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Abstract  Multifunctional organolithium initiator was prepared in cyclohexane solvent. The process started with adding the 
cyclohexane solution of butadiene to naphthalene-lithium in batches to produce butadiene oligomer dilithium with 48 
butadiene repeating units. In the first feeding, the maximum loading of cyclohexane and the minimum concentration of 
butadiene cyclohexane solution must be controlled under Vcyclohexane ≤ 1.33VTHF and ρ ≥ 40.6cN. Then, SnCl4 was added and 
eventually the multifunctional organolithium initiator containing Sn atom was synthesized through coupling reaction. 
Experiment results showed that adding the cyclohexane solution in batches was effective in overcoming some difficulties, 
such as insolubility of naphthalene-lithium in cyclohexane, low efficiency of naphthalene-lithium in initiating butadiene. In 
practice, benzene can be replaced by cyclohexane completely, which can not only reduce environmental pollution from 
benzene, but also overcome the difficulty of solvent recovery caused by similar boiling point between benzene and 
cyclohexane. Prepared with multifunctional organolithium containing Sn atom as initiator, the star-shaped solution 
polymerized styrene-butadiene rubber (star S-SBR) with better vulcanization performances, lower rolling resistance and 
higher wet-skid resistance was obtained. 
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INTRODUCTION 

The synthesis of star-shape polymers from sequential living anionic polymerization can be performed in two 
different ways: arm-first and core-first[1]. The arm-first method is to synthesize a linear polymer first and then a 
multifunction coupling agent is added for the coupling reaction. Due to the high viscosity of polymers, the 
coupling efficiency of this method is low and the degree of coupling is limited. The core-first method is to 
synthesize a multifunctional organic alkalimetal initiator, which is then used to initiate the monomers. Generally, 
the multifunctional organic alkalimetal initiator is obtained through reaction of naphthalene-sodium or 
naphthalene-potassium, especially alkyllithium with multivinyl compounds such as DVB, PEB, etc[27]. 
Comparing with the arm-first method, this method has higher coupling efficiency. However the main 
disadvantages are the inaccessibility of raw materials, difficulty in controlling the structure of the 
multifunctional initiator, and formation of gel during the reaction. In order to solve the above problem, a novel 
multifunctional initiator from naphthalene-lithium was invented by Zhang et al[8]. The first step of the process 
was to obtain the dilithium initiator, which was a diene oligomer made from the reaction of the naphthalene-
lithium and dienes. Then, the coulping agent SnCl4 was added to the dilithium initiator to get the multifunctional 
organolithium initiator. This method has some advantages such as higher coupling efficiency, controlled 
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functionality of initiator, readily available raw material source and no gel formation in the final products. Using 
the multifunctional organolithium initiator, novel structure rubbers were synthesized, including energy-saving 
star-shape styrene-butadiene rubber[9], star-shape medium vinyl butadiene rubber[10, 11] and star-shape block 
copolymer of styrene and butadiene[12, 13], etc. But the biggest disadvantage of this method was that naphthalene-
lithium could only be dissolved in the polar solvent (for example THF) and the aromatic solvent (for example, 
benzene and toluene). In the anionic polymerization, THF acts as a molecular structure regulator, while toluene 
is a chain transfer agent, they are unsuitable as the solvent. Thus the solvent for preparation of the dilithium 
initiator is limited to benzene, which leads to two obstacles in the industrialized production. One is the 
environmental pollution owing to high toxicity of benzene. The other is the difficulties in separation and 
recycling of the solvents, because the boiling point of benzene (80.1C) is similar to that of cyclohexane 
(80.7C) usually used as solvent in anioinc polymerization. It will be favorable if cyclohexane is used as solvent 
to replace benzene for the core-first method to prepare the star-shaped copolymer. The main issue for this 
approach is try to solve the insolubilization of naphthalene-lithium in cyclohexane solution in the reaction 
system. 

In this work, the preparing process of multifunctional organolithium initiator by naphthalene-lithium was 
studied, and the reason of the naphthalene lithium insolubilization in cyclohexane was investigated. Based on 
the analysis of the multifunction organolithium initiator preparing process, a new reaction route was designed, 
which was to add the butadiene-cyclohexane solution in batches to the naphthalene lithium, and the loading of 
cyclehexane in every stage was deliberately controlled. This method would hold the homogeneous reaction 
between butadiene and naphthalene-lithium, and the multifunctional organolithium initiator was prepared by 
further coupling with SnCl4. Star-shaped solution polymerized styrene-butadiene rubber (star S-SBR) was 
successfully obtained using the multifunctional organolithium as initiator in a 200 L (minimum industrail scale) 
reactor. 

EXPERIMENTAL 

Materials 
Naphthalen (AR) was purchased from Beijing Chemical Reagents Company. Metal lithium and 1, 3-butadiene  
(Industrial Grade) were provided by the Synthetic Rubber Plant of Yanshan Chemical Co., Ltd. Cyclohexane 
(AR) was purchased from Beijing Chemical Reagents Company, it was rectified and the cut fraction of 8081C 
was dried over Na wire under nitrogen. Tetrahydrofuran (THF, AR) was purchased from Beijing Chemical 
Reagents Company and refluxed over CaH2 for overnight. It was finally distilled from its sodium naphthalene 
solution. Tin(IV) chloride ( 99%) was produced by Acros Organics. Nitrogen ( 99.999%) was provided by 
Beijing Shun An Qi Te Gas Company.  

Solution polymerized styrene-butadiene rubber (S-SBR): SL552 was purchased from Synthetic Rubber 
Company of Japan. 2305 was supplied by the synthetic Rubber Plant of Yanshan Chemical Co., Ltd. Star S-SBR 
was prepared using the multifunctional organolithium initiator in a 200 L reactor in Synthetic Rubber Plant of 
Yanshan Chemical Co., Ltd. Other common additives were produced in China. 

Synthesis of Multifunctional Organolithium Initiator 
Naphthalene-lithium was first made[14]. Then the ready-made naphthalene-lithium initiated a small quantity of 
butadiene at 30C for 30 min. Subsequently, the residual cyclohexane solution of butadiene was added and the 
reaction further continued for 30 min to form butadiene oligomer dilithium. Finally, cyclohexane solution of 
SnCl4 (c = 0.7 mol/L) was added slowly and the reaction continued for 1 h. 

Characterization 
The mol concentration of naphthalene-lithium (cN) was determined according to the literature[15]. 

Polymerization degree of butadiene could be calculated by the following equation because it was prepared 
by living anionic polymerization: 
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where m is the mass of butadiene monomer; M0 is the molecular weight of butadiene, M0 = 54; Li
n  is the mole 

of active lithium, which is equal to the mole of naphthalene-lithium. 
The functionality of multifunctional organolithium initiator was determined as follows: First, butadiene-

styrene copolymer was prepared using the ready-made multifunctional organolithium initiator. The arm number 
(AN) of the copolymer was calculated by the following equation: 
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where Li
n  is the mole of the active Li+ in dilithium initiator; Cl

n  is the mole of Cl in coupling agent SnCl4; m 

is the mass of feeding monomer (butadiene and styrene), Mn of copolymer is determined by Knauer 1.00 
membrane permeameter at 37C with toluene as solvent. So the functionality of initiator is equal to the arm 
number (AN) of the copolymer. 

Mn, Mw and Mn/Mw of S-SBR were measured by gel permeation chromatography (GPC) (Waters-150C, 
American). THF was used as the eluent at a flow rate of 1.0 mL/min at 40C. 

The mechanical properties of the vulcanizates were measured according to the state standards in China 
(e.g., GB/T 531-92 for Shore A hardness, GB/T 528-98 for tensile strength and elongation, GB1681-82 for 
rebound, GB 530-81 for tear strength). 

Temperature rise at dynamic compression fatigue was determined with a YS-25 compression fatigue tester 
made in China (GB/T 1687-93). The preheating time was 20 min, the compression time was 25 min, the 
compression frequency was 30 Hz, the stroke was 4.45 mm, and the load was 1 MPa. 

Loss tangent (tan) was determined by DDV-11-EA dynamic viscoelastometer produced in Japan. The 
temperature range was 100C to 100C, the frequency was 10 Hz, and the deformation amplitude was 0.5%. 

RESULTS AND DISCUSSION 

Design of Reaction Process 
The multifunctional organolithium initiator was synthesized through the following reaction steps: 

Equation (3) is the reaction of naphthalene and lithium in THF solvent to produce naphthalene-lithium. In 
this reaction, one outer electron of lithium is transferred to the lowest empty orbit of naphthalene, turning it into 
naphthalene anionic free radical, which forms ionic pair with Li+. This is a reversible reaction. As the unshared 
electron of oxygen atom of THF bands together with Li+ to form a complex compound, the reaction is 
favourable to the formation of naphthalene-lithium. If benzene is used as solvent, the reaction is more likely in 
the other direction. Then naphthalene is dissolved in benzene, and Li remains in the system in a highly active 
and scattering status[16]. 

Equations (4)–(6) are the reactions to synthesize polybutadiene dilithium in solution. To maintain 
homogenous condition for the reactions, the solvent needs to have good solubility to naphthalene-lithium, 
butadiene and polybutadiene dilithium. As mentioned before, benzene is a good solvent for such purposes, 
however it has certain limitations for industrialized production, whereas THF and toluene are also not ideal 
solvents. Therefore cyclohexane, which is used as solvent in anionic polymerization, was considered as the ideal 
solvent. 

The experiment demonstrated that when high loading of butadiene cyclohexane solution was mixed with 
small amount of naphthalene-lithium THF solution, the naphthalene-lithium precipitated from the solution 
promptly and deposited at the bottom of the reactor due to the insolubility of naphthalene-lithium in the no-polar 
solvent cyclohexane. Thus the reaction between butadiene and naphthalene-lithium could not be conducted in 
homogenous phase. However, if a small amount of butadiene cyclohexane solution was added into naphthalene-
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lithium THF solution, as the cyclohexane concentration is low in the mixture, dissolution of the naphthalene-
lithium was not affected and thus the homogeneous condition was achieved. Free radical butadiene anion was 
formed (Eq. 4), which was then converted to butadiene dianion through further coupling (Eq. 5). Consequently, 
the rest of the butadiene cyclohexane solution was gradually added, and the butadiene dianion continued to 
initiate butadiene to form polybutadiene dilithium (Eq. 6). With the active center being transferred to 
polybutadiene dilithium from naphthalene-lithium, increasing the cyclohexane loading in reaction system would 
no longer affect the homogeneous phase of the reaction. In the end, coupling agent SnCl4 was added and reacted 
with polybutadiene dilithium to form multifunctional organolithium initiator (Eq. 7). 

 
In reaction Eqs. (4)–(6), the maximum loading of cyclohexane can be calculated by the solubility parameter 

of the solvent mixture. According to the principle of “similar solubility parameter”[17], if the difference in 
solubility parameter of two solvents is less than 2, they are considered to be soluble to each other[15]. Therefore 
the maximum volume ratio of cyclohexane to THF in the solvent mixture can be calculated, at which the 
naphthalene-lithium can be dissolved as follows. 

The solubility parameter for cyclohexane, THF, and naphthalene are 16.8, 20.3 and 20.3 (J/cm3)0.5 
respectively[15], thus the solubility parameter for the mixed solvent which can dissolve naphthalene should be 
greater than 18.3 (20.32) (J/cm3)0.5. Assume the volume ratio of cyclohexane to THF is x, according to the 
equation for mixed solvent solubility parameter[17], 

 mix = 1φ1 + 2φ2 

then (20.3 + 16.8 x)/(1 + x) ≥ 18.3 

 x ≤ 1.33 

i.e. Vcyclohexane ≤ 1.33VTHF (8)  

In reaction Eq. (4), the cyclohexane and naphthalene-lithium should also be in equivalent amount. 
Therefore the mass concentration of the butadiene cyclohexane solution is also an important parameter. Assume 
the concentration of naphthalene-lithium is cN, and the volume is VN (it is the same as VTHF since naphthalene-
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lithium is dissolved in THF), then the first required loading of butadiene is cN × VTHF. Thus the mass 
concentration of butadiene cyclohexane solution (ρ) should be: 

  = cN × VTHF × 54/Vcyclohexane 

  ≥ cN × VTHF × 54/1.33VTHF = 40.6cN (9) 

Preparation of Low Molecular Weight Polybutadiene Dilithium 
The polybutadiene dilithium with an average polymerization degree of 8 was prepared using butadiene 
cyclohexane solution in two steps. Comparing to the one-time feeding method, the differences observed during 
the experiment are listed in Table 1.  

 
Table 1. Comparison of the results for dilithium preparation via different feeding method 

Method of feeding Vcyclohexane (mL) React time (h) Results  
One-time feeding 20.0 1.0 Large amount of black precipitation, difficult to stir

Feeding in 
two batches 

First feed 
Second feed

6.0 
14.0 

0.5 
0.5 

Solution in brownish black, no precipitation 
Solution in dark brown, clear 

Note: cN = 1.83 mol/L, VTHF = 5.0 mL, ρ = 100.0 g/L, T = 30C 
 

The feeding method in two batches has significant advantages comparing with one-time feeding when the 
butadiene cyclohexane solutions were added, as shown in Table 1. In the experiment the concentration of 
naphthalene-lithium was 1.83 mol/L, totally 5.0 mL was added, thus the loading was 9.15 mmol. From Eqs. (8) 
and (9) the maximum allowable cyclohexane loading for the first batch should be 5 × 1.33 = 6.7 mL, and the 
minimum dissolved butadiene should be 40.6 × 1.83 = 74.3 g/L. In fact, the mass concentration of butadiene in 
the experiment was 100.0 g/L ( 74.3 g/L), the total cyclohexane was 6.0 mL (< 6.7 mL), the loading of 
butadiene was 11.11 mmol ( 9.15 mmol). The reactions (4) and (5) were conducted in homogeneous phase and 
naphthalene-lithium was completely converted into polybutadiene dilithium. The system was in brownish black 
solution without precipitation. After 0.5 h, the rest of the butadiene was added in the second batch. As the 
increasing of the butadiene cyclohexane loading, the polymerization degree of butadiene continued to increase 
(Eq. 6), and the solubility of dilithium in cyclohexane gradually improved. As a result, the system became more 
and more clear. However, in case all of the 20 mL butadiene cyclohexane was added into naphthalene-lithium 
solution in one time, with a volume ratio of 20:5 for cyclohexane to THF, the solubility parameter of the solvent 
mixture was 17.5 (J/cm3)0.5, which was lower than the minimum 18.3 (J/cm3)0.5 required. Therefore naphthalene-
lithium could not be well dissolved in the solution, resulting in large amount of black precipitation at the bottom 
of the reactor, and making it difficult to agitate. As a result, most of the naphthalene-lithium could not 
effectively initiate butadiene. 

The above results demonstrated that adding the butadiene cyclohexane solution in batches according to the 
Eqs. (8) and (9) can resolve the solubility problem for naphthalene-lithium during preparation of polybutadiene 
dilithium, thus it is feasible to use cyclohexane instead of benzene for the preparation of low molecular weight 
polybutadiene dilithium. 

Effect of Polymeriation Degree of Butadiene 
According to reaction kinetics, the reaction for polybutadiene dilithium and SnCl4 to form multifunctional 
organolithium initiator and LiCl (Eq. 7) is easy to take place. However, the steric hindered effect plays an 
important role in this reaction, especially in the later periods. The length of dilithium molecule chain is 
controlled by the polymerization degree of polybutadiene in dilithium. The longer the dilithium molecule chain, 
the larger the steric hindrance in the coupling reaction. Thus the functionality of the multifunctional 
organolithium initiator is affected. The relationship between the polymerization degree of butadiene and the 
functionality of multilithium initiator is presented in Table 2. 

It can be seen from Table 2 that the functionality of the multifunctional organolithium initiator decreased 
with the increasing of polymerization degree of butadiene. Gel appeared when the polymerization degree was 15. 
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Table 2. Relationship between the polymerization degree of butadiene and the  
 functionality of multilithium initiator 

nX  Functionality nX  Functionality 

4 3.84 10 3.69 
7 3.79 15 gel 

Note: Li
n / Cl

n  = 2 

 
If Li

n / Cl
n = 2, ideally the functionality of the multifunctional organolithium initiator should be 4, but the 

actual measured value was 3.84. This is because the reaction (6) was completed in steps. The SnCl4 molecule 
consists of four Sn―Cl covalent bonds which form a tetrahedron structure. In the first step, a Cl ion in the 
SnCl4 reacted with a Li+ ion in dilithium to form the following substance B: 

 
In the second step, the potential for the other Cl in the SnCl4 to react with Li+ in A is greater than that in B. 
However as the reaction continued, more dilithium molecule chains were connected together by Sn atom, and 
the steric hindrance increased consistently, making it more difficult for Cl to react with the Li+ in A. Therefore 
for the polymerization degree of 4, 7, 10 for butadiene, the functionality of multifunctional organolithium 
initiator were 3.84, 3.79, and 3.69 respectively, which were all less than the theoretical value of 4. The dilithium 
used in this experiment was a butadiene oligomer, for which the flexibility increased with the length of molecule 
chain, and the molecule chain gradually curled to form random coil. Consequently, the potential for the rest Cl 
in SnCl4 to react with the residue dilithium molecule decreased gradually, while the probability for it to react 
with the Li+ in the dilithium molecule chain which had bonding linkage with Sn atom increased, and the inner 
ring structure in the multifunctional organolithium molecule was formed. As a result, the functionality of 
multifunctional organolithium initiator decreased consistently. In case the polymerization degree of the 
butadiene was greater than 15, a few of the Cl ions in SnCl4 reacted with the Li+ ion at the other end of the 
dilithium molecule chain. Then several of Sn atoms were connected by the polybutadiene molecule chain, and an 
inner ring structure with multiple layers was formed, leading to the formation of gels. As such, the optimum 
polymerization degree of butadiene should be in the ranged of 4 to 8. 

Comparison in Benzene and in Cyclohexane 
Two multifunctional organolithium initiators were prepared from the cyclohexane solution using the above-
mentioned process and from the benzene solution[8]. They were then used to produce star S-SBR (wSt = 25%, 
mBV/mBD = 0.45) respectively by random copolymerization of butadiene and styrene under the same condition in 

 
Fig. 1  GPC traces of star S-SBR prepared with initiators from the different solvents 
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the experiments. The polymerization degree of the butadiene was 8, Li
n / Cl

n  = 2. The molecular weight and 

molecular weight distribution of the two star S-SBR were analyzed by GPC, and the results are shown in Fig. 1. 
It can be seen from Fig. 1 that the molecular weight and molecular weight distribution of the two star          

S-SBR are similar, which means that the multifunctional organolithium initiator prepared from cyclohexane 
using batch feeding method has the same functionality and activity as that prepared from benzene solution. 

Properties of S-SBR 
One of the important applications for the S-SBR is to produce high performance tire tread with low rolling 
resistance and high wet-skid resistance. Star S-SBR is a promising rubber that can improve both rolling 
resistance and wet skid resistance. 

The multifunctional organolithium initiator prepared in this study was used to initiate butadiene and styrene 
to form star S-SBR. The synthesized star S-SBR was compared with commercial S-SBR SL552 and 2305 
produced by coupling method. The structure parameters of S-SBR are listed in Table 3. The GPC curves of         
S-SBR and the properties of vulcanizates are shown in Fig. 2 and Table 4[18]. 

 
Table 3. The structure parameters of S-SBR 

Sample wSt (%) mBV/mBD 
Star S-SBR 29.5 0.39 

SL552 24.0 0.39 
2305 25.0 0.34 

 

 
Fig. 2  GPC curves of S-SBR 

 

It can be seen from Fig. 2 that the GPC curve for star S-SBR has a single peak, meaning that the structure is 
completely star shape. While the GPC curves for SL552 and 2305 both have two peaks. This is because they 
were prepared by arm-first method, and were consisting of both linear molecules and star-shape molecules. 

The mechanical properties of vulcanizates in Table 4 show that comparing to SL552 and 2305, the 
compress permanent deformation and temperature rise at dynamic compression of star S-SBR were the lowest 
(1.2% and 13.1C), lower than those of SL552 (2.1% and 15.6C) and 2305 (2.7% and 15.8C). This is because 
first, the weak Sn―C bond in star S-SBR molecule increased the amount of bonds between rubber and carbon 
black. Secondly, the higher coupling degree resulted in less deformation under certain stress; in addition, the 
molecule had less twist, and was easy to be loosed. Thus the friction between molecule chains was reduced, and 
less heat was generated in star S-SBR. Table 4 also shows that tan at 60C for star S-SBR was 0.08, lower than 
that of the other two rubbers. While at 0C, tan for star S-SBR was close to that of SL552 and 2305. According 
to the equivalent theory for time and temperature, at certain frequency, increasing the tan value at 0C can 
improve the wet resistance, while reducing the tan value at 60C can reduce the rolling resistance. Therefore as 
a tire tread, star S-SBR has better overall performance than commercial products, and is promising to be a better 
raw rubber for green and energy-saving tire tread. 
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Table 4. Mechanical properties and dynamic mechanical properties of S-SBR vulcanizate 
Properties Star S-SBR SL552 2305 

Hardness, Shore A 73 73 73 
300% modulus (MPa) 16.4 16.8 15.4 
Tensil strength (MPa) 23.9 23.2 23.2 

Elongation at break (%) 482 428 496 
Tear strength (kNm) 41.3 46.2 43.4 

Permanent set (%) 12 12 12 
Compress permanent set (%) 1.2 2.1 2.7 
Temperature rise at dynamic 

compression (C) 
13.1 15.6 15.8 

tan 
0C 0.26 0.26 0.25 
60C 0.08 0.11 0.09 

Formulation of S-SBR vulcanizate (phr): S-SBR 100, carbon black (N234) 50, ZnO 4, stearic acid 1,  
antioxidant 4010NA 1, accelerator DM/D 1.2/0.6, Paraffin wax 5, sulfur 1.8; 
All were cured at 150C for 8.0 min. 

CONCLUSIONS 

A new preparing method was developed to synthesize multifunctional organolithium initiator from naphthalene-
lithium in this study. The synthesis process of the multifunctional organolithium initiator must satisfy the 
following conditions. The butadiene cyclohexane solution was fed in batches. In the first feeding, the maximum 
loading of cyclohexane and the least concentration of butadiene cyclohexane must be controlled under Vcyclohexane 

 1.33VTHF and   40.6cN. Average polymerization degree for butadiene was 48, and Li
n / Cl

n  = 2. Using 

this multifunctional organolithium initiator, star S-SBR is achieved with no linear-molecules and could be used 
for the high overall performance tire tread. 
 
 
REFERENCES 
 
1 Ishizu, K. and Uchida, S., Prog. Polym. Sci., 1999, 24: 1439 

2 Lutz, P. and Rempp, P., Die Makromol. Chem., 1988, 189: 1051 

3 Heim, P., Lutz, P., Nicol, P., Rempp, P., Vuillemin, B. and Rein, D., 1996, Eur. Pat., 698617 

4 Liu, Q.A., Huang, Y.K., Zhou, X.D. and Zhao, Y.L., Chinese J. Polym. Sci., 2010, 28(5): 819 

5 Koji, I., Shinichi, G. and Takashi, K., Polym. J., 1980, 12: 399 

6 Tsitsilianis, C. and Voulgaris, D., Macromol. Chem. Phys., 1997, 198: 997 

7 Tsitsilianis, C., Voulgaris, D., Esselink, F.J. and Hadziioannou, G., Polymer, 1998, 39: 6429 

8 Zhang, X.Y., Jin, G.T. and Zhao, S.H., 1997, CN Pat., 95116575.5 

9 Zhang, X.Y., Jin, G.T. and Zhao, S.H., 1997, CN Pat., 95116576.3  

10 Lu, J.M., Zhang, X.Y., Zhao, S.H. and Yang, W.T., J. Appl. Polym. Sci., 2007, 104: 3917 

11 Lu, J.M., Zhang, X.Y., Zhao, S.H. and Yang, W.T., J. Appl. Polym. Sci., 2007, 104:  3924 

12 Feng, H.D., Zhang, X.Y. and Zhao, S.H., J. Appl. Polym. Sci., 2008, 110: 228 

13 Feng, H.D., Zhang, X.Y. and Zhao, S.H., J. Appl. Polym. Sci., 2009, 111: 602 

14 Xue, L.B. and Jin, G.T., “Theory and Application of Anionic Polymerization” (in Chinese), Friendship Press of China, 

Beijing, 1990, p. 136 

15 Zhang, X.Y. and Li, Q.F., “Polymer Experiment” (in Chinese), Chemical Industry Press, Beijing, 2007, p. 41; 32 

16 Yao, M., “Production of Bi-Lithium Initiator in Cyclohexane Solution and Synthesis of Energy-saving S-SBR”, Thesis, 

Beijing University of Chemical Technology, 2009 

17 Jin, R.G. and Hua, Y.Q., “Polymer Physics” (in Chinese), Chemical Industry Press, Beijing, 1995, p. 226 

18 Wang, L. and Zhao, S.H., Rubber Industry, 2009, 56(11): 659 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


