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a b s t r a c t

High-efficient rubber antioxidants for enhanced heat resistance without compromising mechanical prop-

erties remain an enormous and long-term challenge for the rubber industry. Herein, we employed the

in-situ growth of Ce-doped Co-metal-organic framework (CeCo-MOF) in dendritic mesoporous organosil-

ica nanoparticles (DMONs@CeCo-MOF, denoted as DCCM) to prepare a novel antioxidant that exhibit out-

standing thermal stability. Dendritic mesoporous organosilica nanoparticles (DMONs) effectively allevi-

ated the incompatibility of CeCo-MOF in the polymer matrix, and the effective scavenging of free radicals

was attributed to the various oxidation states of metal ions in CeCo-MOF. Surprising, by adding only

0.5 phr (parts per hundred of rubber) of DMONs@CeCo-MOF to silicone rubber, (SR), the retention rate

of tensile strength increased from 37.3% to 61.6% after aging 72h at 250 °C, and the retention rate of

elongation at break of DCCM/SR1 composites reached 68%, which was 5.43 times of SR. The strategy of

anchoring MOFs on the surface of silica also provides a viable method for preparing effective compound

functionalized rubber antioxidant.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Silicone rubber (SR) shows promise for aerospace and auto-

motive manufacturing since they possess outstanding mechanical

property, wide range of operating temperatures, as well as chem-

ical stability [1]. However, the longevity of rubber products fluc-

tuates based on the conditions and duration of operation, such

as heat, oxygen, lighting, and other chemicals [2–4]. These factors

can result in the premature aging of rubber products and unsta-

ble mechanical properties, and ultimately destroy their duration as

either raw materials or finished products. Thermal-oxidative aging

is the most common type of rubber aging. Unfortunately, the in-

sufficient antioxidant efficiency of traditional antioxidants, the in-

trinsic toxicity and blooming/migration issues of antioxidants hin-

der the development of heat-resistant rubber [5–7]. It has been

revealed that the oxidative degradation of polymers is a series of

free radical chain reactions that can be inhibited by scavenging free

radicals [8]. Therefore, efforts have been thrown on incorporating

several heat-resistant fillers into the rubber system or assembling

numerous antioxidant groups (phosphates, rare-earth ions, transi-

tion metal ion, etc.) which could react with free radicals into one
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structure to obstruct the free radical chain reactions. Neverthe-

less, the production of most antioxidants, such as amides, phenols,

and amines, depends on non-renewable fossil fuels, and low ac-

tive sites on the surface also limits antioxidant efficiency. Wu et al.

[9] synthesized a cerium-iron composite oxide via a citric acid sol-

gel method to be utilized as a heat-resistant additive for SR, and

the thermal oxidative stability and mechanical properties signifi-

cantly improved when the content reached 4 parts. Sim et al. stud-

ied the addition of aluminum oxide and zinc oxide to the rubber,

which greatly improved the thermal stability and thermal conduc-

tivity of SR [10]. However, the crystal surface of metal oxides con-

tains a limited number of active sites, resulting in low antioxidant

efficiency. Therefore, a significant dosage is required to realize the

heat resistance, which will inevitably pose a challenge on achieving

a desirable mechanical property. In this case, the development of

novel rubber antioxidants with low dosage, simple and non-toxic

synthesis, and effective antioxidant properties is of great impor-

tance and economic benefit for the sustainable growth of the rub-

ber industry.

As discussed in the previous section, it is difficult to obtain

satisfactory thermal aging-resistant composites by simple blending

with a small amount of traditional metal oxides. Unlike metal ox-

ides with low catalytic activity, metal-organic frameworks (MOFs)
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are considered as novel catalysts for various applications due to

the superior electron channel provided by the organic molecular

skeleton and the ultrafast transport of reactants, products, and

electrolytes facilitated by the ordered porous structure [11,12].

Importantly, the topology and metal nodes of MOFs can be easily

modified to optimize their catalytic performance. Considering

the synthesis procedures, stability and the possibility for mass

production MOFs, Co-MOF shows significant competitiveness in

aspects involving its universal synthesis strategy and the flexibility

in adjusting the yield according to practical demands [13]. Cobalt

ions in Co-MOF can switch between the Co2+ and Co3+ states

after absorbing and desorbing oxygen. Since metal ions in different

oxidation states can scavenge free radicals by promoting electron

transfer, Co-MOF can act as free radical scavenger [14,15]. Mean-

while, introducing other metals to create heterogeneous metal

MOFs allows for the utilization of diverse active centers in con-

structing cascade reaction catalysts to achieve synergistic catalysis

[16]. Due to the unique structure and flexible transition of valence

states between Ce3+/Ce4+ and the active site, doping cerium ions

in Co-MOF succeed to improve the ability to scavenge free radicals

[17,18]. Moreover, the ligand 2-methylimidazole of Co-MOF is

composed of C–C and C–N bonds, which has a lower bond energy

than Si-O-Si. Therefore, during thermal oxidation, the structure of

Co-MOF collapses and forms smaller crystals. This exposes more

metal ions on the crystal surface to capture free radicals and ter-

minate free radical degradation of the polymer chain. Nevertheless,

the dispersion and compatibility issues between MOFs and poly-

mers during the preparation process have yet to be fully resolved,

which will lead to the decreased in the performance of SR [19,20].

The solution for mitigating nonuniform MOFs dispersion is to

attach the MOFs to strengthening agents, the indispensable ele-

ments in rubber products to improve their mechanical properties

and lower expenses. Silica is an ideal carrier for grafting antioxi-

dants due to its good reinforcing effect, low cost and abundant sur-

face Si-OH groups. Compared with traditional silica nanoparticles,

dendritic mesoporous organosilica nanoparticles (DMONs) exhibit

three-dimensional (3D) central radial nanochannels, greater pore

permeability, and more open channels, making them useful as car-

rier materials for supporting catalysts in the field of catalysis. In

addition, the introduction of organic O-Si-R-Si-O into the inorganic

Si-O-Si skeleton brings about the biocompatibility and hydropho-

bicity, significantly expanding the range of applications compared

with inorganic dendritic mesoporous silica nanoparticles (DMSNs)

[21,22]. To our knowledge, there is a dearth of research on the syn-

thesis of composite MOFs/organosilica nanoparticles with antioxi-

dant properties for low-filler heat-resistant rubber.

Although thermal stability of the SR composites has been im-

proved owing to the advancing research on antioxidants, the me-

chanical strength after the heat treatment remains a challenge

and impede the durability and lifetime of the silicone compos-

ites. For example, Zhao et al. [23] found the initial degrada-

tion temperature of SR was delayed by 40 °C with 37.5 parts of

nano-Fe2O3, but its mechanical properties were significantly re-

duced. Li et al. [24] found that after adding 40% cerium oxide,

the thermal oxygen stability of rubber was improved, but the ten-

sile strength decreased. Herein, with a novel antioxidant-anchored

silica surface enhancement strategy, which helps to synergisti-

cally enhancing the thermal and mechanical properties of the SR

composite, instead of ignoring or even sacrificing the mechanical

strength while improving the thermal stability as usual. We pre-

pared DMONs@CeCo-MOF (DCCM) via a solution-assisted method

by growing CeCo-MOF in-situ in DMONs, and SR composites were

prepared with the general mixing and curing method shown in

Scheme 1. Loading MOFs in dendritic mesoporous organosilica

nanoparticles effectively addresses the issue of nonuniform disper-

sion between MOFs and the rubber matrix. The disulfide bonds

Scheme 1. Schematic diagram of the preparation of DCCM/SR composites.

in DMONs adsorb cerium and cobalt ions, which is essential to

prepare CeCo-MOF and DMONs composites. As a result, the high

oxygen catalytic efficiency and good dispersion bring about superb

aging resistance at filler fractions as low as 0.5 phr. The success-

ful synthesis of DCCM was demonstrated by transmission electron

microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and X-

ray diffraction (XRD), and the effects of filler structure and antiox-

idants filler dispersion on thermal stability and mechanical prop-

erties of SR composites were studied systematically. We demon-

strated that the strategy of organosilica@CeCo-MOF as antioxidant

products showed significant potential in the “green rubber” sector.

The morphology and composition of all the samples were char-

acterized by TEM and scanning electron microscopy (SEM). DMONs

had a large open pore morphology with the size of about 200nm

(Fig. 1A). Compared to DMONs, nanoparticle accumulation (indi-

cated by arrows in Fig. 1B) was found on the surface of DCCM,

resulting in a relatively rough surface. CeCo-MOF generally grew

in large pores and was extruded to the outer surface. Because of

the environment in which nucleation growth occurred, the par-

ticle size was constrained. SEM (Fig. 1C) was further conducted

to characterize DCCM. Small particle accumulations were observed

on the surface of DCCM, and the initial open pores were reduced

accordingly. This phenomenon was also observed in the TEM re-

sults. Energy dispersive X-ray (EDX) elemental mapping images

(Fig. 1D) demonstrated even distribution of Si, Co and Ce ele-

ments in DCCM nanocomposites, indicating the coexistence of mul-

tiple elements. The average particle size of DCCM in an ethanol

solution was measured using a laser particle size analyzer, and

the results indicated an average size of approximately 300nm

(Fig. S1A in Supporting information). The zeta potential changes of

the synthesized samples also demonstrated the successful prepa-

ration of DCCM nanocomposites (Fig. S1B in Supporting informa-

tion). The measured potential of CeCo-MOF in water was posi-

tive (+22mV), which was the same as that of Co-MOF aqueous

solution. In contrast, the potential changed from negative charge

of DMONs (−16mV) to positive charge of DCCM (+2mV), proving

the successful growth of CeCo-MOF. The XRD patterns of the pre-

pared precursor (Fig. S1C in Supporting information) agreed well

with previous results [25], indicating that the addition of cerium

ions did not impact the crystal structure of Co-MOF. In contrast to

the crystalline framework of CeCo-MOF, the XRD pattern of DMONs

showed amorphous state and did not show any obvious crystalline

characteristic peaks. DCCM exhibited typical peaks that can be in-

dexed to 011, 002, 112, 022, 013 and 222 diffractions of CeCo-MOF,

although the intensity of the diffraction peaks was significantly re-

duced (Fig. 1E). Additionally, to confirm the successful construction

of DCCM nanocomposites, various samples underwent X-ray pho-

toelectron spectroscopy (Fig. 1F). Figs. S2A and B (Supporting in-

formation) showed that the peaks of O 1s and Si 2p appeared on
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Fig. 1. (A, B) TEM images of DMONs and DCCM, respectively. (C) SEM images of DCCM. (D) Scanning transmission electron microscopy and element mapping (STEM) of

DCCM. (E) XRD patterns of CeCo-MOF, DMONs and DCCM. (F) XPS spectra of DMONs and DCCM. (G) N2 adsorption isotherm of various formulations.

the surface of DMONs, indicating that the basic composition of its

skeleton structure is silica. The peak near 164 eV can be attributed

to S 2p, which may originate from the disulfide bonds of DMONs.

Subsequently, the main peak at 398.48 eV in the deconvoluted N

1s spectrum could be corresponded to N of the 2-methylimidazole

ligand [26]. The Co 2p spectrum (Fig. S2E in Supporting informa-

tion) was resolved into four intense main peaks (780.78, 782.61,

796.28 and 797.26 eV) and two weak satellite peaks (787.06 and

803.29 eV) [27]. it could be determined that the peaks of 782.61

and 797.26 eV represented Co3+, and the peaks of 780.78 and

796.28 eV represented Co2+ [28,29]. As shown in Fig. S2F (Sup-

porting information), the Ce 3d signal can be separated into eight

peaks. Among them, the peaks of 903.78 and 885.28 eV corre-

sponded to Ce3+, whereas the other peaks were ascribed to Ce4+

[30,31]. We observed Co 2p, Ce 3d, and N 1s peaks emerging in

DCCM compared with DMONs, confirming the successful loading of

CeCo-MOF. In addition, to comprehend the impact of organosilica

on the formation of DCCM, we prepared inorganic dendritic meso-

porous silica nanoparticles (DMSNs) as a control. CeCo-MOF (Figs.

S3A and B in Supporting information) had a rough surface, ex-

hibited a rhombohedral dodecahedral morphology with an average

grain size of about 500nm. Figs. S3C and D (Supporting informa-

tion) showed that CeCo-MOF nucleated and grew independently,

with only a small fraction being loaded onto the surface of DM-

SNs. The presence of disulfide bonds in DMONs is deemed crucial

for preparing CeCo-MOF and DMONs composites. Fig. 1G displayed

the measurement results of N2 adsorption isotherms for various

samples. After the in-situ growth of CeCo-MOF, the specific surface

area of DCCM was up to 527.2 m2/g, which was higher compared

with specific surface area of DMONs (367.5 m2/g). However, the

specific surface area of CeCo-MOF was approximately 967 m2/g,

the modest increased in the specific surface area of DCCM may be

attributed to the comparatively low weight ratio of CeCo-MOF in-

side DMONs. The pore diameter and pore volume decreased after

CCM modification (Fig. S1D in Supporting information), indicating

the CCM partially occupied the mesopores of DMONs. Moreover, it

can be seen from Figs. S1E and F (Supporting information) that the

residue of DCCM at 700 °C in air was SiO2, and the actual residue

was 50.1%. The weights of cerium ions and cobalt ions in DCCM

are 16.86% and 7.49% (Fig. S4 in Supporting information), respec-

tively. Therefore, all results indicated the successful construction of

DCCM nanocomposites.

The homogeneous dispersion of fillers within the polymer ma-

trix results in exceptional overall properties of composite materi-

als. Fig. S5 (Supporting information) displayed the SEM images of

antioxidants in DCCM/SR composites with various dosing systems.

Because of the insufficient interfacial bonding force between CeCo-

MOF (CCM) and rubber, incompatible defects such as cavities and

faults arise within the internal cross-linked network. On the con-

trary, the results showed that as the content of DCCM increased

(Figs. S5A–C), no obvious large-area aggregates appeared. The in-

terface between DCCM and SR was in a fuzzy state, showing ex-

cellent compatibility with the rubber molecular chain. This may

be attributed to the similar molecular structure to silicone rub-

ber, and the unique 3D network structure of DMONs exposes more

active sites, resulting in an increase in the amount of bound rub-

ber and enhanced interfacial interaction. The mechanical proper-

ties of DCCM/SR composites improved to a certain extent with an

increase in the DCCM content (Fig. S6 in Supporting information).

However, the content of DCCM should not exceed 2 parts for the

overall high-level mechanical properties of DCCM/SR composites.

In order to observe the effect of antioxidant DCCM on the long-

term aging resistance of rubber matrix, as shown in Fig. 2A, at-

tenuated total reflectance-Fourier transform infrared spectroscopy

(ATR-FTIR) was utilized to examine the alterations in the chemical

structure of SR and DCCM/SR composites following diverse ther-

mal oxidation durations. Thermal oxygen aging first destroys the

side methyl group of DCCM/SR1 and gradually decomposes some

small molecular substances. The Si-CH3 absorption peak at 785

cm−1 and the Si-O-Si absorption peak at 1007 cm−1 was decreased

and the peak area decreased gradually with the increase of ag-

ing time. The decrease in intensity at 785 cm−1 further suggests

that the molecular side chain was broken or/and the methyl group

was oxidized. The peak at 1007 cm−1 also gradually decreased

with increasing aging time, indicating that the main chain of the

DCCM/SR1 molecule was attacked. The crosslinking reaction and
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Fig. 2. (A) ATR-FTIR spectra of DCCM/SR1 during aging at 250 °C for different hours.

(B) Ratios of integrated intensity of the transmittance measured and calculated for

all SR composites. (C) SEM photos of all samples surface at different thermal oxida-

tion aging time. Scale bar: 10 μm.

degradation reaction occurred simultaneously during the thermal

degradation process of SR, and the dominant reactions varied at

different degradation stages [32]. To get additional helpful infor-

mation on chemical structure changes, the ratio of the transmit-

tance integrated intensity at 1007 cm−1 to that around 785 cm−1

was computed as a function of aging time, as shown in Fig. 2B.

The ratio illustrated that the DCCM/SR composites progressively

decreased with aging process, implying an inhibition of side chain

oxidation reaction. The primary reaction at this stage involved the

rearrangement and degradation of the backbone, which occurred

at high temperatures. It is worth noting that the proportion of SR

exhibited a steady increase over the course of the experiment, sug-

gesting that the oxidation and cleavage of SR side groups predomi-

nantly transpired during the aging reaction competition process. As

the duration of aging increases, gradual oxidation results in a re-

duction in cross-linking of molecular chains in the side chains. Si-

multaneously, the main chain is vulnerable to rearrangement reac-

tions, generating new Si-O bonds and broken molecules, ultimately

affecting the increased ratio.

The aging damage of heat and oxygen on the surface of all

samples were observed by scanning electron microscopy. Fig. 2C

showed DCCM/SR composites had no obvious damage in the early

stages of aging, with the surface conditions being flat and smooth.

With increased of aging time, cracks and cavities appeared on the

surface of SR composites under the continuous attack of heat and

oxygen. It was worth noting that the surfaces of the 2246/SR1,

CCM/SR1, and SR samples exhibited severe damage following 72h

of thermal oxygen aging, whereas the DCCM/SR1 sample showed

better thermal oxygen aging resistance compared to the aforemen-

tioned samples. Throughout the entire process of thermal-oxidative

aging, DCCM demonstrated highly effective and enduring protec-

tive performance by promptly responding and efficiently scaveng-

ing the free radicals produced.

Reactive radicals resulting from the thermal and oxidative

degradation of composites may result in decreased mechanical

properties and changed cross-linking levels. However, the inclu-

sion of DCCM effectively hindered the SR matrix oxidation. It is

essential to assess the impact of DCCM on the mechanical charac-

Fig. 3. Retention of (A) tensile strength and (B) elongation at break of DCCM/SR

composites at different thermal oxidation aging time. (C) Crosslink density trends

of SR composites at different thermal oxidation aging time. (D) TGA curves of all

SR composites before aging. (E) DTG curves of all SR composites before aging. (F)

Isothermal weight loss curves of all SR composites within 24h. Data are presented

as mean ± SD (n=3).

teristics of SR during thermos-oxidative aging. After 72h of aging,

the blank SR experienced a drop in its tensile strength (TS) re-

tention and elongation at break (EAB) retention to approximately

37.3% and 12.5%, respectively (Figs. 3A and B). The incorporation

of just 0.5 phr DCCM resulted in a significant improvement in me-

chanical properties after aging, with an increase in the retention of

tensile strength and elongation at break to 51% and 54.9%, respec-

tively. With DCCM/SR1, the final retention of EAB was as high as

68%, which was about 55% higher than SR. The mechanical prop-

erties were greatly enhanced in comparison to 2246 antioxidant

after aging, indicating that DCCM is a more effective antioxidant

than 2246 antioxidant. Moreover, gradually incorporating DCCM re-

sulted in sustained improvements in the retention of EAB after ag-

ing without loss of TS of the composites. The crosslinking density

of the SR sample increased during the thermal oxygen aging pro-

cess as shown in Fig. 3C, suggesting that the crosslinking reaction

was dominant and in the crosslinked structure was also changed.

Conversely, DCCM/SR composites displayed decreased crosslinking

density with time. The thermal oxidation reaction of DCCM/SR

had undergone a significant change, effectively blocking the cross-

linking reaction in the side chain. As a result, the thermal degrada-

tion process was promoted or accelerated by backbone rearrange-

ments that occurred at higher temperatures.

Thermogravimetry analysis (TGA) can be used to study the ther-

mal decomposition of substances. Fig. 3D showed the thermo-

gravimetry analysis (TG) curve of DCCM/SR composites under ni-

trogen condition. Considering the composition of various compos-

ites, the initial weight loss is likely caused by some low molecular

material. Based on the data, the temperature with a weight loss

of 10wt% was chosen as the initial degradation temperature (T10)

of SR. T10 was observed to increase by approximately 58 °C from
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467.6 °C of SR to 525.2 °C of DCCM/SR1. It was worth mentioning

that the T10 of all DCCM/SR composites was higher than SR due

to the addition of DCCM. It was also identified that the maximum

rate of mass loss temperature was also delayed by 59.1 °C from

601.7 °C (SR) to 660.8 °C (DCCM/SR1). Polysiloxanes are recognized

for unzipping degradation in the presence of impurities containing

hydroxyl, resulting in volatile cyclic products at high temperatures

[33,34]. As demonstrated in Fig. 3E, the obvious weight loss peak

appears at 600–900 °C. During this stage, rearrangement of Si-O

bonds in the polysiloxane system leads to the eventual formation

of a cyclic structure molecular chain [35]. The DCCM antioxidants

prevented oxidation of side chains and slowed the process of ther-

mal degradation in the overall matrix.

Compared with TGA, isothermal weight loss testing provided a

more intuitive evaluation of the thermal stability of SR compos-

ites. Fig. 3F showed the spectra of mass loss of SR, DCCM/SR com-

posites and CCM/SR composites under different aging times. The

side chain of SR underwent an oxidative cleavage reaction under

continuous exposure to high temperature and oxygen. As a result,

SR experienced a 23% loss in mass after 6h, while DCCM/SR1 only

experienced a 5% reduction in mass. The incorporation of DCCM

into the siloxane system prevented side chain breakage and signif-

icantly enhanced the heat resistance of DCCM/SR composites. Af-

ter 24h of aging, the mass retention rate of DCCM/SR1 remained

at 64%, exceeding that of SR (29%) by 35%. If the ideal process

of nearly complete degradation of the side group of the blank SR

is pursued, the resulting remaining state would be silica. Based

on the analysis of derivative thermogravimetry (DTG) results, the

degradation of pure SR at 350 °C was primarily attributed to the

oxidative cleavage of the side chains.

Thermal oxidation of SR follows the free radical oxidation

mechanism similar to the oxidation of polysiloxane [36]. The in-

teraction between free radicals and DCCM is a potential expla-

nation for the antioxidant function of DCCM in SR. The electron

spin resonance (ESR) spin trapping analysis was conducted on the

samples to assess the potential reaction mechanism of DCCM an-

tioxidants with free radicals. SR generated a series of free radicals

during thermal oxygen aging. One of these is the hydroxyl radical,

which is commonly chosen to evaluate the ability to scavenge free

radicals. Hydroxyl radical reportedly has a brief lifespan and reacts

quickly. The spin-trap 5,5-dimethyl-1-pyrroline N-oxide (DMPO) is

frequently utilized to react with hydroxyl radical in the formation

of stable free radical adducts (DMPO–OH), which are more easily

detectable by ESR. The ESR spectrum displaying the quartet sig-

nal of DMPO–OH with an intensity ratio of 1:2:2:1 was featured

in Fig. 4A, representing the DMPO–OH adduct. However, the addi-

tion of DCCM resulted in a significant decreased in signal inten-

sity for the DMPO–OH adduct, indicating that DCCM is a potential

scavenger of hydroxyl radicals. Since CO2 is a typical gas degrada-

tion byproduct generated during thermal oxidation of SR compos-

ites, evaluation of the aging of the material can also be achieved

through the CO2 peak area in the infrared spectrum. The high CO2

generation rate of SR in Fig. 4B suggests the worst thermal sta-

bility, whereas the DCCM/SR1 sample reduced CO2 production by

almost 50%. The physical properties and morphology of aged SR

were studied by characterizing the main elements (C, O and Si)

on the surface of SR before and after aging. According to the peak

area of the surface element C, O and Si in Fig. S7 (Supporting in-

formation), the percentage of these element can be calculated as

shown in Table S2 (Supporting information). The proportion of C

element reduces, while the proportion of element O and Si in-

crease. It can be concluded that the chemical reaction of silicone

thermal oxidative degradation is mainly the pendant group oxida-

tive cross-linking reaction [37]. The results indicate that DCCM has

enhanced radical scavenging activity and can efficiently hinder the

crosslinking of rubber molecular chains under thermal-oxidative

Fig. 4. (A) Typical ESR DMPO–OH signals obtained after adding different materials.

(B) Generation of CO2 of unaged SR composites for the in-situ test at 100 °C. (C)
Possible mechanism of DCCM on improving the thermal-oxidative aging properties

of SR.

aging conditions. Based on the above analyses, the possible mecha-

nism of DCCM for SR was proposed as shown in Fig. 4C that, under

continuous exposure to thermal and oxygen, SR can remarkedly

increase the level amounts of peroxyl radicals and accelerate the

crosslinking and degradation of side chain. For DCCM/SR compos-

ites, we showed that DCCM effectively eliminated free radicals gen-

erated by molecular chain breakage and inhibited the breakage of

side chain Si-C bonds. This eventually led to thermal oxygen re-

actions by degrading the main chain. On the one hand, DMONs

can physically or chemically combine with SR macromolecules

to create an adsorption layer of SR molecules on the silica sur-

face, enhancing the compatibility of DCCM within polymers [38].

On the other hand, Ce4+ and Co3+ could generate stable com-

pounds by complexing with free radicals and transforming into

Ce3+ and Co2+. Notably, Ce3+ and Co2+ were re-oxidized to Ce4+

and Co3+ by contacted with external oxygen to ensure that the

radicals were continuously quenched. Therefore, it could be con-

cluded that DCCM positively affected the thermo-oxidative stability

of SR.

Due to concerns pertaining to volatilization, migration, and

extractability of low molecular weight rubber antioxidants, the

dosage should not surpass the solubility threshold within the rub-

ber matrix to avert blooming and contamination of the rubber

surface. Moreover, in situations of severe load conditions, antiox-

idants move to the surface of the rubber items at an increased

pace, leading to the unavoidable occurrence of blooming. Loading

rubber additives on the surface of nanofillers has been effectively

reduce the migration of rubber additives. Fig. S8 (Supporting in-

formation) illustrated an observation of numerous precipitates that

emerged on the previously even surface of the CCM/SR1 compos-

ites within 3 days. The DMONs restricted the evasion and move-

ment of antioxidants, resulting in minimal precipitation on the sur-

face of DCCM/SR1 composites sample. The result was further con-

firmed by the energy dispersive spectrometer (EDS) spectrum of

the “blooming” material in the SEM photo. DCCM can be uniformly

distributed within the rubber matrix and efficiently intertwined

with the rubber molecular chains. At the same time, improving

the volatility and migration resistance of antioxidants in the ma-
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trix, whereas incorporating the same number of free antioxidants

exacerbated blooming.

In summary, we have employed a facile and low-cost solution-

assisted method to synthesize a novel antioxidant DCCM by grow-

ing CeCo-MOF in situ on the surface of DMONs. For the first time,

DCCM was mixed with SR to serve as rubber antioxidant via the

most common two-roll milling process. DCCM functioned as an

efficient antioxidant and a compatibilizer of the rubber-filler in-

terface, exhibiting outstanding long-term thermal oxidation pro-

tection, physical and mechanical properties, and notably resist-

ing migration of small molecule reagents. Besides, by incorporat-

ing cerium ions, DCCM displayed a more potent free radical trap-

ping capacity. The comprehensive proposal for the cross-linking

and degradation mechanism of DCCM/SR composite materials in a

thermal oxygen environment was achieved through analyzing the

alterations in material structure and properties. The synthesis of

MOF consumes many solvents, although these solvents are eco-

friendly (such as water, ethanol). Recovering and recycling the sol-

vent used in the production of MOFs can help reduce the produc-

tion cost of MOFs and minimize resource waste. However, it is a

challenge for MOFs materials to achieve a technological leap from

laboratory gram-level synthesis to mass production under current

processing conditions. This work offers novel perspectives on the

creation of polymers with low amounts of antioxidant and excel-

lent aging resistance.
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