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Abstract The interactions between surfactants and poly-
mers are widely investigated due to favorable changes
on properties in their mixtures. Silicone surfactants and
pluronic copolymers, both having low toxicity, are used
in the detergent, cosmetics, medical, and pharmaceutical
fields. Their mixture may gain better performance in
their further applications. Therefore, we investigated
the interaction between an ethoxy-modified trisiloxane
(a silicone surfactant named Ag-64) and a block poly-
ether F127 in this paper. From aggregation behavior of
Ag-64 and F127, the formation mechanism and confor-
mation of the aggregates were proposed based on
experiments and dissipative particle dynamics (DPD)
simulation. The surface activity and aggregation behav-
ior of Ag-64 are affected by F127 in aqueous solutions.
As the amounts of added Ag-64 increase, two types of
aggregates (Ag-64/F127 aggregate with F127 as skele-
ton and the “pearl- necklace” aggregate in which Ag-64
micelles are strung along F127 chain) form successively.
At higher polymer concentration, F127 twists together
to form a coil/cluster aggregate with Ag-64. The results
of DPD simulation approve that two main factors, the
hydrophobic association and twist of F127 coil, contrib-
ute to the formation of different aggregates of Ag-64
and F127.

Keywords Silicone surfactant . F127 .Mixture . DPD
simulation

Introduction

Mixtures of polymers and surfactants in solutions have
achieved considerable interest. As a consequence of
their interaction, a polymer may affect the aggregation
behavior of a surfactant while its adsorption character-
istics will be also influenced [1, 2]. This is technically
important because the mixed systems may provide a
way of tailoring properties through simple composition
variations, thus new structures may be obtained by
changing the system composition rather than through
synthesis of new materials [3]. Furthermore, PEO-PPO-
PEO block polyethers have been widely used in deter-
gency and pharmaceutical bioprocessing because of low
toxicity and high biocompatibility [4, 5]. Therefore,
there is much research on the interaction between
PEO-PPO-PEO block polyethers and surfactants [6–8].
Our group also carried out some investigations in this
subject [9–11].

The binary mixtures contained nonionic surfactants
have been described as non-interacting or very weakly
interacting [12, 13]. However, Feitosa et al found that
poly(ethylene glycol) (PEG) can interact with the non-
ionic surfactant octaethylene glycol dodecyl ether
(C12E8) to form aggregates, which possibly consists of
one or more C12E8 micelles surrounded by a PEG chain
[13]. And micellar clusters of pentaethylene glycol
dodecyl ether (C12E5) are formed within the poly(ethyl-
ene oxide) (PEO) coils, and its aggregation number
increases with the amount of PEO at a constant C12E5

concentration [14]. A triblock polyether EO20PO68EO20

(P123) and hexaoxyethylene dodecyl ether (C12E6) also
show strong interactions, and they form mixed micelles
at the critical micelle concentration (CMC) which is
lower than that of pure C12E6 in aqueous solution [15].
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Triblock polyether EO97PO69EO97 (Pluronic F127) has
been used in medical and pharmaceutical fields, such as in
arterial embolization [16], drug delivery [17, 18] and over-
dose [19], and blood compatibility [20]. F127 interacts with
C12E6 [21] as well as TX-100 [22] to form mixed micelle or
complex. Silicone surfactant also has low toxicity and fa-
vorable biocompatibility [23], thus it is widely applied to
these fields. We also found that the mixture of F127 and Ag-
64 has a synergistic effect on dispersing carbon nanotubes in
water [24]. Therefore, the investigation on the mixture of
PEO-PPO-PEO polyether and silicone surfactant may lead
to a new approach for their further applications.

One of the fundamental requirements in understanding
the behavior of these mixtures is the knowledge of the
interaction mechanism and binding mode, which are critical
for solution properties and further application. Dissipative
particle dynamics (DPD) is especially appropriate for the
simulation of polymer–surfactant aggregation [25, 26]. In
our previous research, DPD simulation has been successful-
ly applied in studying the aggregation of surfactants and
polymers [11, 27–29]. Herein, the interaction between an
ethoxy-modified trisiloxane Ag-64 and F127 was investi-
gated by both experiments and DPD simulation.

Experimental

Materials

The silicone surfactant Ag-64 and Pluronic F127 are the same
as used in our previous work [24]. Their chemical structures
are shown in Scheme 1. They were both used as received
without further purification. Water in the experiments was
triply distilled by a quartz water purification system.

Surface tension measurement

The surface tension (γ) of system was measured on a Krűss
K12 Processor Tensiometer by plate method of Wilhelmy.
Target solutions were thermostated at 25.0 °C for 15 min
before measuring. The CMC was obtained by plotting sur-
face tension as a function of surfactant concentration.

Fluorescence spectroscopy measurement

Steady-state fluorescence measurements were carried out on
a RF-540 Spectrofluorimeter (Japan), and pyrene purchased
from Sigma was used as probe. A methanol solution with
1×10−4 mol·dm−3 pyrene was put into a series of glass
tubes, and methanol was evacuated by ventilation with
nitrogen. The aqueous solutions of surfactants were then
added into the tubes, in which the concentration of pyrene
was 6×10−7 mol·dm−3. After sonication for 30 min in an
ultrasonic bath, the solutions were kept at room temperature
for 2 h before spectroscopic measurement. The emission
spectra of the probe were recorded at wavelength range from
350 to 550 nm. Wavelength of 335 nm was selected for
excitation, and the bandwidths were set to 10 nm for exci-
tation and 2.5 nm for emission. The information of polarity
in micelle was obtained by the ratio of the fluorescent
intensity at two peaks, the first vibronic peak at 373 nm
(I1) and the third vibronic peak at 384 nm (I3).

Dynamic light scattering measurement

The dynamic light scattering experiments were performed
using a commercial goniometer (DAWN HELEOS made by
Wyatt corporation) equipped with a laser (wavelength λ0
658 nm) at 90° scattering angle.

Different quantities of Ag-64 and F127 were firstly
dissolved into sealed tubes with triply distilled water
and stored for 1 week. Then, the target solutions were filtered
once through 0.2-μm Millipore filters directly into the glass
bottle for light scattering measurement and sealed until
used.

DPD simulation

DPD is a stochastic simulation technique introduced by
Hoogerbrugge and Koelman [30] and often used to simulate
complex fluid dynamical behaviors. The simulation strategy
is to group atoms together into single “bead” and uses these
centers of mass as new simulation entities. A modified
Velocity–Verlet algorithm [31] is adopted to integrate the
Newton’s equation of motion. The position ri and momen-
tum pi of particles on representation of next position,
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Scheme 1 The structures of a
Ag-64 (n≤18) and b F127
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velocity, and force on a soft particle are calculated from the
following equations:

dri ¼ pi
m

� �
dt ð1Þ

dpi ¼
X
j

Ωijbrijdt ð2Þ

Ωij ¼ w rij
� �

aij þ σθij � σ2

2kT
w rij
� �brijuij

� �
ð3Þ

where aij is a maximum repulsion between particle i and
particle j, rij0rj−ri and brij0rij/|rij|. ω is r-dependent weight
function and ω(rij)0(1−r) for r<1, ω(rij)00 for r>1. σ is the
noise amplitude, σ202γkT (γ, k, and T are friction coeffi-
cient, Boltzmann’s constant, and equilibrium temperature). θ
and υ are the angle between the three connected DPD beads
and velocity vector of a particle. Conservative force, random
force, and dissipative force are represented by the three terms
in the square brackets of Eq. 3, and the latter two acting as heat
sink and heat source combine to be a thermostat.

In DPD simulation, two critical conditions should be
satisfied, the liquid compressibility which determines the
free energy change associated to density fluctuations and
the mutual solubility expressed by the Flory–Huggins
parameters. To keep the compressibility of water at room
temperature, the repulsion parameter in Eq. 3 is calculated
according to [32]:

aii ¼ 75kBT

ρ
; ρ ¼ 3 ð4Þ

where aii is the repulsion parameter between particles of the
same type and ρ is the particle density.

The repulsion between different beads is also stronger
than that between the same beads. It is indicated that differ-
ent types of beads usually tend to segregate, such as a water
molecule and a monomer of polymer. The value of the
repulsion between different types of beads is linearly related
to the χ-parameter, and it is easy to obtain from the follow-
ing equation [32]:

aij � aii þ 3:27cij; ρ ¼ 3 ð5Þ
Ag-64 is represented by five beads, in which the head

contains two beads and the tail has three beads. They are
tied together by a harmonic spring, and water molecule is
expressed by one bead. From the method by van Vlimmeren
et al. [33], the chain of F127 (EO)97(PO)69(EO)69 is defined
as A23B21A23 (A0PEO, B0PPO). The Flory–Huggins
parameters between two simulated objects are firstly calcu-
lated and then transformed into DPD repulsion parameters
via Eqs. 4 and 5.

The simulation system was carried out in a cubic cell of
15 Rc×15 Rc×15 Rc, where Rc is the cut-off radius. The
spring constant between different beads is chosen to be 4.0
according to Groot’s work [25]. To assure the system have
achieved equilibrium, 20,000 simulation steps were per-
formed before the results were analyzed, which is confirmed
to be a sufficient simulation time [34].

Since Ag-64, F127 and water molecule were selected to
be the simulated targets; the mixing free energies and Flory–
Huggins parameters (χ) could be obtained by solubility
parameter as following: [35]

csp ¼ ðds � dpÞ2Vs=RT ð6Þ
where δs and δp are Scatchard–Hildebrand solubility param-
eters of solvent and surfactant, respectively, and Vs is the
molar volume of solvent.

The Flory–Huggins parameters (χij) were transformed
into DPD parameters (aij), as shown in Table 1. Using these
parameters, DPD calculations were carried out. The interac-
tion parameters among SiO, PEO, PPO, and H2O at 298K
were listed in Table 1.

Results and discussion

The effect of F127 on the surface activity of Ag-64

From the surface tension isotherm of Ag-64 in Fig. 1, the
curve continues to decrease until a break and then the
surface tension values remain constant with a further in-
crease of Ag-64 concentration. The CMC of Ag-64 is
85 mg·L−1 confirmed by the break of surface tension curve.
There is no minimum followed by a rise around CMC,
which indicates no higher surface activity substance in this
sample. With the increase of Ag-64 concentration, more and
more Ag-64 molecules adsorb on the surface of solution
until the surface is occupied completely. The lowest value in
the surface tension represents adsorption saturation of Ag-
64 at the surface. As Ag-64 concentration is further in-
creased, Ag-64 molecules begin to form aggregates in the
solution, and the surface tension reduces no more. Different
from the properties of Ag-64, there are two breaks in the
surface tension isotherm of F127, which is common for
PEO-PPO-PEO copolymers. Because of broad molecular

Table 1 The interaction
parameters aij in DPD
simulation

aij H2O SiO PEO PPO

H2O 25.0 45.0 25.9 30.0

SiO 45.0 25.0 25.8 25.1

PEO 25.9 25.8 25.0 34.8

PPO 30.0 25.1 34.8 25.0
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weight distribution, unimer or oligomer forms at the con-
centration below CMC [36, 37]. The CMC of F127 should
be determined by the second break, which is 1.70×
104 mg L−1 comparable to the value reported [38].

The addition of F127 to Ag-64 solutions also leads to two
breaks (T1 and T2) in the surface tension isotherms, and it
can be predicted that the F127/Ag-64 complex is formed
according to Flomer’s work [39]. Increasing the polymer
concentration, the surface tension isotherms shift to higher
surfactant concentrations, which is similar to the results
reported by other researchers [40, 41]. The two breaks
divide the surface tension isotherm into three regions as
shown in Fig. 1 (regions I, II, and III). T1 below CMC is
denoted as critical aggregation concentration (CAC), which
represents the onset of the association of Ag-64 and F127 in
the bulk phase. The second break (T2) above CMC is the
concentration at which F127 is saturated with Ag-64. Spe-
cific parameters of surface properties are shown in Table 2.
T1 value does not change obviously with F127 amount,
which is consistent with other reported results [42, 43]. It
only decreases slightly with the increasing amounts of F127.
This result indicates the surfactant readily associates with
the polymer as there are more amounts of polymer in sol-
utions. T2 value increases dramatically with the amounts of
added F127. It is suggested that more Ag-64 bind to F127 so
that aggregates form in the solution at higher concentrations.

The surface tension isotherms of the mixtures are be-
tween those of pure Ag-64 and F127, except the region
below CAC. In region I, the surface tension value of the
binary mixture is lower than that of the individual Ag-64 but
similar to that of individual F127. Co-adsorption of Ag-64
and F127 may take place at the air/water surface. In region
II, more and more Ag-64 binds to F127, leading to contin-
uously decreased surface tension until a break. There is an
increase of γCMC after adding F127 to Ag-64 solutions, and
it does not change with F127 amounts. This may be caused
by the fact that Ag-64 competes with F127 to adsorb at the
surface, while F127 at the surface is not completely replaced
by Ag-64. The value of T2-cmc was also calculated, and it
correlates linearly with F127 amounts with a slope of 2.1,
which shows the bound amount of Ag-64 to F127. As
mentioned above, the addition of F127 has an influence on
the surface properties of Ag-64 solution.

The effect of F127 on the polarity in the micelle of Ag-64

As pyrene is employed as a probe, the fluorescence spec-
trum of pyrene monomer consists of five vibronic peaks.
The ratio of the relative intensities of the first to the third
vibronic band (I1/I3) is largely dependent on the polarity of
microenvironment, and it is defined as a “hydrophobic
index” [44, 45]. The low value of I1/I3 indicates that the
probe is in a hydrophobic environment, and the high value
shows an environment of a polar water-like solvent. There-
fore, it can be used to confirm whether Ag-64/F127 aggre-
gates have formed. The variation of I1/I3 with increasing
Ag-64 concentrations was shown in Fig. 2. Firstly, the
curves have no change with increasing Ag-64 concentration,
then decrease steeply, and finally reach a plateau, which
caused two breaks (p1 and p2). The curves corresponding
to the systems contained F127 are beyond the curve of
individual surfactant system. It is inferred from higher I1/I3
value in the presence of F127 that the probe is in a relatively
polar environment and the arrangements of the aggregates
are looser. It is likely that Ag-64 may adsorb along the chain
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Fig. 1 Surface tension isotherms of Ag-64 aqueous solutions with
different amounts of F127 at 25 °C

Table 2 Surface properties of Ag-64 with different amounts of added
F127

cF127,
mg∙L−1

T1,
mg·L−1

T2,
mg·L−1

γCMC,
mN m−1

T2-cmca,
mg L−1

25 5 106 24.0 21

50 4 170 24.0 85

100 3 265 24.0 160

a CMC of pure Ag-64 aqueous solution
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Fig. 2 The variation of I1/I3 as a function of Ag-64 concentrations
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of F127. Aggregates with looser arrangements may be a coil/
cluster aggregate in which Ag-64 clusters are twisted by F127
chains. It is also discovered that the first break p1 in the mixed
systems is at higher concentration of Ag-64 as more amounts
of F127 are added. Therefore, regular Ag-64 micelles form at
higher concentration in the presence of F127. This is in
agreement with the results of surface tension measurement.

The hydrodynamic radius and size distribution
of Ag-64/F127 aggregates

From the results of the surface tension isotherms in the
presence of F127, two breaks divide the curves into three
regions, where different aggregates are likely to form.
Therefore, 1, 30, 100, 200, and 400 mg L−1 Ag-64 solutions
with different amounts of F127 were chosen to investigate
the aggregate behavior of the mixtures. Hydrodynamic radii
of the aggregates were obtained via dynamic light scattering
(DLS) measurement as shown in Fig. 3.

No aggregate is discovered below 100 mg L−1 Ag-64 or
50 mg L−1 F127 in individual surfactant or polymer system.
The addition of F127 into Ag-64 solutions affects the hy-
drodynamic radius distribution of aggregates obviously. In
the presence of 25 mg L−1 F127, the size of aggregate
almost has no change as the concentration of Ag-64 is above

100 mg L−1. This phenomenon also occurs as the surfactant
concentration is higher than 200 or 300 mg L−1 in the
system contained 50 or 100 mg L−1 F127, respectively. This
trend is consistent with T2 variation in the presence of
different amounts of F127. Above these concentrations,
F127 is saturated by Ag-64.

In region I, no aggregate is detected in the solution
containing 1 mg L−1 Ag-64 and 25 mg L−1 F127, as well
as at the same concentrations in individual Ag-64 or F127
solutions. As the concentration of Ag-64 is fixed to
1 mg L−1, the small size of aggregates form in the presence
of larger amounts of F127. Additionally, the size distribution
is comparable to that in the individual polymer system at the
same concentration. This result could be evidence to prove
the aggregate is the unimer or oligomer of F127. The vari-
ation of size distribution in region II is more complicated. At
higher Ag-64 concentration of 30 mg L−1, higher and
broader hydrodynamic radius distribution may be related
to Ag-64/F127 aggregates with F127 as skeleton. As a small
amount of F127 is added (25 mg L−1) into Ag-64 solutions,
the aggregate size gradually increases with Ag-64 concen-
tration. In this case, F127 is readily saturated by Ag-64
through the interactions between non-polar segments, the
PPO groups of F127, and SiO groups of Ag-64. With the
addition of high amounts of F127 (100 mg L−1), there is a
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pronounced breakdown of aggregates as shown in Fig. 3d.
This phenomenon is also observed in other polymer–surfac-
tant systems [46–48]. As more and more Ag-64 binds to
F127, the Ag-64/F127 aggregates disintegrate into small
ones. The hydrodynamic radius distribution of the small
aggregate after breakdown is similar to the one in the pure
Ag-64 solution at the same concentration, which suggests
that F127 coil may thread through Ag-64 micelles in this
aggregate. In region III, the aggregates in each Ag-64/F127
system are much larger than those in individual Ag-64 or
F127 solutions at the same concentration. They are likely to
be a coil/cluster aggregate, in which small Ag-64 clusters
are within F127 coils. The size distribution is very wide, and
other aggregates may coexist with the coil/cluster aggregate,
which should be the unimer or oligomer of F127, or a small
F127-rich complex with Ag-64.

Apparently, the amounts of added F127 have an effect on
the hydrodynamic radius distribution of aggregates. With an
increase of the F127 content, Ag-64 firstly form an aggre-
gate with F127 as skeleton, and then a coil/cluster aggregate
forms in which Ag-64 clusters may aggregate on F127 coils.
As the concentration of F127 is 100 mg·L−1, another type of
aggregate is discovered in the region between T1 and T2, in
which F127 chain may thread through Ag-64 micelles.

DPD simulation

Conformation of Ag-64/F127 aggregate

Although we have obtained much information on the aggre-
gate behavior of Ag-64/F127 mixtures via experimental
investigations, the microstructures of the aggregates are
difficult to access directly in these methods but available
through computer simulations [49]. Because the target sys-
tems in above experiments were still dilute solutions, Ag-64
at higher volume fraction was not considered in this paper.
Mixtures of Ag-64 and F127 at different volume fractions
(φ) below 0.08 were carried out in DPD simulations. Se-
lected volume fractions are difficult to coincide with the
concentrations in experiments, but it could hopefully pro-
vide a fundamental mechanism for the formation of Ag-64/
F127 aggregates.

The configurations of Ag-64/F127 mixtures at different
simulation steps are shown in Fig. 4. To further confirm the
structure of Ag-64/F127 aggregates, distribution profiles of
different components were displayed in Fig. 5. The profile
image can directly show the location of a segment or mol-
ecule on a slice of the supercell. In the absence of Ag-64,
F127 coils twist partially rather than form aggregates. As
φF127 is 0.02 and φAg-64 is 0.01, the SiO groups of Ag-64
interact with the PPO groups of F127, forming an aggregate
with F127 as skeleton. This structure can be clearly ob-
served in Fig. 5a, which shows that the locations of SiO

and PO segments overlap each other, indicating interactions
between them. More Ag-64 molecules bind to F127 at
higher φAg-64, and finally, a coil/cluster aggregate appears,
corresponding to the structure shown in Fig. 5c. All the SiO
and PO segments aggregate together and locate at the same
place. EO chains of F127 shrink, not like the situation in
Fig. 5a where they stretch in water. The coil/cluster aggre-
gate becomes larger with a further increase of Ag-64 con-
tent. Fixing φF127 to 0.05, above two types of aggregates are
also observed at low and high Ag-64 content. It is notable
that another type of aggregate forms as φAg-64 is 0.03 (as
shown in Fig. 4b (c)), in which F127 coil threads through
several Ag-64 micelles like a pearl necklace. Its distribution
profile is displayed in Fig. 5b. There are Ag-64 molecules
aggregated on the long polymer chain in different positions,
which is like a pearl necklace. Additionally, this aggregate is
smaller compared with the one forming in the solution with
the same surfactant content but lower polymer content (as
shown in Fig. 4a (c)). These results are in good agreement
with above experimental results. At further, higher φF127

(Fig. 4c (f)), all the Ag-64 molecules adsorb onto the F127,
and most F127 is saturated with bound Ag-64. The other
unsaturated F127 aggregates into a F127-rich complex with
a few Ag-64 adsorbed on, and they coexist with the coil/
cluster aggregates. Figure 5d shows the aggregation behav-
ior in this case by the distribution profile. Large amounts of
surfactant molecules adsorb on shrunk polymer chains, and
a coil/cluster aggregate appears. Other polymer molecules
form a complex with a few surfactant molecules adsorbed
on.

Core size of Ag-64/F127 aggregate in the absence
and presence of F127

In our simulations, the volume of Ag-64/F127 aggregate
cannot be calculated accurately. However, the core size
could express the variation trend of the volumes of Ag-64/
F127 aggregates, which can be obtained through the soft-
ware. The variation in the core size (the volume of the core
defined by the siloxane parts of Ag-64) is shown in Fig. 6.
At low φAg-64, there are a few surfactant molecules in
individual Ag-64 solution, and they have a tendency to
aggregate together to form the premicelle. Its core size was
also calculated in the same way.

As φF127 is invariable, the aggregate becomes larger with
the increase of φAg-64. In the presence of F127, the aggre-
gates are larger than these in pure Ag-64 solutions. When
φF127 is 0.02 and φAg-64 is less than 0.03, the core size
value is almost the same as that in pure Ag-64 solution. As
φF127 and φAg-64 are both low, Ag-64 molecules aggregate
on F127 chain with F127 as a skeleton, thus the core size
without and with F127 are similar. At higher φAg-64 and
φF127, the coil/cluster aggregate forms, resulting in a bigger
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core size. Overall, the Ag-64/F127 aggregate becomes larg-
er with the increase of the amounts of F127 and Ag-64.
Detailed variation on the conformation of Ag-64/F127 ag-
gregate should be obtained from the root-mean-square end-
to-end distance.

Root-mean-square end-to-end distance of Ag-64 and F127

There are requirements in the knowledge of the interaction
mechanism which is critical for solution properties and
further application. The square root of the mean-square
end-to-end distance of a linear polymer chain averages over

all conformations of the chain [50]. Therefore, the root-
mean-square (RMS) end-to-end distance of Ag-64 and
F127 will provide available information on the mechanism
of aggregate formation. In Fig. 7, the RMS end-to-end
distance of Ag-64 does not change much with increasing
φAg-64, and the curves are basically in an ascending trend.
Additionally, the RMS end-to-end distance has an increase
after more amounts of F127 are added. From the results in
above sections, different types of aggregates form with the
variation of Ag-64 and F127 contents. At low volume
fractions, F127 threads through one Ag-64 micelle or more
to form a pearl-necklace aggregate, as there is more polymer

Fig. 4 The aggregate configurations of a 0, b 0.01, c 0.02, d 0.03, e 0.05, and f 0.08 Ag-64 with a 0.02, b 0.05, and c 0.08 F127 at 20,000 simulation
steps (for clarity, water beads are invisible. PEO, PPO, and SiO are represented in red, purple, and blue, respectively)
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in solution. At high volume fractions, large coil/cluster
aggregate appears. In each case, all the Ag-64 molecules
adsorb on F127 chains. Thereby, the RMS end-to-end dis-
tance of Ag-64 is not affected obviously with the variation
of surfactant and polymer contents. It increases a little at
higher volume fractions as larger aggregates form.

For F127, the curves vary more obviously which can be
determined from the y-coordinate values. There is a maxi-
mum in the variation curve of F127 RMS end-to-end dis-
tance, and it locates at higher φAg-64 with the increase of
φF127 (at 0.02, 0.05, and 0.06, φAg-64 for the systems
contained 0.02, 0.05, and 0.08 F127, respectively). At low

Fig. 4 (continued)

Fig. 5 Distribution profiles of
SiO group (displayed in blue)
and PO group (displayed in
purple) at different contents of
Ag-64 and F127 in aqueous
solutions. Water beads are
invisible
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φAg-64, hydrophobic segment (PPO group) of F127 is prone
to escape from water so that the chain of F127 shrinks
corresponding to low RMS end-to-end distance. With the
increase of φAg-64, the SiO groups of Ag-64 interact with
the PPO groups of F127. The binding of Ag-64 to the PPO
segment of F127 weakens the hydrophobicity of F127 but
strengthens its hydrophilicity. As a result, F127 coil swells
leading to the highest RMS end-to-end distance. Comparing
Fig. 4a (c) with Fig. 4a (b), more Ag-64 adsorb on F127 so
that the polymer chains are more stretched in the solutions.
Further increasing φAg-64, swollen F127 coils twist with
each other, and then the coil/cluster aggregate forms. There-
fore, the RMS end-to-end distance of F127 declines and
then reaches a plateau. From Fig. 4a (d–f), it can be ob-
served that F127 forms compact aggregates with Ag-64. The
RMS end-to-end distance curve of F127 has relatively small
variation as φF127 is above 0.02. There are many F127
molecules in all the systems, so that the long chains readily
twist with each other, suggesting this impact has great
influence on the formation of Ag-64/F127 aggregates. As
a result, the RMS end-to-end distance value of polymer has
a little change with surfactant content. However, this value
is high in the system contained 0.05 F127 and 0.05 Ag-64.
In Fig. 4b (e), there is free F127 stretching in water, and it
coexists with Ag-64/F127 complex, which could be a

transition phase of the coil/cluster aggregate. Thereby, the
RMS end-to-end distance of F127 is high in this system.

It can be also observed from Fig. 7b that the plateau value
of the RMS end-to-end distance curve of F127 is the lowest
as φF127 is 0.02. In this case, the aggregate construction is
compact, which can be approved by the fact that the average
RMS end-to-end distance value of Ag-64 at this range is the
lowest. Contrasting the configuration in Fig. 4a (f) with
those in Fig. 4b (f) and c (f) clearly shows a relatively
compact construction in the former picture. Large amounts
of Ag-64 are in the solutions, and they can compress F127
chains after the adsorption on F127. The polymer chain is
more shrunk with the influence of Ag-64 as a little polymer
exists. Therefore, the plateau value is bigger as φF127 is
beyond 0.02.

From above analysis, there are two main factors contrib-
uting to the formation of different Ag-64/F127 aggregates—
the hydrophobic interaction and twist of F127 coils. The
dominant force of Ag-64 interacting with F127 is the hy-
drophobic association between SiO group of Ag-64 and
PPO group of F127. Ag-64 aggregates on the hydrophobic
part of F127 to form a pearl-necklace structure, and the
shrinking coil swells. At higher amounts of F127, swollen
F127 coils twist together, and the coil/cluster aggregate
forms.

From above experimental and simulation results, differ-
ent aggregates form with the variation of surfactant and
polymer contents. The process of aggregate formations and
their conformations are illustrated in Fig. 8. As both φAg-64

and φF127 are low, Ag-64 combines to F127 due to the
binding of SiO group to PPO group (Fig. 8a). It is suggested
that the interaction between F127 and Ag-64 takes place
mainly via hydrophobic interaction between the PO block of
F127 and the trisiloxane group of Ag-64. Keeping φF127

constant and increasing φAg-64, more Ag-64 molecules ag-
gregate on the chain of F127, and an aggregate forms with
F127 as skeleton (Fig. 8b). As φAg-64 is higher, a lot of Ag-
64 adsorbs on twisted F127 chain, and then the coil/cluster
aggregate forms (Fig. 8c). If one increases φF127, a break-
down of aggregate occurs, and F127 threads through some
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Ag-64 micelles to form a pearl-necklace aggregate (Fig. 8d).
As φF127 is high enough, the F127-rich complex and the
coil/cluster aggregate coexist in the solution (Fig. 8e).

Conclusions

The interaction between an ethoxy-modified trisiloxane (a
silicone surfactant, named Ag-64) and a block polyether
F127 was investigated via experimental investigation and
DPD simulation. In the presence of F127, the surface activ-
ity and aggregation behavior of Ag-64 change remarkably.
From the surface tension results, different types of aggre-
gates may form at the concentrations below T1, between T1
and T2, and beyond T2 (corresponding to regions I, II, and
III, respectively). This presumption is further confirmed via
DLS measurement, and the polarity in the micelle of Ag-64
also supports the deduction that F127 coil threads through
Ag-64 micelles. Combining all the results obtained by
different measurements, it is indicated that unimer or
oligomer of F127 appears in region I, Ag-64/F127 ag-
gregate with F127 as skeleton and the pearl-necklace aggre-
gate in which F127 coil threads through Ag-64 micelles are
discovered in region II, and coil/cluster aggregate exists in
region III.

On the other hand, DPD simulations could give further
qualitative support for the formation mechanism of Ag-64/
F127 aggregates. It is suggested that two main factors con-
tribute to the aggregate formation, hydrophobic force, and
twist of F127 coils. Hydrophobic force is the main factor to
cause the binding of Ag-64 to F127. At higher surfactant
content, Ag-64 adsorbs onto F127 chain to form an aggre-
gate with F127 as skeleton. Further increasing surfactant
content, Ag-64 micelles are strung along the chain of
F127. As the amounts of F127 are larger, F127 coils twist

together to form coil/cluster aggregates with Ag-64. This
research will approach understanding of the interaction be-
tween non-ionic surfactants and uncharged water-soluble
polymers, and it may provide experimental and theoretical
foundations for their further applications.
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