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Polydisperse oligo(PO-b-EO) allyl ether siloxane surfactants were synthesized by the hydrosilylation reaction 
of OMTS with Allyl-oligo(PO-b-EO) series. The surface tension of siloxane surfactants increased with 
increasing the EO chain length while it decreased with increasing the PO ratio. However, the sedimentation 
time of the aqueous solution showed opposite trend to the surface tension data. Both the surface tension and 
sedimentation time of the aqueous solution containing inorganic electrolyte gradually decreased as the content 
of inorganic electrolyte increased because of the surface arrangement of surfactant molecules. However, they 
increased with an increase of pH values due to the hydrolysis of the siloxane backbone. The Cp values tended 
to increase with the increase in the EO chain length and decrease of the PO ratio. It seems that intermolecular 
interaction between PO/EO block copolymer and water affects the variation of transition temperature.
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Introduction

Silicone surfactants are a class of novel surfactants 
consisting of a permethylated siloxane backbone with one or 
more hydrophilic groups attached. Most siloxane surfactants 
are intermediate molecular weight copolymers. This class of 
surfactants is highly surface active in both aqueous and non
aqueous media, lowering surface tension to nearly 20-25 
dyne/cm.1

Silicone surfactants are classified into nonionic or ionic 
type silicone surfactants. Nonionic type silicone surfactants 
have low critical micelle concentration (CMC), a cloud point 
of micelle solution at specific temperature, and foam 
property compared with ionic type silicone surfactants. 
Especially, cloud point at specific temperature is a particular 
characteristic of nonionic type silicone surfactants and ionic 
surfactants.21,22

Nonionic type surfactants have an advantage that allows 
the ratio and molecular weight of the PO/EO block oligomer 
to be varied. These nonionic type silicone surfactants consist 
of a siloxane backbone and ethylene oxide (EO) oligomer as 
hydrophilic functional groups. However, when hydrophilic 
functional groups within nonionic type silicone surfactants 
were a linear type and the end capping of the hydrophilic 
functional groups was a hydroxy type, hydrolytic stability 
decreased, surface tension increased, and chemical attack on 
the silicone surfactants backbone easily occurred in aqueous 
solution. Therefore, novel nonionic type silicone surfactants 
were prepared either by the grafting of a siloxane backbone 
with EO oligomer containing the methoxy groups as the tip 

structure or by block copolymerization of EO as the hydro
philic part and propylene oxide (PO) as the hydrophobic 
part. The advantages of these structural types are good 
hydrolytic stability, low surface tension, increased emulsion 
power, wetting power, and foam stability. Also, chemical 
attack on the latter structural type occurred in aqueous 
solution less than on the former structural type.

The advantage of grafted copolymers is that they are more 
resistant to hydrolysis and chemical attack than linear 
polymers. The major class is a polydimethylsiloxane to 
which polyethers have been grafted through a hydrosilyl
ation reaction. This process results in an alkyl-pendant co
polymer, in which the poly(alkyl oxide) groups are attached 
to the siloxane backbone through a series of hydrolytically 
stable -Si-C- bonds. The other class is a polydimethyl
siloxane to which polyethers have been attached through a 
condensation reaction. This creates an alkoxy-end blocked 
copolymer, in which the poly(alkylene oxide) groups are 
attached at the ends of the siloxane backbone through -Si-O-C- 
bonds. This linkage offers limited resistance to hydrolysis 
under a neutral or slightly basic condition, but breaks down 
in strong acidic and basic condition.

The solubility of siloxane surfactants in water is related to 
the hydration of the ether oxygen of the poly(oxyethylene) 
groups. An increase in temperature leads to a decrease in the 
number of hydrogen bonds, which raises the micellar weight 
and decreases the CMC. If the temperature continues to 
increase, the micelles become so large and the number of 
intermicellar interactions increases to such a great extent that 
a sudden onset of turbidity is perceptible even to the naked 
eye. This temperature, so called cloud point, is one of the 
major characteristics of nonionic type surfactants. A further 
rise in temperature causes the solution to begin to separate 
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into two phases; one is surfactants-rich, and the other is 
surfactants-depleted with no or few micelles present. The 
aqueous phase behavior of these siloxane surfactants tends 
to be quite different from that of the poly(oxyethylene)- 
based materials. The less hydrophilic siloxane surfactants 
are simply water insoluble, whereas the more hydrophilic 
siloxane surfactants are miscible with water in all propor
tions below their cloud temperature. Furthermore, salts 
decrease the cloud point due to the salting-out effect and 
raise the cloud point because of the salting-in effect.1,2

In the present study, polydisperse oligo(propylene oxide
block-ethylene oxide) allyl ether siloxane surfactants [OA- 
oligo(PO-b-EO) series] were synthesized by the hydrosilyl
ation reaction of octamethyltetrasiloxane (OMTS) with 
oligo(propylene oxide-block-ethylene oxide) allyl ether, 
[Allyl-oligo(PO-如 EO) series].14 We measured the surface 
tension, sedimentation time of aqueous solutions, and the 
phase transition temperature (cloud point : Cp). Furthermore, 
surface active properties according to the variation in the pH 
values and inorganic electrolytes content in aqueous 
solutions were researched.

Experiment지 Section

Materials. 3H, 5H-Octamethyltetrasiloxane (OMTS, F.W. 
=282.64 g/mol, Lancaster Synthesis Ltd., UK) was used 
without further purification. Specifications for other materials 
and Allyl-oligo(PO-b-EO) series are provided in reference 
No. 3, 17 and 18. Also, detailed measuring methods are 
explained in reference No. 17 and 18.

Synthesis of OA-oligo(PO-^-EO) series. The hydro
silylation reaction for synthesizing OA-oligo(PO-b-EO) 
series is described in reference No. 17, where the siloxane 
backbone was applied as OMTS. Table 1 shows HLB 
(Hydrophilic Lipophilic Balance) values, molecular weight, 
phase transition temperature (cloud point: Cp), and synthetic 
recipe of the OA-oligo(PO-b-EO) series.

Results and Discussion

Characterization of OA-oligo(PO-方-EO) series. OA- 

oligo(PO-b-EO) series is easily synthesized by the hydro
silylation reaction of OMTS with active hydrogen and Allyl- 
oligo(PO-b-EO) series with an allyl group, using a platinum 
catalyst. According to Chalk and Harrods mechanism, a 
binuclear complex is formed by the reaction between 
oxidative platinum catalyst and an organic compound with 
an unsaturated double bond. The Pt(IV) intermediate (n- 
bond complex) reacts with the siloxane, which has an active 
hydrogen via the Pt(II) intermediate (o-bond complex). And 
then the formed binuclear complex reacts with another 
compound, completing the hydrosilylation reaction.11,12-16

Characterization related to the hydrosilylation reaction of 
the OA-oligo(PO-b-EO) series was fully demonstrated in 
reference No. 3, 17 and 19.

Surface tension. According to the previous reports, the 
surface tension of an aqueous solution containing siloxane 
wetting agent is less than that of conventional surfactants 
because the silicone holds the hydrophobic segment. Also, it 
has been suggested that the hydrophobic segment could be 
formed at a lower concentration or critical concentration due 
to these hydrophobic groups.4-8

Figure 1 shows aqueous solutions of the OA-oligo(PO-b- 
EO) series as a function of the surface tension against 
concentration. As shown in Figure 1, the surface tension 
decreased with increasing concentration in an aqueous 
solution. Also, the surface tension decreased dramatically to 
about 0.01 wt% and then stayed above 0.01 wt% with little 
changes. Therefore, the critical micelle concentration (CMC) 
could be estimated at around 0.01 wt% from these results.

Figure 1-(a) shows the surface tension of the OA- 
oligo(EO) series. The surface tension of the OA-oligo(EO) 
series tended to increase according to the increase in the EO 
chain length and quickly decrease to CMC with increasing 
concentration in aqueous solution. However, the surface 
tension of the OA-oligo(EO) series above CMC was similar 
in spite of the increase in the EO chain length. It seems that 
the surface tension was affected by the decrease of the 
OMTS ratio according to the increase in the EO chain 
length. Figure 1-(b) shows the surface tension of the OA- 
oligo(PO-b-EO) series, which is a PO/EO block oligomer 
with a chain length of 7 molecules. In Figure 1-(b), the

Table 1. HLB, molecular weight, phase transition temperature (Cloud point) according to the LCST behavior and synthetic recipe of the OA- 
oligo(PO-b-EO) allyl ether siloxane surfactants

Notation
Allyl-oligo(PO-b-EO) series OMTS 

(mole)
CPAa
(ppm) Mw(Theo.)b Mw(Exp.)c HLBd Cloud pointe

(oC)Type Mole
OA-EO4 A-EO4 2 1 70 751.22 755.20 9.37 32.2
OA-EO5 A-EO5 2 1 70 839.32 840.14 10.48 35.0
OA-EO6 A-EO6 2 1 70 927.44 926.92 11.39 41.5
OA-EO7 A-EO7 2 1 70 1015.54 1014.37 12.13 50.9

OA-PO1EO6 A-PO1EO6 2 1 70 1043.40 1044.52 10.12 37.5
OA-PO2EO5 A-PO2EO5 2 1 70 1071.64 1072.59 8.21 31.0
OA-PO3EO4 A-PO3EO4 2 1 70 1099.70 1100.02 6.40 28.0

a: Hydrogen hexachloroplatinate (IV) hydrate. b: Theoretical number average molecular weight. c: Experimental average molecular weight calculated by 
hydroxy value. d: Hydrophilic Lipophilic Balance calculated by Griffin equation (HLB=E/5, where E is a molecular weight ratio (%) of ethylene oxide). 
e: Phase transition temperature (cloud point: Cp) estimated by mid-point
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Figure 1. The surface tension of the OA-oligo(EO) series and OA-oligo(PO-^-EO) series.

Figure 2. The surface tension of the OA-oligo(EO) series and OA- 
oligo(PO-^-EO) series according to the variation in pH values. 
(Concentration of aqueous solution: 0.1 wt%).

surface tension of an aqueous solution was decreased quickly 
to the CMC according to the increase in the PO chain length 
and stayed above CMC without change. Also, when we 
compared Figure 1-(a) with 1-(b), the surface tension of the 
OA-oligo(PO-^-EO) series shows lower values than the OA- 
oligo(EO) series. Consequently, it seems that increases in the 
hydrophobic ratio due to increasing the PO unit resulted in a 
decrease in the surface tension of the OA-oligo(PO-b-EO) 
series.

Figure 2 and 3 show the change in the surface tension with 
variations in the pH values and the standing time for pH 3 
and pH 11, respectively. In Figure 2, the surface tension 
shows U-type curves according to the increase in pH values. 
The surface tension of siloxane surfactants was increased for 
pH 3 and pH 11, such as for a strong acid and alkali. But the 
surface tension for neutral pH values, such as pH 5 and pH 7, 

was observed to be lower than pH 3 and pH 11. For most 
siloxane surfactants hydrolysis in aqueous solution occurs 
easily. Hydrolysis is especially fast in acid and alkali 
aqueous solutions.2 Therefore, the OA-oligo(PO-b-EO) series 
in an aqueous solution of strong acid and alkali was easily 
hydrolyzed, and the surface tension of the aqueous solution 
increased at pH 3 and pH 11. In Figure 3, the surface tension 
of siloxane surfactants was observed according to the 
variation in standing time, where pH values were fixed at 3 
and 1 1. The surface tension of OA-EO5 and OA-EO7 
increased dramatically at 12-36 h, remaining constantly after 
36 h. However, the surface tension of OA-PO2EO5 and OA- 
PO3EO4 gradually increased during 36 h and also remaining 
constantly after 36 h. Also, the surface tension of the EO 
series was higher than the PO/EO block series. It seems that 
the hydrolytic stability of the siloxane backbone increased as 
the length of the EO chain increased. And, the slope of the 
OA-oligo(PO-b-EO) series was less than the OA-oligo(EO) 
series when comparing the hydrolysis rate of the OA- 
oligo(EO) series with that of the OA-oligo(PO-b-EO) series. 
It seems that siloxane surfactants with the PO block 
oligomer is more stable for hydrolysis than the EO group.2

Figure 4 shows the surface tension of the OA-oligo(PO-b- 
EO) series with the content of an inorganic electrolyte, such 
as calcium chloride. As shown in Figure 4, the surface 
tension tended to decrease with increasing concentration of 
aqueous solutions. Also, the surface tension of aqueous 
solutions tended to decrease according to the increase in the 
inorganic electrolyte content. It seems these molecules were 
constantly rearranged after surfactant molecules were moved 
to the surface of the aqueous solutions. That is to say, 
because salts, such as phosphate, citrate, sulfate, and 
chloride lead to a “salting out” rather than “salting in” of a 
nonionic surfactant, the solubility of the surfactant in the 
aqueous solutions decreased, and molecules of a nonionic
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Figure 3. The surface tension of the OA-oligo(EO) series and OA-oligo(PO-如EO) series according to the variation of standing time at pH 3 
and 11. (Concentration of aqueous solution: 0.1 wt%).

(
£
으
은

、
흐
 

①

。횬
 n

cn
20-

25-

45

40

35

30-

(a) OA■이igo(EO) series
OA-EO5 (CaCI2: Owt%) 
OA-EO5 (CaCI2: 0.1 wt%) 
OA-EO5 (CaCI2:1.0wt%) 
OA-EO7 (CaCI2: Owt%) 
OA-EO7 (CaCI2: 0.1 wt%) 
OA-EO7 (CaCI2 :1.0wt%)

0.001 0.01 0.1
Concentration (wt%)

(
E
으
①
듴

3
)  u

으
은
s

8
횬

(b) OA-oligo(PO-b-EO) series40

35

30

25

20-

OA-PO2EO5 (CaCI2: Owt%) 
OA-PO2EO5 (CaCI2 : 0.1 wt%) 
OA-PO2EO5 (CaCI2 : 1.0wt%) 
OA-PO3EO4 (CaCI2: Owt%) 
OA-PO3EO4 (CaCI2: 0.1 wt%) 
OA-PO3EO4 (CaCI2 :1.0wt%)

2 —«△
-WEqMSE尊芻

0.001 0.01 0.1
Concentration (wt%)

Figure 4. The surface tension of the OA-oligo(EO) series and OA- 
oligo(PO-^-EO) series according to the content of an inorganic 
electrolyte.

surfactant were arranged toward the surface of the aqueous 
solutions. Consequently, it seems that the surface tension of 

the aqueous solutions decreased because the number of 
molecules per unit area at the interface of the solutions 
increased.9,10

Table 2 아lows CMC values of the OA-oigo(PO-b-EO) 
series with various EO chain length and PO ratios. CMC 
values increased according to the increase in the EO chain 
length and to the decrease in the PO ratio. This was due to 
the association of micelles at the lower concentration with 
the increased hydrophobic ratio. When an inorganic 
electrolyte was added to the aqueous solutions, CMC values 
increased according to the increase in the EO chain length 
and to the decrease in the PO ratio too. However, CMC 
values of the aqueous solutions having inorganic electrolyte 
were higher than those of the blank, and the surface tension 
calculated at CMC was observed to be lower than that of the 
blank.

LCST behavior for the chain length and structure of 
hydrophilic moieties. Nonionic silicone surfactants with 
hydrophilic and hydrophobic groups, such as EO and PO 
within the surfactant structure, can exhibit lower critical 
solution temperature (LCST) behavior according to the 
variation in the EO chain length and ratio of the PO/EO 
block copolymer. An aqueous solution of these nonionic 
wetting agents exists as clear phase due to the hydrogen 
bonds with water below the phase transition temperature 
(cloud point: Cp). However, because the hydrophobic
hydrophobic intermolecular interactions between surfactants 
are stronger than the hydrogen bonds, an aqueous solution 
appears as a turbid phase separated between surfactants and 
water at critical temperature or phase transition temper- 
ature.5,6

Figure 5 shows Cp values of the OA-oligo(EO) series and 
the OA-oligo(PO-b-EO) series using TOA, or a thermal 
optical analyzer, an instrument that measures the phase
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Table 2. Critical micelle concentration (CMC) of the OA-oligo(EO) series and OA-oligo(PO-^-EO) series according to the variation of the 
PO/EO block copolymer

Notation CMCa
(wt%)

YCmc 
(dyne/cm)

CaCl2 (0.1 wt%) CaCl2 (1.0 wt%)
CMC (wt%) YCmc (dyne/cm) CMC (wt%) YCmc (dyne/cm)

OA-EO4 0.00868 22.1569 0.00974 21.6883 0.01077 20.9078
OA-EO5 0.00905 23.3115 0.01035 21.7861 0.01133 21.1726
OA-EO6 0.01050 23.5099 0.01153 22.0347 0.01329 21.3624
OA-EO7 0.01268 23.6526 0.01374 22.0637 0.01446 21.5310

OA-PO1EO6 0.00963 23.2000 0.01028 21.8147 0.01120 21.1816
OA-PO2EO5 0.00838 22.9718 0.00904 21.6357 0.01007 21.0182
OA-PO3EO4 0.00786 21.7996 0.00818 21.3577 0.00961 21.0053

a: Critical micelle concentration (CMC) determined by extrapolation. b: Surface tension calculated at CMC

Figure 5. The phase transition temperature (cloud point) thermograms of the OA-oligo(EO) series and OA-oligo(PO-b-EO) series by TOA. 
(Concentration of aqueous solution: 5.0 wt%).

transition temperature of an aqueous solution. It comprises a 
hot chamber, a central processor, and an optical polarized 
microscope.20 In Figure 5-(a), the Cp values of the OA- 
oligo(EO) series tend to increase with increasing EO chain 
length. It seems that the hydrogen bonds between EO groups 
and water, according to the increase in the EO chain length, 
where more numerous than for the interaction of the OMTS 
with hydrophobic groups. Figure 5-(b) shows TOA thermo
grams of the OA-oligo(PO-b-EO) series according to the 
variation of the PO/EO ratio. Cp values tend to decrease with 
the number of PO unit having hydrophobic groups. EO 
groups with hydrophilicity decreased as PO groups with 
hydrophobicity increased. Therefore, the hydrophobic inter
actions of PO groups were more numerous than the hydro
philic interactions of EO groups, and Cp values of the OA- 
oligo(PO-b-EO) series were observed at a lower temperature 
according to the increase in the PO unit. Consequently, it 
seems that Cp values of the OA-oligo(EO) series and OA- 
oligo(PO-b-EO) series were influenced by intermolecular 
interactions between PO/EO block oligomer and water. 

Table 1 shows Cp values of the OA-oligo(EO) series and the 
OA-oligo(PO-b-EO) series according to the variation in the 
PO/EO block copolymer.

Sedimentation time of aqueous solutions. Figure 6 
represents a wetting power as a function of the sedimenta
tion time for the EO chain length and the variation in the PO/ 
EO ratio. Because the wetting agent dissolved in an aqueous 
solution was placed between cotton with hydrophobicity and 
water with hydrophilicity, the wetting power of the OA- 
oligo(PO-b-EO) series on an aqueous solution surface can 
be determined by the sedimentation time of the cotton.

Most aqueous solutions were well absorbed into the 
cotton, and sedimentation time tended to decrease with 
increasing concentration in an aqueous solution. Figure 6-(a) 
shows the sedimentation time of the OA-oligo(EO) series for 
the EO chain length. The sedimentation time quickly 
decreased with increasing concentration in an aqueous 
solution to 1.0 wt%, but remained uniformly above 1.0 wt%. 
Also, the sedimentation time decreased with increasing the 
chain length of the EO. Figure 6-(b) shows the sedimentation
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Figure 6. The sedimentation time of the OA-oligo(EO) and OA-oligo(PO-如EO) series.

time of the OA-oligo(PO-^-EO) series according to the 
variation of the PO ratio. As shown in Figure 6-(b), the 
sedimentation time of the OA-oligo(PO-b-EO) series tends 
to increase with increasing PO ratio. These results are oppo
site to the surface tension of the OA-oligo(PO-b-EO) series. 
When siloxane surfactants were dissolved, hydrophobic 
surfactant molecules were regularly and densely arranged 
toward the interface of the aqueous solutions, but hydro
philic surfactant molecules were regularly arranged into the 
aqueous solutions. Therefore, as the substrate contacted on 
the surface of the aqueous solutions, the penetration of the 
hydrophobic surfactant molecules into the substrate occurr
ed, and then the substrate rapidly precipitated into the 
aqueous solutions by the diffusion of hydrophilic molecules. 
These facts were seen in the surface tension. The surface of 
the aqueous solutions showed low surface tension due to the 

Figure 7. The sedimentation time of the OA-oligo(EO) series and 
OA-oligo(PO-b-EO) series according to the variation in pH values. 
(Concentration of aqueous solution: 0.1 wt%).

surface arrangement of the hydrophobic molecules, such as 
the OMTS and PO unit. Otherwise, the inner part of the 
aqueous solutions showed high surface tension due to the 
existence of EO moieties. Consequently, the wetting power 
of the aqueous solutions was increased because the sedi
mentation time decreased in the aqueous solutions as a result 
of the diffusion of molecules with the increase in the EO 
chain length. However, the sedimentation time increased in 
the aqueous solutions due to the dilution of hydrophilic 
molecules according to the increase of the PO ratio. 
Therefore, the wetting power increased.

Figure 7 shows the wetting power of the OA-oligo(PO-b- 
EO) series as a function of the sedimentation time according 
to the variation of pH values. As shown in Figure 7, the 
sedimentation time of the OA-oligo(PO-b-EO) series shows 
U-type curves according to the increase in pH values. In the 
case of pH 3 and pH 11 as strong acid and alkali, the 
sedimentation time of the cotton piece in aqueous solutions 
was slow, but that of another cotton piece was fast in neutral 
pH values, such as pH 5 and pH 7. It seems that the variation 
of this sedimentation time resulted from the hydrolysis of the 
siloxane backbone as observed from surface tension data.2 

Figure 8 shows the sedimentation time of the OA-
oligo(PO-b-EO) series according to the content of inorganic 
electrolyte, respectively. As shown in Figure 8, the curve 
shape of the sedimentation time was similar to that of
surface tension. Generally, the sedimentation time of the 
OA-oligo(PO-b-EO) series tended to increase quickly 
according to the increase in the electrolyte content. It seems 
that the decrease in the sedimentation time according to the 
content of inorganic electrolyte was similar to the reduction 
effects of surface tension. Therefore, hydrophilic EO groups 
were regularly arranged toward the interface because the 
addition of inorganic electrolyte accelerated the movement 
of the surfactant molecules toward the interface of aqueous
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Figure 8. The sedimentation time of the OA-oligo(EO) series and 
OA-oligo(PO-^-EO) series according to the content of an inorganic 
electrolyte.

solutions. Consequently, the number of molecules at the 
interface of the solutions increased, and the wetting power 
increased, too.9,10

Conclusions

In this study, polydisperse oligo(PO-b-EO) allyl ether 
siloxane surfactants were synthesized by the hydrosilylation 
reaction, and then their surface active properties were 
examined. Following conclusions can be drawn from this 
study.

1. The surface tension tended to decrease with decreasing 
EO chain length and increasing PO ratio.

2. The phase transition temperature increased with increasing 
EO chain length.

3. The sedimentation time and surface tension have high 
values at the pH 3 or 11 due to the hydrolysis of the siloxane 
backbone.
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