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ABSTRACT: The MesoDyn method is used to investigate associative
structures in aqueous solution of a nonionic triblock copolymer consisting of
poly(propylene oxide) capped on both ends with poly(ethylene oxide) chains.
The effect of adsorbing (hydrophobic) and nonadsorbing (hydrophilic) solid
surfaces in contact with aqueous solutions of the polymer is elucidated. The
macromolecules form self-assembled structures in solution. Confinement under
shear forces is investigated in terms of interfacial behavior and association. The
formation of micelles under confinement between hydrophilic surfaces occurs
faster than in bulk aqueous solution while layered structures assemble when the
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polymers are confined between hydrophobic surfaces. Micelles are deformed

under shear rates of 1 us™' and eventually break to form persistent, adsorbed layered structures. As a result, surface damage under
frictional forces is prevented. Overall, this study indicates that aqueous triblock copolymers of poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO) (Pluronics, EO,,PO,EQ,,) act as a boundary lubricant for hydrophobic surfaces but not for

hydrophilic ones.
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B INTRODUCTION

Polymers are often used to adjust the functional and interfacial
properties of surfaces by adsorption and surface assembly."
For example, nonionic triblock copolymers comprising ethylene
oxide (EO) and propylene oxide (PO) blocks (Pluronics,
EO,,PO,EO,,), have received increased attention as a modifier
of solid surfaces by physical adsorption.>™> One of the
advantages of EO, PO,EO,, is their amphiphilic properties
that endow molecular constructs with tailorable surface
affinities,® depending on the adsorbing surface and the
surrounding medium. For example, these materials are of
interest as drug-delivery vehicles because in aqueous solution
their micelles contain a hydrophilic corona and a hydrophobic
core within which drugs can be solubilized and transported.”®
Pluronic triblock copolymers have also been successfully used
as surfactants, emulsifiers, stabilizers, and food additives.”™**
The interfacial behaviors of EO,,PO,EO,, solutions in the
presence of solid surfaces, both mineral and polymeric, have
been investigated by a number of authors.***™*° For example,
by using atomic force microscopy, Brandani and Stroeve™*
reported on the formation of a uniform and monolayer-like
adsorbed structure of EO,,PO,EO,, copolymers on hydro-
phobic surfaces. Rojas and co-workers® investigated the
adsorption of EOQ;,POEOQ;, triblock copolymer on different
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types of surfaces, namely, polypropylene, poly(ethylene
terephthalate), nylon, graphite, cellulose and silica. They
found that the hydrophobic mineral surfaces adsorbed
molecules of EQ;,POEO;, as a monolayer, whereas spherical
micellar structures were observed on the hydrophilic ones. Li et
al. studied the effect of molecular weight as well as the EO/PO
molar ratio on polymer-surface interactions.”’”

A further understanding of the interfacial behaviors and self-
assembly processes is required; however, such endeavors are
limited by the experimental conditions. Therefore, we utilized
mesoscale modeling to provide details about the morphology
and dynamics of molecular assemblies of EO,PO,EO,, in
aqueous solutions and their adsorption on hydrophobic and
hydrophilic surfaces. Mesoscopic dynamics (MesoDyn)>*~>* is
a simulation method that treats the polymer chains at the
coarse-grained level by grouping atoms together up to the
equivalent length of the polymers. It is based on the dynamic
mean field density functional theory*®*® in which the phase
separation dynamics are described by Langevin-type equations
for polymer diffusion and the thermal fluctuation are added as
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Table 1. Interaction Parameters Used in the MesoDyn Simulations

water (W) EO (E)
water (W) 14
EO (E) 14
PO (P) 50 40
hydrophobicsurface (B) 5.0 12
hydrophilic surface (L) 0.2 0.5

PO (P) hydrophobic surface (B) hydrophilic surface (L)
5.0 5.0 0.2
4.0 1.2 0.5
0.3 3.0
0.3
3.0

noise (random force). A variety of mixed polymer systems have
been studied with MesoDyn, such as polyamide 6 with
poly(vinyl alcohol), poly(vinyl acetate), and partially hydro-
lyzed PVAC;*” poly(vinyl alcohol) with poly(methyl meth-
acrylate);*® and poly(vinyl pyrrolidone) with poly(bisphenol A-
ether sulfone).*” MesoDyn has also been successfully applied to

concentrated aqueous solutions of EO,PO,EQ, 7%

The focus of our work is on EO;,PO,,EO,y, which is an
amphiphilic polymer with balanced hydrophilic and hydro-
phobic segments of moderate molecular length and has been
the subject of other MesoDyn simulations.”>*' Yang et al.*’
compared three series of triblock copolymers with the same size
of hydrophilic EO block but various sizes of hydrophobic PO
blocks. The size of the PO block was reported to have a
significant effect on the morphology of the polymer in solution
and the critical micelle concentration (CMC) of
EOyPO,4EO, at 25 °C was determined by their simulation
to be 43%. The effect of shearing forces on the morphology of
EO,yPO,EQ,, solutions has been investigated by performing
simulations in the absence of external surfaces.*' It was found
that the presence of shearing forces impacted the morphology
of EOQ;yPO,4EO 4. Under relative weak shear (1000—2000 s™),
distortions of the morphology were observed, and it was
suggested that the oscillations in the order parameter indicated
the ease to which the morphology could be restored. Under
strong shear (>2000 s™') the time taken for new morphologies
to form decreased with the shear rate. In addition, the order
parameter reached equilibrium rather quickly, indicating that
the new morphologies were stable. Finally, it was concluded
that block copolymers such as EO;jPO,EO |y can aggregate
more easily (and more stably) when an external force is
applied.*'

Most of the aforementioned studies have addressed the
solution behaviors of these polymers and only a few mesoscale
simulations have involved assembly and shear effects under
confinement between solid surfaces. For example, Knoll and co-
workers" investigated the morphology of a polystyrene—
polybutadiene—polystyrene triblock copolymer in chloroform
in contact with polished silicon substrates; they found that the
results of their MesoDyn simulation were in good agreement
with the experimental observations from scanning force
microscopy.“_45 Unfortunately, to the best of our knowledge,
aqueous block copolymer systems confined between polymer
surfaces have not been investigated with MesoDyn, probably
because of the difficulty in acquiring interaction parameters
between the multiple components.

In this work, we study the morphology of EOyPO,9EO in
aqueous solutions of various concentrations. Hydrophobic and
hydrophilic surfaces are used to confine and shear the
EO;4,PO,EO,y molecules. It is hypothesized that the formation
of associative structures of EO,;PO,4EO 4 can be facilitated by
confinement via surface-induced or shearing-induced inter-
actions.
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B METHODOLOGY

The mesoscale simulations were done with the MesoDyn software
program, which is a module of Materials Studio 4.1 from Accelrys Inc.,
San Diego, CA.* The simulations were performed on a Dell
PowerEdge SC1420 server with four Intel Xeon 2.80 GHz processors,
4 GB of RAM, Radeon X1300/X1550 Series graphics card, and
running Windows 2003 Server.

MesoDyn. MesoDyn is based on the principle that the free energy
of an inhomogeneous fluid is a function of the local density function,
and therefore all thermodynamic functions can be derived.?®3>3>%
The starting point involves Gaussian chains, which are coarse-grained
“spring-and-bead” models for the molecules where the beads are
connected in a chain using harmonic oscillator potentials, and all other
interactions are described using a mean field potential from density
functional theory. The time evolution is described using Langevin
dynamics for polymer diffusion. Thermal fluctuations are introduced
via “noise” that is dictated by the fluctuation—dissipation theorem.
With this model, diffusive and hydrodynamic phenomena in phase-
separation dynamics are conserved.*® As a mean field model, the values
selected for the parameters drive the simulation, and thus any polymer
surfactant solution with the same set of parameters will behave in the
exact same way.

Gaussian Chain Topology. The Gaussian chain topology
depends on the degree of coarseness of the system. Two factors are
crucial to developing the Gaussian chain model: the chain length and
the bead size. The squared end-to-end distance of the Gaussian chain
must correspond to the length of the atomistic chain, called the
equivalent chain method,*” where a specific characteristic length is
defined that is related to the Gaussian chain length of the molecular
component, similar to the Kuhn length.>* Each bead is the same size,
and represents a segment of the chain up to the polymer persistence
length. The system of interest in these studies, EO;yPO,EQ is a
polymer with 50/50 weight ratio of PO and EO segments. The
Gaussian chain can be represented by E,PyE,, which was developed by
Yang and co-workers.** This Gaussian chain means that four beads of
type “E” will represent the 19 units of EO, and nine beads of type “P”
will represent the 29 units of PO. In addition, there will be beads of
type “W” to represent water.

Interaction Parameters between EO, PO, and Water.
Another important parameter in MesoDyn is the mean field
interaction energy among chemical entities, which quantify character-
istics such as hydrophobicity. The interaction parameter represents the
pairwise interactions of beads, similar to the y parameter defined in the
Flory—Huggins model. In the aqueous EO;;PO,4EO 4 system, three
parameters are needed: the E—P interaction (ygp), representing EO—
PO; the E—W interaction (ygy), representing EO—water; and the P—
W interaction (¥pw), representing PO—water. Fraaije and co-workers®®
indicated that EO homopolymer is a unique one because it is soluble
in water even though it is a member of an insoluble homologous series.
Estimation of the interaction parameters from first principles is a
challenge for these systems because of the strong influence of
hydrogen bonding as a result of the competition between water—water
and EO-water nonbonds.*® Note that these parameters can be
sensitive to the conditions, such as the temperature and the
concentration, particularly for EO, PO,EO,, triblock copolymer
systems.*

The values of interaction parameters from both simulations and
experiments vary greatly in the literature.>"**73**" For various
chemical compositions of EO,PO,EQ,, triblock copolymers, the
Xew values reported varied between 0.3 and 3.3, ypy values are
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between 1.64 and 4.1, and ygp values varied between 3.0 and 7.3,
although ygp has been estimated to be between 3 and S using group
contribution methods.>****”***® Eor example, Yang and co-workers™
used the interaction parameters adopted by others (ygw = 1.4, ypw =
1.7, ygp = 3.0) to study the morphology of P6S, P84, and P103.
However, for P65 (EO;;PO,,EQ,,), they did not observe the
formation of micelle structures until the concentration was increased
to 43% v/v, a much larger concentration than the experimental value
of 4% w/v (30 °C) reported by Alexandridis et al.>'

The values of the interaction parameters that were used in this study
are summarized in Table 1. The interaction parameters were adjusted
in order to match the experimentally reported CMC as best as possible
under the conditions of interest, noting that previous work>!3¢4%
concluded that the experimental data were unreliable for EO-PO pairs
(xep)- The interaction parameters of EO-water and PO-EO were set to
Xew = 1.4 and ygp = 4.0, respectively, which corresponds to those used
by Li and co-workers.*’

Interactions in the Presence of Hydrophobic and Hydro-
philic Solid Surfaces. To create a confined liquid between two solid
layers in the MesoDyn model, the interaction parameters between the
solid and each component in the simulation lattice must be
determined. However, the interaction parameters between the surfaces
and the polymers are difficult to obtain due to the cross interactions
between the multiple components. Recently, we have reported on the
calculation of the interaction energies in aqueous media between
poly(alkylene glycol) block copolymers and polypropylene and
cellulose surfaces by using molecular dynamics simulation.>

We considered two types of surfaces, a hydrophilic one (labeled
“L”), comparable to cellulose; and a hydrophobic one (labeled “B”),
comparable to PP. We assumed that the strongest attractions in this
system were those between water and the hydrophilic surface and with
EO units (ywy, and yg;, respectively) as well as between PO and the
hydrophobic surface (ypg). In contrast, the strongest repulsions in the
system were assumed to be those between water and PO and water
and the hydrophobic surface (ywp and yyp, respectively), followed by
the interaction between EO and PO and between PO and the
hydrophilic surface (ygp and yp, respectively). Moderate repulsions
are expected between EO and both the hydrophobic surface and water
(xes and ygw, respectively). In summary, the interaction parameters for
both surfaces were set to the values given in Table 1 based on the
previous assumptions and using values provided in previous
publications.*®*#%%°

MesoDyn Simulation Conditions. For all simulations, the
following parameters were used: temperature of 25 °C, time step of
50 ns>"* noise scaling parameter of 100314749 compressibility
parameter of 10,>"** grid parameter of 1.1543,*"*® and bead diffusion
coefficient of 1.0 X 1077 cm?/s.>* The dimension of the simulation
lattice was set to 32 X 32 X 32 nm. Three volume concentrations were
considered: 10, 25, and 50%. However, only the 10% concentration
was used in studies with confined hydrophobic and hydrophilic
surfaces to study the impact of shearing on the formation of micellar
structures. The MesoDyn models were run for 20000 steps of
dynamics, for a total simulation time of 1000 us. When a pair of
surfaces was used to confine the simulation lattice at the top and
bottom, the solid wall was virtually set on both sides. 10000 steps of
shear (500 ps) were performed at various shear rates (0.5, 1.0, and 2.0
us™") and starting from the previous time point of 1000 us.

Morphology Analysis. In dynamic simulation processes, an order
parameter can be monitored to indicate the changes occurring in the
molecular structures, and can thus yield characteristics of the phase
separation and compressibility. The order parameter (P), which is the
mean squared deviation from homogeneity for a particular species (A)
in volume V; is defined as*

Py = {(ny — M%) 1)

where #,° is the overall volume fraction of species A, and 1, is the local
volume fraction of species A; note that both quantities are
dimensionless in Mesodyn. Therefore, small values for P, indicate a
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homogeneous system, and large values suggest strong phase
separation.

In addition, the aggregation number (N) for the PO blocks can be
estimated by

4nR 2
N=_—¢
3nV ()

where n denotes the number of repeat units, which is 29 for PO in the
present case; R_is the average core radius of the aggregate, which is an
output quantity from Mesodyn, and V is the volume of the PO
monomer, which was reported by Zhang and co-workers*' to be about
95.4 A3,

The free energy of the system can be obtained from MesoDyn
including both harmonic potentials for the intra molecular interactions
(ie, Gaussian chain) and a mean field potential for all other
interactions. Therefore, the total free energy is defined as

Flp] = F4[p] + F™[p] 3)

where F¢ is the ideal intramolecular free energy and F™ is the free
energy of a mean field potential. Details of both free energy terms are
discussed in more detail in refs 28, 35, and 36.

B RESULTS AND DISCUSSION

EO;yPO,EOy is a symmetric triblock copolymer with a
smaller molecular mass compared to other common types, for
example EO,4PO,,EO,s, and EO;,POEO;,. For
EOyPO,EOQ,, the PO blocks comprise 50% of the weight
segment of the molecule; therefore, smaller associative
structures are expected, which could be useful in narrow
drug-delivering channels.

Preliminary Test: Aqueous Solution Phase Behavior
of Aqueous EO,,PO,4EO,4 in Bulk Solution. Simulations
were performed in water at concentrations by volume of 10, 25,
and 50%, which are commonly used in experimental work.>!
The results of these simulations are given in the Supporting
Information. As indicated in Figure Sla, the associative
structures for EO;4PO,4EQO o in a 10% aqueous solution were
spherical micelles, where the PO blocks aggregated in the core
of the micelles (Figure Slc) as PO is a relatively more
hydrophobic component that minimizes contact with water.
The more hydrophilic EO blocks remained in the periphery
(Figure S1b) forming the shell of the spherical aggregate that
was surrounded by water. As the polymer concentration
increased, the morphology changed from micelles to structures
of lower average curvature. The morphology of a 25% aqueous
EO;5PO,,EQ, solution (Figure S1b) indicates a more complex
association at this higher concentration. The PO blocks were
still in the core, which built up continuous, wormlike associative
structures, but the shape of the PO and EO phases appeared
spindlelike. These morphological features are similar to those
reported in other simulation work involving a 30%
EO,,PO,,EO,, solution.** The larger number of
EOyPO,EO,y chains present when the concentration was
increased to 50% contributed to the formation of more
compact wormlike micelles (Figure Slc in the Supporting
Information). This morphology may have been induced by the
high concentration, which increased the contact between
molecules and thus larger amounts of wormlike micelles were
assembled.

Morphology of Aqueous Solutions of EOQ;,PO,4EQ;q
under Confinement between Hydrophilic Surfaces. The
time evolution of the morphology of a 10% v/v EO4PO,EO
aqueous solution confined between a 32 nm hydrophilic surface
at the top and bottom of the simulation lattice is given in Figure
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Figure 1. Time evolution of PO chains morphology in aqueous 10%
v/v EO1gPO,EQ,, solution confined between hydrophilic surfaces
(top and bottom, not shown). The simulation time is indicated in each
snapshot: 5, 80, 100, 125, 195, 250, 500, and 1000 us. Only the PO
phase is displayed for clarity.

1. At S pus, the PO phase was randomly distributed in the
middle of the confined lattice. Comparing this morphology to
the unconfined one at the same simulation time in Figure S2 in
the Supporting Information suggests that in the thin slices (3—
S nm) of the solution near the hydrophilic surfaces, there was
not a continuous water phase but rather a PO layer. The PO
segments started to aggregate and formed large blocks by 80 ys,
resulting in micelles. The formation of micelles was completed
by 195 us; note that micelle formation was faster (almost by
100 ps) under these confinement conditions than what was
observed in unconstrained systems (see Figure S2 in the
Supporting Information). Thereafter, the micelles were stable
in the solution and located themselves away from the
hydrophilic surface. The micelles tended to form two layers,
and these layers seemed to persist with time. This morphology
may be due to a reduction in the random-walk space of the
hydrophobic PO segments in solution because of the
confinement by the parallel hydrophilic surfaces. Interestingly,
two micelles merged into one at 1000 ps; micellar clusters such
as this one were also seen by Yang and co-workers*® for P84
and P103, which can be stable and also concentration-
dependent.

The order parameters calculated from eq 1 as a function of
the simulation time for the 10% v/v EO;PO,4,EO,y when
confined between the hydrophilic surfaces are given in Figure

0.03, (a) 0.05
1o oo (b)
i 0.04
o Do o
5| i 5
® | 42 ©
5oot] £ - B0 20
g i < PO 3
o £ +—Water O 0.
ooo-r 0.00
0 200 400 600 800 1000 0 200 400 600 800 1000

Time (us) Time (us)

Figure 2. Order parameter versus simulation the time for aqueous
EO,,PO,EOQ,, solution confined by (a) hydrophilic and (b)
hydrophobic surfaces. The dashed lines indicate the transitions
between phases.

2a. The trend observed is similar to what was observed for the
bulk solution with three stages (Figures S1—S2 of Supporting
Information document) but with transitions at different
simulation time: (I) O to 80 us; (II) 80 to 195 us, and (III)
195 to 1000 ps. The corresponding snapshots from Figure 1

20

suggests that the PO phase was randomly confined in stage L
Formation of micelles occurred mainly in stage II; however, this
stage took place at shorter times compared to those observed
for the bulk solution (see Figure S3a in the Supporting
Information). Therefore, the confinement between hydrophilic
surfaces may trigger association or formation of micelles.
Morphology of Aqueous Solutions of EO;4PO,EO;g
under Confinement between Hydrophobic Surfaces.
The time evolution of the morphology of 10% EO4PO,,EO
solution confined between parallel hydrophobic surfaces is
given in Figure 3. Compared to the previous case of hydrophilic

75 s

100 ps

150 ps

1000 ps

Figure 3. Time evolution of PO/EO morphology in aqueous 10% v/v
EO,oPO,EO, solution confined between hydrophobic surfaces (top
and bottom, not shown). The simulation time is indicated in each
snapshot: 5, 15, 25, 50, 75, 100, 150, and 1000 ps. The water phase is
removed for clarity. PO chains are shown in green and EO ones in

blue.

surfaces, the presence of hydrophobic surfaces produced a
completely different morphology profile at the same concen-
tration. At S ps, no continuous phase of EO;,PO,,EO,, was
observed on the hydrophobic surfaces, as was observed for the
hydrophilic surfaces (Figure 1). As time progresses, however, a
lamellar phase began to form on the hydrophobic surfaces,
starting at 15 ps, and phase separation between PO and EO
occurred in solution. From 25 to 150 us, the thickness of the
EOyPO,EO layers on the hydrophobic surfaces increased
until there was no longer a continuous polymer phase in the
center of the confined space. After 150 ps, EO;,PO,4EO4 was
completely separated into two layers in the lattice, where the
PO segments adhered to hydrophobic surfaces and formed a
continuous layer. The EO segments formed the other layer
covering in contact with the aqueous phase. The thickness of
each layer was approximately 4 nm.

The time evolution of the order parameters of the 10%
EOyPO,0EO,y solution confined between hydrophobic
surfaces is given in Figure 2b. In contrast to the unconfined
system and the system confined between two hydrophilic
surfaces, no stage I was evident, indicating that the polymer
aggregation likely occurred extremely rapidly at the beginning
of the simulation due to the hydrophobic nature of the surfaces.
In addition, no difference or transition between stages II and III
were observed, which is likely due to the gradual formation of
PO/EO layers rather than other morphologies such as spherical
or wormlike micelles.

Hydrophilic Surfaces under Shear Lubricated by
Aqueous EO,,PO,4EQ,4 Solution. As was discussed in the
previous sections, EO;,PO,,EO, micelles were self-assembled
in the absence of external forces either in an unconfined lattice
or under confinement between hydrophilic surfaces (not

dx.doi.org/10.1021/am200917h | ACS Appl. Mater. Interfaces 2012, 4, 87—95
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Figure 4. Morphology of structures formed from aqueous 10% v/v EO;jPO,EQ solution sheared between hydrophilic surfaces as a function of
time under various shear rates: (a) 0.5, (b) 1.0, and (c) 2.0 us™', starting from the previous time point, 1000 us simulation time is indicated in Figure
2. The corresponding times from the upper left to the lower right in each subfigure are: 1005, 1010, 1025, 1050, 1100, 1150, 1200, 1250, 1375, and
1500 ps. The water phase is removed for clarity. PO is indicated with green color and EO is in blue. The red arrows denote the relative direction of
shearing for the top and bottom surfaces.

0.05 (@ 0.05 (b) 0.05 ©
2 gub
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Figure 5. Order parameter as a function of simulation time for 10% EO;gPO,4EQO, solution sheared between hydrophilic surfaces with various shear
rates: (a) 0.5, (b) 1.0, and (c) 2.0 pus™, starting from the previous time point, 1000 ys simulation time is indicated in Figure 2.

between hydrophobic surfaces). In order to better understand hydrophobic or hydrophilic) were moved in opposite directions
implications in boundary layer phenomena, an external shearing relative to each other at (moderate) shear rates of 0.5, 1.0, or
force was applied. The top and bottom surfaces (either 2.0 ps™". The final frames generated in the simulation under no
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Figure 6. Morphology of structures formed from aqueous 10% v/v EO,oPO,oEQ,, solution sheared between hydrophobic surfaces as a function of
the simulation time under various shear rates: (a) 0.5, (b) 1.0, and (c) 2.0 us™", starting from the previous time point, 1000 us. The corresponding
times for (a) and (b) from the left to the right are: 1005, 1050, 1125, 1250, and 1500 s, while the corresponding times for (c) from the upper left to
the lower right are: 1005, 1010, 1025, 1050, 1100, 1150, 1200, 1250, 1375, and 1500 us. The water phase is removed for clarity. PO is indicated with
green color and EO is in blue. The red arrows denote the relative direction of shearing for the top and bottom surfaces.

shear (previous sections) were used as an initial condition in
the present study dealing with shear modes. The morphology
as a function of simulation time of 10% v/v aqueous
EO;,PO,EQ,y solution sheared between two hydrophilic
surfaces is given in Figure 4 in which the empty space in the
lattice corresponds to water. The corresponsive plots of the
order parameter are given in Figure S.

Under the shear rate of 0.5 us™', micelles that originally
formed between two hydrophilic surfaces in the absence of
shear (Figure 1) became distorted at 1005 s as indicated in
Figure 4a. From 1005 to 1025 s, the phase shape of PO and
EO was more and more irregular and the order parameter in
Figure 8a dropped significantly. The minimum of the order
parameter was at about 1025 us, which indicates a relatively
disordered morphology. At 1050 us, two cylinders with a PO
core and EO shell were constructed, while a small part of
EO4,PO,4EO, was outside of these cylinder structures and the
PO core exposed to water. From 1050 to 1250 us, both
cylinders kept a relative stable structure and the order
parameter also remained in a small range (Figure Sa). The
part of PO and EO that were not part of the cylinder structures
became a large conglomeration and the EO was separated to
cover the PO core at 1375 pus, while the order parameter
increased to a small peak. At 1500 us, the part of EO and PO
previously out of the cylinder structures merged with one
cylinder, and finally a hybrid conglomeration and a cylinder
persisted under a relatively low shear rate of 0.5 ps™".

92

Under the shear rate of 1.0 us™', at the time of 1005 us,
micelles were distorted. Figure Sb, corresponding to the order
parameter for similar conditions, suggests that there was a rapid
decrease in order at the beginning of the shearing process, likely
due to the distortion. By 1050 us, irregular wormlike micelles
were formed, and then they began to break up rapidly. Both PO
and EO segments tended to aggregate to form large blocks as
time increased from 1050 to 1100 us. There was a dramatic
drop in the order parameters (Figure Sb) as the simulation time
increased from 1115 to 1125 ps. Figure 4b indicates that a new
morphology was formed in the lattice, an adsorbed “wall-like”
structure. The order parameter was found to increase after 1125
us, and there were still some micelle-like structures surrounding
the adsorbed chains. Additionally, the PO cores became
exposed to water under shear. By 1150 ps, all EO;,PO,4EO,
molecules are observed to merge into the wall-like structure.
During the time span from 1150 to 1500 ps, the wall-like
structure grew thinner perpendicular to the hydrophilic layers,
but stretched from the top to the bottom of the lattice and
between the hydrophilic surface layers.

Under the shear rate of 2.0 us™', the micellar structures were
dramatically destroyed at 1005 us (Figure 4c). Even the order
parameter, which did not drop when micelles were broken by
other low shear rates, increased sharply at the beginning of the
strong shear performance (see Figure Sc). One cylinder was
formed at 102S ps and two cylinders were formed by 1050 ys.
From 1050 to 1200 ps, the order parameter vibrated at a high
value range, 0.038—0.045 (Figure Sc), and all EO and PO were
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Figure 7. Order parameter as a function of the simulation time for 10% EO,,PO,oEQ 4 solution sheared between hydrophobic surfaces with various
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Figure 8. Free energy density versus the simulation time for aqueous EOQ,yPO,4EO, solution (a) confined by hydrophilic and hydrophobic surfaces,
and sheared at various shear rates, 0.5, 1.0, and 2.0 us™' by (b) hydrophilic surfaces and (c) hydrophobic surfaces.

in aggregation with two cylinders as the main body. From 1250
to 1500 us, three cylinders were constructed in the direction
vertical to the surfaces (Figure 4c) while the order parameter
remained level (Figure Sc).

Comparing the results with the three shear rates, the order
parameter of PO is higher when the shear rate is higher.
Interestingly, there appears to be no contact between the
hydrophilic surfaces and this wall-like structure. Therefore,
weak adsorption of the EO;jPO,,EO,y occurred on the
hydrophilic surfaces, which is in agreement with QCM and
AFM measurements reported earlier by us.*

Hydrophobic Surfaces under Shear Lubricated by
Aqueous EO;oPO,0EO,y. Snapshots of the morphology of
10% v/v aqueous EO;yPO,,EO,y solution sheared between
hydrophobic surfaces as a function of the simulation time at the
constant shear rates of 0.5, 1.0, or 2.0 us™" is given in Figure 6.
The initial configuration in these shearing simulations was
taken from the final frame at 1000 ys from the unsheared
simulations (Figure 3), where the EO,;,PO,,EO;y molecules
formed phase-separated layers fully covering the two parallel
hydrophobic surfaces with a thickness on the order of 3—4 nm.
No significant change in morphology was observed under the
shear rates of 0.5 or 1.0 us™" as observed in Figures 6a and 7b,
respectively, indicating a strong interaction between the PO
chains and the surface. The interaction was high enough to
withstand the applied shear field, which was also discovered
experimentally.* The corresponding order parameter, shown in
panels a and b in Figure 7, increased linearly as a function time
for the three components in systems under shear, but these
changes were quite small and were likely the result of the
nonequilibrium nature of the process. Overall, the observations
suggest that under shear, the polymer molecules slowly
organized into layers and underwent significant changes in
their assembly. Therefore, it is expected that EOgPO,0EO,4 is a
suitable lubricant for hydrophobic surfaces due to the thin,
protecting layer that assembles at the interface in boundary
lubrication.

When the shear rate increased to 2.0 us™' in Figure 6c,
surprisingly a desorption process was observed from hydro-
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phobic surfaces for 10% v/v aqueous EO;,PO,,EQ solution.
At 100S ps, the layer structures of the EO;4PO,4EQO,¢ became
uniform and the EO (blue) stripes invaded the PO layer,
resulting in the molecules sticking to hydrophobic surfaces due
to the high shear rate. At 1010 us, several small portions of the
adsorbed EO,yPO,4EO, layers were peeled off and hence an
empty patch was promoted on the hydrophobic surface. With
an increase in simulation time, more EQ;4PO,,EQ,, molecules
were desorbed from the surface. From 1025 to 1500 us, the
desorption observed in the morphology was also found to be
associated with a disordering process. Figure 7c indicates that
the corresponding order parameters of three components in the
system changed in an oscillating fashion in the range of
simulation time, also suggesting that the system was a
dynamical equilibrium state. The desorption and disorder
phenomena at high shear rate (2.0 us™') suggests that the
hydrophobic surfaces were not able to maintain the adsorbed
EOyPOKEOy layer structures because of the high hydro-
dynamic force promoted by the high shear rate.

Thermodynamic Free Energy Density Analysis for
Aqueous EO;4,PO,,EO,4 Solution Confined and Sheared
by Hydrophilic or Hydrophobic Surfaces. Figure 8a
provides the thermodynamic free energy density of the
EO,;,PO,EO,y solution confined by hydrophilic or hydro-
phobic surfaces. Both of the free energy curves decreased with
the simulation time from 0 to 200 us, which indicated that the
process proceeds spontaneously in the forward direction. The
free energy of the system confined by hydrophobic surfaces is
as smooth as the order parameter in Figure 2b, whereas the
curve of hydrophilic surfaces dropped from 80 to 200 us,
corresponding to the same range of order parameters in Figure
2a.

For the shear models with hydrophilic surfaces, the free
energy density given in Figure 8b decreased with the simulation
time in the ranges of 1000—1050 ys at the shear rate of 0.5 ys™"
and within 1000—1250 ps at the shear rate of 2.0 ps™’, but
oscillates in a box at the shear rate of 1.0 us. The free energy
curves also indicated that the cylinder structure is more stable
than the walllike structure. For the shear models with
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hydrophobic surfaces, all three curves of free energy at various
shear rates generally increased with the simulation time, which
indicated that the process proceeds spontaneously in reverse. If
the shear action ceased, the morphology of the aqueous
EO,yPO,4EO,, solution would turn back to the same at 1000
us. The weak shear rates of 0.5 and 1.0 us™" slightly increased
the free energy by peeling some individual molecules from the
absorbed surfaces, but these molecules hardly changed the
morphology of the solution. Under the strong shear rate of 2.0
us”", the free energy increased dramatically at the beginning of
shear performance when the adsorbing polymer layers were
disordered by the hydrodynamic force induced by a high shear
rate.

B CONCLUSIONS

A symmetric nonionic triblock copolymer, EO;4PO,4EO,,, was
found to form unique self-assembled structures in aqueous
solution, depending on the polymer concentration. Compared
to the case of bulk solution, EO;PO,,EO, confined between
two hydrophilic surfaces associated at a faster rate and formed
structures that were repelled away from the interface. Under a
shear rate of 1 us™', micelles were distorted and aggregated into
a wall-like structure, avoiding contact with the surface. The
order parameter confirmed the dynamics of this process.
EO,PO,EO y was therefore suggested as poor lubricant for
hydrophilic surfaces in boundary lubrication.

In contrast, when the aqueous solution of EO;4PO,,EO,,
was confined between two hydrophobic surfaces, the
copolymers formed thin layers adsorbed onto the surfaces.
Shearing did not have a significant change in their phase
behavior. These thin films are expected to prevent hydrophobic
surfaces from wearing and therefore may act as a lubricant layer.

B ASSOCIATED CONTENT

© Supporting Information

Simulations of the phase behavior of EO,PO,4EO,, in aqueous
solution are provided as Supporting Information document.
This includes MesoDyn phase morphology of polymer
solutions at three concentrations, time evolution of PO chains
morphology and the order parameter as a function of the
simulation time. This material is available free of charge via the
Internet at http://pubs.acs.org.
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