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Abstract The interaction between an ethoxylated alkyl-
phenol polymer with formaldehyde (EAPPF) and a triblock
polyEO—polyPO—polyEO copolymer (TBCP) in aqueous
solutions has been investigated in detail by means of
surface tension, steady-state fluorescence, dynamic light
scattering (DLS) measurements and computer simulations.
For comparison, the ethoxylated alkylphenol oligomer
(EAPO), which is the monomer unit of EAPPF, and
another nonionic water-soluble polymer PEG were also
selected to get more information about the interaction
between different types of surfactants and polymers. The
surface properties of mixed systems at the air/water surface
were evaluated from surface tension measurements.
Information about the hydrophobic microenvironment and
size of the aggregates was obtained from steady-state
fluorescence using pyrene as a hydrophobic probe and
DLS measurements, respectively. The dissipative particle
dynamics simulation method was applied to simulate
the interaction between EAPPF (or EAPO) and TBCP
(or PEG) in aqueous solutions. The synergetic interaction
between EAPPF (or EAPO) and TBCP in binary mixed
solution enhanced the adsorption of surfactant molecules
(EAPPF or EAPO) at the interface, while no obvious
interaction between EAPPF (or EAPO) and PEG was
observed.
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Introduction

Mixtures of surfactant and polymer have attracted wide
attention for several decades both in practical applications
and theoretical studies such as paints and coatings,
detergents, cosmetics, and pharmaceuticals due to their
improved performance in surface activity, wetting,
adsorption, solubilization, emulsification, suspension, dis-
persion, and so forth, superior to that of single substances
[1-3]. Mixed systems of conventional surfactants have
been studied extensively to develop better functions or to
make clear the interaction mechanism between them [4, 5].
Most of these studies have been focused on ionic surfac-
tants and nonionic polymers where the interaction is
generally described as a cooperative process. Among
the polymers used, water soluble poly(ethylene oxide)-
poly(propylene oxide)—poly(ethylene oxide) triblock
copolymers (PEO-PPO-PEO, commercially available in
different proportions) are frequently selected [6]. These
polymers have been widely used in detergency, pharma-
ceutics, and bioprocess because of their low toxicity and
high biocompatibility. They are commercially available in
a variety of molecular weights and PEO/PPO ratios and
have high surface activities. The micelles of these
copolymers in aqueous solution consist of a core contain-
ing the PO groups and an outer region containing the
hydrated EO groups. In recent years, much attention has
been focused on the interactions between triblock copolymer
and surfactant [7, 8]. One of the fundamental requirements
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in understanding the behavior of these mixed systems is the
knowledge of the interaction mechanism and binding
mode, which are critical for solution properties and sub-
sequent applications. The observed interaction modes, such
as string-of-beads and coral-shape usually in the system of
water soluble polymer and surfactant [9], may probably
exist in the system of PEO-PPO-PEO copolymer and
surfactant. We have studied the interaction of a star-like
block polyether and linear PEO-PPO-PEO with sodium
oleate (C;7H33COONa), and the results show different
interaction mechanisms between star-like block polyether/
C,7H33COONa and linear PEO-PPO-PEO/C;H;3COONa
[10]. It is recognized that the nonionic surfactant/polymer
systems possess many properties superior to those of ionic
ones, such as higher stability, better biological compati-
bility and lower toxicity, and they have been widely used in
material synthesis and biology simulation [11].

In recent years, a new class of surfactants which can be
broadly referred to as surfactant oligomers has attracted
increasing interest [12, 13]. Surfactant oligomers are made
up of two or more amphiphilic moieties connected at the
level of, or very close to, the head groups by a spacer
group, such as dimeric (Gemini), trimeric and tetrameric,
etc. They have many intriguing physicochemical properties
such as much lower CMC values and stronger surface
tension lowering ability compared to that of corresponding
conventional surfactants. These predominant properties
have been mostly demonstrated for dimeric cationic
[14, 15] and anionic [16, 17] surfactants. An ethoxylated
alkylphenol polymer with formaldehyde (EAPPF) could be
regarded as a polydisperse nonionic oligomeric surfactant,
which was considered as an ethoxylated alkylphenol
oligomer (EAPO), with a degree of polymerization below 7
and a single methylene group connecting two amphiphilic
moieties at the level of the phenylene ring [18-20]. Studies
on the combination of oligomeric surfactants are performed
with the hope of observing synergism that would make the
use of oligomeric surfactants in formulations more attrac-
tive. Recently, we have studied surface tension and dila-
tional viscoelasticity properties of surfactants EAPPF (or
EAPO) with cetyl trimethylammonium bromide (CTAB) at
25 °C [21]. The results show that there is synergistic
behavior to enhance the adsorption of surfactant molecules
at the interface in both the mixtures at higher mole frac-
tions of nonionic surfactant. However, few studies on
surfactant oligomers have been reported and relatively
few studies concerning the interaction between nonionic
oligomers and nonionic water-soluble polymer have been
reported. Our another recent results on the interaction
between an ethoxy-modified trisiloxane and triblock pol-
yEO-polyPO—polyEO copolymer (TBCP) show that
the surface activity and aggregation behavior of an eth-
oxy-modified trisiloxane are affected by TBCP in aqueous
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solutions and the hydrophobic association and twist of
the TBCP coil contribute to the formation of different
aggregates of an ethoxy-modified trisiloxane and TBCP
[22, 23].

Thus, in view of our current interest in surfactant
oligomers of EAPPF and surfactant-polymer interactions,
we decided to investigate the interaction between EAPPF
and TBCP in aqueous solutions and to compare this with its
monomer, EAPO. Moreover, we also selected another
nonionic water-soluble polymer PEG to compare with
TBCP. For this purpose, the surface tension, steady-state
fluorescence, dynamic light scattering (DLS) measure-
ments and computer simulation were explored to investi-
gate the interaction between them. The results reveal
important differences between the properties of different
mixed systems.

Experimental Section
Materials

The EAPO brand name is Triton X-100 and the EAPPF is
Tyloxapol, a copolymer of the previous oligomer with
formaldehyde, with 7 oligomer units. The triblock TBCP
trade name is Pluronics F127 with an average composition
EOg7POgEOy;. All samples were purchased from Sigma
Chemicals and were used without further purification.
Polyethylene glycol (PEG, My = 10,000) was purchased
from Shanghai Chemicals and used as received. The water
used in the experiments was triply distilled by a quartz
water purification system. The formulas of these materials
are shown in Fig. 1.

Methods
Surface Tension Measurements

Surface tension measurements of aqueous solutions of
single and mixed surfactants at various concentrations were
carried out on the K12 processor tensiometer (Kriiss,
Germany) with the ring device. The value of surface ten-
sion was the average of readings from three separate
measurements.

Surface Dilational Viscoelasticity Measurements

The interfacial dilational viscoelasticity meter JMP2000A
(Powereach Ltd., Shanghai, China) was used to measure
the parameters of dilational viscoelasticity of systems with
various components. The construction of the JMP2000A
apparatus and the method of measurement have been
described previously [24].
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Fig. 1 Formulas of materials
used in the current study

R

MW = 625

n=5, MW=4611

TBCP H-fO—Cl!:—ClI;);fO—?H—CH;j;{O—CH:—CH:tP—H MW=12600, EO wt% = 7(

Steady-State Fluorescence Measurements

Steady-state fluorescence measurements were performed
on a Perkin Elmer LS-50 fluorescence spectrophotometer
with an excitation and emission slit openings of 10 and
2.5 nm, respectively. Each sample solution containing
pyrene was excited at a wavelength of 335 nm and the
emission spectrum between 350 and 550 nm was recorded.
The intensity ratio of the first and third vibronic peaks
(I4/I3) in the emission spectrum of pyrene was then
obtained and analyzed.

Dynamic Light Scattering (DLS) Measurements

DLS measurements were carried out on a Brookhaven
Laser Light Scattering spectrometer at a scattering angle of
90°. The light source is a power adjustable argon ion laser
with a maximum power of 100 mW and a wavelength of
488 nm, respectively. All samples were filtered carefully
with 0.45-um filters before characterization.

All experiments were performed at (25.0 & 0.1) °C.

Dissipative Particle Dynamics (DPD) Simulation

The DPD simulation method was applied to simulate the
interaction between EAPPF (or EAPO) and TBCP (or
PEG) in aqueous solutions.

In the DPD simulation, the beads are needed with the
same volumes, therefore, we select the EAPO hydrophobic
tail (T) for reference and the number of monomers con-
tained in other beads can be determined by calculating the
fraction of the volume of monomer to it [25, 26]. Thus,
PPO, PEO, and water were represented by DPD beads P, E,

CH,

and W as shown in Fig. 2. Through the calculation, each
monomer volume and correspondingly each bead contain-
ing numbers of monomer are shown in Table 1. One bead
E represented four ethylene oxide molecules, one bead
P represented three propylene oxide molecules, and one
bead W represented nine water molecules for convenience
in Blend module of Cerius 2.

The spring constant was chosen as 4 according to [24].
In the simulation, a 3D box of size 10 x 10 x 10 with
periodic boundary conditions was adopted. The dissipa-
tive parameter y was set to a value of 4.5 kT. For each
system, 20,000 time steps per simulation were carried
out.

Through DPD simulation, the solubility parameters 6 of
monomers were obtained (Table 1) and then according to
the formula (1), the interaction parameter between the
beads (Flory—Huggins parameter y) was determined.

T (CH_-,)_‘CCH:(‘((‘H_‘);A@‘OCH;(‘H;(OCH:CH:L)OH

W 9[H,0]

E  fOCHCH, 1y

p —fOCH,CHJ5
I
CH;

Fig. 2 Schematic representations of beads in DPD system

&) Springer AOCS &



74

J Surfact Deterg (2014) 17:71-83

Table 1 The volumes of various beads and the volume, number of
monomers they contained and their solubility parameters

Vimon (cm3/m01) Ratio ) (cal/cm3)0'5 Viead (cm3/mol)
T 183 1 6.65 183
E 47.2 4 19.1 189
P 64.2 3 17.6 192
W 19.8 9 23.0 178

Here T, E, P, and W represent EAPO hydrophobic head-groups,
PEO groups, PPO groups, and water, respectively

Zi = (8 — 8;)* Voead/RT (1)

According to the formula (2), the relationship between
simulation parameters of DPD (o) and y is:

i = 3.27y; + 25 (2)

The values for the interaction parameters between
various beads are given in Table 1.

Take the diffusion of beads of EAPPF with the simu-
lation steps increasing at Xgappr = 0.4 for example; the
results show that equilibrium was reached before 6,000
time steps, so 10,000 time steps per simulation was suffi-
cient for the simulation. It also can be concluded from the
result that the diffusibility of bead E was better than that of
bead T (Table 2).

Results and Discussion
Aggregation of EAPPF/TBCP at the Air/Water Surface
Surface Activities of Different Mixed Systems

Surface tension measurement is a traditional and simple
method of studying the interaction between polymer and
surfactant [27, 28]. Figure 3a gives the variation of surface
tension (y) with EAPPF or TBCP concentration. For single
EAPPF or TBCP solutions, the surface tension shows a
substantial decrease even at very low concentrations,
reflecting the high surface activity. A first break is observed
in the surface tension curve at a characteristic concentra-
tion, after which the surface tension values continued to
decrease until a second break was reached. After that, the

Table 2 Interaction parameters between various beads used in
simulation

T E P w
T 25.00
E 56.00 25.00
P 29.10 48.87 25.00
w 84.20 3593 42.00 25.00
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surface tension remained constant with further increase of
EAPPF or TBCP concentration, indicating the formation of
EAPPF or TBCP micelles; it is reported that the structure
of TBCP micelle was well described by the core-corona
model, in which a spherical core composed of PPO is
surrounded by a corona composed of Gaussian chains of
strongly hydrated PEO [9]. The reason that surface tension
curve of EAPPF or TBCP has two breaks may be mainly
ascribed to the following two points: (1) the molecular
weight of EAPPF or TBCP is not a single value, but a
distribution range, (2) in addition to adsorb at the air/water
interface, EAPPF or TBCP molecule may also undergo
structural evolvement or the formation of unimolecular
micelles or oligomers before CMC [29, 30]. In other words,
the concentration corresponded to first break point is not
the “real” CMC value. Therefore, the second break in
surface tension curve corresponds to the CMC of EAPPF or
TBCP, which is 2.79 x 107> mol L™' for EAPPF and
1.29 x 10~* mol L™" (1,625 mg L") for TBCP, respec-
tively. And the surface tensions of EAPPF and TBCP at
CMC (ycmce) are 36.5 and 37.1 mN m ', respectively.
That is, both the efficiency and effectiveness of reducing
the surface tension of EAPPF is higher than that of TBCP.

The surface tension isotherms of EAPPF/TBCP mixed
systems are also shown in Fig. 3a. At lower concentrations
of single TBCP solution, TBCP unimers are the main state
in solution, the relatively hydrophobic block PPO of TBCP
usually winds to prevent direct contact with water. When a
small amount of TBCP is initially added to EAPPF solu-
tion, the random coil of TBCP unimer swells [31], and the
stretched polymer chains partly insert into the hydrophilic
layer of EAPPF micelles or wrap around them forming a
TBCP/EAPPF complex. That is, the hydrophobic interac-
tion between the PO blocks and EAPPF micelles drives
TBCP unimers to aggregate on EAPPF micelles forming a
TBCP/EAPPF complex. At higher concentration of TBCP,
TBCP exists predominantly in the form of micelles. Thus,
in EAPPF/TBCP mixed systems, when the concentration of
EAPPF is low, small amounts of EAPPF may penetrate
into the TBCP micelles forming rich-in-TBCP complex.
The penetration of EAPPF may possibly extract some
water from the hydrophobic core, because it is composed of
a PO block and contains a certain amount of water [32].
Thus, the unshielding effect of water on PO protons is
weakened. When the concentration of EAPPF reached a
certain excessive amount, TBCP aggregations start to dis-
associate because of the increased EAPPF “spacer effect”
[33], and the structure of complex transfers from rich-in-
TBCP to rich-in-EAPPF. It should be noted that, the
breakup of the complex composed of copolymer and ionic
surfactant has also been observed by Jansson et al. [33]
and it is mainly attributed to the electrostatic repulsion
between copolymer micelles and ionic surfactant. And the
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Fig.l3 Plots of the surfage ¢/mglL’ Cp/mgAL"
tension versus concentration for y
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“spacer effect” of surfactant plays an important role in the
breakdown of copolymer micelles in the system of non-
ionic copolymer and nonionic surfactant.

From the above results, it can be seen that any difference
in surface tension of EAPPF between TBCP-free and
TBCP-containing systems can only be ascribed to surfac-
tant-polymer interactions. After addition of TBCP, the
EAPPF/TBCP mixed micelles are formed and there are still
two transition points appearing in EAPPF/TBCP mixed
systems and the surface tension isotherms of mixed sys-
tems are below the individual component at any concen-
tration of TBCP in our experiment range. It is indicated
that there is synergetic interaction between nonionic sur-
factant EAPPF and TBCP which enhances the adsorption
of surfactant molecules (EAPPF or EAPO) at the interface;
probably the hydrophobic parts of EAPPF interact with the
PPO parts of TBCP to form hydrophobic cores of mixed
micelles and the PEO parts of EAPPF and TBCP interact
with each other to form the hydrophilic layers of mixed
micelles.

Figure 3b shows the surface tension isotherms of
EAPPF/PEG mixed systems. The surface tension of the
aqueous PEG solution remains as 62 mN m™', indicating
that PEG has low surface activity due to the absence of
PPO blocks compared to TBCP. When PEG was added into
the EAPPF solution, the surface tension isotherms of mixed
systems are between the single surface tension isotherms of
EAPPF and PEG at any concentration of PEG in our
experiment range. It is reported [9] that the presence of
PEG leads to the separation of donor and acceptor in the
EAPPF micelle and some of the PEG segments penetrate
into EAPPF micelles making the microstructure of PEG-
bound EAPPF aggregates looser than that of free micelles;
this is the main factor for the microstructure change of
EAPPF micelles. Besides, PEG would be wrapped around
the EAPPF micelles and interact with numbers of them and
form coral-shaped clusters.

7

10° 10°

<:S/mol~L’I

10°

Because EAPPF is an oligomer of the EAPO, in order to
compare the different properties between EAPPF and
EAPO, we also studied the interaction between EAPO and
TBCP (or PEG), as shown in Fig. 4a, b. For single EAPO,
there is only one break in the surface tension curve cor-
responding to the CMC of EAPO which is 2.40 x 107*
mol L™'; this value is even larger than seven times
the CMC of EAPPF (2.79 x 107> x 7 =195 x 107"
mol L), indicating that the surface activity of EAPPF is
much higher than that of EAPO because of its oligomeric
character.

In the presence of 10 mg L~' TBCP, when the EAPO
concentration is below 1.7 x 107> mol L™}, the surface
tension remains constant at 48.3 mN m™', this value cor-
responds to that of the pure 10 mg L™' TBCP solution.
When the EAPO concentration is between 1.7 x 107> and
1.5 x 10~* mol L_l, the surface tension of EAPO/TBCP
mixed solution decreases gently, but it is still lower than
that of single EAPO, indicating that the formation of a
TBCP and EAPO mixed layer. As EAPO concentration is
increased to around 2.0 x 10™* mol L™}, the two curves of
EAPO and EAPO/TBCP converge. The surface tension of
the mixed solutions coincides with that of single EAPO,
which suggests that the surface is completely dominated by
the EAPO molecules. In this region, free EAPO micelles
may coexist with larger EAPO/TBCP complexes.

For EAPO/PEG mixtures, when the EAPO is below
2.6 x 107° mol Lfl, the surface tension of EAPO in
the presence of 10 mg L™' PEG remains constant at
62 mN m~" (Fig. 4b), which corresponds to that of the
single PEG solution. This means that PEG molecules
adsorb at the surface together with small amount of EAPO
molecules making the surface tension low. With increasing
EAPO concentration in bulk solution, more EAPO mole-
cules adsorb at the surface so the surface tension value is
close to that of single EAPO and most of PEG molecules
are displaced from the surface. It can be seen from the

&) Springer AOCS &



76

J Surfact Deterg (2014) 17:71-83

Fig. 4 Plot of the surface
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surface tension isotherm that the addition of both TBCP
and PEG have no obvious effect on the CMC of EAPO in
the investigated concentration range.

Surface Dilational Viscoelasticity

The measurement of dilational rheology provides impor-
tant information on the properties of adsorption layers and
the study of the dilational viscoelastic behavior of air/liquid
interfaces is also of fundamental importance for under-
standing relaxation mechanisms [34]. In order to investi-
gate further the interaction between surfactants (EAPPF or
EAPO) and polymers (TBCP or PEG) at the air/water
surface, the surface dilational viscoelasticity of the system
was measured. The dynamic surface dilational moduli of
single EAPPF and EAPO are shown in Fig. 5a, b. It can be
seen that the dilational moduli of both EAPPF and EAPO
pass through the maximum values with increasing con-
centration. The maximum values of the dilational modulus
occur at cgappr = 1 X 107% mol L™ ! and Cceapo = 1.2 %
107® mol L™ when the time is at 8,000 s, respectively
(from the inset of Fig. 5). Comparing Fig. 5a with b, in
EAPO system, the dilational modulus (13 mN m_l) is
found to be very low in comparison with EAPPF system
(50 mN m™"), suggesting that the strength against

perturbation of surface layer of EAPPF is higher than that
of EAPO.

The dilational viscoelasticities of EAPPF/TBCP,
EAPPF/PEG, EAPO/TBCP and EAPO/PEG solutions are
plotted as a function of EAPPF or EAPO concentration at
8,000 s in Fig. 6. Both of the concentrations of TBCP and

" —m— EAPPF
e —e— EAPPF+TBCP
EAPPF4+PEG
40 | —v— EAPO
n EAPO+TBCP
B —<— EAPO+PEG
‘g o \
z . \
E ol W
) \
v ( ]
_
u <
,7 \x\jhﬁ
or b N—v
11l n L0l n L0l 11l n
1E-7 1E-6 1E-5 1E-4
c/molL"

Fig. 6 The dilational viscoelasticities of EAPPF/TBCP, EAPPF/PEG,
EAPO/TBCP and EAPO/PEG solutions as a function of EAPPF or EAPO
concentration at 8,000 s
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PEG are fixed at 10 mg L™". It can be seen that all of the
dilational moduli of three systems pass through the
maximum values at cgappr = 1 X 107® mol L' and
Cearo = 1.2 x 107® mol L', and then decrease with
increasing concentration of EAPPF or EAPO. Moreover,
the addition of TBCP in the mixed systems makes the
maximum value of the dilational modulus of EAPPF/TBCP
system lower and that of the EAPO/TBCP system higher,
but the addition of PEG in the mixed systems has no
obvious effect on the maximum value of the dilational
modulus, demonstrating that TBCP has a higher mole
fraction in the mixed monolayer compared with PEG
which nearly has no surface activity.

It is also worth noting that the maximum values of the
dilational modulus of EAPPF/TBCP and EAPPF/PEG mix-
tures are always higher than that of EAPO/TBCP and
EAPO/PEG mixtures. This could be explained according to
the mole fractions of nonionic surfactant in the mixed mono-
layer. The results suggest that the mixed monolayer is mainly
dominated by the nonionic surfactant (EAPPF and EAPO).

Aggregation of the EAPPF/TBCP System in Aqueous
Solutions

Micropolarity of Micelle

The ratio of the first vibrational peak located at 373 nm to
the third one at 384 nm (/;/I3) in the fluorescence spectrum
of pyrene is very sensitive to the polarity of the microen-
vironment [35, 36]. It is well-established that in aqueous
solutions of amphiphilic polymers, pyrene is solubilized
into hydrophobic domains, showing a decrease in I,/I5.
Thus, pyrene is a useful fluorescence probe for the char-
acterization of molecular assemblies of associating poly-
mers, and for the evaluation of the micropolarity of the
local environment [37].

Figure 7a, b shows the change of I,/I5 as a function of
EAPPF or EAPO concentrations for EAPPF/TBCP and

Fig. 7 Variation of I,/I3 of

EAPPF/PEG mixed aqueous solutions, respectively. It can
be seen that when the concentration of EAPPF is low, at
the lower TBCP (10 and 100 mg Lfl) or all of PEG con-
centrations, I1/I; is around 1.67, which is practically the
same as that for pyrene in water. As the EAPPF concen-
tration is increased, /,/I; begins to decrease significantly at
a certain EAPPF concentration. For EAPPF/TBCP system,
It can be seen that I;/I5 of the mixed micelles is lower than
that of single EAPPF or TBCP solutions. And I;/I5 con-
tinues to decrease with the increase of TBCP concentration
added to the system, indicating a decrease in the polarity of
the microenvironment at the site of pyrene molecules.
Because both EAPPF and TBCP have high surface active
and can form micelles in aqueous solution, the TBCP
molecules can be incorporated into EAPPF micelles,
leading to the formation of more closely-packed EAPPF/
TBCP mixed micelles.

However, for an EAPPF/PEG system, the addition of
PEG to EAPPF solution makes I,/I3 always higher than that
of single EAPPF solution and /,/I3 continues to increase
with the increase in PEG concentration added to the sys-
tem, indicating the increase in the hydrophobic microen-
vironment. This is because PEG is a hydrophilic polymer
and it cannot form micelles, when EAPPF and PEG are
mixed together, maybe only small amounts of PEG mole-
cules insert themselves into the hydrophilic region of
EAPPF micelles and form EAPPF/PEG mixed micelles,
making the EAPPF micelles looser and also leading to the
formation of less closely-packed EAPPF/PEG mixed
micelles. Most of other PEG molecules adsorb on the
surfaces to wrap around EAPPF micelles and play the role
of connection.

Compared with EAPPF/TBCP and EAPPF/PEG mixed
systems, it can be seen that because of different molecular
structures and properties of TBCP and PEG, they have
different effects on EAPPF solution. TBCP can make the
mixed system form more closely-packed EAPPF/TBCP
mixed micelles while PEG can make it looser.
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Fig. 8 The hydrodynamic radius distributions of different mixed systems. a EAPPF/TBCP, b EAPPF/PEG, ¢ EAPO/TBCP, d EAPO/PEG. The
concentrations of 2 x 10™* mol L™ EAPPF and 2 x 10> mol L™' EAPO were selected

The Hydrodynamic Radii of Aggregates

DLS is a powerful technique for characterizing nanoscale
particles. The hydrodynamic radii (R;) of the aggregates
were obtained from DLS measurements and are shown in
Fig. 8. Considering the CMC of EAPPF and EAPO,
2 x 107" mol L™" EAPPF and 2 x 107 mol L' EAPO
were selected, respectively. It can be seen that only one type
of aggregate exists in EAPPF and EAPO solutions, whose Ry,
is 3.38 and 3.39 nm, respectively. These results are consis-
tent with the size of EAPPF and EAPO micelles obtained
from Cryo-TEM as reported by Regev and Zana [19].

The concentration dependences of Ry, distribution in the
TBCP solution are shown in Fig. 8a. Only one main peak
(R, = 1.74 nm) was observed at ctgcp = 10 mg/L, which
was assigned to TBCP free chains in the solution. With an
increase in TBCP concentration from crgcp = 10 mg L!
to ctgep = 100 mg L~} there is also only one main peak
but a little larger Ry, (R, = 3.11 nm) of TBCP free chains
in the solution. Interestingly, with further increases in the
sample concentration (up to ctpcp = 10* mg Lfl), two
main peaks appeared in the solution. These two size dis-
tributions are probably related to the free chains along with
the triblock copolymer micelles in solution since above the
CMC, the micelles are in equilibrium with its unimers.
That is, the smaller one was assigned to TBCP free chains
(R, = 3.15 nm), whereas the larger peak should be
attributed to single TBCP micelles (R, = 7.97 nm)
because ctgcp is higher than its CMC (1,625 mg L_l).
When the concentration of TBCP reached to 5 x 10*
mg L™', the smaller R, value becomes 2.69 nm and
the larger R;, value becomes 17.1 nm, respectively. The
smaller one was still assigned to TBCP free chains and the
larger Ry, values indicated the TBCP micelles were able to
associate when they were close enough to each other.

&\ Springer ANOCS &

The results suggested that the TBCP conformation in the
solution can be altered by changing concentrations, and a
higher concentration led to aggregations as a result of the
association of the TBCP micelles. But for the PEG solution
(Fig. 8b), when the concentration of PEG was 10 mg Lfl,
no peak was observed. When the concentrations of PEG
were increased to 100, 10*and 5 x 10* mg Lfl, only one
main peak (R, = 3 nm) was observed, indicating that there
were only random coils in the PEG solutions (comparable
to the same size of the TBCP free chains).

When TBCP (ctgep = 10 mg L™ or erpep = 100
mg L") were added to the 2 x 10~* mol L™ EAPPF
solutions (R, = 3.41 and 3.37 nm), it can be seen that no
obvious shift of the peak appeared, suggesting that the
main aggregates were EAPPF micelles, TBCP free chains
and EAPPF/TBCP aggregates and the interaction of
EAPPF and TBCP did not change the conformation and
morphology of mixed micelles greatly. When more TBCP
was added (¢tpcp = 10* mg L_l), a shift of the peak to
higher R}, values appeared (R, = 7.58 nm), indicating that
larger sizes of aggregates appeared. This can be attributed
to EAPPF micelles, TBCP micelles and EAPPF/TBCP
aggregates coexist in the solutions. With further increasing
of TBCP concentration (¢ctgcp = 5 X 10* mg Lfl), two
main peaks appeared in the solution. The smaller one was
assigned to TBCP free chains or EAPPF micelle
(R, = 2.72 nm), whereas the larger peak should be
attributed to the aggregates of TBCP micelles or EAPPF/
TBCP aggregates. Compared with the concentration of 10*
mg L~! TBCP, the R, became larger (from 7.58 to
18.9 nm) and are the main component in the solutions,
these results suggested that more TBCP molecules were
incorporated into EAPPF micelles, leading to the formation
of more closely-packed EAPPF/TBCP mixed micelles and
more TBCP micelles aggregated together. Great changes of
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Table 3 The hydrodynamic radius of different mixed systems
System crpep (mg L7 cpeg (mg L")
0 10 10 10* 5 x 10* 0 10 10 10* 5 x 10*

Fast Slow Fast Slow Fast Slow
Saa-free - 1.74 3.11 3.15 7.97 2.69 17.1 - - 2.63 2.72 2.18 -
EAPPF* 3.37 341 3.37 - 7.58 2.72 18.9 3.37 3.40 3.54 3.32 2.63 18.8
EAPQ® 3.39 3.15 3.05 - 7.98 3.33 19.9 3.39 3.35 3.44 2.38 2.30 19.9

2 Concentrations of EAPPF at 2 x 10™* and 2 x 107> mol L™' EAPO were selected

® The concentration of EAPO was 2 x 107> mol L™!

Ry, values when the concentration of TBCP was above
10* mg L' compared with 10 and 100 mg L™" TBCP for
EAPPF/TBCP system obtained from DLS results are
consistent with the surface tension and steady-state fluo-
rescence measurements.

When EAPPF was changed to EAPO, nearly the same
phenomenon occurred in the EAPO/TBCP mixed system
(Fig. 8c). When TBCP was changed to PEG, only when the
concentration of PEG reached 5 x 10* mg L_l, did two
main peaks appear in the solution, the smaller one
was single EAPO micelle and random coils of PEG
(R, = 2.63 nm), whereas the larger peak should be the
EAPO/PEG aggregates (R, = 18.8 nm) and the larger
aggregates were the main components in the solutions.
However, in the EAPO/PEG system (Fig. 8d), although
there were some larger sizes of aggregates existing, the
smaller aggregates were the main components of the
solutions. The detailed information of R}, in all the systems
we observed is shown in Table 3.

The Morphology of Aggregates

Besides experimental techniques, computer simulation has
also been extensively utilized to study surfactant/polymer
mixtures in recent years and is able to provide more
microcosmic information. The DPD simulation technique
can be used to investigate systems that contain millions of

atoms. The parameters used for carrying out DPD simu-
lation can be obtained from Flory—Huggins theory [38].
The elementary units in DPD method are soft beads. A
bead contains at least several molecules or molecular
groups, but is still macroscopically small. In our previous
works, we had investigated aggregation behavior [39],
phase diagrams [40] of surfactant systems and the inter-
action between surfactant and polymer [for example, the
interaction between tetradecyl dimethyl betaine (C;4BE)
and sodium carboxymethyl cellulose (Na—CMC)] [41, 42]
and calculated the change of the end-to-end distance of
macromolecule to reflect the aggregation process of sys-
tems using the DPD method, which can give the three-
dimensional graphics to depict the aggregation morphology
of the macromolecule in surfactant solutions [43—46].
Here, we studied some mesoscopic properties for mixed
systems using DPD techniques. Figure 9 shows the
morphology of the aggregate of these mixed systems at
different molar fractions. For the EAPPF/TBCP system, when
Xgappr = 0.01 and Xtgcp = 0.01 (Fig. 9a) in the solution,
there no interaction occurred which is observed from the
simulation result. When Xgappr = 0.1 and Xtgcp = 0.01
(Fig. 9b), it can be seen that some EAPPF molecules have
been absorbed around the polymer TBCP. It means that the
interaction between TBCP and EAPPF is stronger than that
between EAPPF and water molecules. These phenomena
indicate that in the present of TBCP, EAPPF molecules

Fig. 9 Snapshots of typical aggregates from simulation for EAPPF/
TBCP mixed systems at different molar fractions. a Xgappr = 0.01,
XTBCP e 001, b XEAPPF — 01, XTBCP e 001, (¢ XEAPPF e 01,
XTBCP = 03, d XEAPPF = 03, XTBCP = Ol, right omitting the
hydrophilic beads, e Xgappr = 0.3, Xtpcp = 0.3; right omitting the

hydrophilic beads. The red color represents the hydrophobic part of
EAPPF, the purple color represents the hydrophobic part of TBCP
and the green color represents the hydrophilic part of EAPPF and
TBCP (PEO groups) (color figure online)
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C

Fig. 10 Snapshots of typical aggregates from simulation for EAPO/
TBCP mixed systems at different molar fractions. a Xgapo = 0.01,
XTBCP = 001, b XEAPO = 01, XTBCP = 001, C XEAPO = 01,
Xtecp = 0.3, d Xgapo = 0.3, Xtpcp = 0.1; omitting the hydrophilic

prefer to aggregate around the TBCP coil, not in the
solution when the concentration of EAPPF is around
the CMC, and also prove that the interaction between
EAPPF and TBCP is essential to form aggregates. When
Xeappr = 0.1 and Xtgcp = 0.3 (Fig. 9¢), there are more
TBCP molecules than EAPPF, most of EAPPF mole-
cules were absorbed around the TBCP cluster. When
XEAPPF = 0.3 and XTBCP = 0.1 (Flg 9d), EAPPF mole-
cules was sufficient, thus one part of them formed
EAPPF/TBCP aggregates and another part formed single
EAPPF micelles. When XEAPPF = 0.3 and XTBCP =03
(Fig. 9e), it can be seen that the sizes of EAPPF/TBCP
aggregates become larger.

If we changed EAPPF to EAPO as shown in Fig. 10a—d,
EAPO/TBCP aggregates are also formed in the system and
interaction can occur when molar fractions of them in the
solution are low (Xgapo = 0.01 and Xpgcp = 0.01,
Flg lOa) And even when XEAPO = 0.3 and XTBCP =0.1
(Fig. 10d), no single EAPO micelles exist but only EAPO/
TBCP aggregates comparable with the EAPPF/TBCP
system (Xgappr = 0.3 and Xppcp = 0.1), suggesting that
more EAPO molecules are needed to adsorbed on the
TBCP clusters to form EAPO/TBCP aggregates than
EAPPF because of the small molecular structure of EAPO.

Fig. 11 Snapshots of typical aggregates from simulation for EAPPF/
PEG mixed systems at different molar fractions. a Xgappr = 0.1,
XPEG =0.01,b XEAPPF = 0.1, XPEG = 0.3. The yellow color repre-
sents the hydrophobic part of EAPPF, the green color represents the
hydrophilic part of EAPPF and PEG (PEO groups) (color figure
online)
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beads. The red color represents the hydrophobic part of EAPO, the
purple color represents the hydrophobic part of TBCP and the green
color represents the hydrophilic part of EAPO and TBCP (PEO
groups) (color figure online)

For EAPPF/PEG (Fig. 11a,b) and EAPO/PEG (Fig. 12a,b)
systems, because PEG is a hydrophilic polymer, the
PEG molecules cannot form micelles by themselves but
only act as hydrophilic molecules to participate in the
formation of EAPPF/PEG or EAPO/PEG mixed micelles.

From the simulations above, it is concluded that the
molecular simulation is an adjunct to experiments and can
provide much inaccessible or not so easily accessible
microscopic information through experiments.

Mechanism of the Interaction Between Surfactant
and Polymer

On the basis of several observations and the detailed
analysis mentioned above, the mechanism of the interac-
tion between surfactant and polymer when the amount of
surfactant is in excess can be rationalized as shown in
Scheme 1. For EAPPF/TBCP and EAPO/TBCP systems,
when the concentration of TBCP is 10 mg L~!', TBCP
unimer and EAPPF or EAPO micelles coexist in solution
as shown in Scheme la. At crpep = 10* mg L~!, the
formation of clusters of EAPPF/TBCP or EAPO/TBCP
complexes with EAPPF or EAPO micelles as a skeleton
and single EAPPF or EAPO or TBCP micelles as shown in

Fig. 12 Snapshots of typical aggregates from simulation for EAPPF/
PEG mixed systems at different molar fractions. a Xgapo = 0.1,
Xpeg = 0.01, b Xgapo = 0.1, Xpgg = 0.3. The yellow color repre-
sents the hydrophobic part of EAPO, the green color represents the
hydrophilic part of EAPO and PEG (PEO groups) (color figure
online)
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Scheme 1 The interaction models of the surfactant/polymer system: a—c are for EAPPF/TBCP or EAPO/TBCP systems as the concentration of
TBCP increases; d, e are for EAPPF/PEG or EAPO/PEG systems as the concentration of PEG increases

Scheme 1b. However, when crpcp = 5 x 10* mg L
more and more TBCP molecules participate in the forma-
tion of the EAPPF/TBCP or EAPO/TBCP complexes. It is
possible that the PPO parts of TBCP insert into the
hydrophobic parts of EAPPF or EAPO micelles to form
hydrophobic cores of mixed micelles and the PEO parts of
EAPPF or EAPO and TBCP interact with each other
to form the hydrophilic parts of the mixed micelles
(Scheme 1c).

For EAPPF/PEG and EAPO/PEG systems, at low PEG
(10 mg L~!) concentration, isolated PEG molecular and
EAPPF or EAPO micelles coexist in solution and PEG
cannot change the surface activity of the solution so
much, as shown in Scheme 1d, suggesting that the effect
of PEG on the aggregation of EAPPF or EAPO is negli-
gible. When the PEG concentration is 5 x 10* mg L™,
EAPPF/PEG or EAPO/PEG complexes by the penetration
of PEG into surfactant micelle are formed (Scheme le)
and Ge et al. [47] have also demonstrated this structure
using fluorescence resonance energy transfer (FRET) and
"H-NMR measurement.

From our experiments, it can be seen that all the results
obtained for EAPO/TBCP or EAPO/PEG mixed systems
are similar to EAPPF/TBCP or EAPPF/PEG mixed sys-
tems. However, there are different and similar molecular
structures between EAPPF and EAPO, thus the surface
activity of EAPPF is much higher than that of EAPO
because of EAPPF’s oligomeric character, inducing the
interaction between EAPPF and TBCP (or PEG) is also
stronger than that of EAPO and TBCP (or PEG). It can be

said that the similarities and differences on the behavior of
EAPPF/TBCP and EAPO/TBCP have been intensely
studied throughout this work.

Conclusion

From the experiment results, it can be concluded that the
interaction between EAPO and TBCP is similar to that of
EAPPF and TBCP, but there is no obvious interaction
between EAPPF (or EAPO) and PEG. The interaction
mechanism between EAPPF (or EAPO) and TBCP (or
PEG) strongly depends on the molecular structures of these
materials. The hydrophobic parts of TBCP molecules can
insert themselves into the EAPPF (or EAPO) micelles
while PEG does not thread through EAPPF (or EAPO)
micelles but is absorbed on the surface or penetrates into
the hydrophilic parts of EAPPF (or EAPO) micelles.
Comparing EAPPF (or EAPO)/TBCP and EAPPF (or
EAPO)/PEG mixed systems, it can be seen that because of
different molecular structures and properties of TBCP and
PEG, they have different effects on EAPPF (or EAPO)
solution. TBCP can make the mixed system form more
closely-packed EAPPF (or EAPO)/TBCP mixed micelles
while PEG can make them looser.
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