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Polydimethylsiloxane (PDMS) has been synthesized by ring-opening 
polymerization of octamethylcyclotetrasiloxane (D4) in microemulsion 
with acidic catalyst. The structure and properties of microemulsion 
were characterized by Transmission Electron Microscopy (TEM), Fourier 
Transform Infrared Spectroscopy (FT-IR), Photo Correlation Spectroscopy 
(PCS). The effect of the variation in pH value, amount of catalyst, emulsifier 
and monomer dropping rate on the properties of microemulsion were 
investigated and discussed. The results showed that the particle size 
of the latex becomes smaller, and the distribution size becomes wider 
with increasing the content of catalyst and emulsifier. When pH value 
changed, the reaction rate of ring-opening of D4 was faster with strong 
acid than that under the weak acid condition. The emulsification of 2 
% OP-10 (Alkylphenol polyoxyethylene ether) and 3.0% DBSA (Dodecyl 
benzenesulfonic acid) reached to equilibrium in microemulsion. As 
the amount of OP-10 increases, the size of particles lowered and their 
corresponding  distribution widened. It is observed that emulsifier (OP-
10) does not affect the transparency of the microemulsion in the case 
of the application of DBSA. As the monomer dropping time increased, 
the grain size diminished and the size distribution widened. PCS results 
showed that the smallest particle size was around 20nm. Taking into 
account of the stability of the microemulsions, the dropping time of the 
monomer was around 30 min.

INTRODUCTION
Organosilicon materials are widely used 

in various fields mainly because of their high 
hydrophobic nature, flexibility and age resistance 
[1]. Polydimethylsiloxane (PDMS) is one of the 
most important organosilicon materials, which 
can be can be used to manufacture as a series of 
industrial and civil products, such as a lubricant, 
leather glossy agent, and paint film polishing agent. 
Among different methods for their production, ring-
opening polymerization of cyclic organosiloxanes 

(D4) is particular significant due to the low cost 
of the necessary monomers and the simplicity 
of the polymerization processes [2], something 
that may be accomplished by either base or acidic 
initiators[3-5]. Acidic catalysts prevail over basic 
catalysts in dealing with polysiloxanes bearing 
sensitive functional groups like Si-H groups, which 
will be destroyed by basic catalysts [6]. Most studies 
reported in literature deal with ring-opening of 
D4 initiated by strong protic acids such as H2SO4 
and HClO4 or by Lewis acids [7], and a very 
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simple process to synthesize well-defined PDMS 
consists of polymerizing the monomer directly 
in emulsion[8]. However, PDMS latexes prepared 
by the conventional emulsion polymerization are 
usually unstable due to their large particle size in 
the order of 1000 nm [9]. Since Stoffer and Bone 
[10] reported microemulsion polymerization 
to prepare polymer in 1980, microemulsion 
systems have been widely investigated for their 
application in various technological processes 
such as synthesis of nanomaterials, drug 
delivery, degradation of organic pollutants and 
synthesis of organic compounds [11-13]. For the 
microemulsions based on PDMS, the latexes in 
microemulsion are the most transparent and their 
particle size are in the order of 0–100 nm. PDMS 
microemulsions with various microstructures and 
architectures are useful in industry mainly due to 
their absence of toxicity, high chain flexibility and 
low surface energy. The PDMS microemulsions 
are thermodynamically stable mixtures of oil 
and water and are stabilized by surfactant [14]. 
Medium or short chain alcohols (propanol to 
octanol) are commonly added as co-emulsifiers 
to decrease the rigidity of interfacial membranes 
and prevent the formation of liquid crystal phases 
and metastable gel or macroemulsion phases 
[15]. Great improvements have been achieved 
in microemulsion polymerization to synthesize 
PDMS polysiloxanes. However, the contents of 
emulsifier and co-emulsifier were too high in 
microemulsion. 

In this paper, we describe a pathway to prepare 
functional organosilicon microemulsions, 
formed via the ring opening of D4 with the acid 
catalyst condition, using the general emulsion 
polymerization method. It means that the 
microemulsion was produced in the presence of 
water, monomer, surfactant and catalyst by the 
shearing action without co-emulsifier. DBSA, 
C12H25C6H4SO3, has been known for a long time in 
the application of medicine, textiles, and chemical 
engineering field because of its low cost and high 
performance. In this work, DBSA was chosen as 
catalyst because it is an efficient acidic initiator for 
the ring opening of D4. Due to its surfactant-like 
structure[16], DBSA also acts as emulsification 
roles in the microemulsion. The variation in pH, 
amount of catalyst, emulsifier and monomer 
dropping rate on the properties of microemulsion 
are discussed.

EXPERIMENTAL 
Materials

Octamethylcyclotetrasiloxane, [(CH3)2SiO]4, D4, 
obtained from Xinghuo organicsilicone Plant in 
China, was distilled before the use; mp 16-19℃, 
b.p. 175℃/760mmHg, 20

Dn  1.3960 and 20
4d 0.955. 

A non- ionic surfactant, (OP-10), Alkylphenol 
polyoxyethylene (10) ether, supplied by Xinghuo 
Company in China, was used without any further 
purification, ﹥95%, and pH=5.0~7.0. Dodecyl 
benzenesulfonic acid (DBSA), C12H25C6H4SO3, 
purchased from Henan province in China, acts as catalyst, 
industrial material; mp 16.3℃; bp 286℃/760mmHg. 
Water was distilled and deionized before the use; 
pH=5.0~7.0, electrical conductivity≤0.5μs/cm 
(25℃), and specific resistivity ≥2MΩ. 

Synthesis of polydimethylsiloxane microemulsion
Catalyst, non-ionic emulsifier and distilled 

water were filled into a four-neck round-bottom 
flask, equipped with condenser pipe, thermometer, 
nitrogen gas, and stirrer system. D4 monomer 
was dropped into the flask and measurement 
of the reaction time started. The preparation of 
polysiloxane microemulsion was around 80 ℃. The 
polymerization was continued thereafter in batch 
for 4 hours. The schematic reaction is shown in 
Scheme 1. As a result of the reaction taking place 
in the reaction vessel, a semi-transparent and blue 
silicone microemulsion was formed. The detail 
recipes of polysiloxane microemulsion are shown 
in Table 1. 

Identification and characterization methods 
FT-IR Spectra was recorded on an M-80 

SPECORD (China) spectrophotometer using 
KBr tablets. The particle size and size distribution 
were characterized by PCS (Loc-FC-963, Malvern 
Company, U.K). The particle configuration was 
exhibited by TEM (MSX-100, JEOL Ltd in Japan). 
UV-visible Spectrophotometer, (Spectrum-1, 
Perkin-Elmer in USA), showed the transparency of 
silicone microemulsion. The acidity of the reaction 
mixture was exhibited by acidometer (PHS-4, 
Longtuo Company in China).

The samples were taken out at regular intervals 
and heated in the oven in order to assess the 
percentage of conversion. At first, the micro-
dispersed solution was neutralized with aqueous 
NH3·H2O(10%) and the solvent was removed under 
vacuum at room temperature. The obtained sample 
was washed with deionized water and then with 
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distilled acetone in order to wash out the remaining 
surfactants. Subsequently, the sample was allowed 
to dry for 48 h in a stationary dryer at 105 ℃. The 
conversion of D4 monomer was measured using the 
weight method, formulated as follows:

Conversion %= W1/W2 ×% 

Where W1 is mass of the polysiloxane, W2 is the 
monomer mass.

The mole mass of polymer was measured by the 
method of Ubbelohde viscometer, expressed in the 
form as follows:



 kM  

Where η is intrinsic viscosity of polymer 
solution，0.66, K is proportionality constant, 
which is related to the temperature, solvent and 
species of polymer，20 × 10-3, Mη and α are the 
mole mass and coefficient factor, respectively. 

The properties of mechanical stability, chemical 
stability, and storage stability of the final latexes 
were studied. Mechanical stability was determined 
at room temperature with a high speed (3000rpm) 
stirrer. Chemical stability was determined at 
the conditions of alkaline and Ca2+ solutions for 
48 hours. The stability of microemulsion was 
characterized by”+”, and the instability by”—”.

RESULTS AND DISCUSSION 
Mechanism of D4 ring-opening 

Cationic (H+) bulk ring opening polymerization 
of cyclosiloxanes has been known for a long time 
[17]. It is generally believed that there are two 
polymerization forms in cationic polymerization 
of cyclic dimethyl polysiloxane, addition 
polymerization and condensation polymerization, 
as shown in Scheme 1. 

The first step involved in ring opening of D4 in 
the presence of the acidic catalyst and a polysiloxane 
oligomer as hydroxyl-terminated polysiloxane 
was obtained as shown in Scheme 1 (1). Then, the 
oligomer, which forms a weak ion pair, opens the 
monomer ring and extends the polymer chain in 
the propagation step as shown in Scheme 1 (2). The 
condensation polymerization occurs among the 
polymers with ion pair shown in step 3. 

 Meanwhile, linear polysiloxane terminated 
with hydrogen is formed when the attack is done 
by the terminator, while cyclosiloxane is formed 
when the attack is done by backbiting. Backbiting 
reactions produce small oligomer cycles and it is a 
contributing factor for the results of the 70 % final 
conversion of D4 monomer [15]. As a result, the 
reaction as a whole turns out to be a competing 
equilibrium reaction of cyclosiloxane and linear 

Scheme  1. FT-IR spectrum of polysiloxane

Table 1. Recipe for microemulsion
Table 1. Recipe for microemulsion

Materials Amounts of the materials

Catalyst on the gross weight of microemulsion 1.0 wt%, 2.0wt%, 3.0wt%, 4.0wt%, 5.0wt%

Non-ionic emulsifier on the gross weight of microemulsion 0, 1.0%, 2.0wt%, 3.0%, 4.0%

D4 monomer 10.0%
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polysiloxane [18]. In microemulsion, different 
chemical reactions take place on the polymer 
particle surface and inside the particle. Main 
chemical reactions by which polymer is formed 
(initiation, propagation and termination) occur on 
the particle surface [19]. 

FT-IR analysis
FT-IR Spectra of pure polysiloxane was 

recorded using KBr tablets. The results of infrared 
transmittance of silicone polymer are shown in Fig. 
1. An absorption peaks characteristic for silicon 
oxide were identified at 1023.65cm-1 band. The 
characteristic absorption peaks at 1259.72 and 
800.70cm−1 are typical for Si-CH3. And meanwhile, 
2961.73 and 2853cm−1 in the spectrum were 
assigned to the asymmetric and the symmetric 
vibrations of -CH2. The peaks at 1446.55cm-1 and 

1411.03cm-1 can be assigned to the absorption of 
CH2 and Si–C2H5, respectively. The characteristic 
absorption bands at 1944cm−1 and 697.92 cm-1 

were ascribed to Si-H group and Si-C, respectively. 
In addition, the peaks at 3697.88, 1034 and 864.47 
cm-1 are the stretching vibration of Si–OH. In short, 
the bands at 1021-1090, 3697.88 and 1259.72 are 
the characteristic bands of Si-O, Si-OH and Si-CH3, 
respectively, confirming that PDMS latex has been 
produced in the microemulsion polymerization.

Effect of catalyst on the microemulsion
A series of modified polysiloxane microemulsion 

samples were prepared with different amounts of 
catalyst (1.0, 2.0, 3.0, 4.0 and 5.0 wt %) and 2.0% 
OP-10, and the dropping time of D4 monomer 
was about 30 minutes. Table 2 shows the effect of 
catalyst on the transparency, particle size and size 

Scheme 1. Ring-opening mechanism of D4

Fig. 1. TEM (a) 1.0% DBSA; (b) 5.0% DBSA

Table. 2. Effect of catalyzer on the microemulsion
Table.2 Effect of catalyzer on the microemulsion

Amount of catalyzer (%) Transparency (%) Particle size(nm) Size distribution Stability

1.0 26.43 93.70 0.27 -

2.0 46.72 32.40 0.29 -

3.0 63.10 26.50 0.31 +

4.0 70.37 25.40 0.58 +

5.0 81.03 22.70 0.79 -
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distribution of microemulsion. The average particle 
size is in the range of 100nm. The transparency 
and size distribution get higher as the amount of 
catalyst increases, while the particle size presents 
downtrend. The particle size reduced to 22.7nm 
when the content of catalyst went up to 5.0% of 
the microemulsion. A likely explanation is related 
to the function of DBSA in the microemulsion. 
It is possible that the DBSA molecule, which 
has hydrophile (-SO3H) and hydrophobic 
functional groups (C12H25-), plays a dual role in 
the microemulsion: catalyst and emulsifier. DBSA 
is a typical amphiphilic molecule, which naturally 
is adsorbed at the oil/water interface, with the 
hydrophilic head-groups protruding towards the 
aqueous phase whereas the hydrophobic tail-groups 
remain in the oil phase [20]. On the one hand, the 
increase in DBSA content results in stronger acidity 
and makes the number of oligomer active centers 
increase. Along with the increase of acidity, the rate of 
polymerization increases and the reactions among the 
particles become vicious making the size distribution 
broaden. On the other hand, as the content of DBSA 
increases, the surfactant effect of DBSA increases the 
average surfactant coverage of particles and provides 
more micelles, which makes the particle size decrease 
and transparency of the microemulsions increase. 

The stability of the microemulsions is also 
discussed with different chemical and physical 
treatment. As it is evident, the microemulsions 
show instability when the amount of catalyst is 
below 3.0wt%. With increase in catalyst content 
to 3.0-4.0wt%, the microemulsions show stable 
properties. However, when the amount of catalyst 
is above 4.0wt%, the microemulsions show signs 
of instability again. This can be explained by the 
fact that when DBSA content is below 3.0wt%, 
due to weak emulsification caused by smaller 
amount of emulsifier, the microemulsions show 
signs of instability. As the amount of catalyst 
increases to 3.0-4.0wt%, the emulsification process 
of microemulsion is strengthened because of 
the surfactant role of DBSA. Further increase in 
catalyst content results in greater instability of 
microemulsions. This may be presumably explained 
by the acidic effect of the microemulsions. Increasing 
the amount of the catalyst can raise the acidity of 
microemulsions, which upsets the equilibrium and 
lowers stability of microemulsions, even results in 
the microemulsions demulsification. Taking into 
account the stabilization of the microemulsions, the 
content of acid catalyst was no more than 5.0 wt% 

of the microemulsions. This can be proved in Fig. 
2. Fig. 2 (a) and (b) shows the particle morphology 
with 1.0 wt% and 5.0 wt% of catalyst, respectively. 
As seen in Fig. 2, with the lower amount of the 
catalyst, the particles were in a sparse state and an 
average particle size of 40 nm was obtained, and no 
agglomeration was observed. However, in higher 
content (5%) of DBSA the particles conglomerate, 
as shown in Fig. 2(b). This is in excellent agreement 
with the discussions of microemulsion stability, as 
shown in Table 2. Thus, it can be concluded that the 
microemulsions show stable properties when the 
amount of catalyst is 3.0 wt%~4.0 wt%. 

The final conversion of D4 monomer at different 
catalyst is presented in Table 3. As seen in Table 3 
the reaction could reach to its equilibrium until the 
conversion of D4 monomer reaches around 70%-
80%. Although by increasing the catalyst content, 
the reaction could reach to its equilibrium with a 
higher monomer conversion at a faster rate, the 
DBSA catalyst does not affect the final conversion 
of D4. This can be explained by increasing the 
concentration of active centers with the increase 
of initiator concentration since DBSA serves as 
initiator. This results turn out in relatively good 
agreement with the conclusion presented in 
previous report [21]. 

The effect of catalyst content on polysiloxane 
molecular weight was investigated as shown in 

Fig. 2. Effect of catalyzer content on polymer molecular weight

Table. 3. Effect of catalyst on the conversion of D4

Table 3  Effect of catalyst on the conversion of D4

Amount of catalyzer (%) Final conversion (%)

1.0 78.9

2.0 73.7

3.0 74.2

4.0 74.3

5.0 73.6
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Fig. 3. The maximum molecular weight is 2.6×105 
when the content of catalyst is 2.0 wt% in the 
microemulsion. It might be due to the point that 
DBSA has both functions of catalyst and emulsifier, 
and there are two competing effects of DBSA 
needed to be understood. At the preliminary stage 
of microemulsion polymerization, DBSA plays the 
leading role as acid catalyst. The reaction rate and 
the number of oligomer increase as the amount of 
catalyst increases. Condensation reaction is easily 
carried out among the oligomers. Therefore, the 
molecular weight increases rapidly and maximizes 
when the content of DBSA is over 2.0 wt%. As 
the content of DBSA increase linearly, it plays 
the leading role as emulsifier. Redundant DBSA 
acting as emulsifier dilutes the concentration of 
Si-OH of oligomer and baffles the condensation 
reactions among the oligomers. As can be seen from 
Fig. 3, the molecular weight drops as the content of 
DBSA increases. It can be concluded that catalyst 
concentration has an evident effect on the stability 

of microemulsion and on the average molecular 
weight, thus demonstrating that DBSA plays a dual 
role in the microemulsion.

Effect of emulsifier on the microemulsion
Table 4 shows the effect of emulsifier (OP-10) 

on the microemulsion. These syntheses differed 
in the amount of emulsifier (OP-10) used, while 
the DBSA catalyst remained unchanged. Without 
emulsifier OP-10, larger particle size and wider 
size distribution in microemulsion occur. Also, it 
proves that the catalyst shows the surfactant effect 
to help the stability of the dispersion of particles 
in the microemulsion. As the amount of OP-10 
increased, the particles size decreased and the size 
distribution widened. When the emulsifier content 
was lower or without the emulsifier OP-10, there 
were fewer amounts of particles and the particles 
were prone to grow on the quondam molecular 
chain, which resulted in the larger particle size 
and wider size distribution. As the amount of 

Fig. 3. Effect of pH values on the microemulsion

Table 4. Effect of emulsifier on the microemulsion
Table 4 Effect of emulsifier on the microemulsion

Emulsifier OP-10 (%) Transparency (%) Particle size(nm) Size distribution

0 70.26 41.40 0.51

1.0 65.87 30.60 0.33

2.0 68.56 28.50 0.34

3.0 70.82 28.10 0.35

4.0 70.08 27.80 0.40
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emulsifier increased, more particles were produced. 
Condensation reaction, acting among the particles, 
resulted in the smaller particle size and wider size 
distribution. 

As seen in Table 4, particle size of microemulsions 
firstly decreases sharply from 40 nm to 28nm when 
the emulsifier OP-10 content is fewer than 2.0%. 
With further increase in the content of OP-10 
(>2.0%), the particle size decreases slowly. It might 
be ascribed to the fact that the emulsification of 
OP-10 (2.0 %) and DBSA (3.0%) have reached to 
equilibrium in microemulsion. 

Also, it is observed that emulsifier (OP-10) 
has no obvious effect on the transparency of the 
microemulsion in the case of the application of 
DBSA. This observation further proves that DBSA 
in the polymerization system plays a dual role. 

Effect of pH values on the microemulsion
In order to have a general idea of the effect of 

pH values on the reaction process, preliminary 
experiments were carried out with varied pH 
values. NaHCO3 solution acts as the regulator of 
pH values. It is observed that the reaction rate 
dramatically depends upon pH values as shown 
in Fig 4. In 2 hours, the conversation rate of D4 is 
higher under the strong acidic condition than that 
in weak acidity. It is likely explained that the strong 
acid makes more H+ [22], which can produce 
more active centers, causes the higher rate of ring 
opening of D4. In contrast, the reaction rate was 
slower and the conversion percentage was obtained 
at lower values under the weak acidic condition in 
2 hours.

The effect of preparation methods on the 
microemulsion

A series of polysiloxane microemulsions (10.0% 
D4, 3.0% DBSA, and 2.0% OP-10) were prepared 
by the monomer dropwise method with different 
dropping rate and the effect of dropping time on 
the microemulsions was investigated, as shown in 
Table 5. It can be observed that as the dropping 
time of D4 prolonged, the particle size increased 
and the size distribution broadened. It can be 
ascribed to the point that the polymerization in 

microemulsion depends on the monomer feed 
rate [5]. According to the proposed mechanism of 
emulsion polymerization, it may be assumed that 
the polymerization rate depends on the number of 
active polymerization sites at the particle surface 
and on the monomer concentration at the particle 
surface, where the propagation occurs. When the 
feed rate is slower, it is easily to form particles in 
different sizes. The subsequent monomer dropped 
into the microemulsion, reacted with the varisized 
emulsion particle, which resulted in the smaller 
particle size. The probability of the reactions among 
the active polymerization sites increases, resulting 
in widening of the particle size distribution. Also, 
it can be seen from Table 5 that the particle size 
decreases sharply from around 70 nm to 20 nm 
when the dropping time is over 30 min. It might 
be explained that the faster feed rate (less than 30 
min) creates larger size of polymer particles, which 
reduces the average ratio of surface coverage of 
the surfactant. It has reported that the emulsions 
containing significantly larger particles, whichwere 
caused by the slower feed rate, seemed not to be 
stable. The observed instability was explained 
by particle coalescence through collision and by 
Ostwald ripening effect (transfer of monomer 
from small particles to larger particles to reduce 
the surface energy of the system) [23]. Taking into 
account of the stability of the microemulsions, 
the dropping time of the monomer around 30 
min could be regarded as suitable for the reaction 
system.

CONCLUSIONS
Polysiloxane microemulsion can be obtained 

by the ring opening of D4 under the acid catalyst 
condition. 
- IR analysis proved that the ring opening of D4 has 
carried out successfully. The transparency and size 
distribution get higher as the amount of catalyst 
increases, while the particle size becomes smaller. 
- The microemulsions show stable properties 
when the amount of catalyst is 3.0 wt%~4.0 wt%. 
The reaction can reach to its equilibrium until 
the conversion of D4 monomer reaches to about 
70%. The maximum molecular weight is 2.6×105 

Table 5. Effect of dropping time of D4 on the microemulsion
Table 5 Effect of dropping time of D4 on the microemulsion

Dropping time（min） 0 10 25 35 60 90

Particle size（nm） 187.00 90.20 70.30 24.85 23.76 21.83

Size distribution 0.105 0.24 0.30 0.60 0.67 0.70
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when the content of catalyst is 2.0 wt% in the 
microemulsion. The emulsification of OP-10 (2 
%) and DBSA (3.0%) reaches to equilibrium in 
microemulsion. 
- The conversation rate of D4 is higher under the 
strong acid condition than that in weak acidity 
indicating that ring opening of D4 dramatically 
depends upon the amount of pH values.
- As the amount of OP-10 increases, the particles 
size decreases and the size distribution widens. It 
is observed that emulsifier (OP-10) does not affect 
the transparency of the microemulsion in the case 
of the application of DBSA. As the dropping time of 
D4 prolonges, the particle size increases and the size 
distribution broadens. Taking into account of the 
stability of the microemulsions, the dropping time 
of the monomer around 30 min could be regarded 
suitable for the reaction of the system.
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