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Introduction

Triazolinedione-functionalized isoprene rubber
composites with self-adhesion via cross-linking
with zinc dimethacrylatef

b

Kyohei Kotani,**® Yuji Kitamura,? Katsuhiko Tsunoda,? Akira Takahashi and

Hideyuki Otsuka (2 *b-¢

We report a novel system for the direct adhesion of cross-linked rubbers based on the introduction of
triazolinedione (TAD)-derived urazole moieties into cis-1,4-polyisoprene (Pl) followed by the addition of
zinc dimethacrylate (ZDMA) with the aim of forming dissociative ionic cross-links. The modification of PI
is achieved by a TAD-based click reaction using 4-phenyl-1,2,4-triazoline-3,5-dione (PhTAD). The for-
mation of cross-linking via the TAD units and ZDMA is demonstrated by the increase in the elastic-torque
curves of the resulting rubber composites at elevated temperature. The addition of the radical-trapping
agent N-(1,3-dimethylbutyl)-N'-phenyl-p-phenylenediamine to the cross-linking system suppresses the
increase in its elastic torque, indicating that cross-linking between the TAD units and ZDMA proceeds by a
radical mechanism. This mechanism is supported by the fact that the use of either zinc chloride or zinc
acetate instead of ZDMA did not show an increase in the elastic torque, excluding the possibility of
coordination cross-linking between TAD units and zinc centres. The obtained TAD-ZDMA cross-linked
rubbers show unique temperature dependence in dynamic mechanical analysis (DMA), reflecting the dis-
sociation of the ionic cross-linking at elevated temperatures. Strain—sweep DMA tests showed a typical
Payne effect with an increasing amount of TAD units in the P, supporting the formation of ZDMA-ZDMA
filler interactions. Tensile tests revealed that the fracture energies of the TAD-PI/ZDMA composites are
comparable to those of samples prepared using a peroxide-based curing system, and a tensile strength of
up to 18.2 MPa at 525% elongation was achieved when 3.1 mol% of TAD was incorporated into the Pl with
40 phr of ZDMA. A direct adhesion is demonstrated using T-peel tests, in which the adhesion-peeling
force reached up to 6.55 N mm™ when 4.3 mol% of TAD was incorporated into the Pl with 40 phr of
ZDMA. The maximum peeling force shows a good correlation with the difference between the E’ values
at 25 °C and 145 °C in the DMA tests, except in the case of the sample with a too-high degree of cross-
linking, indicating that the degree of dissociative cross-linking is the main factor determining the adhesion
strength in the TAD-ZDMA cross-linking system.

due to the low mobility of polymer chains resulting from the
cross-linking."™ Thus, repair processes that involve adhesion

Adhesion between cross-linked rubbers is an essential process
during the production of rubber products such as tyres.'
However, direct adhesion between cross-linked rubbers
without pretreatment of their surfaces is extremely challenging
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between cured cross-linked rubbers, such as tyre retreading,
are still limited by factors such as the complexity of the pre-
treatment process, curing temperature and time.*?

One promising approach to achieve efficient direct
adhesion between cross-linked rubbers without pretreatment
is the incorporation of dissociative cross-linkages,"'*>* such
as hydrogen bonds,>* > metal-ligand coordination
bonds,***"*3"*> host-guest interactions,*®*” dynamic covalent
bonds,**° or ionic interactions,****”"* into rubber compo-
sites. These linkages usually dissociate at high temperature,
endowing the composites with good malleability during con-
ventional hot-pressing adhesion processes. Isoprene rubbers
(cis-1,4-polyisoprene: PI) including natural rubber (NR) are the
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most widely used materials in rubber products,”® and accord-
ingly, the creation of dissociative cross-linked PI materials has
been Wldely Studied‘21723,25,35,40,45,50,59,62,63,65767,70,71,74 For
example, Chino et al. have reported the preparation of functio-
nalized PI through reaction with maleic anhydride (MAH) fol-
lowed by the addition of 3-amino-1,2,4-triazole; the thus
obtained modified PI showed thermo-reversible behaviour due
to supramolecular hydrogen-bonding networks.>® Chen et al.
have designed a self-healing natural rubber by incorporating a
dissociative ionic supramolecular hybrid network, which was
created through the in situ reaction of methacrylic acid (MAA)
and zinc oxide (ZnO) to give zinc dimethacrylate (ZDMA) in NR
latex, followed by dicumyl-peroxide (DCP)-induced polymeriz-
ation of ZDMA.®®> The NR composite with the optimum MAA/
ZnO ratio showed excellent self-healing properties through
reconstruction of the ionic supramolecular hybrid network
and was completely healed after 15 min. Hua et al have
reported the use of various approaches to prepare dual ionic
cross-linkages in NR. First, the reaction with MAH through an
anionic mechanism using n-butyllithium was carried out.®®
Subsequently, ZDMA was reacted with the MAH-modified NR
using DCP, and the second ionic network was constructed.
The resulting dissociative ionic cross-linked NR composites
exhibited a high reinforcing effect with a high self-healing
efficiency of 75% in full-cut mode.

Additionally, the incorporation of reactive functional
groups into the PI backbone is of great interest. One of the
most efficient methods for this is click chemistry,”® which is a
high atom-efficiency chemical reaction performed under rela-
tively mild conditions. In particular, triazolinedione (TAD)
click chemistry*®®®7%%° is known to be a powerful tool to
incorporate functional groups into PIs. For example, Saville
has demonstrated that 4,4-methylene-bis(1,4-phenylene)-di-
1,2,4-triazoline-3,5-dione reacts with NR, resulting in instant
gelation due to cross-linking.”” Guo and Zhang et al. have
recently used TAD click-chemistry with 4-phenyl-1,2,4-triazo-
line-3,5-dione (PhTAD) to introduce urazole groups onto NR
backbones. The prepared modified NRs showed good carbon
black (CB) dispersion capability due to the reaction between
the stable urazole radicals on the TAD-modified NR and CB.*®
However, methods for rubber repair or adhesion using PIs
modified with filler-reinforced TAD have not yet been devel-
oped, because TAD-modified PIs show strong interactions with
fillers® such as CB, leading to a loss of dissociative cross-
linking.

In this study, we investigated the creation of such a system
of dissociative cross-linked TAD-modified PIs reinforced by
fillers. ZDMA was selected for the formation of ionic dissocia-
tive networks with TAD-modified PIs; direct bonding of ZDMA
with the TAD-derived urazole group was expected based on the
radical-generation capability of the urazole unit.**®” ZDMA is
widely used in rubber technology as a cross-linking agent and
a reinforcing filler.36>64766:6870.88-95 Noregver, our group has
previously reported direct adhesion between cross-linked
rubbers consisting of ZDMA.** In our previous study, main-
chain-functionalized styrene-butadiene rubbers (SBRs) were
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used to investigate the direct adhesion performance, and the
incorporation of functional groups was achieved through a tet-
razine-based click reaction with 3,6-di(2-pyridyl)-1,2,4,5-tetra-
zine (DPT). However, we found that the tetrazine-based click
reaction did not proceed between PIs and DPT. Therefore, an
alternative strategy using a TAD-click reaction was selected in
the present study. The objective of this study was to design
novel cross-linked PI composites that exhibit direct adhesion
behaviour without the need for pretreatment (Fig. 1). For this
purpose, we prepared a series of PhTAD-modified PI samples
using TAD-based click chemistry,*® before we compounded the
obtained TAD-modified PIs with ZDMA. The cross-linking
between the TAD units in PI and ZDMA was investigated in
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Fig. 1 Conceptual outline of this study: (a) preparation of PhTAD-
modified Pls by TAD-based click chemistry, followed by the formation of
TAD-ZDMA cross-linkages via a radical mechanism. (b) Schematic illus-
tration of the adhesion process via rearrangement of the ionic inter-
action among ZDMA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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detail using model experiments. Finally, the physical pro-
perties of the resulting cross-linked composites, including
their dynamic viscoelasticity, tensile behaviour and adhesive
strength, were examined. The obtained results demonstrate
that the ZDMA cross-linking network via TAD units in PI is
successfully formed via a radical mechanism, and that the
resulting PI composites show unique physical properties,
including improved adhesion strength.

Experimental

Materials

cis-1,4-Polyisoprene (PI; 98% cis-1,4 content; grade: IR2200)
was purchased from ENEOS Materials Corp. Zinc dimethacry-
late (ZDMA, Dymalink® 708) was obtained from Cray Valley
Co., Ltd. Dichloroacetic acid, 4-phenyl-1,2,4-triazoline-3,5-
dione (PhTAD), ethylene glycol dimethacrylate (EGDMA), zinc
chloride (ZnCl,), and zinc acetate (Zn(OAc),) were purchased
from Tokyo Chemical Industry Co., Ltd. Dicumyl peroxide
(DCP) was purchased from Sigma Aldrich Co. LLC.
Tetrahydrofuran (THF), toluene, dichloromethane (CH,Cl,),
methanol and n-heptane were purchased from Xanto
Chemical Co., Ltd. 1,1,2,2-Tetrachloroethane-d, was purchased
from Fyjifilm Wako Pure Chemical Corp. N-(1,3-
Dimethylbutyl)-N'-phenyl-p-phenylenediamine (6PPD, Nocrac
6C) was purchased from Ouchi Shinko Chemical Industrial
Co., LTD.

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. Multi-
angle light-scattering (MALS) measurements were conducted
at 30 °C using a Wyatt DAWN as a MALS detector with a Wyatt
Optilab as a RI detector. THF was used as the eluent at a flow
rate of 1.0 mL min~". Differential-scanning-calorimetry (DSC)
measurements were conducted using a DSC2500 (TA
Instruments Inc.) instrument under an atmosphere of nitrogen
at a heating rate of 20 °C min~". Fourier-transform infrared
(FT-IR) spectra were recorded at room temperature using a
Nicolet iS5 FT-IR spectrometer with a germanium-crystal-atte-
nuated total-reflectance (ATR) attachment (Thermo Scientific
Inc.). "H NMR spectra were measured in 1,1,2,2-tetrachlor-
oethane-d, (C,D,Cl,) at 300 K using a Bruker AVANCE III HD
600 MHz spectrometer. Rotorless-theometer 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 amplitude angle of +1° and a frequency of
100 cpm. Dynamic-mechanical-analysis (DMA) tests were con-
ducted on a GABO EPLEXOR (Netzsch) apparatus equipped

© 2025 The Author(s). Published by the Royal Society of Chemistry
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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 in 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 in 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 cross-
head 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(¢)de. 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 TAD-modified PI samples

PI was dissolved in CH,Cl, (0.033 g mL™"), before a CH,Cl,
solution of PhTAD (0.02 ¢ mL™") was added dropwise, and stir-
ring was continued for 5 min at room temperature. The solu-
tion was then concentrated under reduced pressure until the
volume was reduced to approximately one third of the original
volume. The thus obtained solution was poured into methanol
to precipitate the modified PI, which was then washed with
methanol. Finally, the modified PI was dried under vacuum at
65 °C for 12 h. The resulting modified PIs are denoted as
TAD-PI-1, TAD-PI-2, TAD-PI-3 and TAD-PI-4, which correspond
to PhTAD loadings of 1.0, 2.0, 3.5 and 5.0 mol% relative to the
isoprene monomer unit in the PI, respectively.

Mixing and curing conditions for the uncured rubber samples
with ZDMA

PI or TAD-PIs (20 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 PI/ZDMA mixtures were
further mixed with varying amounts of 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 (145 °C, 15 MPa, 30 min)
to give sheets with a thickness of ~1 mm.

Mixing conditions for TAD-PI-4 with 6PPD and ZDMA

TAD-PI-4 (5.0 g, 100 phr) was mixed with 6PPD (0.25 g, 5 phr)
for 3 min on a two-roll open mill with a roller speed of 15 rpm
at 65 °C. Subsequently, the TAD-PI-4/6PPD mixture was further
mixed with ZDMA (2.0 g, 40 phr) for 10 min on the two-roll
open mill with a roller speed of 15 rpm at 65 °C.

Mixing conditions for TAD-PI-4 with Zn(OAc),

TAD-PI-4 (5.0 g, 100 phr) was mixed with Zn(OAc), (2.0 g, 40
phr) for 10 min on a two-roll open mill with a roller speed of
15 rpm at 65 °C.

RSC Appl. Polym., 2025, 3, 347-360 | 349
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Mixing conditions for TAD-PI-4 with ZnCl, or EGDMA

A round-bottom flask was charged with TAD-PI-4 (5.0 g, 100
phr) and CH,Cl, (100 mL). After TAD-PI-4 had dissolved com-
pletely, zinc chloride (2.0 g, 40 phr) or EGDMA (2.0 g, 40 phr)
was added to the solution, which was subsequently stirred at
room temperature for 30 min. The solutions were then cast
onto mould-release films and placed under reduced pressure
at room temperature for 12 h, followed by drying under
vacuum at 50 °C for 2 h.

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
10 mL of toluene/dichloroacetic acid (v/v = 95/5)** and kept at
room temperature for 4 days.

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. To ensure a sufficient gripping area on the speci-
mens for the T-peel tests, a thin piece of a poly(tetrafluoro-
ethylene) (PTFE) film (length: 15-20 mm) was placed between
the two sheets at the edge of the specimens. Then, the lami-
nates were hot-pressed (145 °C, 15 MPa, 30 min) to give speci-
mens of approximately 2 mm.

Results and discussion
Synthesis of TAD-PIs

To prepare TAD-PIs, PhTAD and PI were reacted in CH,Cl,
(Scheme 1).2° After the red solution of PhTAD was added to
the PI solution, it immediately became pale yellow, indicating
that the reaction proceeded rapidly. The unmodified PI and
the prepared TAD-PIs were characterized using "H NMR and
FT-IR spectroscopy, as well as GPC and DSC measurements;
the results are summarized in Table 1. The "H NMR spectra of
the obtained TAD-PIs (Fig. 2 and Fig. S1t as well as Table S17)
showed the disappearance of the initial signals for PhTAD and
the appearance of distinct new signals corresponding to the
phenyl protons in the aromatic region as well as the methine
proton at § 2.77 ppm. The bound TAD content was calculated
based on the integration ratio of the signal of the phenyl
group protons at 7.63-7.30 ppm relative to that of the original
olefinic proton of the cis-1,4 unit at 5.14 ppm (¢f eqn (S1)-

Ph Ph
\ N
[¢] o o) o)
s X 7
- N—NH
PhTAD
e . —
CH,Cly, r.t. /
5 min
Pl TAD-PI

Scheme 1 Synthesis of TAD-PI.
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Table 1 Characterization of Pl and TAD-PIs

Polymer Bound TAD “ (mol%)  M,” My/M,,"” Ty ¢ (°C)
PI 0 496 000 2.78 —64.6
TAD-PI-1 0.83 365 000 2.88 —63.3
TAD-PI-2 1.7 266 000 3.35 —62.6
TAD-PI-3 3.1 122 000 4.80 —-61.7
TAD-PI-4 4.3 80100 4.85 —61.2

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

C;H.Cl. @
oﬁ,N\fo
N=N
PhTAD
a cd b
| |
|
b |
a I
E |
c d
|
| = . |
N
(o] o
i =
N—NH
Protons of e VR
phenyl group |
| TAD-PI
= SR | - A 5 5 P

75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05ppm

Fig. 2 'H NMR spectra of PhTAD, Pl and TAD-PI-4 (C,D,Cl,, 600 MHz).

(S3)T). The modification efficiency values were found to be
83.3, 85.5, 88.8 and 86.5% for TAD-PI-1, 2, 3, and 4, respect-
ively. The M, and M,/M,, values of the PI and TAD-PI samples
were determined using GPC. The M, values of the TAD-PI
samples decreased with increasing degree of TAD modifi-
cation. The decrease in the apparent M, upon TAD modifi-
cation was attributed to the reduced hydrodynamic volume
due to the interaction of intramolecular N-H---N hydrogen
bonds originating from the TAD-derived urazole groups.®***
However, the MALS measurements confirmed a decrease in
the M, values with TAD modification (Table S2%), indicating
that a main-chain scission occurred during the reaction of PI
and TAD, presumably due to the generation of radical species
from the TAD-derived urazole units.**®” The DSC measure-
ments revealed that the glass-transition temperature (T,) of the
unmodified PI, TAD-PI-1, 2, 3 and 4 were —64.6, —63.3, —62.6,
—61.7 and —61.2 °C, respectively (Fig. 3a). The increase in T,
with increasing degree of TAD modification was attributed to a
decrease in the polymer-chain mobility induced by hydrogen
bonding between the TAD-derived urazole groups.®*®> The
TAD modification of PI was also examined using IR spec-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization of Pl (black), TAD-PI-1 (yellow), TAD-PI-2
(orange), TAD-PI-3 (red) and TAD-PI-4 (dark red): (a) DSC curves and (b)
ATR FT-IR spectra.

troscopy, in which the typical absorbance of the C=0 stretch-
ing vibrations is observed around 1698 cm™',**® and the
intensity of this peak increases with increasing degree of TAD
modification (Fig. 3b).

Cross-linking of rubber samples

Cross-linked rubber composites were prepared using the
unmodified PI and TAD-PIs; the formulations of all samples
are summarized in Table 2. To prepare unmodified PI compo-
sites with varying degrees of cross-linking as control samples,
40 phr of ZDMA was mixed with 0.2, 0.6, 1.0 and 1.5 phr of
dicumyl peroxide (DCP) (runs 1-4). The samples based on the
TAD-PIs were prepared using 40 phr of ZDMA with TAD-PI-1, 2,
3 and 4, respectively (runs 5-8) to clarify the effect of the
amount of bound TAD in the PI on the resulting physical pro-
perties. Additional samples were synthesized using 30 phr and
50 phr of ZDMA to gain insight into the impact of the amount
of ZDMA incorporated on the mechanical properties (runs 9

Table 2 Formulation of the prepared cross-linked samples?
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and 10). The hot-pressing conditions were adjusted to provide
a comparable level of cross-linking density between PI/Z40/
DCP1.0 and TAD-PI-3/Z40, as evaluated by swelling experi-
ments in n-heptane (Fig. S2f). To characterize the cross-
linking of TAD-ZDMA, the elastic torque of the samples was
analysed using a rheometer at 145 °C. The unmodified PI
control composites prepared using the DCP-and-ZDMA-based
curing system demonstrated an increase in elastic torque
associated with cross-linking, whereby larger torque increases
were observed for higher feed rates of DCP (Fig. 4a).”!
Increased elastic torque was also observed for the TAD-PI
samples loaded with 40 phr of ZDMA (Fig. 4b), indicating the
formation of a cross-linking network. Increasing amounts of
bound TAD in the PI samples resulted in larger elastic torque,
suggesting a higher degree of TAD-ZDMA cross-linking.
The enhanced TAD-ZDMA cross-linking density was further
confirmed through a swelling experiment with n-heptane,
which revealed that the degree of swelling of the composites
from TAD-PI-1-4 was consistent with the trend in their
torque values (Fig. S3t). The effects of different ZDMA load-
ings on the elastic torque were also investigated using
TAD-PI-4 (Fig. 4c). Relative to TAD-PI-4/Z40, TAD-PI-4/Z30
showed a lower elastic torque, while TAD-PI-4/Z50 exhibited a
higher torque. These results suggest that the degree of
TAD-ZDMA cross-linking is enhanced with increasing ZDMA
loading.

Mechanistic study of the cross-linking of TAD-ZDMA

To clarify the cross-linking mechanism of the TAD-PI and
ZDMA composites, several control composites were used with
TAD-PI-4; the formulations of the samples are summarized in
Table 3. To investigate the possibility of cross-linking via ionic
or coordination bonding between the bound TAD units and
the zinc ion in ZDMA, ZnCl, and Zn(OAc), were used as
alternative zinc sources for runs 11 and 12, respectively.
TAD-PI-4/Zn(OAc), was mixed using the open roll, but
TAD-PI-4/ZnCl, was prepared by casting a CH,Cl, solution of a
TAD-PI-4/ZnCl, mixture due to the hygroscopic and metal-cor-
rosive nature of ZnCl,. The torque measurements using a rhe-
ometer at 145 °C revealed no increase in elastic torque for
either sample (Fig. 4d and e), demonstrating that the TAD-
ZDMA cross-linking is not due to ionic or coordination

Run 1 2 3 4 5 6 7 8 9 10
Sample P1/Z40/ P1/Z40/ P1/240/ P1/Z40/ TAD-PI-1/ TAD-PI-2/ TAD-PI-3/ TAD-PI-4/ TAD-PI-4/ TAD-PI-4/
code DCPO0.2 DCPO0.6 DCP1.0 DCP1.5 740 740 740 740 730 Z50

PI 100 100 100 100

TAD-PI-1 100

TAD-PI-2 100

TAD-PI-3 100

TAD-PI-4 100 100 100

DCP 0.2 0.6 1.0 1.5

ZDMA 40 40 40 40 40 40 40 40 30 50

“The unit of the values (phr) refers to the weight fraction of the specified rubber component per 100 units of the base rubber.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the amount of bound TAD in the Pls, (c) effect of the ZDMA content, (d) results for TAD-PI-4 with various types of chemicals and (e) the effect of

the radical-trapping agent 6PPD.

Table 3 Formulation of the samples used for examining the cross-
linking formation®

Run 11 12 13 14
Sample TAD-PI-4/ TAD-PI-4/Zn  TAD-PI-4/ TAD-PI-4/
code ZnCl, (OAc), EGDMA 740/6PPD
TAD-PI-4 100 100 100 100
ZDMA 40

ZnCl, 40

Zn(OAc), 40

EGDMA 40

6PPD 5

“The unit (phr) refers to the weight fraction of the specified rubber
component per 100 units of the base rubber.

bonding between the TAD unit and the zinc atom. To investi-
gate the possibility of cross-linking via a radical mechanism, a
composite with 40 phr of EGDMA (Fig. 5; left) as a radically

352 | RSC Appl. Polym., 2025, 3, 347-360

Ae~dr e

Fig. 5 Chemical structures of EGDMA (left) and 6PPD (right).

reactive bifunctional methacrylate was prepared (run 13) by
casting a CH,Cl, solution to avoid slippage of the sample on
the open roll due to the large amount of liquid EGDMA.
TAD-PI-4/EGDMA without a zinc source showed a rapid and
significant increase in its elastic torque (Fig. 4d; blue line),
suggesting that the cross-linking was formed via a radical
mechanism. The mechanism was further verified by adding 5
phr of 6PPD (Fig. 5; right), a radical-trapping agent, to the
TAD-PI-4/Z40 system (run 14); this composite was prepared
using the open-mill method. The elastic torque for TAD-PI-4/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Z40/6PPD decreased drastically in comparison with that of
TAD-PI-4/Z40 (Fig. 4e), further supporting the radical mecha-
nism. Based on these results, a series of plausible reactions
between the TAD-PIs and ZDMA is presented in Scheme 2. In
the first step of cross-linking, the TAD-derived urazole units
generate nitrogen radicals through transformation from
rubber macroradicals or under thermal oxidation at elevated
temperature,® followed by radical addition to the methacrylate
units in ZDMA. The radical on ZDMA presumably further
reacts with other ZDMA molecules, eventually producing
grafted poly-ZDMA.?®%%°1 During this series of radical reac-
tions, the cross-linkages would be formed through the reaction
of the methacrylate units on both sides of ZDMA. This pro-
posed radical mechanism is also supported by previous
studies that demonstrate the generation of radicals in urazole
moieties.®>%”

To further examine the formation of TAD-ZDMA cross-lin-
kages, dissolution tests were conducted for all the composites
using a toluene/dichloroacetic acid mixture (v/v = 95/5)
(Fig. 6).*> Disc-shaped specimens with a diameter of 8.0 mm
(Fig. 6a) were immersed in the solvent (Fig. 6b) and kept at
room temperature for 4 days. All TAD-PI composites comple-

i i
N N
0§\/ SEE (¢ 0%{ ?40
N—NH A N—N_
PI‘S: PI‘S:
F|>h
o=_N_o
?\\Zn\/ Y %
> <O/ éSN—N
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o ph c:>—
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‘,\N‘N\ \A\O
PI N
N
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Scheme 2 Plausible mechanism for the formation of cross-links
between TAD-PIs and ZDMA.
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Fig. 6 Photographs documenting the dissolution and swelling behav-
jour of the cured rubber composites in toluene/dichloroacetic acid
(v/v = 95/5): (a) prepared specimens, (b) beginning of the test and
(c) after soaking at room temperature for 4 days.

tely dissolved, and the solutions turned pale yellow (Fig. 6c),
indicating that the TAD-ZDMA cross-links were dissociated by
the acid. Notably, the control PI composites cured using DCP
did not show dissolution behaviour, but instead exhibited
swelling (Fig. 6¢). These results demonstrate that the control
composites contain direct C-C covalent cross-links among the
PI main chains, while the TAD-PI/ZDMA composites mainly
consist of dissociative TAD-ZDMA cross-linking. To further
investigate the cross-linking mechanism, the dissolved fraction
of TAD-PI-4/Z40 was analysed using "H NMR spectroscopy. The
two sharp signals at 1.69 ppm and 1.47 ppm as well as the
broad signals at 2.2-0.7 ppm corresponding to the methyl
groups and methylene/methine groups in the reacted
methacrylic groups, respectively, demonstrated that the com-
posites consisted of a complex mixture, presumably including
grafted poly-ZDMA (Fig. S47).

DMA measurements

To investigate the temperature dependence of the prepared
samples, temperature-sweep DMA tests were carried out from
—75 to 150 °C (Fig. 7). The measurements for the control PI
composites showed that increased DCP loading leads to an
increase in the E’ values of the rubbery plateau region (Fig. 7a)
and a decrease in the tan 6 values (Fig. 7b); these changes are
due to the increased degree of cross-linking. Additionally, the
measurements of the TAD-PIs revealed that increasing bound
TAD content afforded a significant increase in the E’ values in
the rubbery plateau region (Fig. 7c), indicating an increase in
the degree of cross-linking. In addition, the tan § curve shifts
toward higher temperatures with increasing bound TAD
content (Fig. 7d), in agreement with the trend in the T, values
measured using DSC. Furthermore, the remarkable decrease
in the tan § peak values and broadening of the peak shapes
observed with increasing bound TAD content suggest that
ZDMA acts as a reinforcing filler and forms a bound rubber
layer**°® via the formation of TAD-ZDMA bonds. Notably, the
E' values of the TAD-PI composites gradually decrease even in
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Fig. 7 Temperature dependence of the viscoelasticity: (a) E' of control samples (PI/Z40/DCP), (b) tan § of control samples (P1/Z40/DCP), (c) effect
of the amount of bound TAD in the Pl on E’, (d) effect of the amount of bound TAD in the Pl on tan 6, (e) effect of the loaded ZDMA content on E', (f)
effect of the loaded ZDMA content on tan §, (g) effect of the amount of bound TAD in the PI on the difference between E’ at 25 °C and E’ at 145 °C

and (h) effect of the ZDMA content on the difference between E’ at 25 °C and E’ at 145 °C.

the rubbery plateau region, and this decrease becomes more
intense above 110 °C. The gradual decrease in the E’ values in
the rubbery plateau region presumably reflects the dissociation

of relatively weak cross-linking such as the ionic inter-
action among zinc ions and hydrogen bonds®**® between
TAD-derived urazole moieties. Furthermore, the rapid decrease
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of E' above 110 °C may be the effect of ligand exchange among
ZDMA, because the control PI/ZDMA/DCP composites also
show a similar decrease at temperatures above the rubbery
plateau region. The impact of the ZDMA loading content on E’
and tan é was also investigated using TAD-PI-4. The E’ values
in the rubbery plateau region increase with increasing ZDMA
content (Fig. 7e), indicating an increase in the degree of cross-
linking via TAD-ZDMA bonding. A gradual decrease in E'
values in the rubbery plateau region is also observed even with
increased ZDMA content. The intensity of the tan § peak attrib-
uted to the glass transition decreases with increasing ZDMA
content (Fig. 7f), indicating an increase of the formation of a
bound rubber layer via TAD-ZDMA bonding. Based on the
above discussion, the difference between the values of E’ at
high and low temperatures is expected to be a predictor of the
degree of dissociation of the weak cross-linking.** The differ-
ences between the values of E' at 25 °C and 145 °C, denoted as
Ebsoc — El450c, were plotted to investigate their relationship
with the bound TAD content and the amount of ZDMA in the
PIs (Fig. 7g and h). E5sec — Ef450c obviously increases both with
increasing bound TAD content and ZDMA amount, demon-
strating that the decrease in the E’ values at elevated tempera-
ture reflects the dissociation of the cross-linking involving
bound TAD units. In contrast, the Ejsoc — E'l450c values of the
control PI composites are much lower than those of the
TAD-PI composites even though both contain ZDMA. Unlike
the TAD-PI composites, the control PI composites feature
direct C-C covalent cross-linkages among the PI main chains,
as demonstrated by the dissolution experiments (vide supra).
The presence of the permanent cross-linkages presumably
restricts polymer chain mobility, which preserves the ionic
network even at high temperature.

To further investigate the impact of TAD-ZDMA cross-
linking on the dynamic mechanical behaviour, strain-sweep
DMA tests were conducted at strains ranging from 0.1% to
10% (Fig. 8). For the control PI composites, a slight increase in

View Article Online
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the E' values with increasing DCP loading is observed (Fig. 8a),
in the same manner as in the temperature-sweep DMA
measurements. Importantly, these control composites show
almost no decrease in E' (Payne effect)’” with increasing strain,
indicating the absence of a significant network of ZDMA par-
ticles. On the other hand, TAD-PI composites TAD-PI-1 to
TAD-PI-3 show a slight decrease in E' with increasing strain
(Fig. 8b). Notably, TAD-PI-4/Z40 shows an obvious Payne effect,
demonstrating that the rich content of bound TAD in the PIs
enhanced the ZDMA-ZDMA filler interaction**°>°® vig TAD-
ZDMA bonding. The measurements for TAD-PI-4 with varying
ZDMA contents revealed that the Payne effect is significantly
amplified when the ZDMA content is increased (Fig. 8c) due to
the formation of strong ZDMA-ZDMA filler interactions.’®
Based on these results, it is obvious that ZDMA plays impor-
tant roles as both a cross-linking agent and a reinforcing filler
in the TAD-ZDMA cross-linking system.

Tensile tests

To investigate the impact of the TAD-ZDMA linkages on the
mechanical strength, tensile tests were conducted (Fig. 9); the
mechanical properties are summarized in Table 4. Stress—
strain curves for the control PI composites showed that the
elastic modulus values increased with the amount of DCP
(Fig. 9a); the same tendency was observed in the conventional
DCP-ZDMA curing system.”" As shown in Fig. 9b, the moduli
of the TAD-PI composites clearly increase with increasing
amount of bound TAD due to increased cross-linking, with
100% modulus values of 1.61, 2.67, 4.60 and 6.17 MPa for
composites TAD-PI-1, 2, 3 and 4, respectively. The trend in the
moduli of the TAD-PI samples is consistent with their swelling
degrees in n-heptane (Fig S5). Additionally, fracture-energy
values of 28.8, 42.1, 47.3 and 37.6 MJ m™ were measured for
composites TAD-PI-1, 2, 3 and 4, respectively. These results
suggest that a bound TAD content of approximately 3.1 mol%
(i.e., TAD-PI-3) is optimum in terms of the fracture energy.
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Fig. 8 Strain dependence of E’: (a) control samples (PI/Z40/DCP), (b) effect of the amount of bound TAD in the Pl on E" and (c) effect of the loaded

ZDMA content on E'.
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Importantly, the fracture-energy value of TAD-PI-3/Z40
(Table 1, run 7) reached the same level as that of the PI/ZDMA/
DCP system (run 3). The TAD-PI samples also tended to show
higher 100%-modulus values than the control PI composites
with comparable swelling rates in n-heptane (Fig. S5t). For
example, the swelling degrees of PI/Z40/DCP0.2, PI/Z40/
DCP0.6 and PI/Z40/DCP1.5 are comparable to those of
TAD-PI-1/240, TAD-PI-2/240 and TAD-PI-3/Z40, respectively,
albeit their 100%-modulus values are notably lower. This indi-
cates that the swelling rate of the TAD-PI/Z40 samples underes-
timates the actual cross-linking density. These results suggest
the presence of cross-linkages consisting of weak bonds, e.g.,
hydrogen bonds®®> and electrostatic interactions among the
TAD units and ZDMA, which dissociate during swelling with
n-heptane. Moreover, the TAD-PI samples (except for TAD-PI-1/
Z40) tend to show lower values of tensile strength at break (7})
relative to the PI control samples with a similar swelling
degree in n-heptane (Fig. S6t1). For example, the T;, values of
PI/Z40/DCP1.0 and TAD-PI-3/Z40 are 26.3 and 18.2 MPa,
respectively, even though these samples showed comparable
swelling rates. The relatively lower Ty, values for the composites
of TAD-PI-2, 3, and 4 compared to those of the control PI
samples are probably due to suppressed strain-induced crystal-
lization (Fig. S77), which is a unique characteristic of cis-1,4-
polyisoprene,”® due to the increased bound TAD amount.
Fig. 9c summarizes the impact of the ZDMA loading on the
stress-strain curve; fracture-energy values of 38.5, 37.6 and
25.0 MJ m~? were found for TAD-PI-4 composites with 30 phr,
40 phr and 50 phr of ZDMA, respectively, indicating that a
high loading of ZDMA gives brittle composites in this system.

Adhesion performance

The above discussion clearly reveals that the TAD-ZDMA cross-
links dissociate with increasing temperature, and accordingly,
suggest the thermal malleability of the TAD-PI composites
with ZDMA. Thus, we examined the direct adhesion of TAD-PI
composites using a hot-pressing process. For that purpose,
two cross-linked sheets of each sample were stacked and
remoulded at 145 °C under 15 MPa for 30 min, and then
T-peel tests were conducted using the adhered samples
(Fig. 10). The control PI samples PI1/Z40/DCP0.6 and PI1/Z40/
DCP1.0 exhibited almost the same level of peeling force; these

Table 4 Moduli and fracture parameters of the cross-linked samples shown in Fig. 9; values in parentheses refer to the standard deviation

100% modulus 300% modulus

Elongation at break

Tensile strength at break Fracture energy

Run/sample code (MPa) (MPa) (Ep) (%) (T1,) (MPa) (MJ m™)

1/P1/Z40/DCPO0.2 0.99 (0.04) 2.71 (0.17) 541 (13) 11.5 (0.58) 19.2 (0.94)
2/P1/Z40/DCP0.6 1.71 (0.02) 6.05 (0.28) 475 (18) 18.6 (1.16) 28.1 (2.52)
3/P1/Z40/DCP1.0 2.24 (0.07) 8.59 (0.39) 502 (6.8) 26.3 (1.92) 44.4 (3.74)
4/P1/Z40/DCP1.5 2.91 (0.01) 11.7 (0.47) 451 (16) 27.3 (1.95) 43.3 (4.21)
5/TAD-PI-1/Z40 1.61 (0.03) 4.24 (0.10) 580 (42) 15.2 (1.69) 28.8 (5.44)
6/TAD-PI-2/Z40 2.67 (0.03) 5.94 (0.08) 596 (20) 16.6 (0.83) 42.1 (3.41)
7/TAD-PI-3/Z40 4.60 (0.08) 9.35 (0.33) 525 (31) 18.2 (0.86) 47.3 (4.78)
8/TAD-PI-4/Z40 6.17 (0.10) 11.2 (0.30) 423 (24) 14.9 (0.44) 37.6 (2.87)
9/TAD-PI-4/Z30 5.81 (0.07) 11.0 (0.37) 434 (28) 15.8 (1.15) 38.5(4.32)
10/TAD-PI-4/Z50 7.28 (0.11) 11.8 (0.38) 304 (23) 12.1 (0.46) 25.0 (2.21)
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Fig. 10 T-peel test results: (a) control samples (PI/Z40/DCP), (b) effect of the amount of bound TAD in the Pls, (c) relationship between the
maximum peeling force and the amount of bound TAD in the Pls, (d) effect of the loaded ZDMA content and (e) relationship between the maximum

peeling force and the loaded ZDMA content.

values were lower than the peeling force of P1/Z40/DCP0.2 with
a lower degree of cross-linking (Fig. 10a), indicating that a low
cross-linking density is preferable for adhesion due to the
mobility of the polymer chains. In contrast, the composites of
TAD-PI with ZDMA clearly show higher peeling forces than the
control samples cured with DCP, and the maximum peeling
force dramatically increased with increasing amount of bound
TAD in the PIs (Fig. 10b and c). The increase in peeling force
with increasing amount of bound TAD can probably be ration-
alized in terms of the increase in the degree of TAD-ZDMA dis-
sociative cross-linking. The impact of the ZDMA content on
the peeling force was also investigated; the peeling force values
are 6.11, 6.55 and 5.45 N mm™" for the TAD-PI-4 composites
prepared with 30, 40 and 50 phr of ZDMA, respectively. Both
decreasing the ZDMA feed to 30 phr (TAD-PI-4/Z30) and
increasing it to 50 phr (TAD-PI-4/Z50) resulted in a slight
decrease in the maximum peeling-force value to 6.11 and 5.45,
respectively (Fig. 10d and e), indicating that 40 phr of ZDMA is
the optimum feed value for adhesion strength in this study.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The relationships between the resulting maximum peeling
force and the amount of bound TAD in the PI as well as
the ZDMA content are summarized in Fig. 10c and e,
respectively.

We have previously reported the good relationship between
the maximum peeling force and Ejsoc — E1450c, Which is a pre-
dictor of the degree of dissociative cross-links.** Based on the
results of the adhesion tests, we examined whether the afore-
mentioned correlation holds true for this system as well. A posi-
tive correlation was observed between the maximum peeling
force and E’%soc — Elasoc for most of the control PI/ZDMA/DCP
composites and TAD-PI/ZDMA composites (Fig. 11). Only the
point for TAD-PI-4/Z50 was an exception to the correlation. This
is presumably explained by its high E’ value at 145 °C, which
was attributed to its too-high degree of ZDMA cross-linking to
form poly-ZDMA. These results indicate that both the degree of
dissociative crosslinking and the total degree of cross-linking at
the adhesion temperature are significant for controlling the
adhesion strength in the TAD-ZDMA cross-linking system.
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Fig. 11 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 dissociation of the TAD—ZDMA cross-linking.

Conclusion

To achieve direct adhesion between cross-linked cis-1,4-poly-
isoprene (PI) rubbers without pretreatment of the rubber sur-
faces or the use of adhesives, we designed novel functionalized
PI composites that contain ionic dissociative cross-linkages
with zinc dimethacrylate (ZDMA). These composites were pre-
pared via triazolinedione (TAD)-based click reactions using
4-phenyl-1,2,4-triazoline-3,5-dione (PhTAD), followed by the
addition of ZDMA and a thermal curing process. The com-
pounding study confirmed the formation of cross-linkages
between the TAD units on the PIs and ZDMA through the
elastic-torque curves of the rubber composites. Model experi-
ments using zinc chloride (ZnCl,), zinc acetate (Zn(OAc),),
ethylene glycol dimethacrylate (EGDMA) and N-(1,3-dimethyl-
butyl)-N'-phenyl-p-phenylenediamine (6PPD) revealed that
the cross-linking between TAD-PI and ZDMA proceeds via a
radical mechanism. Furthermore, dissolution experiments
with toluene/dichloroacetic acid demonstrated that the
TAD-PI/ZDMA composites consist mainly of dissociative ionic
cross-linkages.

The resulting TAD-ZDMA cross-linked PIs show a unique
decrease in E' and increase in tan § with increasing tempera-
ture in temperature-sweep DMA measurements, most likely
due to dynamic dissociation of the ionic interactions via TAD-
ZDMA linkages. The parameter Ejsoc — Elssec Was shown to
serve as a predictor of the degree of dissociation of the TAD-
ZDMA linkages. Strain-sweep DMA measurements showed a
typical Payne effect for the TAD-PI/ZDMA composites, demon-
strating that ZDMA plays the role of both a cross-linking agent
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and reinforcing filler. Tensile tests revealed that the elastic
moduli of the TAD-PI/ZDMA composites are enhanced with
increasing degree of TAD modification, and that their fracture
energy is comparable to that of the conventional peroxide-
cured sample. Finally, direct adhesion between the cross-
linked rubbers was demonstrated, and the TAD-ZDMA cross-
linked samples showed improved adhesion strength attributed
to the dissociation of weak ionic cross-linking.

We have successfully established a novel system for direct
adhesion between cross-linked polyisoprene rubbers. We are
convinced that this study will not only accelerate the develop-
ment of new rubber bonding technologies, but also contribute
to the improvement of rubber repair processes, which could
help achieve a circular economy with the reduction of rubber
waste.
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