"i‘El O T—sBRrizaoDCP
Z 30 7
i)
o 20 -
o
5 10 -
|_
0 ; .
0 20 40 60
Time (min)
b) 12 DPT-SBR1/Z40
£ 10 {1 —DPT-SBR2/240
Z 8 { —DPT-SBR3/Z40
o 6 1
2 4
S 2 1
0 ; ;
0 20 40 60
Time (min)
¢) 12 T——ppT-SBR3/Z30
e 10 1 —DPT-SBR3/Z40
Z 8 { —DPT-SBR3/Z50
~ ¢ | —DPT-SBR3/Z60
o 4 -
g 2-
0 . ;
0 20 40 60
Time (min)

Fig. 7 Elastic torque curves of rubber composites measured using a
moving die rheometer at 145 °C: (a) control sample (SBR/Z40/DCP), (b)
effect of the amount of bound DPT in the SBRs and (c) effect of the
ZDMA content.

in the elastic torque observed for the DPT-SBR samples
loaded with 40 phr of ZDMA indicates the formation of a
cross-linking network due to the complexation of DPT with
ZDMA. With increasing amount of bound DPT in the SBR

Table 2 Formulation of prepared cross-linked samples. The unit of the values (phr) refers to weight fraction of the specified rubber component per

100 units of the base rubber

Run 1 2 3

Sample code =~ SBR/Z40/DCP  DPT-SBR1/Z40  DPT-SBR2/Z40
SBR 100

DPT-SBR1 100

DPT-SBR2 100

DPT-SBR3

ZDMA 40 40 40

DCP 0.2

234 | RSC Appl. Polym., 2023, 1, 229-242

DPT-SBR3/Z40

100
40 30 50 60

5 6 7
DPT-SBR3/Z30 DPT-SBR3/Z50 DPT-SBR3/Z60

100 100 100
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samples, the elastic torque increased, suggesting that a higher
degree of DPT-ZDMA cross-linking was achieved. The
enhanced DPT-ZDMA cross-linking density was confirmed
through a swelling experiment with n-heptane, which revealed
that the swelling degrees of DPT-SBR1/Z240, DPT-SBR2/Z40
and DPT-SBR3/Z40 are consistent with the order of their
torque values (Fig. S11}). In Fig. 7c, the impact of ZDMA
loading on the elastic torque is presented using DPT-SBR3.
The maximum torque for the sample with a 30 phr ZDMA
loading is significantly decreased compared to those of the
other DPT-SBR3 composites, indicating a lower degree of
DPT-ZDMA complexation. On the other hand, the DPT-SBR3
samples with 50 and 60 phr of ZDMA show slightly higher
torque values than DPT-SBR3/Z40 at the initial stage of the
test, albeit that the maximum torque values are almost the
same for these samples. These results suggest that DPT-SBR3/
740, DPT-SBR3/Z50 and DPT-SBR3/Z60 has almost the same
degree of DPT/ZDMA cross-linking at 145 °C.

To further examine the formation of DPT-ZDMA cross-lin-
kages, dissolution and swelling tests were conducted for all
composites using toluene/dichloroacetic acid (v/v = 95/5) refer-
ring to a previous study®' (Fig. 8). For that purpose, disc-
shaped specimens with a diameter of 8.0 mm (Fig. 8a) were
immersed in the solvent (Fig. 8b) and kept at room tempera-
ture for 4 days (Fig. 8c). At that point, the solutions of the
DPT-ZDMA cross-linked samples turned yellow, indicating
that some fraction of the DPT-ZDMA cross-links were disso-
ciated by the acid. Especially DPT-SBR1/Z40 was completely
dissolved, while the other DPT-ZDMA cross-linked samples
remained partially undissolved, suggesting that the DPT-
ZDMA cross-linking density of DPT-SBR1/Z40 is lower than
that of the other samples. These samples were further treated
at 80 °C for 6 h, which resulted in complete dissolution of all
DPT-ZDMA cross-linked samples (Fig. 8d). Interestingly, SBR/
7Z40/DCP did not show dissolution behaviour, but exhibited
swelling instead. These results demonstrate that the SBR/Z40/
DCP contains direct C-C covalent cross-links among the SBR
main chains, while the DPT-SBRs with ZDMA composites
without DCP are formed mainly by DPT-ZDMA coordination
cross-linking.

DMA measurements

To investigate the temperature dependence of the prepared
samples, temperature-sweep DMA tests were carried out at
temperatures ranging from —75 to 150 °C (Fig. 9). In Fig. 9a
and b, the effects of the amount of bound DPT in the SBRs on
E’ and tan 6 are described. The results show that decrease in E’
induced upon raising the testing temperature becomes slower
with increasing the amount of bound DPT in the SBRs.
Furthermore, the peaks of the tané curves due to the glass
transition (Fig. S12}) at approximately —40 °C are broader for
DPT-SBR2/Z240 and DPT-SBR3/Z40. These results suggest that
ZDMA acts as a reinforcing filler and forms bound rubber”® via
coordination linkages. Notably, the tan curve of SBR-DPT3/
Z40 shows a second transition peak at approximately 30 °C.
This peak is most likely due to the dynamic dissociation/

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Photographs documenting the dissolution and swelling behav-
iour of the cured rubber composites in toluene/dichloroacetic acid (v/v
= 95/5): (a) prepared specimens, (b) beginning of the test, (c) after
soaking at room temperature for 4 days and (d) after further treatment
at 80 °C for 6 h.

reassociation of the DPT/ZDMA coordination cross-linkages
and ionic multiplets’* of ZDMA, and possibly including the
effect of hydrogen bonding via N-H bonds in DPT units with
the pyridine groups or the ester groups in ZDMA. The same
type of ionic transition peak has been observed in a previous
study.”” In Fig. 9c and d, the impact of the amount of ZDMA
on E' and tané is described. Upon increasing the ZDMA
content from 30 to 60 phr, the shoulders of the E' curves over
0 °C become larger and the peaks in the tan é curves due to
the glass transition become broader, strongly supporting the
idea that ZDMA acts not only as a coordination cross-linking
point, but also as a reinforcing filler,”*”” via the bound DPT in
the SBRs. According to the above discussion, the gap between
E’ at high and low temperatures seems to reflect the degree of
coordination cross-linking, given that the slower decrease in E’
observed for the DPT-SBR and ZDMA composites with increas-
ing temperature is most likely due to the dissociation of DPT-
ZDMA coordination cross-links. In other words, the difference
between the values of E' at high and low temperatures is
expected to be a predictor of the degree of DPT-ZDMA cross-
linking. As expected, the difference between the values of E' at
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Fig. 9 Temperature dependence of the viscoelasticity: (a) effect of the amount of bound DPT in the SBR on E’, (b) effect of the amount of bound
DPT in the SBR on tan 6, (c) effect of ZDMA content on E’, (d) effect of the loaded ZDMA content on tan §, (e) effect of the amount of bound DPT
in the SBR on the difference between E' at 25 °C and E’ at 145 °C and (f) effect of ZDMA content on the difference between E’ at 25 °C and E’ at

145 °C.

25 °C and 145 °C, denoted as E'psoc — E'1450¢, sShows a good
correlation with the degree of bound DPT in the SBRs and the
ZDMA loading (Fig. 9e and f). Based on these results, we con-
sider the difference in the value of E' to be a useful tool to
interpret the hot-pressed adhesion behaviour, given that the
interdiffusion and interlinking behaviour prompted by the dis-
sociation and reassociation of cross-linking are important for
hot-pressing adhesion, as mentioned in the introduction.

To further investigate the impact of DPT/ZDMA cross-
linking on the dynamic mechanical behaviour, strain-sweep
DMA tests were conducted at strains ranging from 0.1 to 10%
(Fig. 10). In Fig. 10a, the impact of the amount of bound DPT
in the SBRs on the strain dependence of E’ are depicted. The
control, SBR/Z40/DCP, shows almost no decrease in E' (Payne

236 | RSC Appl. Polym., 2023,1, 229-242

effect)’® with increasing strain, indicating that a significant
network of ZDMA particles is not formed. On the other hand,
DPT-SBR1/Z40 and DPT-SBR2/Z40 show a slight decrease in E’
at strains ranging from 5 to 10%, and importantly, DPT-SBR3/
Z40 reveals an obvious Payne effect, demonstrating that the
bound DPT in the SBRs enhanced the ZDMA-ZDMA filler
interaction®®®” via DPT-ZDMA linkages. Fig. 10b depicts the
effects of the ZDMA content on the strain dependence of E’;
the Payne effect is significantly amplified with increasing
ZDMA content, demonstrating that strong ZDMA-ZDMA filler
interactions are formed.®® Based on these results, it seems
obvious that ZDMA plays important roles as both a cross-
linking point and a reinforcing filler in the DPT-ZDMA cross-
linking system.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Strain dependence of E: (a) effect of the amount of bound DPT in the SBR on E’ and (b) effect of loaded ZDMA content on E'.

Tensile-test and hysteresis-test results

To investigate the impact of the DPT/ZDMA linkages on the
mechanical strength, tensile tests were conducted, and engin-
eering stress—strain curves were obtained (Fig. 11 and S137);
the mechanical properties are summarized in Table 3 and
Table S3.1 In Fig. 11a, the effect of the amount of bound DPT
in the SBRs on the stress-strain curve is depicted. While the
control SBR/Z40/DCP shows a relatively low elongation at
break (Ep,) of 365%, the DPT-SBR composites with 40 phr of
ZDMA, DPT-SBR1/Z40, DPT-SBR2/Z40 and DPT-SBR3/Z40,
give higher E;, values of 1048, 746 and 512%, respectively.
Furthermore, the tensile strength at break (7},) and the fracture
energy of the DPT-SBR composites increases significantly with
increasing amount of bound DPT in the SBRs, providing T},
values of 3.99, 9.50 and 30.5 MPa for DPT-SBR1/Z40, DPT-
SBR2/Z40 and DPT-SBR3/Z40, respectively. The values of frac-
ture energy of each DPT-SBR composite are higher than the
control samples with varying cross-linking density indicated
by swelling rate (Fig. S147). Notably, the Ty, value of DPT-SBR3/
740 is higher than previous reported studies using SBRs with
ligand-metal coordination systems.”>*> The dramatically
improved T, of DPT-SBR3/Z40 is appears to be derived from
the strong reinforcement by ZDMA, which is consistent with
the results of the DMA measurements. This interpretation is
supported by the well-known fact that composites of ZDMA
with nitrile-butadiene rubber (NBR) or hydrogenated nitrile-
butadiene rubber (HNBR) show high Tj, values due to strong
reinforcement by ZDMA via coordination of the nitrile
groups.®>®” In Fig. 11b, the impact of the level of ZDMA
loading on the stress-strain curve is summarized; T}, values of
14.5, 30.5, 29.1 and 25.6 MPa were found for DPT-SBR3/Z30,
DPT-SBR3/Z40, DPT-SBR3/Z50 and DPT-SBR3/Z60, respect-
ively, indicating that 40-50 phr is the optimum ZDMA content
in terms of tensile strength in this study. The decrease of the
Ty, of DPT-SBR3/Z30 in comparison with that of DPT-SBR3/
740 is drastic, which suggests that 30 phr of ZDMA is insuffi-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Engineering stress—strain curves: (a) effect of the amount of
bound DPT in the SBRs and (b) effect of loaded ZDMA content.

cient to form a ZDMA-reinforced network via the bound DPT
in the SBR. In contrast, DPT-SBR3/Z50 and DPT-SBR3/Z60
show higher moduli than DPT-SBR3/Z40 over a wide strain
range, while the T}, values of DPT-SBR3/Z60 decreased. The
increased moduli indicate an increased cross-linking density
due to more efficient DPT-ZDMA coordination in addition to
the conventional filler-induced hydrodynamic effects and
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Table 3 Moduli and fracture parameters of the cross-linked samples shown in Fig. 12. Values in parentheses refer to the standard deviation

Run/sample Tensile stress at 100% Tensile stress at 300% Elongation at break Tensile strength at Fracture energy
code elongation (MPa) elongation (MPa) (Ep) (%) break (T},) (MPa) (MJ m™)
1/SBR/Z40/DCP 2.64 (0.03) 6.44 (0.32) 365 (32) 8.50 (0.98) 14.7 (2.91)
2/DPT-SBR1/Z40 1.28 (0.02) 1.89 (0.04) 1048 (46) 3.99 (0.09) 25.2 (0.95)
3/DPT-SBR2/Z40 1.91 (0.01) 3.43 (0.04) 746 (75) 9.50 (1.60) 33.4 (6.01)
4/DPT-SBR3/Z40 2.57 (0.09) 5.83 (0.09) 512 (11) 30.5 (3.01) 46.3 (2.38)
5/DPT-SBR3/Z30 1.25 (0.01) 2.09 (0.03) 893 (4.9) 14.5 (1.31) 36.0 (1.61)
6/DPT-SBR3/Z50 2.62 (0.17) 8.65 (0.97) 455 (24) 29.1 (1.13) 36.0 (2.20)
7/DPT-SBR3/Z60 2.80 (0.07) 10.16 (0.81) 408 (20) 25.6 (0.30) 30.1 (2.26)

strain-amplification effects.”” The decreased values of Tj, for
DPT-SBR3/Z60 suggest that excessive loading of ZDMA prob-
ably increases the degree of initial flaws.”®

To further investigate the mechanical strength of the DPT-
SBR and ZDMA composites, the strain dependence of the hys-
teresis loss was determined using hysteresis tests (Fig. 12 and

S15%). The effect of the amount of bound DPT in the SBRs and
the ZDMA content on the hysteresis loss at 200% as a represen-
tative value of hysteresis loss at large strain is summarized in
Fig. 13. Fig. 13a shows that the hysteresis loss at 200% strain
increases significantly with increasing amount of bound DPT
in the SBRs, showing the same trend as the relationship
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Fig. 12 Hysteresis test results of SBR composites.
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between the amount of bound DPT in the SBRs and the T,
values. These results suggest that DPT-ZDMA cross-linking
and ZDMA-ZDMA ionic multiplets’® are dissociated at large
strain, accompanied by high energy dissipation, resulting in

Y
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Hysteresis loss at 200% strain

(MJ/m3)
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high Ty, values with increasing amount of bound DPT in the
SBRs. Notably, DPT-SBR3/Z40 shows comparable hysteresis
loss with SBR/Z40/DCP, but the T, value of the former is much
higher than the latter, suggesting that the inherent flaw size””
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Fig. 13 Hysteresis loss at 200% strain: (a) effect of the amount of bound DPT in the SBR and (b) effect of the amount of loaded ZDMA.
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in the former composite is smaller probably due to the strong
reinforcement with ZDMA via coordination bonds with DPT
units. Fig. 13b presents the impact of the ZDMA content on
the hysteresis loss at 200% strain; these values are significantly
improved by increasing the ZDMA content. This trend is in
line with previous results®” for NBR and ZDMA composites.

Adhesion performance

The above discussion demonstrates that the DPT-ZDMA cross-
links obviously act as reversible bonds, and accordingly, malle-
ability can be expected at high temperatures. Thus, we specu-
lated that the direct adhesion of DPT-ZDMA cross-linked SBRs
could be achieved using a hot press. To confirm such a direct
adhesion capability, two cross-linked sheets of each sample
were stacked and remoulded at 145 °C under 15 MPa for
30 min, before T-peel tests were conducted using the prepared
adhered samples (Fig. 14 and S16t). The condition of the
adhesion sample preparation was determined by several
experimental results with varying temperature and time, and
the condition providing the highest adhesion performance was
selected (Fig. S177). Fig. 14a shows the effect of the amount of
bound DPT in the SBRs on the peeling force; the composites
of DPT-SBR with ZDMA clearly show higher peeling forces
than the control sample cured with DCP. Fig. 14b depicts the
impact of the ZDMA content on the peeling force; the
maximum peeling force values gradually increase with increas-
ing amount of ZDMA. The relationships between the resulting
maximum peeling force and the amount of bound DPT in the
SBR as well as the ZDMA content are summarized in Fig. 14c
and d, respectively. These results demonstrate that the

8
B DPT-
£ SBR3/Z60
£6 - DPT-
3 SBR3/240 -
8 DPT- I
2 SBR2/Z40 DPT-
34 . . SBR3/Z50
g DPT-
2 I SBR3/Z30
% 2 DPT-
< SBR1/Z40
SBR/Z40/
. DCP__ |
0 20 40 60

] )
E'25.c— E'145°c (MPa)
Fig. 15 Relationship between the maximum peeling force and the

difference between E’ at 25 °C and E' at 145 °C as a predictor of the
degree of DPT/ZDMA coordination cross-linking.
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maximum peeling force is dramatically increased with increas-
ing both the amount of bound DPT units in the SBRs and the
loaded ZDMA content. Furthermore, the values of maximum
peeling force of each DPT-SBR composite are higher than the
control samples with varying cross-linking density indicated
by swelling rate (Fig. S18%).

In this adhesion process, the degree of DPT-ZDMA cross-
linking seems to be one of the most important factors for con-
trolling the adhesion capability. Based on this assumption, the
relationship between the maximum peeling force and the pre-
dictor of the degree of DPT-ZDMA cross-linking (E'ys0c —
E'1450c) mentioned in the discussion of the temperature sweep
DMA results (vide supra) was investigated (Fig. 15). The value
of the maximum peeling force was found to improve with
increasing DPT-ZDMA cross-linking predictor value (E'z5oc —
E'1450¢), demonstrating that the direct adhesion strength of the
DPT-ZDMA cross-linking system can be explained by the
degree of DPT-ZDMA cross-linking.

Conclusions

To achieve direct adhesion between cross-linked rubbers
without any pretreatment of the rubber surfaces or the use of
adhesives, we designed novel modified SBR composites that
contain zinc dimethacrylate (ZDMA)-nitrogen coordination
linkages. These composites were prepared via tetrazine click
reactions with 3,6-di(2-pyridyl)-1,2,4,5-tetrazine (DPT) during
the rubber-kneading process, followed by the addition of
ZDMA and a thermal curing process. The DPT modification
was confirmed via GPC and DSC as well as FT-IR and '"H NMR
spectroscopy. The complexation capability of the DPT unit
with ZDMA was investigated in detail by conducting a study
using a model small molecule (DPT-CO). The UV-vis spectra
revealed that both DPT-CO and the DPT units in the SBR
showed almost the same absorbance wavelength due to com-
plexation with ZDMA, indicating that similar types of com-
plexation occurred.

In the compounding study, the formation of DPT-ZDMA
cross-linking was confirmed by the increase in the elastic
torque monitored using a rheometer and the dissolution
behaviour in toluene/dichloroacetic acid. The resulting DPT-
ZDMA cross-linked SBRs showed a unique decrease in E’' and
increase in tan é with increasing temperature in temperature-
sweep DMA measurements, most likely due to dynamic dis-
sociation/reassociation of DPT-ZDMA linkages, and the para-
meter E'y50c — E'145.c Was proposed as a predictor of the degree
of DPT-ZDMA cross-linking. It was clarified that this predictor
value can be controlled by the amount of bound DPT in the
SBR and the ZDMA loading amount. Strain-sweep DMA
measurements were also carried out, and a typical Payne effect
was observed for DPT-ZDMA cross-linked samples, demon-
strating that ZDMA plays the role of both cross-linking point
and reinforcing filler. Notably, DPT-ZDMA cross-linking also
led to unique stress-strain behaviour. Hysteresis tests revealed
improved hysteresis loss with a larger amount of bound DPT

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lp00112a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 September 2023. Downloaded on 3/14/2026 9:14:53 AM.

(cc)

RSC Applied Polymers

in the samples of SBR with ZDMA, resulting in a much higher
T, than that of the conventional peroxide-cured sample.
Finally, direct adhesion between cross-linked rubbers was
demonstrated, and DPT-ZDMA cross-linked samples showed
improved adhesion strength, consistent with the increase in
the predictor of the degree of DPT-ZDMA cross-linking (E',s0¢
— E'y450c). In conclusion, we have successfully established a
novel system for direct adhesion between cross-linked rubbers.
We are convinced that this technology not only represents a
new approach to rubber bonding, but can also be expected to
contribute to the improvement of rubber repair processes,
which would lead to a reduction in CO, emissions and rubber
waste.
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