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A B S T R A C T   

The aim of this study was to evaluate the various roles of 1,3-DiPhenyl Guanidine (DPG) in silica-reinforced 
rubber compounds. Two roles of DPG are well known to be: adsorption onto silica surface to reduce the 
acidic sites and second to boost the silanization reaction as secondary accelerator. However, these two roles are 
in a way conflicting. When DPG molecules occupy the reactive silanol sites on silica by adsorption, then the 
access of silane molecules needed for silica-rubber coupling is blocked. Therefore, it may be assumed that there is 
another role DPG plays in silica filled rubber compounds. In order to evaluate another role which can reconcile 
these contradictory functions of DPG, a series of rubber compound mixings was performed with different DPG 
concentrations in the masterbatch and final stages. Additionally, a series of model reaction experiments has been 
done in combination with other ingredients, such as zinc oxide and stearic acid. According to the results a new 
role of DPG is observed: DPG possibly reacts with the silane coupling agent bis-(triethoxysilylpropyl)tetrasulfide 
(TESPT) and releases sulfur during the mixing process, which enhances filler-polymer coupling, but reduces cure 
rate and crosslink density.   

1. Introduction 

1,3-DiPhenylGuanidine (DPG) has been known for long as a com-
mon so-called secondary accelerator for sulfur-vulcanization/ 
crosslinking of carbon-black reinforced rubber compounds. A second-
ary accelerator, as it does not accelerate by itself the vulcanization re-
action, but boosts the reaction brought about by so-called primary 
accelerators: most commonly mercaptobenzthiazole or sulfenamide- 
types. Its main role in sulfur-vulcanization is to create a more alkaline 
environment which is needed for the vulcanization to proceed. In an 
acidic environment sulfur does not or very poorly vulcanize rubber 
compounds. By the introduction of (acidic) silica as reinforcing filler in 
tire treads to reduce the rolling resistance of such tires, DPG has become 
an essential ingredient [1]. Silica by its acidic nature and strong polarity 
needs a silane coupling agent to link the particles covalently to elas-
tomer polymer molecules (other than carbon black, where a physical 
bond is established). However, the coupling agent only reacts with a 
fraction of the acidic silanol-groups on the silica surface. Therefore, 

without some alkaline species present to neutralize these acidic groups 
the vulcanization reaction cannot proceed. DPG fulfills that role while it 
simultaneously acts as secondary accelerator of the vulcanization re-
action [2–4]. Further, while reacting with the silanol groups DPG re-
duces the polarity of silica by being adsorbed onto the silica surface 
[4–6]; and finally, DPG is also capable of accelerating the silanization 
reaction [2,4,7,8]. DPG therefore has turned into a multi-purpose 
compounding ingredient in silica-reinforced rubber compounds. 
Many studies were done, which support all these functions of DPG, but 
to unravel all these roles respectively their mutual interactions remains 
a point of further research. 

The silica surface can lead to physisorption of the basic DPG mole-
cules due to its own acidity; DPG is a basic substance with a pH level of 
10.1 [7,8]. Zaborski and Donnet reported that 1 g of silica with a specific 
surface area of 160 m2/g is capable of adsorbing 2.9 × 1020 molecules of 
DPG [5]. They found that desorption of DPG from the silica surface and 
crosslink formation of polymers occur simultaneously during the 
vulcanization process, where the latter is faster. Consequently the silica 
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surface tends to adsorb DPG rather than to release it. Lim et al. [4] 
identified a slower vulcanization rate when most of DPG is added in an 
early mixing stage of a silica filled compound. They reported that the 
slower vulcanization rate is induced by the adsorption of DPG onto the 
silica surface. Goerl et al. [9] reported that the silanization reaction 
efficiency can be varied with the pH level, either acidic or basic. Thus, an 
enhanced reaction between silica and a coupling agent is possible in 
presence of DPG. Kaewsakul et al. [10] studied the effect of the amount 
of DPG in silica filled rubber compounds and found that the amount of 
chemically bound rubber increased with higher DPG concentration due 
to a better silanization efficiency. 

However, these two roles of DPG are contradictory. When DPG oc-
cupies the possible reaction sites of silica by adsorption, it will block the 
access of the silane coupling agents. This makes silanization difficult 
and, as a consequence, the amount of chemically bound rubber will 
decrease. On the other hand, when DPG only speeds up the silanization 
reaction – the chemical bonding of the silane coupling agent to the silica 
surface preferably during mixing – the eventual vulcanization speed 
must be the same whether DPG is added in an earlier mixing stage or not. 
In addition to these two commonly known roles of DPG, Mihara [2] 
proposed yet a third one: release of an elemental sulfur moiety from the 
silane by reacting with bis-(TriEthoxySilylPropyl)Tetrasulfide (TESPT). 
As a consequence, DPG is consumed during mixing. This role can explain 
the change in vulcanization rate and the amount of bound rubber along 
with the concentration of DPG in an early mixing stage. However, little 
attention has been paid to study this possibly third role of DPG. 

The focus of the present study was to investigate the various roles of 
DPG, to elucidate their impact on a sulfidic silane such as TESPT. Two 
approaches are applied: 1) a compound mixing trial; 2) a model com-
pound study. In the first approach, the concentration of DPG in the 
MasterBatch (MB) phase and final mixing step is considered as the main 
variable. A series of compounds is prepared varying the concentration of 
DPG in the MB and the final mixing stages, with the overall compound 
formulation kept the same. Subsequently, the amount of bound rubber, 
the Filler Flocculation Rate (FFR) and the filler-polymer Coupling Rate 
(CR) which are predominantly influenced by the degree of silanization, 
are evaluated [11]. Additional evaluations such as crosslink density, 
vulcanization efficiency as represented by the cure time, and maximum 
vulcanization rate are done. All the results from this part are interpreted 
on basis of the well-known functions of DPG in silica/silane reinforced 
rubber compounds and the contradictions with regard to the well-known 
functions of DPG are discussed. 

Table 1 
Compound formulation.  

Mixing stage Ingredient Product name Company Acronym [phr] 

D00 D05 D10 D15 

MasterBatch (MB) S-SBRa) Buna VSL5025-2HM Arlanxeo 110.0 → → → 
BRb) Buna CB24 Arlanxeo 20.0 → → → 
HD Silicac) ULTRASIL7005 (CTAB:177 m2/g) Evonik 90.0 → → → 
Silane (TESPT) Si69 Evonik 8.1 → → → 
TDAE oil VIVATEC 500 Hansen & 

Rosenthal 
5.0 → → → 

Stearic acid Stearic acid Merck 1.0 → → → 
Zinc Oxide ZnO Merck 2.0 → → → 
DPGd) Perkacit DPG Flexsys 0.0 0.5 1.0 1.5 

Final DPGd) Perkacit DPG Flexsys 1.5 1.0 0.5 0.0 
Sulfur S J. T Baker 0.7 → → → 
ZBECe) Vulkacit ZBEC Lanxess 0.2 → → → 
CBSf) Santocure CBS Flexsys 2.2 → → →  

a Solution Styrene-Butadiene Rubber (S-SBR), extended with 37.5 phr Treated Distillate Aromatic Extract (TDAE) oil with a Mooney viscosity (ML1+4@100 ◦C) of 
65 and composed of 75 wt% butadiene with a 50% vinyl-content, and 25 wt% styrene-content. 

b High cis-1,4 polybutadiene rubber (BR) with a Mooney viscosity (ML1+4@100 ◦C) of 44 and a cis-1,4 content of 96%. 
c HD silica: Highly Dispersible silica. 
d DPG: 1,3-dyphenylguanidine. 
e ZBEC: zinc dibenzyldithiocarbamate. 
f CBS: N-cyclohexyl-2-benzothiazolesulphenamide. 

Table 2 
MasterBatch (MB) and final mixing procedure.  

MasterBatch (MB) Final 

Internal mixer Open mill 

Action time  
[mm:ss] 

Action time  
[mm:ss] 

Add polymer 00:00–00:20 Add MB – 
Mixing 00:20–01:20 Mixing 00:00–02:00 
½ Silica, silane 01:20–01:40 Add curatives, 

remaining DPG 
(except for D15) 

02:00–02:30 

Mixing 01:40–02:40 Mixing 02:30–09:00 
½ Silica, DPG (except for 

D00), remaining 
ingredients 

02:40–03:10 Discharge – 

Mixing till 150 ◦C 03:10–04:10   
Ram sweep 04:10–04:14   
Mixing at 150 ◦C 04:14–06:40   
Discharge and sheeting –  –  

Fig. 1. Mixing fingerprints; (solid line): Torque; (dotted line): temperature; 
( ): D00; ( ): D05; ( ): D10; ( ): D15. 
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In the model compound study, the possible reactions between the 
coupling agent TESPT and DPG are evaluated. In order to distinguish 
the effect of DPG on TESPT, DPG is added alone or in combination with 
the other essential ingredients for the vulcanization, such as ZnO and 
Stearic acid which are added in the MB step in normal compound 
mixing. These experiments are executed in ampoules containing a n- 
decane/TESPT solution, immersed in a hot silicon-oil bath to react. 
The reactants and reaction products are analyzed by appearance as 
well as by using High Pressure Liquid Chromatography (HPLC), Liquid 
Chromatography/Mass Spectrometry (LC-MS) and 13C Nuclear Mag-
netic Resonance (13C NMR). 

2. Experimental 

2.1. Compound mixing trial 

2.1.1. Materials and mixing 
All series of experiments were done based on a tire tread compound 

as shown in Table 1. The acronyms of the compounds correspond to their 
DPG concentrations in the MB. 

The compounds were mixed in two steps as shown in Table 2. The MB 
stage was done by using a lab scale internal mixer (Brabender Plasti-
corder) with 390 ml of chamber volume. The fill factor of the internal 
mixer was fixed to 63%. The temperature of the mixer Temperature 

Fig. 2. Cure time calculation for compounds showing marching modulus [1].  

Table 3 
Formulation of the model compounds.  

Ingredients Supplier Amounta) Series 1 Series 2 

n-decane Sigma-Aldrich 100 ● ● ● ● ● ● ● ● ● ● 
TESPT Evonik 8  × ● ● ● ● ● ● ● ● ● 
Zinc oxide Merck 2  × × × ●  × × ● ●  × ● 
Stearic acid Merck 2  × × × × ●  × ●  × ● ● 
DPG Flexsys 2 ●  × × × × ●  × ● ● ● 
Heating for 1hr @140 ◦C ●  × ● ● ● ● ● ● ● ● 
Acronyms R0 R1 R2 Z Sa D ZSa ZD SaD ZSaD  

a The amounts of ingredients were calculated based on parts per hundred n-decane; ( × ): not added or not applied; (●): added or applied. 

Fig. 3. Experimental procedure for model compound study.  
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Control Unit (TCU) was set at 50 ◦C. In order to avoid the “first batch 
effect”, one initial batch was mixed and discarded before the regular 
mixing started. The regular mixing was started when the mixing 
chamber had reached 55 ◦C. The compounds were mixed with good 
reproducibility as judged by the mixing fingerprints, depicted in Fig. 1. 
After the MB step, the compounds were sheeted out immediately on a lab 
scale two-roll mill (Polymix 80T) in order to cool down the compounds 
and prevent further silanization and filler-polymer coupling reactions. 

The final mixing stage was done by using the lab scale two-roll mill. 
All ingredients to vulcanized the compound, alternatively called cura-
tives (sulfur and curing accelerators such as zinc dibenzyldithiocarba-
mate (ZBEC) and N-cyclohexyl-2-benzothiazolesulphenamide (CBS)), 
were added in this step. 

2.1.2. Filler-filler interaction measured by Payne effect 
The Payne effect of silica-filled rubber compounds is generally used 

as an indicator of the degree of filler-filler interaction [12–14]. When a 
rubber is filled with a reinforcing filler, filler-filler interactions take 
place. Especially silica fillers have many -OH groups on their surface and 
thus form a strong filler network in the rubber matrix via hydrogen 
bonding [15]. In general, the storage modulus of such filled rubber 
compounds decreases with increasing strain amplitude due to the 
breakdown of the filler network. This effect is commonly known as the 
Payne effect, which is obtained from the difference in storage moduli 
between low strain and high strain amplitude [12,13]. 

In the present work, the Payne effect values of the uncured rubber 
compounds were evaluated by using a Rubber Process Analyzer (RPA; 
RPA2000, Alpha Technologies). The storage shear moduli (G′) were 
measured at a temperature of 100 ◦C, a frequency of 0.5 Hz and varying 
strains in the range of 0.56–100%. The Payne effects were calculated 
from the difference in storage shear moduli at low strain (0.56%) and 
high strain (100%), i.e. G’ (0.56%) - G’(100%). 

2.1.3. Filler flocculation rate 
The Filler Flocculation Rate (FFR) of the uncured silica-reinforced S- 

SBR/BR compounds without curatives was studied by using the RPA 
mentioned above at 100 ◦C, a strain of 0.56% and test time of 14 min 
including 2 min of pre-heating time. The measurement temperature was 
selected according to a typical industrially employed extrusion tem-
perature. The storage shear moduli were recorded at different mea-
surement times. According to Mihara et al. [16], it is possible to observe 
the flocculation of silica particles by monitoring the change of storage 
modulus (G’) at low strain under isothermal conditions. The present 
results can best be fitted with Equation (1) [11,17]. 

FFR=

d log

(

G′

0.56

(
t
)/

G′

0,56i

)

d log
(

t/ti

) (1)  

where FFR is a dimensionless flocculation rate, G′
0.56(t) is the storage 

modulus at 0.56% strain at test time t, G′
0.56i is the initial storage 

modulus at ti, and ti is 1 min. 

2.1.4. Filler-polymer coupling rate 
The filler-polymer Coupling Rate (CR) of the uncured silica- 

reinforced S-SBR/BR compounds without curatives was studied by 
using the RPA under the following conditions: 160 ◦C, 1.677 Hz and 3◦

(~42% of strain) for 40 min. A large strain was applied for the CR 
measurements in order to break the filler-filler interaction. Therefore, 
only the filler-polymer interaction is taken into account in the CR. The 
torque levels at different times were recorded, and then the CR was 

Fig. 4. HPLC chromatogram of sample R1.  

Table 4 
HPLC conditions.  

Column Valco Microsorb 300-5 C18 

Length of the column 250 mm 
Internal diameter of the column 4.6 mm 
Mobile phase Acetonitrile: water = 97 : 3 
Flow rate 0.3 ml/min 
Temperature 23 ◦C 
Detector UV (DAD) 
Wavelength 254 nm (200–700 nm) 
Injection volume 0.5 ml  
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calculated following Equation (2) [11,17]. 

CR=

d log
(

T(t)/Tscorch

)

d log
(

t/tscorch

) (2)  

where CR is the dimensionless filler-polymer coupling rate, T(t) is the 
torque level at test time t, Tscorch is the torque level at tscorch, the time to 
incipient cure or scorch which corresponds to the time for the torque to 
increase by 1 dN m: Tscroch = Tmin+1 (dN m). Tmin is the minimum torque 
level which is observed during the measurement. 

2.1.5. Total, chemically and physically bound rubber contents 
Approximately 0.2 g of the rubber compounds without curatives, as 

obtained from the first mixing step, were cut into small pieces and 
immersed in toluene at room temperature for 5 days, while the toluene 
was renewed every day. Thereafter, the samples were removed from the 
toluene, dried at 105 ◦C for 24 h and weighed. The bound rubber content 
was calculated according to Equation (3) [18]. 

Bound rubber content(%)=

Wfg − W
(

mf
/(

mf + mp
)
)

W
(

mp
/(

mf + mp
)
) × 100 (3)  

where Wfg is the weight of filler plus gel, W is the original weight of the 
specimen, and mf and mp are the weights of filler and polymer in the 
compound, respectively. 

The degree of filler-polymer coupling can be measured by the 
chemically bound rubber content. For this analysis, the same procedure 
for total bound rubber evaluation was used but under ammonia atmo-
sphere in order to cleave physical linkages. The chemically bound rub-
ber content was also calculated according to Equation (4). The 
physically bound rubber content was calculated by subtraction of the 
chemically bound rubber content from the total bound rubber content. 

2.1.6. Cure characteristics and vulcanization 
For the tensile test and swelling ratio measurement, the compounds 

were vulcanized at 160 ◦C with three different curing times in order to 
evaluate the effect of DPG concentration in the MB and final mixing 
stages on compound properties, based on the rheograms measured using 
a RPA mentioned above according to ASTM D5289-95 [19], with con-
ditions employed of 0.5◦ of strain and frequency of 1.667 Hz at 160 ◦C. 
The curing times were a so-called Calculated cure Time (CT), 20 min and 
30 min. The compounds showed marching modulus behavior, therefore 
CT of the compounds was calculated by using a differential curve of the 
rheograms according to Mihara’s work [1], as shown in Fig. 2. The time 
at the cross point of two tangential lines A and B of the differential curve 
plus 1 min was selected as CT. Additionally, the maximum cure rate was 
obtained by evaluating the steepest slope observed in the rheogram. 

2.1.7. Tensile test 
According to ISO 37, type 2 dumbbell test specimens were prepared 

using the three different curing times. The tensile properties (i.e. 
modulus at different strains, tensile strength and elongation at break) 
were tested with a Zwick tensile tester model Z1.0/TH1S (Zwick Roell 
Group, Ulm, Germany) at a cross-head speed of 500 mm/min according 
to ISO 37 [20]. The common moduli at 300% strain (M300) were not 

Fig. 5. Calibration curve for calculating the amount of TESPT.  

Table 5 
LC-MS conditions.  

HPLC conditions Column Kintex® 5 μm C18 
100 Å 

Length of the column 150 mm 
Internal diameter of the 
column 

2.1 mm 

Mobile phase Acetonitrile: 
water = 97 : 3 

Flow rate 0.2 ml/min 
Temperature 30 ◦C 
Detector UV (DAD) 
Wavelength 230 nm (200–700 nm) 
Injection volume 10 μl 

MS ionization conditions 
in ESI 

Flow rate 200 μl/min 
Nebuliser gas pressure 15 psi 
Dry gas flow 8 l/min 
Dry gas temperature 200 ◦C  

J. Jin et al.                                                                                                                                                                                                                                       
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taken into account in this work because some of the samples broke 
before they reached 300% strain. 

2.1.8. Crosslink density measured by swelling ratio 
The swelling ratios were measured according to ASTM D471 [21] in 

order to indirectly evaluate the crosslink density of the rubber vulca-
nizates indirectly. The samples cured at three different times having a 
dimension of approximately 25.0 × 5.0 × 2.0 mm3 were weighed and 
put into 50 ml of toluene at room temperature for 7 days in order to 
obtain equilibrium state. The samples were then removed from the 
toluene, blotted to remove liquid from the surface, and weighed. The 
swelling ratio (Q) was calculated according to Equation (4): 

Q(%)=
W1 − W0/d2

W0/d1
× 100 (4)  

where W0 is the weight of the specimen before swelling, W1 is the weight 
of the specimen after swelling, d1 is the density of the blended polymers 
(0.93 g/ml) and d2 is the density of toluene (0.87 g/ml). 

The difference between the swelling ratios (ΔQ20, ΔQ30) are calcu-
lated according to Equation (5) and Equation (6), respectively. The 
subscripts (CT, 20, 30) for the swelling ratios correspond to the curing 
times and the subscript CT means Calculated cure Time 

ΔQ20 =QCT − Q20 (5) 

Fig. 6. LC-MS spectra of R1 sample; (a): mass spectra; (b): extracted ion spectrum from (a); ( ): m/z range, in which the extracted ion spectra of S7, S8 and S9 
sulfidic silanes appear with very low intensity ( × 106). 

Table 6 
LC-MS conditions.  

Chemical structure 
of TESPT 

Number of 
sulfur, X 

Molecular Weight (Mw) [g/mol] 

Calculated Mw 
according to sulfur 
rank 

Detected Mw 
by LC-MS 

(EtO)3Si-(CH2)3-Sx- 
(CH2)3-Si(OEt)3 

2 474 497 
3 506 529 
4 538 561 
5 571 593 
6 603 625 
7 635 #657 
8 667 #689 
9 699 #721  

# Compared to the silanes having S2 to S6 sulfide, the intensities of these peaks 
in the extracted ion spectra were very low ( × 106), therefore not visible in Fig. 6. 

Fig. 7. Payne effect as a function of DPG concentration in the MB; fitting line is 
based on polynomial fit with maximum R2. 
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ΔQ30 =QCT − Q30 (6)  

2.2. Model compound study 

2.2.1. Sample preparation 
The formulations of the model compounds are given in Table 3. The 

experimental procedure is shown in Fig. 3. A large quantity of bulk so-
lution consisting of n-decane and TESPT was first prepared in order to 
minimize the experimental error. Additionally, three ampoules per each 
set of conditions were prepared for reproducibility. 

The ampoules were flushed with N2 gas before and after material 
addition in order to prevent side reactions induced by O2 or H2O in the 
air. After this step, the ampoules were sealed. Subsequently, the am-
poules were immersed into an oil-bath and stirred for 1 h at 140 ◦C 
except for sample R1. The reaction temperature was selected according 
to the thermal stability of TESPT [22]. After the reaction, the ampoules 
were immediately dipped in an ice/water bath immediately in order to 

stop further reaction. 

2.2.2. Appearance comparison 
As it is difficult to dissolve sulfur in a non-polar organic solvent such 

as n-decane, precipitated sulfur is expected to be visually detectable 
when the ingredients affect the release of sulfur from the TESPT mole-
cule during the reaction. The colors of the mixtures before and after the 
reaction were compared simply by taking and comparing pictures. 

2.2.3. The amount and average sulfur rank of TESPT after the reaction 
The amount and average sulfur rank of TESPT before and after the 

reaction were monitored by High Pressure Liquid Chromatography 
(HPLC, Varian ProStar Model 500, Varian Analytical Instruments). 
The cooled ampoules were opened and the reaction mixture was taken 
and filtered using a 45 μm porous filter. 75 μl of diethyleneglycol- 

Fig. 8. Bound rubber contents as function of DPG concentration in the MB; 
( ): total bound rubber; ( ): chemically bound rubber; ( ): physically 
bound rubber. 

Fig. 9. FFR versus DPG concentration in MB.  

Fig. 10. CR versus DPG concentration in MB.  

Fig. 11. Rheograms of the compounds; ( ): D00; ( ): D05; 
( ): D10; ( ): D15. 
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monobutylether was added to 75 μl of the filtered reaction mixtures as 
a compatibilizer for n-decane and acetonitrile. Then, these samples 
were diluted with 1.5 ml of acetonitrile and injected into to HPLC 
device. An example-chromatogram is shown in Fig. 4. The positions of 
the peaks, which are related to the number of sulfur atoms in TESPT 
(the sulfur-rank), are determined by comparing with the chromato-
gram of TESPD which contains 90% of disulfidic bridges. 

The HPLC conditions are shown in Table 4. The amount of remaining 
TESPT (CTESPT) after the reaction was calculated by using Equation (8) 
obtained from a calibration curve (Fig. 5) prepared before the experi-
ments. Using Equation (7), CTESPT was calculated in terms of parts per 
hundred n-decane: 

CTESPT [parts per hundred n − decane] =
Total peak area

2.36 × 107 (7)  

where the total peak area corresponds to the sum of the areas under the 
peaks of S2 to S8. 

The average sulfur ranks of TESPT before and after the reaction were 
calculated by using Equation (8). It is well known that TESPT is a 
mixture of silanes with sulfur ranks from S2 to S10 [23]. However, the 
peaks of S1, S9 and S10 were not identified in this work: Fig. 4. Therefore, 
only S2 to S8 were taken into account for the amount of remaining TESPT 
after the reaction and for the average sulfur rank calculation: 

AVG sulfur rank=
∑8

n=2
n
(

An

AT

)

(8)  

where n is the sulfur rank, An is the peak area corresponding to sulfur 
rank n, and AT is the total peak area. 

2.2.4. Analysis of the reaction products I: Liquid Chromatography-Mass 
Spectrometry 

High pressure Liquid Chromatography (LC, Ultramate 3000, Ther-
moFisher SCIENTIFIC) coupled to Mass Spectrometry (MS, amaZon SL, 
Bruker) was used for defining the chemical structure of the DPG-TESPT 
reaction products. The LC-MS conditions are shown in Table 5. 

The flow rate of the mobile phase was set at 0.2 ml/min in order to 
optimize the separation and MS ionization. The ingredients were ionized 
using the ElectroSpray Ionization (ESI) technique. The ions were iden-
tified according to their mass to charge ratio (m/z) encountered with a 
proton, sodium, potassium or ammonium adduct [24,25]. For example, 
TESPT (R1 sample) showed a mass to charge ratio as molecular weight of 
TESPT + sodium as shown in Fig. 6 and Table 6. The extracted ion 
spectrum, which does not give clear information of reaction products, 
was further analyzed using the MS-MS technique. With this technique it 
is possible to obtain additional extracted ion spectra from the selected 
extracted ion spectra by further ionization and fragmentation. 

Fig. 12. (a): Calculated cure time (CT), and (b): maximum cure rate as a function of DPG concentration in the MB; fitting lines are based on linear fits with 
maximum R2. 

Fig. 13. Swelling ratios and their differences as functions of the curing time and DPG concentration in the MB; (a): swelling ratios vs. DPG concentration in the MB; 
(b): swelling ratio difference vs. DPG concentration in the MB; ( ): QCT; ( ): Q20; ( ): Q30; ( ): ΔQ20; ( ): ΔQ30; fitting line are based on 
linear fits with maximum R2. 
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2.2.5. Analysis of the reaction products II: 13C Nuclear Magnetic 
Resonance (13C NMR) 

In order to elucidate the chemical structure of the DPG-TESPT 
complex, a direct reaction between DPG and TESPT without n-decane 
was done and analyzed by 13C Nuclear Magnetic Resonance (NMR, 
Ascend 400 MHz, Bruker) spectroscopy. DPG and TESPT were added to 
ampoules flushed with N2 gas and immersed into the hot oil-bath and 
stirred for 1 h at 140 ◦C. Subsequently, the sample was taken out from 
the ampoule and dissolved in deuterated chloroform (CDCl3) for the 
analysis. Additionally, untreated and heated (140 ◦C for 1hr) DPG and 
TESPT were also analyzed with 13C NMR as references. The chemical 
structure of the DPG-TESPT reaction product was characterized by using 
software (ACD/Spectrus Processor 2019.1.2, Advanced Chemistry 
Development, Inc.). 

3. Results and discussion 

3.1. Compound property analysis 

3.1.1. Filler-Filler interaction (Payne effect) as a function of DPG 
concentration in the MB 

The Payne effect values of the uncured compounds are plotted as a 
function of DPG concentration in the MB step: Fig. 7. A decreasing 
trend of the Payne effect values is observed with increasing DPG con-
centration. This result can be explained in two ways: boosting of the 
silanization reaction induced by the presence of DPG, or adsorption of 
DPG on the silica surface. Both phenomena will reduce the filler-filler 
interaction. 

3.1.2. Bound rubber content as a function of DPG concentration in the MB 
Total and chemically bound rubber contents are plotted as functions 

of DPG concentration in the MB: Fig. 8. The amount of chemically bound 
rubber as well as total bound rubber increase along with the DPG con-
centration in the MB. The amounts of total and chemically bound rubber 

versus the DPG concentration in the MB indicate that DPG supports the 
formation of chemically bound rubber and thus leads to reduced filler- 
filler interaction. It speeds up the silanization reaction, thus resulting 
in a higher degree of silanization. More chemically bound rubber does 
form when DPG is present, so the reaction sites on the silica surface are 
more shielded by DPG molecules but not blocked for the access of silane. 
Additionally, according to the bound rubber model proposed by Choi 
and Ko [26], silanization should first occur before DPG adsorption in 
order to form chemically bound rubber. 

3.1.3. Silica filler flocculation rate 
The silica Filler Flocculation Rate (FFR) is shown in Fig. 9. Jin et al. 

[11] reported that the amounts of chemically as well as total bound 
rubber give a large contribution to the reduction of FFR. However, the 
overall difference in bound rubber contents within this mixing series 
was not large: ~6%, as shown in Fig. 8. Therefore, similar FFR values are 
obtained for all compounds except for D15, which was mixed with the 
full amount of DPG in the MB and showed the highest amount of bound 
rubber content. 

3.1.4. Filler-polymer coupling rate after mixing 
As can be seen in Fig. 10, the filler-polymer Coupling Rate (CR) 

values showed a difference between D00 (mixed without DPG in the MB) 
and all other compounds. This result indicates that the presence of DPG 
in the MB – independent from the concentration – promotes not only the 
silanization, but also the filler-polymer coupling reaction via the silane 
coupling agent (TESPT). This role of DPG will be discussed lateron in 
section 3.2. 

3.1.5. The effect of DPG concentration added in the MB on vulcanization 
behavior 

The rheograms of the compounds are plotted in Fig. 11. The initial 
increase in torque at 0–5 min is commonly known to be the result of filler 
flocculation/de-mixing of the silica compounds, as studied in more 

Fig. 14. Tensile properties corresponding to the DPG concentration in the MB and to the curing times; (a): M100; (b): M200; (c): TS; (d): Eb; ( ): CT; ( ): 20 min; 
( ): 30 min. 
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detail with the FFR. A significant change in the slope of the vulcametry 
in time range of 5–10 min is observed. The Calculated cure Time (CT) 
and maximum cure rate obtained from Fig. 11 are depicted in Fig. 12(a) 
and Fig. 12(b), as functions of the DPG concentration in the MB phase. 
As can be seen in Fig. 12, a longer CT and reduced maximum cure rate 
are obtained when the DPG concentration in the MB phase is increased 
and vice versa in the final step. These results can be explained with the 
adsorption of DPG onto the silica surface. DPG added in the early mixing 
stage results in a higher degree of adsorption of this additive onto the 
silica surface, as a consequence the adsorbed species would hardly 
participate in the vulcanization process [4]. However, this explanation 
is in conflict with the results of chemically bound rubber and CR (Figs. 8 
and 10): the high degree of silanization as well as a large amount of 
chemically bound rubber obtained there, even when DPG molecules 
would occupy the silanization sites on the silica surface by adsorption. 
Therefore, the conclusion must be drawn that there must be additional 
functions of DPG which can harmonize the conflicting results. This will 
be elaborated lateron in section 3.2. 

3.1.6. Crosslink density as a function of DPG concentration in the MB 
When the amount of DPG captured on the silica surface increases, 

and this part of DPG cannot participate in the vulcanization, then the 
crosslink density of the compound would be lower. In Fig. 13, the 
crosslink density of the vulcanizates with three different curing times 
(CT, 20 min and 30 min) are compared indirectly by measuring the 

swelling ratios (QCT, Q20 and Q30) and the difference between the 
swelling ratios (ΔQ20, ΔQ30). 

The crosslink densities are similar when the compounds were cured 
according to their CT: a constant QCT level was obtained. The crosslink 
densities of the compounds increase with increasing DPG concentration 
in the MB, but to a different extent when various curing times are 
applied: larger ΔQ20 and ΔQ30 values are obtained when the compound 
has a lower DPG concentration in the MB. This result can also be 
explained by the adsorption of DPG onto the silica surface, but still 
contradicts the results of chemically bound rubber and CR. 

3.1.7. Crosslink density as a function of DPG concentration in the MB 
The moduli at different strains (100% (M100), 200% (M200)) as well 

as Tensile Strength (TS) and Elongation at break (Eb) of the rubber 
vulcanizates are shown in Fig. 14. 

As expected from Fig. 13, practically constant levels of tensile 
properties are obtained when the compounds were cured for their CT. 
However, the property differences between the samples cured for CT, 
20 min and 30 min become smaller when the DPG concentration in the 
MB increased, except for TS: TS was almost the same and not affected by 
the DPG concentration in the MB nor the curing time. M100, M200 and 
Eb show a correlation with the swelling ratio values, as shown in Fig. 15. 
This result indicates that adding DPG in the final mixing step increases 
the amount of free DPG, which can participate in the vulcanization 
process of the rubber matrix, even though the overall final concentration 

Fig. 15. Tensile properties versus swelling ratio Q; (a): M100 vs. Q; (b): M200 vs. Q; (c): Eb vs. Q; fitting lines are based on linear fit with maximum R2.  
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in the compound is the same. But still, this phenomenon is in contrast 
with the results of chemically bound rubber and CR. The reason will 
again be further discussed lateron in section 3.2. 

3.2. Model compound study 

The concentration of DPG in the first or final mixing stage does in-
fluence the efficiency of the silanization of the silica as well as the filler- 
polymer coupling reaction via the silane coupling agent. Adding DPG in 
the early mixing stage results in a higher amount of chemically bound 
rubber due to a boosting effect of the silanization and filler-polymer 
coupling. The vulcanization efficiency is also strongly influenced by 
the concentration of DPG in the MB or otherwise later mixing stages. The 
amount of free DPG is reduced when it is introduced in the MB stage and 
results in delayed vulcanization and lower crosslink density. However, 
these two phenomena cannot be explained with the commonly accepted 
functions of DPG, as was stated in the Introduction, for the following 

reasons:  

- If DPG would mainly boost the silanization reaction, an enhanced 
degree of silanization as well as a higher amount of chemically bound 
rubber should be seen. On the other hand, a similar level of crosslink 
density as well as vulcanization efficiency (CT, max. cure rate) 
should have been obtained regardless of the DPG concentration in 
the MB or final mixing stages. The reason is that the final concen-
tration of DPG in the vulcanization step was eventually the same.  

- If DPG blocks the access of silane molecules by absorption onto the 
silica surface, the vulcanization efficiency and crosslink density 
would be lowered as the amount of adsorbed DPG increases. As a 
consequence, a lower degree of silanization as well as a lower 
amount of chemically bound rubber would have been expected. 
However, the Payne effect and bound rubber results (Figs. 7 and 8) 
showed the opposite. 

Fig. 16. Color change of the mixtures before and after reaction; (a): Series 1; (b): Series 2; the line in (b) is due to the background and not a sign of phase separation.  

Fig. 17. (a): total amount and (b): the average sulfur rank of TESPT in the mixture after the reaction.  
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Taking these conflicting results into account, it is now clear that 
there must be another function of DPG, which may explain the contra-
dicting results. This will be further elaborated in the following. 

3.2.1. Appearance comparison: before and after reaction 
As can be seen in Fig. 16, a significant color change of the model 

compound mixtures is observed for the ampoules containing DPG (D, 
ZD, SaD and ZSaD); sample R0 shows that this is not caused by the 
presence of DPG by itself (see Fig. 16(a)). The color change of the 
samples can be explained by the dissolution of sulfur – released from 
TESPT – in the n-decane liquid. 

Davis and Nakshbendi [27] reported that an unusual color could be 
observed – yellow, orange and even green – when sulfur dissolves in an 
amine solvent. In the present test series, an amine-containing solvent 
can be formed when DPG is transformed or fragmented and dissolved in 

n-decane: Hummel et al. [28] reported that the chemical structure of 
DPG can be transformed or fragmented when heat is applied. And more 
deep yellow or orange color is observed when DPG is combined with 
stearic acid (SaD and ZSaD). The other samples without DPG (including 
R2) show almost no appearance change: no precipitated sulfur neither 
color change is observed. This means that ZnO as well as stearic acid do 
not affect the release of sulfur from TESPT molecules. 

3.2.2. Total amount, average sulfur rank and sulfur rank distribution of 
TESPT 

The total amount and the average sulfur rank of TESPT after the 
reaction is shown in Fig. 17. ZnO and stearic acid do not have much of an 
effect on the amount of TESPT (Z and Sa vs. R2). In particular ZnO shows 
almost no effect on the amount of TESPT, even in combination with 
stearic acid (ZSa). Therefore, it can be stated that ZnO or zinc stearate do 

Fig. 18. Sulfur rank distribution; ( ): S2; ( ): S3; ( ): S4; ( ): S5; ( ): S6; ( ): S7; ( ): S8.  

Fig. 19. Mass spectra; ( ): R2; ( ): D; ( ): SaD; ( ): ZSaD.  
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not affect the release of sulfur from the TESPT molecule. 
A significant reduction in the amount of TESPT can be seen in Fig. 17 

(a) for sample ZD (ZnO + DPG). However, when the value is compared 
with sample D, it is noticed that the decrement in the amount of TESPT is 
mainly induced by DPG. The mixtures containing DPG show a signifi-
cant reduction in the amount of TESPT: compared to R1 and R2 the 
reduction is app. 20% and 10%, respectively. The largest reduction in 
the amount of TESPT is observed when DPG is combined with stearic 
acid (SaD and ZSaD). These results indicate that the acidic component 
helps the reaction between TESPT and DPG. However further evaluation 

is required in order to clarify the role of the acidic substance on the 
reaction between TESPT and DPG. 

Fig. 17(b) shows that a shorter sulfide rank is found for TESPT in the 
samples containing DPG and stearic acid after the reaction. The shortest 
sulfur moiety is found for the samples SaD (stearic acid + DPG) and 
ZSaD (ZnO + stearic acid + DPG). This result again indicates that the 
reaction between TESPT and DPG is enhanced when an acidic substance 
like stearic acid is present. 

The sulfur rank distribution of TESPT in the mixtures after the re-
action are shown in Fig. 18. The amount of each sulfide in the R1 sample 

Fig. 20. The extracted ion spectra of the new peaks in Fig. 19; (a): D; (b): SaD; (c): ZSaD.  

Fig. 21. Chemical structure models of DPG-TESPT complex; (a) Mihara’s model [2]; (b): suggested model in the present work with mono-sulfide moiety.  
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was set as 100%. Regardless of the ingredients, the longest sulfide ranks 
showed the largest reduction, see e.g. the grey bars for S8. The sulfur 
rank distribution of TESPT is changed already by the heating process due 
to its thermal stability, as seen for sample R1 versus R2 [23,29]. How-
ever, not only the thermal stability of the sulfides, but also the presence 
of DPG has a large impact on the breaking pattern of the sulfidic bridges. 
The samples containing DPG (D, ZD, SaD and ZSaD) show the largest 
decrement in the amount of the longer polysulfidic silanes. And this 
phenomenon is enhanced when DPG is combined with stearic acid: 
samples SaD and ZSaD show the lowest percentages of the longer pol-
ysulfidic silanes. 

3.2.3. Analysis of the reaction products I: LC-MS 
As can be seen in Fig. 19, the mass spectra of the samples containing 

DPG (D, SaD and ZSaD) show a new peak with high intensity in the mass 
spectra at short time. 

The extracted ion spectra corresponding to the new peak observed 
for D, SaD and ZSaD, are depicted in Fig. 20. These samples all show 
extracted ion spectra peaks at 211 m/z, 406 m/z and 431 m/z with high 
intensity. The origin of the peak at 211 m/z is obvious, because the value 

corresponds to the molecular weight of DPG. The peak at 431 m/z is 
most probably the reaction product similar to the model structure for the 
DPG-TESPT complex proposed by Mihara [2] (Fig. 21(a)), however with 
a mono-sulfidic moiety in the present work: Fig. 21(b). 

The reaction product showing 406 m/z in Fig. 20 was further 
analyzed by using MS-MS; the results are shown in Fig. 22. The 
chemicals were further ionized and fragmented, therefore additional 
extracted ion spectra were obtained. Based on the values obtained in 
Fig. 22 and the work of Hummel et al. [28], it turned out that 406 m/z 
corresponds to transformed or fragmented structures of DPG: Fig. 23. 
Especially, the DPG fragment corresponding to 194 m/z in Fig. 23 
shows a similar structure as the DPG fragment Part II depicted in 
Fig. 21. 

3.2.4. Analysis of the reaction products II: 13C NMR 
The 13C NMR spectrum of heated TESPT and untreated DPG are 

shown in Fig. 24 and Fig. 25, respectively, and the chemical shifts of the 
main peaks are listed in Table 7 and Table 8. Untreated TESPT shows the 
same spectra as shown in Fig. 24 with different intensities, and is 
therefore not depicted. 

Fig. 22. MS-MS spectra corresponding to the reaction product showing 406 m/z in Fig. 20.  

Fig. 23. Transformed or fragmented structures of DPG by heat from literature [28].  
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Fig. 24. 13C NMR spectrum of heated TESPT.  

Fig. 25. 13C NMR spectrum of DPG.  

Table 7 
Chemical shift of TESPT.  

Peak Chemical shift [ppm] 

① 18.29 
② 58.39 
③ 9.50 
④ 22.46 
⑤ 42.10  

Table 8 
Chemical shift of DPG.  

Peak Chemical shift [ppm] 

① 143.96 
② 122.96 
③ 129.42 
④ 123.25 
⑤ 149.47  
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The NMR spectra of untreated/heated DPG are compared in Fig. 26 
and the chemical shift values of the important peaks are listed in Table 9. 
As can be seen in Fig. 26, heated DPG shows seven peaks in total. Five of 
them are the same as in the spectra of untreated DPG: peaks a-e in Fig. 26 
represent the same structural units as peaks 1–5 in Fig. 25. Two addi-
tional new peaks (f and g) are observed and remain unknown. The new 
peaks are assumed to be the spectra of DPG fragments due to the fact that 
there were no other ingredients present while DPG was heated. 

Under the assumption that DPG and TESPT would not react mutu-
ally, a mixed sample would show the same NMR spectra as a simple 
mixture of heated DPG and TESPT. Therefore, the stacked NMR spectra 
of heated pure DPG and TESPT was used as background for elucidating 
the DPG-TESPT reaction: Fig. 27. 

The spectra of the real DPG-TESPT reactant is compared with 
Fig. 27 in Fig. 28. Five new peaks (v-z) are observed. These peaks 
clearly indicate that DPG and TESPT did react directly and formed a 
complex. The predicted chemical structure of the DPG-TESPT reaction 
is depicted in Fig. 29, and the chemical shift values are listed in 
Table 10. These results confirm the predicted DPG-TESPT complex 
structure, as well as Mihara’s model [2]. 

4. Conclusions 

The focus of this study was to investigate the various functions of 
DPG in silica/silane reinforced rubber, which can harmonize the con-
flicting point between the two well-known roles: adsorption onto the 
silica surface in order to reduce the acidity and accelerating the silani-
zation reaction. Through the compound mixing trial by varying the 
concentration of DPG in the masterbatch and final mixing stages, the 
contrasting point between the two well-known roles is highlighted. 

In the present work another functionality of DPG, as proposed by 
Mihara, was confirmed through a model compound study: DPG reacts 
directly with TESPT [2]. A first indication for such a reaction was 
observed in the change in appearance before and after the model reac-
tion. The samples containing DPG changed their color to deep yellow. A 
reduced amount of TESPT and a higher percentage of short sulfidic 
bridge molecules were detected in the samples containing DPG: long 
sulfidic species of TESPT turned into short sulfides. Additionally, the 
results of LC-MS and 13C NMR strongly supported the reaction between 
DPG and TESPT. LC-MS allowed to identify fragments and transforms of 
DPG. Especially, one of the DPG fragments (diphenylcarbodiimide), 
which shows 194 m/z in the mass spectrum in LC-MS, seems to react 
with TESPT after splitting the molecule into two parts. The mass spec-
trum of the samples containing DPG showed a peak at 431 m/z, which 
confirmed the predicted DPG-TESPT complex. The proposed chemical 
structure of the DPG-TESPT complex was also confirmed based on 13C 
NMR results. 

The combined results indicate that DPG can react with TESPT and 
thus release some sulfur moiety from the TESPT. As a consequence, both 
are thus partly consumed during the mixing process of a common silica/ 
silane rubber compound. Through this interpretation, a slower vulca-
nization rate, lower crosslink density, and a larger amount of bound 
rubber with increasing DPG concentration added in the masterbatch 
mixing stage can thus be explained, as shown in Table 11. 

Fig. 26. 13C NMR spectrum of DPG; ( ): untreated; ( ): heated DPG.  

Table 9 
Chemical shift of the peaks a-g.  

Peak Chemical shift [ppm] Division 

a 149.47 known peaks (from DPG; see Fig. 25) 
b 143.96 
c 129.42 
d 123.25 
e 122.96 
f 118.57 unknown new peaks (DPG fragments) 
g 115.11  
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