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Abstract  A novel TU derivative, N-phenyl-N′-(γ-triethoxysilane)-propyl thiourea (STU), is prepared and its binary 
accelerator system is investigated in detail. Compared to the control references, the optimum curing time of NR compounds 
with STU is the shortest, indicating a more nucleophilic reaction occurs. The Py-GC/MS results present that the phenyl iso-
thiocyanate fragment still remains in the NR/STU compounds with or without extracting treatment, but no silane segment can 
be found in the vulcanizate with extracting treatment. Vibrations of C＝S, NH and aromatic ring in FTIR experiments and a 
new methyne carbon peak, as well as the peaks of phenyl group of STU, in the solid state 13C-NMR experiments are found in 
the NR/STU vulcanizate with extracting treatment. Moreover, the crosslinking density of vulcanizates with STU evolves to 
lower level, indicating the sulfur atom of STU does not contribute to the sulfur crosslinking. Therefore, a new vulcanization 
kinetic mechanism of STU is propounded that the thiourea groups can graft to the rubber main chains as pendant groups by 
chemical bonds during the vulcanization process, which is in accordance with the experimental observations quite well.  
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INTRODUCTION 

Recently, vulcanization of rubber with sulfur still attracts people’s tremendous attention[1−4] for the quality of the 
resulting rubber composites is controlled by the choice of curing ingredients to a great extent. For the low-carbon 
purpose, if the curing temperature of rubber compounds could reduce 10 K without sacrificing the mechanical 
properties of the final product, the fuel for molding would be saved a lot, leading to lower discharge of carbon 
dioxide. Therefore, the selection of sulfur-accelerator system with low curing temperature for rubber composite 
design has become of significant importance. It is suggested that accelerators, such as sulfenamide and disulfide 
compounds in which sulfur is combined as S―S, C―S―C or S―N bonds, are generally inactive at low 
temperatures because of the high thermal stability of the sulfur bond[5]. With respect to vulcanization temperature 
below 100 °C, the reaction rate and the number of crosslinked points will be extremely low, or even no reactions 
will occur at all. When at high temperatures, i.e. above140 °C, the crosslinking reaction will proceed much faster 
but subsequently, competitive reactions, such as disproportionation of poly-sulfur bonds, molecule chain scission 
and aging, would take place, which will influence the network structure and consequently, results in a dramatic 
decrease in mechanical properties of vulcanizates and even uselessness of the final product in the extremely 
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arduous conditions[6].  
Compared to those stocks cured with only single accelerator, binary accelerator systems are being widely 

applied in the rubber industry and become increasingly popular, based on the fact that such binary systems can 
effectively facilitate the vulcanization process to be carried out at a lower temperature within a short time and 
finally bring in superior mechanical properties of the vulcanizate[7−9]. The synergistic effect of these systems is 
said to be due to the formation of new chemical moieties, which makes the vulcanization process easier[10]. 
Among these binary accelerator systems, thiourea (TU) and its derivatives are favorable for improvements in the 
vulcanization process and mechanical properties of rubber composites[11, 12]. Kurien et al.[13] synthesized a sort of 
TU derivative, namely amidino thiourea (ATU), and studied the vulcanization properties of natural rubber (NR) 
with binary accelerator systems including tetramethylthiuram disulphide (TMTD), mercapto-benzothiazyl 
disulphide (MBTS), or cyclohexyl-benzthiazyl-sulphenamide (CBS). The induction time and optimum curing 
time of the formulations with ATU or TU were shorter than those of the control references without ATU or TU. 
Moreover, by contrast with the control references, the author also found that the rubber compound with ATU 
presented the fastest curing rate. Similar experimental observations were obtained by other researchers[11, 12], 
which confirmed that thiourea derivatives with rich electron substituted groups, such as amido and phenyl, 
would favor the faster curing rate, indicating a nucleophilic reaction mechanism took place during the curing 
process. However, the vulcanization kinetic mechanism of the thiourea binary accelerator systems for rubber 
compounds was not discussed adequately in the works mentioned-above. 

In this work, a sort of silane thiourea, N-phenyl-N′-(γ-triethoxysilane)-propyl thiourea (the abbreviation 
form is STU), was synthesized and the structure of STU was characterized by Fourier transform infrared 
spectroscopy (FTIR) and nuclear magnetic resonance (NMR). A vulcanization kinetic mechanism of STU for 
NR was proposed according to Py-GC/MS, swelling equilibrium test, FTIR and 13C-NMR experimental 
observations. 

EXPERIMENTAL 

Materials 
Natural rubber ISNR-3 was used, and the other ingredients, such as zinc dioxide (ZnO), stearic acid (SA), N-
cyclohexyl-2-benzothiazole sulfonamide (CBS), thiourea (TU) and sulfur (S) were commercial grade. The 
synthesis of STU was performed by mixing γ-aminopropyl triethoxysilane and phenyl iso-thiocyanate drop by 
drop in a stoichiometric level at room temperature for 24 h. 

Sample Preparation 
The formulations of NR compounds are summarized in Table 1. 

 
Table 1. The formulations of NR compounds (phr) 

Sample NR CBS ZnO SA TU STU S 
NR-CBS 100.0 2.64 5.0 2.0 − − 1.5 
NR-TU 100.0 2.64 5.0 2.0 0.38 − 1.5 

NR-STU-1 100.0 2.64 5.0 2.0 − 0.92 1.5 
NR-STU-2 100.0 2.64 5.0 2.0 − 1.82 1.5 
NR-STU-3 100.0 2.64 5.0 2.0 − 2.74 1.5 
NR-STU-4 100.0 2.64 5.0 2.0 − 3.66 1.5 

 

NR was passed through the roller three times on an open two-roll mill (160 mm × 320 mm) at room 
temperature with the nip gap of about 1 mm, then other ingredients, such as ZnO, SA, TU or STU , CBS and 
sulfur, were added to the glue stock one by one within 10 min. After that, the compounds were stored for 8 h 
before the rheometer testing. The vulcanization research was carried out by a MDR (UR-2030SD, U-Can 
Limited Corporation, Taiwan, China) at 133 °C. 
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Crosslinking Density of Vulcanizates 
The definition of crosslinking density of vulcanizates was proposed by Flory in 1950 on the base of swelling 
equilibrium measurements[14]. The swelling equilibrium test was carried out by immersing samples in toluene for 
4 days. After that, the surface toluene was blotted off quickly with tissue paper. The specimens were 
immediately weighed on an analytical balance and then dried in a vacuum oven until the samples became 
constant weight and reweighed. The rubber volume fraction of NR in the swollen gel, Vr, was calculated by the 
following equation[2, 15−17]. 
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where m0 is the sample mass before swelling, m1 and m2 are sample masses before and after drying, φ is the mass 
fraction of rubber in the vulcanizate, α is the mass loss of the gum NR vulcanizate during swelling, ρr and ρs are 
the rubber and solvent density, respectively. 

The crosslinking density of the vulcanizate, Ve, was given as follows[14] : 
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where Vr is the rubber volume fraction in the swollen vulcanizate, Vs is the solvent molar volume (107 cm3/mol 
for toluene). χ is the NR-toluene interaction parameter and is taken as 0.393 according to the reference[18]. 

Py-GC/MS Analysis of Vulcanizates 
To investigate the possible reactions between STU and NR molecule chain, a simplified formulation of NR 
compound for pyrolysis/gas-chromatograph/mass-spectrometer (Py-GC/MS) analysis was given as follows: NR, 
100 phr; CBS, 2.5 phr; STU, 2.5 phr; S, 1.5 phr. The NR stock was molded into a sheet of about 0.5 mm 
thickness under heat pressing in a mold for 4 min (the vulcanizate was recorded as P-1), then a 200 mL Soxhlet 
extractor was used for extraction experiment of the vulcanizate by using boiling benzene (bp, 78 °C) within 24 h, 
and then was dried to constant weight (the sample was recorded as P-2). The instrument used throughout this 
study was a SHIMADSU QP2100 plus capillary chromatograph fitted with a mass spectrometer. A 30-m Rxi-
1ms capillary column (i.d. 0.25 mm, film thickness 0.25 μm) was used with the following temperature program: 
the first step was held at 50 °C for 2.0 min, following by a heating rate of 10 K/min up to 280 °C, the hold time 
was 5.0 min, which gave a satisfactory separation of the degradation products. The injection port temperature, 
detector interface temperature and the carrier gas (helium) pressure were 280 °C, 285 °C and 53 kPa, 
respectively. A 50:1 split ratio was adopted. Samples (0.1 mg) of P-1 and P-2 were pyrolysed using a Chemical 
Data Systems Pt coil pyroprobe (CDS5000), which was inserted into the injection part of the gas chromatograph 
just before pyrolysis. The samples were pyrolysed for 10 s at 600 °C with a heating rate of 20 K/ms. 

FTIR Analysis 
The FTIR analysis was conducted by a Bruker Tensor 27 spectrometer. Spectra were taken from 500 cm−1 to 
4000 cm−1 with resolving power of 4 cm−1. 

Solid State 13C-NMR Analysis of NR/STU Vulcanizate 
Solid state 13C-NMR experiments were conducted on a Bruker AVANCE AV 400 spectrometer operating at   
75.4 MHz under room temperature, equipped with a 4 mm CP/MAS probe. 

RESULTS AND DISCUSSION 

Characterization of STU 
FTIR spectrum was recorded with a Vector 33 FTIR spectrometer (Bruker company, Germany) in the range 
from 400 cm−1 to 4000 cm−1 using KBr cells. The solution 1H-NMR spectrum was obtained at 298 K by means 
of CDCl3 as solution on a Bruker Avance-400 spectrometer operating at 300.13 MHz. 
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The details in FTIR and 1H-NMR of STU are given below: 
FTIR, cm−1 (neat): 3275br, (νNH); 3060w,(νCH, arom.); 2974m, 2927m, 2887m (νCH, alif.); 1597m (phenyl); 

1536s (νNCH, B-band); 1450m (νC―C, arom.); 1165m (νC＝S) and 1078s (νSi―O―Et)
[19−21]. 

1H-NMR, (δ, CDCl3): 8.14 (w, 1H, N′H); 7.37 (m, 2H, Hm,m′); 7.26 (m, 1H, Hp); 7.18 (m, 2H, Ho,o′); 6.25 
(w, 1H, NH); 3.73 (s, 6H, ethoxy CH2); 3.61 (m, 2H, γ-CH2); 1.68 (m, 2H, β-CH2); 1.13 (s, 9H, ethoxy CH3) and 
0.55 (m, 2H, α-CH2)

[22]. The structure of STU is shown in Fig. 1. 
 

 
Fig. 1  The chemical structure of STU 

The Vulcanization Characteristics of NR Compounds 
Discussed by other researchers[23], the vulcanization process consists of three periods according to the complex 
vulcanization velocity change. Figure 2 reveals the typical curing curves, containing induction period, curing 
period and over-curing period, of the tested samples under the setting temperature of 133 °C. A clear trend can 
be seen that the induction time (Ts1) and optimum curing time (Tc90) of NR-CBS are the maximum and those of 
the other samples with TU or STU are shorter. From Fig. 2 and Table 2, when STU is 1.25 mmol (NR-STU-1), a 
longer induction time but similar optimum curing time are observed, as compared to NR-TU with 2.50 mmol 
TU. However, when the STU content reaches or exceeds 2.50 mmol (from NR-STU-2 to NR-STU-4), short 
induction time and optimum curing time are obtained, indicating that a more synergetic reaction occurs in the 
STU system. The detail of this effect will be discussed in the work later. 

 

 
Fig. 2  Curing curves of the analysis specimens at 133 °C 

 
Table 2. The curing parameters of rubber compounds 

Sample Ts1 (min) Tc10 (min) Tc90 (min) ML (dN·m) MH (dN·m) 
NR-CBS 6.90 7.22 16.73 0.15 17.10 
NR-TU 1.68 1.80 7.72 0.21 16.04 

NR-STU-1 2.75 2.92 8.30 0.29 16.61 
NR-STU-2 1.30 1.37 5.22 0.24 16.17 
NR-STU-3 1.05 1.10 4.92 0.06 15.67 
NR-STU-4 0.83 0.88 4.00 0.20 15.20 

Py-GC/MS Analysis of NR/STU Vulcanizates 
The Py-GC/MS setup is used to identify a variety of compounds formed during flash pyrolysis. Figure 3 shows 
the Py-GC/MS tracks of the two samples, viz., P1 and P2. There is no clear difference between P1 and P2 before 
the time of 15 min, however, a great discrepancy is observed from the time of 16 min to 22.5 min (the red loop), 
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which interprets the pyrolytic products of the two samples are quite different from each other. The compound 
identifications of P1 and P2 by Py-GC/MS experiment are displayed in Table 3. The molecular peak (the 
molecular weight is 135, peak 1) located at the time of 10 min is sharp and intense, which could be ascribed to 
the phenyl iso-thiocyanate compound. This illuminates that STU can react with NR substance under heating, 
which could not be extracted by boiling benzene due to the chemical bonding. Peak 2 (the molecular weight is 
118), peak 3 (the molecular weight is 130) and peak 4 (the molecular weight is 220) in P1 are assigned to the 
groups of Si(OC2H5)2, NH(CH2)3SiOC2H5 and NH(CH2)3Si(OC2H5)3, respectively, which are the pyrolytic 
fragments of γ-aminopropyl triethoxysilane, whereas these characteristic peaks are absent in P2. That is, the       
γ-aminopropyl triethoxysilane molecule and its pyrolytic fragments have not chemical bonds with the NR main 
chain and can be removed by the boiling benzene. 

 

 
Fig. 3  Py-GC/MS tracks of the vulcanizate (P1) and the vulcanizate with extraction treatment (P2) 

 
Table 3. Compounds identified by Py-GC/MS 

Label Compound name or molecular weight Compound structure 

1 Phenyl iso-thiocyanate 
 

2 118 Si(OC2H5)2 
3 130 NH(CH2)3SiOC2H5 
4 220 NH(CH2)3Si(OC2H5)3 

FTIR Analysis of NR/STU Vulcanizates 
For further insight into reaction between STU and NR, FTIR spectrum of NR/STU vulcanizate (P2) is adopted, 
as shown in Fig. 4, according to the experimental fact above. The peaks of 3283 cm−1 and 1538 cm−1 in Fig. 4 are 
assigned to the stretching vibration of NH and C―N[24], respectively, indicating that an amine group has been 
introduced to the NR/STU vulcanizate (P2). Peaks at 2953 cm−1, 2906 cm−1 and 2859 cm−1 are attributed to the 
stretching vibration of CH3 and CH2, separately. For the aromatic group, the C―H stretching vibration of 
aromatic ring is at about 3047 cm−1, while the peaks with moderate intensity located at 1452 cm−1 and in the 
range of 800−700 cm−1 can be ascribed to C―C vibration of monosubstituted aromatic ring[25]. Furthermore, 
vibrations of C＝S and C―S are found at the peaks of 1108 cm−1 and 1025 cm−1[26]. 

13C-NMR Spectrum of NR/STU Vulcanizate 
The solid state 13C-NMR spectrum of NR-g-STU(P2) is shown in Fig. 5. As other researchers stated that the 
peaks at δ = 135, 126, 33, 27 and 24 were assigned to olefinic carbons (C＝C), methylene carbons (CH2) and 
methyl carbon (CH3), respectively[27]. In Fig. 5, a new peak, methyne, of carbon (e, CH) in NR at δ = 48 is 
found, which is attributed to the grafting effect of NR. Also, peak of one of the olefinic carbons (C＝C) 
neighboring the methyne carbon shifts to a higher level, at about δ  = 136. Moreover, the carbon peaks (f, g, h, i, 
j) of partial segment of STU are observed at δ  = 181, 140, 123, 138 and 129, respectively, indicating the 
thiourea group of STU has grafted to NR, which is in accordance with the Py-GC/MS and FTIR experiments 
quite well.  
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Fig. 4  FTIR spectrum of NR/STU vulcanizate (P2) 

 

 
Fig. 5  Solid-state 13C-NMR spectrum of NR-g-STU 

Vulcanization Mechanism Analysis of NR/STU Compound 
Another testing, swelling equilibrium measurement, is performed to evaluate the effect of STU on the 
crosslinking densities of vulcanizates. In Table 4, compared with NR-CBS sample cured only by accelerator 
CBS, no evident or only a slight decrease in the rubber volume fractions and crosslinking densities of 
vulcanizates is found from NR-TU to NR-STU-4. Also, when the incorporation of accelerator STU increases 
from 0.0025 mol (NR-STU-1) to 0.01 mol (NR-STU-4), a slight declining trend in the crosslinking density is 
found, which indicates that STU would not donate excess sulfur to the sulfur crosslinking reaction in this system 
although there is a sulfur atom in each STU molecule. 
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Table 4. Rubber volume fractions and crosslinking densities of the NR compounds 
Sample NR-CBS NR-TU NR-STU-1 NR-STU-2 NR-STU-3 NR-STU-4

Vr 0.1917 0.1850 0.1871 0.1813 0.1791 0.1825 
Ve × 10−4 (mol/cm) 1.298 1.198 1.229 1.144 1.114 1.161 

 

It has been reported[13, 28−31] previously that when thiourea is adopted as a second accelerator in the binary 
accelerator system, it favors the cleavage of S―S, S―C, or S―N bonds in primary accelerators, such as 
tetramethyl-thiuram disulphide (TMTD), mercapto-benzothiazyl disulphide (MBTS) and cyclohexyl-benzthiazyl 
sulfenamide (CBS)[11], permitting a nucleophilic reaction mechanism in these vulcanization reactions (in Fig. 6). 
In this mechanism, the sulfur of TU or TU derivatives may react with the primary accelerator to get an active 
curing precursor I, then precursor I loses a proton to a suitable base B in the medium and decomposes rapidly to 
precursor II, which can react with rubber chain to form cross-linkage. The confusion rises from Fig. 6 that the 
sulfur atom of TU or TU derivatives has taken part in the crosslinking reaction, that is, the dosage of sulfur 
increases, which would contribute to the increase in the crosslinking density as one might expect. However, the 
swelling equilibrium results turn out that a slight decrease in the crosslinking density is obtained, meaning that 
the sulfur from TU or TU derivatives would not donate to the sulfur crosslinking reaction and the vulcanization 
mechanism is not suitable for this binary accelerator system. 

 

 
R, R′ represent alkyl or aromatic groups, alternative; XSYX represents thiuram, benzothiazole disulfur or sulfonamide. 

Fig. 6  Mechanism of TU nucleophilic reaction with primary accelerator 
 

 
Fig. 7  Proposed mechanism showing the effect of TU or TU derivatives 

 

Aprem et al.[12] proposed that when TU or TU derivative (phenyl as substituent) is added as the second 
accelerator due to its nucleophilicity, C＝S bond gets polarized and weakens by electron-withdrawing effect of 
phenyl. This breakaway of sulfur will attack the Zn of the zinc perthio-salt, which facilitates the easy fracture of 
the Zn―S bond in the perthio-salt (as gives in Fig. 7). Another question is, from Fig. 7, that the TU or TU 
derivative, as a second accelerator, only promotes the vulcanization process by nucleophilic reaction and does 
not have any substituent reaction with the rubber main chain, and can be removed by the boiling good solvent of 
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TU or TU derivative. The outcome conflicts with the observation derived from the Py-GC/MS, FTIR and solid 
state 13C-NMR experiments above, which implies that a more complex reaction among TU or TU derivative, 
primary accelerator and NR molecular chains should be come into consideration. 

Therefore, combined the Py-GC/MS, FTIR and solid state 13C-NMR experiments with the swelling 
equilibrium test, a refined vulcanization kinetic mechanism of TU or TU derivatives as a second accelerator 
during vulcanization process is suggested (Fig. 8) on the basis of Fig. 6 and Fig. 7. In Fig. 8 three significant 
consequences for STU during vulcanization process are suggested: 1) STU works as an active nucleophilic agent 
for the Zn of the zinc perthio-salt to cleave the Zn―S bond in the perthio-salt during the induction period, but 
dose not lose a sulfur atom for sulfur crosslinking reaction; 2) the sulfur crosslinking reaction only occurs among 
the active zinc precursor, poly-thiol and active hydrogen atom of rubber chain (as displays in the crosslinking 
reaction section of Fig. 8), STU does not participate in the formation of sulfur crosslinking reaction; 3) STU 
grafts to the rubber main chain as a pendant group through a chemical bond at the end of vulcanization process, 
remaining in the vulcanizate even though the matrix is extracted by the boiling good solvent, which can account 
for the experimental observations very well.  

 
Fig. 8  A possible vulcanization mechanism of STU as a second accelerator for NR 

CONCLUSIONS 

A novel TU derivative (STU) is synthesized and its binary accelerator system for NR is discussed thoroughly. 
When STU is added as a second accelerator, the optimum curing time of NR compounds becomes shorter, 
compared with the reference NR compounds, indicating that a more nucleophilic reaction occurs in the 
compounds with STU. From the Py-GC/MS spectrum, sharp phenyl isothiocyanate peak can be found in both 
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vulcanizates with or without extracting treatment, but no any silane segment peaks remain in the vulcanizate 
with extracting treatment. The vibrations of C＝S, NH and aromatic ring group are observed in the FTIR 
spectrum. Solid state 13C-NMR experiment shows that a new methyne carbon is observed and the characteristic 
peaks of phenyl in the STU can be found in NR/STU compounds with extracting treatment. Moreover, as the 
dosage of STU increases, the crosslinking density of vulcanizates decreases slightly, indicating that STU does 
not lose a sulfur atom for sulfur crosslinking reaction. Therefore, a new vulcanization kinetic mechanism is 
proposed that STU permits a nucleophilic reaction for the primary accelerator under heating to form a more 
active curing precursor, then the sulfur crosslinking reaction occurs among the active zinc precursor, poly-thiol 
and active hydrogen atom of rubber chain without any sulfur atom from STU. Ultimately, the thiourea group 
grafts to the rubber main chain, like a main chain modifying agent, which can not be eliminated by boiling good 
solvent extracting experiment. 
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