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A coarse-grained molecular dynamics simulation has been carried out to study the adsorption and self-organization
for a model surfactant/supercritical @@ystem confined in the slit-shape nanopores with amorphous silica-like
surfaces. The solid surfaces were designed to befic and CQ-phobic, respectively. For the G@hilic surface,
obviously surface adsorption is observed for the surfactant molecules. The various energy profiles were used to monitor
the lengthy dynamics process of the adsorption and self-assembly for surfactant micelles or monomers in the confined
spaces. The equilibrium properties, including the morphologies and micelle-size distributions of absorbed surfactants,
were evaluated based on the equilibrium trajectory data. The interaction between the surfactant and the surface
produces an obvious effect on the dynamics rate of surfactant adsorption and aggregation, as well as the final self-

assembly equilibrium structures of the adsorbed surfactants. However, for theh@bic surfaces, there are scarcely
adsorption layers of surfactant molecules, meaning that thepB@bic surface repels the surfactant molecules. It
seems to conclude that the €&dlvent depletion near the interfaces determines the surface repellence to the surfactant
molecules. The effect of the G@hobic surface confinement on the surfactant micelle structure in the supercritical
CGO; has also been discussed. In summary, this study on the microscopic behaviors of surfac@Ds/Baonfined

pores will help to shed light on the surfactant self-asse
nanoporous media.

|. Introduction

Supercritical carbon dioxide (S€C0O,) has long been con-
sidered a promising alternative to conventional solvénts.

mbly from theC&® fluid phase onto solid surfaces and

pregnation of additive¥! porous material modificatio#?;16and
pollutant cleaning or metal ion extraction and so fortt In
these regards, the S€O, fluid possesses high transfer properties

However, several important classes of substances, such as watefd Z€ro surface tension, allowing a rapid diffusion into the

ions, biomolecules, and most polymers are almost insolvable in
the Se-CO, fluid due to its low dielectric constant and
polarizibility.? The solvent properties of S€O, could be
significantly improved by incorporation of surfactants, which
may form the so-called reversed micelle in the—&O,
continuous phasé? A great deal of research effort has been
devoted to design and synthesize the;@@mpatible surfactants,
which contain both C@phobic and C@philic portions>~8 At
present, the surfactant/S€0, system has been found in a wide
variety applications from the conventional chemical industry to
advanced materials preparation proce$ses.

Among these applications, the surfactant#&©, systems at
porous media or solidliquid interfaces are increasingly employed
in nanoparticle preparatiof;'2 polymer synthesi&® the im-
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inner porous solid structure and a complete wetting of the solid
surface. Addition of the reversed micelle structure of surfactant
molecules to the SeCO; fluid has not only been used to enhance
transfer of CG-insoluble substances into the porous media but
also to help deposition of surfactant molecules on porous solid
surfaces, which will provide a technique for surface modification.
For example, the water-in-G@nicroemulsion has been used to
extract the metal ion in various porous solid metdiahere the
water nanodroplet, ranging from 1 to 10 nm, could be carried
into the porous solid surfaces by the supercritica} @@d phases,
allowing a rapid extraction of metal ions in a special manner that
is not achievable with aqueous solution. Moreover, the surfactant/
Sc—CO; system has also be applied in the chemical mechanical
tailoring of porous silica with a pressure tunable self-assembly
procesg?>16

An understanding of the micelle microstructure at seliquid
interfaces is helpful to develop and optimize the performance in
emerging and mature applications of supercritical fluid technol-

(12) Yu, K. M. K.; Steele, A. M.; Zhu, J.; Fu, Q.; Tsang, S.JXCMater. Chem
2003 13, 130-134.

(13) Butler, R.; Hopkinson, I.; Cooper, A. J. Am. Chem. So2003 125
14473-14481.

(14) Liu, H.; Yates, M. Z.Langmuir2003 9, 1106-1113.

(15) Ghosh. K.; Vyas, S. M.; Lehmler, H. J.; Rankin, S. E.; Knutson, B. L.
J. Phys. Chem. BR007, 111, 363-370.

(16) Hanrahan, J. P.; Copley, M. P.; Ryan, K. M.; Morris, M. A.; Spalding,
T. R.; Holmes, J. DChem. Mater2004 16, 424.

(17) Huang, Z.; Luan, D. Y.; Shen, S. C.; Hidajat, K.; Kawi,JSSupercrit.
Fluids 2005 35, 40—48.

(18) Campbell, M. L.; Apodaca, D. L.; Yates, M. Z.; McCleskey, T. M.;
Birnbaum, E. RLangmuir2001, 17, 5458-5463.

(19) Keagy, J. A.; Zhang, X.; Johnston, K. P.; Bush, E.; Weber, F.; Wolf, P.
J.; Rhoad, TJ. Supercrit. Fluids2006 277.

(20) Zhang, X.; Pham, J. Q.; Ryza, N.; Green, P. F.; Johnston, K.\Racl.
Sci. Technol. B004 22, 818.

© 2007 American Chemical Society

Published on Web 08/03/2007



9202 Langmuir, Vol. 23, No. 18, 2007 Xu et al.

ogy15 which is also of great benefit to design new surfactants Wiljmas®® studied the aggregation and adsorption of surfactants
appliedin the Se CO;fluid. Furthermore, the detailed dynamics  on hydrophilic surfaces by using a coarse-grained MC simulation.
process of surfactant self-assembly in restrained pore spaces i§hey found that discrete aggregates were formed on the surfaces.
very vital in analyzing the interaction mechanisms. There is a A MD simulation has been conducted by Shah e®dbr the
relatively vast amount of research on adsorption of surfactant mechanical properties of absorbed micelles at the ligsilica
from aqueous media onto solid surfaces by using various interface. The simulation indicated that the self-aggregated
experimental techniquéd.The previous experimental studies surfactant structures formed spherical or elliptical shapes. In
have revealed that surfactants absorbed on-sbtjdid interfaces addition, fully atomistic MD simulatior’ were also used to
form the aggregates in a variety of morphologies, which are study self-assembly phenomena on the surface. However, the
different from those in bulk phases. However, for the supercritical simulation was restricted by system size and simulation time,
CO; solution, a molecule level recognition of the morphology since the MD simulation with the atomistic model needs a very
and structure of surfactant micelles on solid interfaces is quite long time to access the detailed structure and dynamics behavior
inadequate. Additionally, no research has been reported, to ourof surfactant micelle in confined spaces. Recently Srinivas et
best knowledge, for the dynamics information of the structure al?’studied the adsorption of nonionic surfactants onto a graphite
transition and adsorption transfer of the micelle on seliquid surface using the MD simulation with self-developed CG models.
interfaces, because very few experimental techniques can directlyThey observed that the morphology of aggregated surfactants is
probe these kinetics behavid®Also, unlike aqueous solutions  dependent on the alkyl chain length, and the simulation result
under atmospheric conditions, the experimental study on theis in good agreement with experimental observation.
self-assembly behavior of surfactants in supercritical fluid is  For the surfactant/SeCO, system in the confined porous
relatively difficult to handle, especially in confined nanospaces. spaces, the microscopic behaviors of surfactant are balanced by
Computer simulation can provide a microscopic level picture interplay of the surface interaction and the solvation effect of the
of such phenomena. Relatively extensive simulation studies onCQO, solvent. As a consequence, the restricted dynamics behavior
the surfactant/C@in bulk phase have been conducted. For of the surfactant/SeCO, system may combine the different
instance, the water-in-Gniroemulsion has been simulated for mechanisms, including the monomer/aggregate diffusion and
different surfactants to study the self-asserfbnd structure micelle structure rearrangement. In addition, itis very interesting
propertie3*25of the reversed micelles. The phase behaviors of to recognize how the surfactant self-assembly is influenced by
model surfactants in SeCO, solution have been studied through  the presence of various solid surfaces, such ag-@fic and
evaluating the equilibrium properties, including the aggregate CO,-phobic surfaces. Nevertheless, the detailed mechanisms of
size distribution (ASD) and the critical micelle concentration the microscopic behavior of surfactant*S20, in confined space
(CMC). Scanu et a®performed a lattice Monte Carlo simulation  or at solid-liquid interfaces still remain unclear. The molecular
to explore the influence of varying nonionic surfactant concen- dynamics study on the microscopic behaviors of surfactant/Sc
tration and CQ fluid density on the micellization and phase CO, in confined pores will help to shed light on the surfactant
equilibrium of surfactant/SeCO, systems. They successfully  self-assembly from the SeCO; fluid phase onto solid surfaces
reproduced the experimental trend that increasing thed&@sity and nanoporous media.
results in a rise in the CMC and a decrease in the micelle size. |nthiswork, the dynamics behaviors and equilibrium structures
The phase diagram presented in their stdyas qualitatively  of self-assembly of surfactant molecules in supercriticab CO
consistent with experimental phase diagrams for nonionic flyid, which were confined in slit-shape pores, have been studied
surfactants. Li et &7 also applied the discontinuous molecular  py the classical molecular dynamics simulation. An amorphous

dynamics simulations on model surfactant/solvent{(§0;)  structure is chosen as the solid surfaces of the slit-shape pores,
systems to explore the effect of the surfactant volume fraction, in which the CQ-philic and CQ-phobic features have been
packing fraction, and temperature on the phase behavior. designed, respectively, in order to analyze the various confined

Presently, the molecular simulation study on the amphiphilic pehaviors. The influence of the solid surfaces on the confined
structure behavior on sokidiquid interfaces is usually limited  pehaviors of surfactants in the SEO, fluid phase has been
tothe aqueous systems. In the previous simulations for the aqueoughvestigated. Because a long simulation time is required for the
solution media, it has been established that the interaction betweemmphiphilic self-assembly and adsorption on the surfaces, a simple
surfactant solution and solid surfaces is the key factor in coarse-grained model of the surfactant was adopted in this
determining the interfacial reassembly behaviors. The lattice simulation, which includes the essential features of real surfactant
Monte Carlo (MC) simulation and molecular dynamic (MD) molecules and ignores any irrelevant molecular details. The
simulation based on coarse-grained (CG) models have beensimulation results demonstrate that the quasirealistic surfactant
successfully used to study the various performances of surfactaninodel can capture the basic characteristics of the surfactant/Sc
on the hydrophilic and hydrophobic solid interfaéés? 32 CO; system and a more general trend can be extracted from the
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than the other four C@phobic units, identified as the “head” Table 1. Interaction Parameters for the Surfactant/Se-CO,
group (H). This model surfactant could represent a number of Systems Investigated
prototypical nonionic surfactants. For example, in the previous type of i €
molecular simulation studies, similar model surfactant was interaction Reurloy — (R) (kcal/mol)
adopted to represent the real [FEHECH,CH,0)nH] or the CO,—CO, 25 372 0.469
[PVAc-b-PTANJ82"surfactants in supercritical G&luid. The CO,—head 25 356 0.650
neighbor pairs of the units in the surfactant structure are bound CO—tail 25 436 0.540
together by a harmonic potentidl;, with spring lengttR, and tail—tail 2.5 500 0200
spring constank? (400 kcal/(mol &)) that is made sufficiently Eeaﬁa" 25 420 0290
L ead-head 2.5 3.40 0.935
large so that the root-mean-square fluctuation in the bond length o, philic wall—co, 25 321 0.462
is about 2% of the equilibrium valud§ = 2.5 A) CO-philic wall—head &-w) 25 3.05 0.100
s Copm e L2 gx pne
Ui(ry) =35 K(ry — Ry’ @ COZ-Bhobic walk-head 25 305 0.500,2.00,5.0
CO,-phobic wallk-tail 25 3.85 0.200
wherer; is the separation between particieandj. We also aTwo different interaction energies between the;gilic wall and
consider the bond-angle bending potential by the tail group were considered in this study, in which the other interaction

parameters keep unchangédhree different interaction energies

Uij _ 1_ kg(ai'k B n)z @) between the C@phobic wall and the head group in this study.
2 j

the choice of parameters is to ensure that the interaction between
wherek? = 100 kcal/(mol rad) is the bond bending force constant, the head group and the G6blvent is stronger than that between
Oi is the bond angle formed by the atom$, andk, andx is the tail group and the solvent, since the polar block shows more
the value of the equilibrium bond angle, which is chosen to be attraction to CQ@than the nonpolar block on account of the LO
18C in this simulation. Such an equilibrium bond angle may quadrupole moment. The attractive interaction instead of
prevent surfactant chains from producing any sharp bends andcompletely repulsive interaction with a cutaff" = 21/6g;,
increase an effective length of the surfactérithe torsional ~ which is widely used in the previous simulations for model
potential was not included in this simulation mainly due to the surfactants in aqueous syste?h86-38 is employed in this
use of enough large bond stretching and bending force constantsurfactant model, in order to represent the actually existing
with the 180 equilibrium bond angle in the CG model surfactant. interaction between the head and tail units in real surfactant
A cut and shifted Lennard-Jones potential was used for the molecules. This treatment including the attractive interaction of
intermolecular and intramolecular (a pair of atoms three hops head-tail may produce a decrease in free surfactant monoffers,

away in the surfactant chain) nonbonded interactions which instead form small-size aggregates or micelles even in
1 ¢ Iowgr concentration of surfactant. In light of the above crite_ria,
U () = de; ] . N U, (re, r < e we first adopted a set of reference parameter values and adjusted
L i\ ry L them by trial simulations. The reference LJ parameter values for

the surfactant model can be obtained from the work of Hall et
=0 r;>r" 3 al.?” who studied the phase behavior of model surfactang/CO
systems using the discontinuous MD simulation. All of the
wheree; andoj are the well depth and the size parameters of nonbonded interaction parameters are listed in Table 1.
the Lennard-Jones potential, respectively. A single-point modéP is used for the C@molecule for the
The parameters in the Lennard-Jones interactions were selectegeason of computational economy. Senn#etl. demonstrated
to mimic the qualitative phase behavior of surfactants i Sc  that this simple model gives the same performance as the
CO; fluid. The value of the size parameter for the tail group was sophisticated EPM2 modélin the description of the pressure
chosen a little larger than that for the head group, which was gensity dependence of supercritical &id. This simple CQ
based on the generally accepted fact that the-gi@lic tail model has been successfully applied to simulate the reversed
group includes |argerﬂu0rinated segments. The size parametersmicelle behaviors of surfactant in Supercritica| mid.23,25
of the head and tail sites in the model surfactant were chosensince a model surfactant with uncharged united groups was
based on the reference repofts. considered in this simulation, an uncharged single atom model
The determination of the set of interaction parameters (epsilon) for the CQ molecule is a consistent and reasonable choice.
for the surfactant was based on the consideration that the  1pg gjjica solid with an amorphous structure is chosen as the
quasirealistic surfactant model can qualitatively reproduce ¢ face model. The classical well-established melt-quench
experimental surfactant solubility dependence onS©; fluid procedurél-44 was performed to generate the amorphous bulk
density. In addition, the attractive interaction between the head gjjic4 structure. The detailed procedure has been described

groups (polar interaction) is made to be strongest, which is a g|se\herd2 Once the amorphous bulk silica was obtained, the
primary driving force for micelle self-assembly. It is also a key

factor for determining the solubility of the surfactants in the - - :

. . . i 37) Simt, B.; Esselink, K.; Hilbers, P. A. J.; van Os, N. M.; Rupert, L. A. M.;
dense SeCO;, fluid, since the intensity of the heathead Szl(eife)r, II_LangmuirlEI)93 9, 9—I11. b ®
attraction decides the extent to the penetration of the CO _ (38) Karaborni, S.; Esselink, K.; Hilbers, P. A. J.; Smit, B.; Karthauser, J.; van

. Os, N. M.; Zana, RSciencel994 266, 254-256.
molecules to the head regiétin the surfactant/SeCO;, systems, (39) Higashi, H.; Iwai, Y. Uchida, H.; Arai, YJ. Supercrit. Fuilds.998 13,

93-97.
(33) Lisal, M.; Hall, C. K.; Gubbins, K. E.; Panagiotopoulos, A.XZ Chem. (40) Harris, J. G.; Yung, K. HJ. Phys. Chem1995 99, 12021-12024.
Phys 2002 116, 1171. (41) Litton, D. A.; Garofafalini, S. HJ. Appl. Phys2001, 89 6013.
(34) Palmer, B. J.; Liu, Jlangmuir1996 12, 746—-753. (42) Rosenthal, A. B.; Garofalini, S. H. Am. Ceram. Socd 987, 70, 821.
(35) Talsania, S. K.; Rodriguez-Guadarrama, L. A.; Mohanty, K. K.; (43) Yang, X. N.; Xu, Z. J.; Zhang, C. J. Colloid Interface Sci2006 297,
Rajagopalan, RLangmuir1998 14, 2684-2692. 38—-44.
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9204 Langmuir, Vol. 23, No. 18, 2007 Xu et al.

next step is to generate the silica surface. The two unrelaxedsimulation in this work, an energy minimization of the atomic
amorphous silica surfaces were obtained by fracturing the middle coordinates of the system was performed in order to generate a
section of the bulk silica. Thereafter, a vacuum gap was insertedreasonable starting point. The simulation systems contain 40
in the middle fracture section of the silica material. The gap 336 surfactant molecules, depending on various surfactant
separation is large enough %0 A) to eliminate any significant  concentrations, and 16 384 solvent molecules. The NPT simula-
overlapping interactions between the bottom and top surfaces.tion for a period of 400 ps was first used to rapidly control the
The bulk structure was kept immobilized, and the fractural desired pressure of systems, corresponding to the supercritical
surfaces were relaxed first at 2000 K using MD simulations with condition. Both pressure and temperature were controlled using
2ps NVT and 8ps NVE ensembles. Then, the system was cooledthe Nose-Hoover algorithm with thermostat relaxation time of
down stepwise to 300 K. This higher relaxation temperature will 1 ps in the simulations. Then, the NVT MD simulation run was
usually reduce the surface defect density. The surface defectdone for a period of 1 ns, at which the energetic properties of
concentration in the obtained silica surfaces is compatible with the system are stabilized, and the system pressure oscillates around
the features of the real silica glass surfdt#n this work, the the desired pressure value. Finally, the production run over another
main goal is to study the confined behaviors of surfactant in the period of 1 ns was performed in the bulk NVT simulation.
pores with the silica-like surfaces, and thus, the detailed structure  |n all cases for the bulk-phase simulation presented above, the
of the silica surface is not a major concern. periodic boundary conditions were employed in all three
For the interaction between fluid molecules and the surface, directions. A typical demonstration of the simulation result for
only the oxygen atoms in the amorphous structure were the system, with the surfactant mole fraction %s0.00243,
considered. In order to investigate the influence of two kinds of temperaturd = 310 K, and the desired pressi®e= 300 atm,
amorphous silica surfaces, with obviously different affinity to is shown in Figure S1 of the Supporting Information, where the
the CQ solvent, on the confined behavior of the surfactant/CO time evaluations of system pressure and energy are given. This
system, the C@philic and CQ-phobic surfaces were represented result makes clear that the equilibration time for the bulk
through adjusting the interaction between the surface ang CO surfactant/Se CO, system is adequate. To validate the reason-
molecule. We chose the cutoff radius to be &;%r 2Y/5g;; for ability of the surfactant self-assembly in the bulk phase, we
the CQ-philic and CQ-phobic surfaces, respectively.The double the size of the simulation system as well as the simulation
interaction energy parameters between the head/tail units oftime. It has been found that there is no difference in the ASD,
surfactants and the surfaces were also designed to be consistenhichis a good indication that the simulation procedure is rational.
with the interaction between the G@olecules and the surface. In the following step, the MD simulations are carried out in

For the CQ-philic system, the stronger parameter is chosen for the slit pores with amorphous silica surfaces, where the separation
the interaction between the surfactant tails and surfaces as getween the top and bottom surfaces obtained previously was
result of the CQ@-philic nature in the tail groups of surfactant.  adjusted to be an appropriate interval (114 A), measured as the
For the CQ-phobic surface, the interaction between the tail group distance between the average heights in the top and bottom silica
and the surface is much weaker. Additionally, the pure repulsion surfaces. The bulk surfacetant/SE0, system obtained from
interaction with the minimum cutoffis notusedin ordertoreflect the previous bulk-phase simulations was inserted into the slit
the actually existing interaction between the different groups of pore. Throughout the MD simulations, the silica surface was
surfactant and surfaces. Finally, various valeesy andeq-w held rigid to enhance the computational efficiency. The total
energy parameters were evaluated in order to obtain reasonablgystems, containing the 44 0687 000 particles, were simulated
surface adsorption for surfactant molecule through a series ofjn the NVT ensemble. The periodic boundary condition was
trial simulations. The interaction parameters between the fluid applied in the two directions parallel to the surfaces. The individual
molecules and the surface are also given in Table 1. simulation time is between 4 and 12 ns for each run with a total

Definition of Micelles. To calculate the size of the aggregating  simulation time of 110 ns. This relatively long simulation time
micelle formed by surfactant monomers, we necessarily define ensures to capture the complete dynamics and equilibrium
a criterion based on a heatiead distance to identify clusters pehaviors of the confined surfactant!SE0, system.
unambiguously. If the separation between the two random head

particles in different surfactant chains is less than the fixed contact IIl. Results and Discussion
distance (4 A), which was justified by the heddead radial . .
distribution function between the surfactants in the- 86, fluid, First of all, we have to check whether the simple models for

the two surfactants are considered to be in the same cluster. Théh® CQ and the model surfactant can represent the basic

standard clustering procedure developed by Stodéiaas used characteristics in the bulk surfactant/SCO, solution. Figure

to partition all of the surfactants into mutually exclusive clusters S2 Shows the percentages of surfactangy it small-size

and to obtain the number of surfactant$ in each aggregate. ~ 29gregatesn(< 10) and those in big-size aggregatas( 10),
Simulation Details. At first, the molecular dynamics simula- &t X$= 0.0154 andl' = 310 K, as a function of C&pressure

tions were carried out for the bulk surfactant/Qghase in the [P =200 atm p = 0.67 g/cnd), 300 atm b= 0'33 glend), qnd
isothermat-isobaric (NPT) and isothermalsochoric (NVT) 400 atm p = 0.97 g/crd)]. There exists an increase in the
ensemble systems. The equations of motion were integrated usingurfactant percentage of small-size aggregates and a decrease of
the velocity-Verlet algorithm with a time step of 2.0 fs. Inthe ~ P9-Sizé aggregates with the GQressure increasing. This

CG simulations, the time scales are usually 2 orders of magnitudeobs.ervat'On Is consistent V\,"th the experimental behé(/thaF .
larger than all atom simulation times, and it is common to use &N increasein Cg&xensity will enhance the surfactant solubility

a larger time step due to smoother potentials brought by the CG in sqpercrit_ical C_:Q' At_the sametime, th_is obtqined result (Figure
model2® however, in view of the presence of the solid surfaces, S2) IS alsoidentical with the previous simulation repétishere

the time step in this study is only 2 fs in order to avoid a possible Scanu et al. firs.'g rep.roduced the exper.imen'.[al trends ,Of the
large oscillation of the system stability. At the beginning of the Surfactant solubility with the SeCO; density using the lattice
Monte Carlo simulation. This bulk-phase simulation manifests

(45) Du, J.; Cormack, A. NJ. Am. Ceram. SoQ005 88, 2532.
(46) Stoddard, S. DJ. Comput. Phys1978 27, 291. (47) Zhou, S.; Chu, BMarcromoleculesl998 31, 5300-5308.
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Figure 1. Time evolution of the interaction energies of the surfactant-viddl, surfactantsurfactantUsg), and surfactant-C&molecule

(Usg) as well as the interface adsorption numbers (AN) of surfactants (a and b)=at®®0243 (left panel) and 0.0154 (right panel) for
the weaker surface witby—w = 0.5 kcal/mol.

thatthe model presented here is capable of representing the basito two simultaneous combining processes of surfactant diffusion
behaviors of the real surfactant/SCO, systems. toward the surfaces and the surfactant reassembling, in which

Confined Behaviors for CO,-Philic Surfaces. Dynamics the surfactant molecules continuously reorganize to be in the
ProcessThe dynamics process of the surfactant adsorption on closer packing form. Furthermore, an increase in the ANs of the
the confined surfaces can be identified through the interactions surfactant with the time evolution confirms the surfactant diffusing
between the system components that are responsible for theprocess toward the surfaces.
adsorption of surfactants. In this respect, the MD simulations of However, the kinetics rate for the surfactant reassembly is
the adsorption dynamics process were performed with aggregatedbviously faster than that for the surfactant diffusion toward the
starting configurations, which were obtained by the bulk-phase surfaces. This can be clearly observed in Figure 1; that is, for
simulations. Two C@philic surfaces wither—w = 0.5 and 2.0 lower surfactant concentratiott)ss can reach a reasonable
kcal/mol were considered, respectively. The simulation tem- fluctuation around mean values beyond a certain time of 3.7 ns,
perature iS = 310 K with various surfactant mole fractions (Xs whereadJsw becomes relatively stable at approximately 5.7 ns.
= 0.00243, 0.00631, 0.0154, and 0.0201). The confined A similar observation can be found for the higher concentration
supercritical CQfluid density is approximately 0.78 g/éThe condition. This behavior suggests a slower process for the
time evolutions of the interaction energies of surfactant surfactant diffusion due to its lower mobility as compared with
surfactantUsg), surfactant CO, (Usc), and surfactantsurface the surfactant reassembling, which usually needs a shorter time.
(Usw) are demonstrated in Figure 1, at %50.00243 (left) and At the same time, the rapid increaselgc is generally related
0.0154 (right) on the C@philic surfaces wither—yw = 0.5 kcal/ to the rapid solvation process of surfactant within the confined
mol. space. Beyond a certain time point, 5.5 ns for=X8.00234 and

In Figure 1, panels a and b, the interface adsorption numbers7.5 ns for Xs= 0.0154, an equilibrium stage is attained for the
(AN) of surfactants, defined as the number of surfactants locatedtwo systems. During the equilibrium step, both the interaction
within the range of 10 A away from the two surfaces by identifying energiesUsw, Uss andUsc) and the AN remain nearly unchanged
the tail group position, are also plotted for comparison. As shown with reasonable fluctuation, implying that the surfactant aggregate
in Figure 1, two distinctive processes are observed in the evolution structures keep stable with no appreciable movement in the
of the three types of interaction energies during the simulation interfaces.
period. The fist step shows an obvious decreasésipandUss Figure 2 displays the typical snapshots of a representative
and a slight increase ibsc, corresponding to the adsorption aggregate at the various steps of the dynamics process for the
dynamics process in the time intervals o0t < 5.5 ns (left) system studied (Xs= 0.0154). In all of the snapshots, the £0
and 0 <t < 7.5 ns (right) for the two different surfactant molecules are not shown for the sake of visual clarity. As seen
concentrations. The decreasetlgsandUsy are mainly owing in Figure 2, the surfactants form the aggregate in the rod-like
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Figure 2. Snapshots of the stepwise evolution of absorption diffusion and structure reorganizatien0(8454) for a typical aggregate
(containing 38 surfactants) on the g@hilic surface wither—y = 0.5 kcal/mol at the times of (a) 2.5, (b) 2.8, (c) 4, (d) 5.2, and (e) 9 ns,
respectively. White spheres represent the tail particles and blue spheres head particles, and the amorphous surface atoms is shown by a reticula
structure with yellow and red colors. The g@olecules are not shown for visual clarity.

shape, which is identical with the observation by Fodi and molecules €2.5nsandc<5.9 ns, respectively) and the equilibrium
Hentschkeé®who used the same surfactant model (H4T4) inthe phase. During the first step in this case of Figure 3, the interaction
simulation for an aqueous system. This aggregate in Figure 2,energyUsw and the ANs show a similar trend to the previous
containing 38 surfactant molecules with the head locating in the one with lower interaction surfaces. However, the time evolution
core of the aggregate, initially situates in the region a little far of the interaction energyss shows an increase, signifying a
from the solid surface and then slowly approaches to the surfacedisruption of the large-size micelle structure and a possible
mainly through the tait surface interaction. Itis evidentto observe  formation of small aggregates. This is significant in contrast to
that the aggregate nearly keeps the stable structure in the movinghose observed in Figure 1 and is attributed to the enhancement
process and finally lies on the surface in the shape of a rod with of the interaction between surfactants and surfaces. This behavior
the tails standing on the solid, as shown in Figure 2e. It needscan be clearly observed in Figure 4, which displays that the
around 6.5 ns for this selected aggregate to complete the dynamicstronger interaction surface leads to the structure deformation of
process. As expected, the higher surfactant concentration, at whichhe surfactant aggregate, when it comes near to the solid surfaces.
Iarggr-sme aggregats are mainly form.ed, needs a Ionger imeto ;g interesting to note that for the confined systems with
achieve the required |nter.face diffusion process. This can bestronger surface interaction, the equilibrium states for both the
dgmonstrsjed by Comfilrllggf th)e( ng gggf;'ve ds_lg elisf of the interface diffusion and the structure resembling processes of the
?(Ssjrgtéc;.S j‘?’;u'?{gejre 1)' Thgrslc?p;es lUfsw cur?/gs re.presc:arnt surfactants have been achieved at nearly the same time.
: A : Furthermore, the slope of thsyw curve in Figure 3 is obviously
the adsorption rate for surfactant molecules to approach the wall, . . . : .

. - higher than the corresponding one in the lower interaction surface
surfaces. The different adsorption rates between the two (Figure 1) under the same surfactant concentration, which impli
concentrations could be partly explained as, in lower surfactant 9 .) underthe same surtactant concentration, which Implies

that the increased fluidlsolid interaction increases the interface

concentration, the main formation of uimers and small-size diffusion rate of surfactant agareaates. It should be noted that
aggregates, which possess higher mobility. Another possible factor st u ggreg ) u

isthe available free wall surface area, whichis graduallydecreaseaIhe gbove_ dynam_lcs process is based on the specmc mmal
with surfactant adsorption. With higher surfactant concentration, conflgurgtlon that. |§.the so-(l:alled. aggregated startlng.conﬁgu-
the adsorption rate becomes slower, which is also due to theration. _D|fferent_|n|t|al configurations may present different
obviously reduced free wall surface area. In the lower concentra-dynamics behaviors.

tion condition, these relatively less and smaller surfactant According to the above results, the surfactant concentration
aggregates or unimers in the fluid phase have a discontinuousand the interaction strength have an obvious influence on the
and much faster adsorption process with higher frequency in Self-organization dynamics behaviors (including structure self-
adsorption and desorption, which makes more kinks in the AN assembly and surface adsorption) of the surfactant@Che

and energy profiles, as shown in Figure la. solid/liquid interfaces. The enhancement in the adsorption energy

For the CQ-philic confined systems with higher interaction usually leads to an increase of the absorbed amount of surfactant
energyer—w = 2.0 kcal/mol, Figure 3 shows the energy profiles molecules and a disruption of the large-size micelle structure.
of Usw, Uss andUsc at Xs= 0.00243 (left) and 0.0154 (right).  Although this simulation is only conducted for this rod-like
The whole dynamics process for the systems can also besurfactant, we believe that the results extracted from this
represented by the nonequilibrium adsorption process, combiningsimulation are universally reasonable even for other types of
the interface diffusion and structure reorganization of surfactant surfactants (with various shapes of micelle).
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Figure 3. Same as Figure 1 except with-y = 2.0 kcal/mol.

Equilibrium Structureln the following part, the equilibrium  to the fact that the surfactants adhere to the surface in a smaller
structures of the surfactantin the confined flagblid interfaces separated distance. The results indicate that the adsorbed
were evaluated, which is based on the equilibrium trajectory surfactants on the two surfaces are in different structures or
data. The density profiles of the tail groups and head groups of morphologies (see Figure 4).
the surfactant s, in mmol/cn¥) and solvent fc, in g/cn¥) In order to further explore the influence of the initial
between two types of surfaces are shown in Figure 5 for three configuration on the final simulated result, the density profiles
various surfactant concentrations. The density profiles for the of the tail groups and head groups of the surfactant and solvent
surfactants in the two opposite surfaces are not symmetricalwith the random starting configurations between two types of
because of the unlike structure for the two highly amorphous surfaces are also shown in Figure S3 at Xs0.0154. The
surfaces. For the two kinds of G@hilic surfaces with different characters of the density profiles shown in Figure S3 are fairly
interaction strengths, pronounced solvent contact layers form consistent with those obtained from the aggregated starting
near the surfaces. One can observe the density peaks of surfactampnfigurations (shown in Figure 5). It indicates that different
molecules near the surfaces. With the surfactant concentrationinitial configurations have little influence on the final simulated
increasing, the adsorption density peak becomes large. For theesults for our systems presented here.
lower interaction surface (left panel), the adsorbed surfactant The snapshots of the initial and final configurations of the
molecules are noticeably oriented, with the tail groups tethered confined fluid systems between the two &ghilic surfaces at
to the surfaces and the head groups situated away from the surfaceXs= 0.0201 are shown in Figure 6. Itis observed that surfactants
However, the orientation extent presented here on the amorphousn the initial configuration possess the self-assembling structure,
surfacesis not as strong as that on the smooth hydrophilic potentialhich is located in the region away from the surfaces. At final
pseudosurfac® where the heads of the absorbed surfactants equilibrium stages, the surfactant molecules form bilayer
uniformly cling to the smooth unstructured walls. aggregate structures on the £ghilic surfaces with energetically

The density profiles of surfactant heads (left panel) in the favorable contactbetween the tail groups and the surfaces, though
interfacial region are relatively sharper and higher than those of this bilayer structure becomes unobvious on the stronger surface
tails, which is consistent with the more localized head units in interaction case. The reorganized aggregates are formed on the
the core of the micelles formed on the surfaces. Additionally, weak interaction surface with the tail groups almost vertically
the tail density profiles display two peaks in the interfacial region, pointing to the solid, as shown in the Figure 6a, whereas for the
and the first peak closer to the wall is much bigger than the other stronger interaction surface (Figure 6b), the surfactant molecules
one due to the surface interaction. The relatively higher peaks almost lie on the surfaces caused by the disruption of the aggregate
of the head density curves rightly locate between the two tail structure. This observation further confirms the surface nature
peaks in Figure 5. It seems to imply that the absorbed surfactantshas a strong influence on the equilibrium topology of the adsorbed
form an approximately bilayer aggregate structure on the-CO aggregates. We also present the final equilibrium snapshots for
philic surface with the head groups localized at the center of this the random starting configuration in Figure S4, which are similar
structure. The aggregate shapes can be clearly shown in thdo those shown in Figure 6.
snapshots of Figure 2. For the enhanced interaction surfaces To quantify the adsorbed surfactant micelle sizes, the ASDs
(right panel in Figure 5), this orientation is not so obvious (®(N)) was evaluated for the confined systems with the two
compared with the behavior for the weak interaction one, ascribedtypes of CQ-philic surfaces. Figure 7 shows the corresponding
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of enhanced interaction between the surface and the tail, which
may destroy the micelle structures and enlarge the energetically
favorable contact between the surfactants and the surfaces. The
observation that the increased fluidolid interaction can shift

the peak position in the ASD curve and can change the structure
of surfactants absorbed on the surface has also been observed
by Wijmans et af® using the lattice MC simulation.

The different interaction energies for the confined systems
with the two CQ-philic surfaces have also been evaluated. Figure
8 gives the interaction energies of the surfactamirface Usw)
and the surfactantsurfactant (Js9 with different surfactant
concentrations. As expected, the interaction between surfactant
molecules becomes large and the interaction between surfactant
and surfaces reduces, as the concentration of surfactantincreases.
Thisis reasonable to consider the energetically preferable structure
in larger aggregation formation, whereas the larger aggregate
structure generally reduces the interaction between the surfactant
and the surface. For the stronger interaction surface, the
surfactant-surface interaction is scaled by 0.5 in Figure 8 for
visual clarity. It is an absolutely predominant factor in the
surfactant adsorption, especially for lower surfactant concentra-
tion, indicating a relatively complete contact between the
surfactant molecules and the surface. This is realistic due to
considerable surfactant molecules existing as either monomer or
small aggregates on the surface. For the weaker interaction surface
system, though most surfactants have been absorbed on the
surface, the interaction between the surface and surfactant is
very small as compared with the surfactastirfactant interaction.

Confined Behaviors for CO,-Phobic Surfaces.For the
confined system with C&®phobic surfaces, a pure repulsive
interaction between the surfaces and,@®lecules was chosen.

A possible prototypical of the C&phobic plane is the silica
surface with alkylation. The interaction between the tail and the
surface is also weaker than the one between the head and the
surface. At first, we studied the confined behaviors withy
=0.5kcal/mol. Compared to the G@hilic surface, the dynamics
process, mainly including the structure reorganization of sur-
e : - factant, is relatively fast to reach afinal equilibrium state. Details
Figure 4. Snapshots of the stepwise evolution of adsorption diffusion on the time evolution of various interactions on the confined

gﬂff :é{;ﬁig;%gﬁ%’g%’gﬁh‘g”sﬂ aa(‘: LV\F,’V'i‘ﬁ'igvgr:eigaéekg;?/’r‘;fg{‘;?g 22 system can be found in the Supporting Information (Figure S5).
the times of (a) 3.1, (b) 3.2, (c) 3.5, and (d) 4 ns, respectively. The In the following S?Ctlon’ the .equnlbrlum S’Fructures Of. the
color scheme is the same as that in Figure 2. Left panel: side view; Surfactant/Se CO; in the confined pores with Cfphobic
right panel: top view. surfaces have been investigated.

ASDs at Xs= 0.00243 (left panel) and 0.0154 (right panel), The density profiles for the tail and head groups of the surfactant
respectively. In the evaluation of the ASD, no distinction was Molecules and the solvent molecules between the-@@bic
made between adsorbed and nonadsorbed surfactants, since almog¢ffaces are shown in Figure 9 for three various surfactant
all surfactant molecules were adsorbed on the surfaces. Asconcentrations. Compared to the £fhilic surface, the C@
expected, a higher concentration produces large-size aggregateghobic surface repels the G8olvent molecules and there is no
Under a lower concentration (Figure 7, panels a and c), it is Solvent layer formation near the solid surfaces. It is interesting
observed that, for the stronger interaction surface, the ASD to note that there are also a few adsorption layers of surfactant
exhibits only one big peak at a very small aggregate size valuemolecules on the Cgphobic surfaces and the surfactant
(N), representing almost unimers, whereas for the weak interactionmolecules mainly show up in the central regions.

surfaces, the distribution maximum of adsorbed surfactants is This surfactant depletion phenomenon on the surface is
shifted to a higher value ¢i. However, under higher surfactant  furthermore shown in the equilibrium snapshot of Figure 10 at
concentration, there are multipeaks in the ASD, which is similar Xs= 0.0154. This MD simulation also starts from the aggregate
to the observations by Shinto et%8land Palmer et &' using starting configuration, which is the same as the@@ilic surface

MD simulations. This multipeak behavior could be explained as system. However, after equilibrium (even for 4 ns), the surfactant
the reason that the aggregates are partially breaking up and remolecules within the slit pores show barely adsorption on the
forming during the course of MD simulatiGAFigure 7bindicates  solid surface and most surfactants form aggregates in the region
that, for the weak C@philic surface, the surfactant molecules away from the surfaces. In order to test whether such a surfactant-
were absorbed on the surface with the aggregate structure ofphobicinterface behavior is just a coincidence, we have conducted
relatively large sizes. However, for stronger adsorption interaction two series of MD simulations: (I) with random starting
surfaces (Figure 7d), the proportion of monomers and small configurations, which were generated by carrying out an
aggregates becomes larger in the adsorbed surfactants as a resuwdqjuilibrated bulk MD simulation with no interaction between

£, L 8
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Figure 5. Density profiles for the heads and tails of the surfactant molecglesn(mmol/cn?) and for the CQ molecules g, in g/cn¥)
on the CQ@-philic surfaces wither—y = 0.5 kcal/mol (left panel) andr—w = 2.0 kcal/mol (right panel) at Xs= (a and b) 0.00243, (c and
d) 0.00631, and (e and f) 0.0154.

the surfactants as described in ref 28; (II) with the surfactant systems, under this lower concentration condition, the surfactant
micelles initially adsorbed on the solid surfaces, which was molecules mainly form small aggregates. Figure 11b shows the
obtained from the previous Gphilic systems. In all of the  ASDs for both the confined systems and the bulk phase at Xs

additional simulations, similar surfactarphobic results were = 0.0154, which should be far higher than the bulk-phase CMC
obtained, showing that the interfacial surfactaphobic phe- based on the curve trend. As compared with the bulk system, the
nomenon in this simulation is indeed the characteristics for this surfactant micelles in the confined system £X6.0154) possess
confined surfactant/SeCO, system. relatively larger aggregate sizes.

Hector et al®performed the MD simulations for the surfactant/ For the CQ-phobic systems, the percentage of small aggregate
water system on the Ti£and SiQ walls, which were considered  (PSA) as a function of the overall surfactant concentration is
to be hydrophilic and hydrophobic, respectively. In their shown in Figure 12, together with the related result in the bulk
simulation, the adsorption of the water molecules on the;TiO phase. The proportion of small aggregate becomes decreased
wall is obviously higher than on the Si@all, and the interface ~ with the concentration increasing. For the higher surfactant
adsorption of the surfactant on the Si€irface is very sparsé. concentration, the effect of solid surfaces on the percentage of
Their simulation result was based on the bulk phase initially the small micelles becomes minor. This is because at the higher
located &5 A from the surface and is consistent with the surfactant concentration condition surfactant molecules mainly form larger
repulsion on the C@phobic surfaces in our study, where the micelle structures. It appears that the bulk system produces more
initially located separation between the bulk phase and the surfacesmall-size aggregates in comparison with the confined systems.
is just 3 A. This surfactant repulsion of the solid surface will be This behavior is consistent with the results in Figure 11. The
further discussed in the following section. CMC can also be quantified according to the results of Figure

The equilibrium ASDs at Xs= 0.00243 and 0.0154 were 12. There are several methods of determining the CRfCIn
shown in Figure 11 for the confined systems with the,€O thisresearch, we defined the CMC as the surfactant concentration
phobic surfaces. For comparison, the ASDs in the bulk systemsin which the number of surfactant molecules participating in the
with the same fluid density and surfactant concentration are alsosmall-size micellesn( < 5) is equal to that in the large-size
plotted in Figure 11. Under lower concentration, the shape of the aggregates. This method has been adopted by Wijmans and
ASD for the bulk system shows that this bulk concentration (Xs Linse?? and it has been proved to be relatively reasonable. In
= 0.00243) is below the CM& However, for the confined  Figure 12, The CMC was marked by the intersection point between
the fitted curve through the simulation results and the straight

(48) Dominguez, H.; Goicochea, A. G.; Mendoza, N.; Alejandré, Colloid line parallel to the abscissa through the position of RSA.5.
Interface Sci2006 297, 370-373.

(49) Panagiotopoulos, A. Z.; Floriano, M. A.; Kumar, S.lkangmuir2002
18, 2940-2948. (50) Wijmans, C. M.; Linse, PJ. Chem. Phys1997, 106 (1), 328-338.
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Figure 6. Snapshots of the initial and final confined fluid configurations between the twepbdic walls at Xs= 0.0201. White and blue
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Figure 7. Aggregate size distribution (ASBD(N)) at Xs = 0.00243 (left panel: (a) and (c)), and 0.0154 (right panel: (b) and (d)), The
top panel and bottom panel are for the weaker and stronger interaction surfaces, respectively.

The CMC of the surfactant solution confined within the £0  surfactantssg) increase with the surfactant concentration. As
phobic surfaces is clearly lower than that of the bulk system. It compared with the bulk system, the confined systems demonstrate
appears that the C&phobic solid surface has a certain effect on stronger interactions between surfactant molecules. This is
the CMC of the surfactant solution. This behavior could possibly realistic in consideration of larger size aggregates formation and
be related to the influence of pore wall confinement, which might less monomer existence in the confined pores. The reduction of
increase the collision possibility among surfactant molecules. the interaction between surfactant and Qd@dicates that the
Figure 13 gives the various interaction energies for the-CO  surfactant solvation in the SE€€O, solvent decreases with the
phobic confined systems. Similarly, the interactions between surfactant concentration increasing. It appears that the presence
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Figure 8. Equilibrium interaction energies between surfactadgs)

phobic surface withkey—yw = 0.5 kcal/mol at Xs= 0.0154. White
and blue spheres represent the tail and head units of the surfactants.
The green color is used to represent the,Galvent.
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Figure 9. Density profiles of the heads and tails of the surfactant
(s in mmol/cn?) and for the C@ molecules density distributions
(pc, in g/cn?) on the CQ-phobic surfaces with,—w = 0.5 kcal/mol

at Xs= (a) 0.00243, (b) 0.00631, and (c) 0.0154.

and the interaction between the surfactant and surface decides
the distribution of surfactants in the confined spétdhis
surfactant-phobic behavior in the confined systems with the CO
phobic surfaces implies that there is a stronger barrier near the
gurfaces, whichimpedes the movement of the surfactant molecule
toward the surfaces. In the previous simulation stuefié3yhen

the solute approaches the solid surfaces, the free-energy barrier
of solute transfer is correlated with the solvent density, that is,
the largest free energy barrier coinciding with the region of the
lowest solvent density. Thus, in the @Phobic systems, the
significant depletion of C@solvent density near the surfaces

of the solid surface enhances the interaction between surfactan
molecules and reduces the interaction between the @@
surfactant molecules.

For the CQ-phobic surface, the MD simulations were also
carried out with the further enhanced interaction parameter, such
asep-w = 2.0 kcal/mol andey—w = 5 kcal/mol (10 times the
previous one). Itis observed that there are still hardly surfactant
molecules adsorbed on the g@hobic surfaces for both cases,
as shown in Figure S6 of the Supporting Information. In the

(51) Kerisit, S.; Parker, S. @hem. Comm2004 52—53.
(52) Kerisit, S.; Parker, S. Q. Am. Chem. So2004 126, 10152-10161.
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and the C@-phobic units, respectively. The GPhilicand CQ-
phobic surfaces were introduced by truncating the interaction
potential at various cutoff separations between thei@@ecules

and the surfaces. This model system could effectively probe and
describe the microscopic phenomena such as adsorption and
self-organization of the surfactants on such surfaces with
reasonable length and time scales.

Adsorption dynamic processes for the surfactant/€@tem
on the CQ-philic surfaces with two various fluidsolid
interaction energies between the surfactant tails and the surfaces
were presented by evaluating the various energy profiles. For the
weaker interaction surface, the surfactant molecules continuously
reassemble to be in close proximity and the aggregate structure
continues to be a steady rod-like morphology during the interface

aggregates (PSA) vs the total surfactant concentration (Xs) for the diffusion process. However, for the stronger interaction surface,

confined systems within the G&phobic surfaces and the bulk-
phase systems. Arrows indicate the critical micelle concentrations

the aggregates possess a tendency of structure dissociating once
they approach the surface, which is notidentical to the observation

(EMC). for the weaker interaction surface. The enhancement in the
s adsorption energy usually leads to an increase of the absorbed
0.00243 0.00631 0.0154 0.0201 amount of surfactant molecules.
-10 H m7 ' 7 The equilibrium structures of the surfactant in the flagblid
% 7 7 N
1s b é Z g interfaces were analyzed on the basis of the equilibrium
i é /% é configuration data. For the two G&hilic surfaces with different
2 20 é % é interaction strengths, the density profiles and the aggregate size
% é /% é distributions of the surfactant molecules in the absorption layer
§’ -25 é % show a different morphology and structure. Evaluation of the
é Z. configuration snapshots indicates that the surfactants absorbed
-30 Z on the stronger interaction surfaces are mainly in the form of
35 monomer and small aggregates, but for the weaker interaction
surface, the surfactant aggregates show larger-size structures. It
.40 has also been demonstrated that different initial configurations

D Use, bulk D Usc, confined have little influence on the final equilibrium structures for
adsorbed surfactant molecules.
B Uss, buk Uss, confined For the CQ-phobic surfaces, there are hardly surfactants

adsorbed on the surfaces, even though we greatly reinforce the
interaction strength between the surfactant heads and the surfaces.
It is possibly attributed to the presence of solvent diminution
near the solietliquid interface, which may produce a free-energy
barrier near the surfaces and hinder the adsorption of surfactant.

Figure 13. Interaction energies between surfactartkg and
between the surfactant and @@olecule Usc) vs the total surfactant
concentration (Xs) for the confined systems within the,Bobic
surfaces and the bulk-phase systems.

may lead to a strong energy barrier for surfactant adsorption. ’ ) N
This has been verified by the additional MD simulations, in The CMC of the surfactant solution confined within the £0
which the same interaction parameters as the-fi@bic system phobic pores is clearly lower than that of the corresponding bulk
in Table 1 have been applied except for using the larger interactionSystem. This behavior could be influenced by the pore wall
cutoff (Oeuof = 2.50c-w) between C@ and the surfaces.  confinement.

According to the simulation results, for different initial con-
figurations, the adsorption of surfactants on the surface can be
clearly observed. The additional simulations give possible
evidence that the surface adsorption of Clvent plays an
importantrole in determining the interface behaviors of surfactants
on solid surfaces. Another cause is the absence of long-range  sypporting Information Available: (1) The time evaluations

forces (e.g., electrostatic) in the model system, which may producef system pressure and energy in the bulk-phase simulation with the
different attractive interactions between surfactants and surfacessyrfactant concentration %s 0.00243, temperaturé = 310 K, and

Further research using an atomic-model simulation is necessarypressuré® = 300 atm. (2) The percentages of surfactants in small-size
to explore this concern. aggregates and those in big-size aggregates as a function pf€&3ure.

(3) The density profiles and final equilibrium snapshots for the random

IV. Conclusion starting configuration. (4) Details on the time evolution of various
In this study, we have performed coarse-grained molecular intéraction energies on the Ghobic confined surfaces witty-w =

dynamics simulations to study the dynamics and equilibrium 0.5 kcal/mol. (4) Simulated results for the g_;ﬂ"loblc.su_rface _Wlth
behaviors of surfactant/S€O, mixtures confined in the slit ~ ¢#-w = 2.0 keal/mol and:-w = 5 kcal/mol. This material is available
pores with amorphous structure surfaces. The surfactant modefree of charge via the Intemet at hitp://pubs.acs.org.
consists of two building blocks representing the&filic units
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