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ABSTRACT: Understanding solute uptake into soft micro-
structured materials, such as bilayers and worm-like and
spherical micelles, is of interest in the pharmaceutical,
agricultural, and personal care industries. To obtain
molecular-level insight on the effects of solutes loading into
a lamellar phase, we utilize the Shinoda−Devane−Klein
(SDK) coarse-grained force field in conjunction with
configurational-bias Monte Carlo simulations in the osmotic
Gibbs ensemble. The lamellar phase is comprised of a bilayer
formed by triethylene glycol mono-n-decyl ether (C10E3)
surfactants surrounded by water with a 50:50 surfactant/water
weight ratio. We study both the unary adsorption isotherm and the effects on bilayer structure and stability caused by n-nonane,
1-hexanol, and ethyl butyrate at several different reduced reservoir pressures. The nonpolar n-nonane molecules load near the
center of the bilayer. In contrast, the polar 1-hexanol and ethyl butyrate molecules both load with their polar bead close to the
surfactant head groups. Near the center of the bilayer, none of the solute molecules exhibits a significant orientational
preference. Solute molecules adsorbed near the polar groups of the surfactant chains show a preference for orientations
perpendicular to the interface, and this alignment with the long axis of the surfactant molecules is most pronounced for 1-
hexanol. Loading of n-nonane leads to an increase of the bilayer thickness, but does not affect the surface area per surfactant.
Loading of polar additives leads to both lateral and transverse swelling. The reduced Henry’s law constants of adsorption
(expressed as a molar ratio of additive to surfactant per reduced pressure) are 0.23, 1.4, and 14 for n-nonane, 1-hexanol, and
ethyl butyrate, respectively, and it appears that the SDK force field significantly overestimates the ethyl butyrate−surfactant
interactions.

■ INTRODUCTION

Knowledge of the uptake of solutes into microstructured soft
materials can be used across many fields to improve material
performance. In the pharmaceutical industry, transport of
hydrophobic compounds, such as Ibuprofen,1 through hydro-
philic media, such as human blood, can be optimized by
adjusting the micellar structure of the surfactant drug delivery
vehicle.2−4 Furthermore, studying the uptake of solutes into
bilayer systems, like the stratum corneum, the outermost layer
of human skin, can improve micellar design for drug delivery
through such systems.5 In industries like agriculture,
manipulating solute uptake in micellar systems prevents
irreversible denaturation and loss of biological activity,6

which is important for the delivery of pesticides to plants
and for the extraction of oil and protein from crops.
Formulations with micellar mesophases are also utilized to
enhance the loading capacity for fragrance compounds and
other additives in personal care or cleaning products7,8 and to
apply hydrophobic coatings over clothing and windshields.9

Because of several competitive and cooperative effects,
surfactant systems are extremely complex. Solubility, polarity,
and shape/rigidity of the solute influence their uptake.
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Furthermore, aggregates, mesophases, and the physical proper-
ties of the solution modify the extent to which favorable solute
sorption domains exist.10,11 These properties can influence the
structure of microstructured soft materials, the loading of
solutes, and, in conjunction, these properties can modify solute
uptake. Because of competitive effects, water penetration into
micellar and bilayer structures can result in decreased loading
of polar solutes.10,12,13

Despite a host of experimental studies on surfactant
systems,14−21 it is difficult to determine structural properties
of the system on a molecular level. Spectroscopy and scattering
methods are limited to the structural information related to the
mesophase, head-group area, and bilayer repeat distance. Many
of the finer details are left to be extracted through models
containing a large number of assumptions that are difficult to
test experimentally. For example, the structure of water in the
vicinity of ether groups like those found in CxEy surfactants,
such as triethylene glycol mono-n-decyl ether (C10E3), has
been probed by vibrational spectroscopy,22,23 scattering,24

nuclear magnetic resonance,25,26 and thermodynamic mod-
els.27 However, important questions concerning solute uptake
into micellar aggregates and soft microstructured materials
remain even after such studies: How does varying the solute’s
chemical potential affect its loading into a surfactant bilayer?
How does the uptake of different solutes affect bilayer
structure and stability? What is the orientation and location
of solutes loaded into the bilayer?
Molecular simulation provides an alternative approach for

investigating the microscopic structure of complex chemical
systems. Many studies have been conducted for these systems
through simulation;28−36 however, the majority rely on
molecular dynamics of closed systems, which are limited to
prespecified system compositions. Use of a closed system
comes with severe limitations: either simulating the system in
the infinite dilution regime (i.e., only a single solute molecule is
present in the system) or simulating a system with a finite
number of solute molecules, but without controlling
concentration in different mesophase regions. Continuum-
solvation methods are available that can quickly predict the
amount of a solute that can load into soft microstructured
materials.37 However, information about the structural
orientation and positioning of the solutes at the molecular
level is not obtainable with continuum methods. The other
option is to examine structured surfactant materials using open
system approaches, such as grand canonical Monte Carlo;
however, the prior applications were primarily focused on
coalescence of surfactant-coated droplets38 or prediction of the
critical micelle concentration,35 or the model was highly
simplified.34

In this study, we study uptake in a nonionic surfactant
bilayer through molecular simulation using the osmotic Gibbs
ensemble Monte Carlo approach.39 In our simulations, the

water−surfactant mesophase is contained in one simulation
box and is in thermodynamic contact with a second box
containing a vapor phase of the solute of interest, where only
the solute can transfer between simulation boxes. By varying
the reduced pressure (or chemical potential) of the solute
molecules in the reservoir and allowing for fluctuations in
lateral and transverse dimensions of the mesophase box, we
can predict solute loading and investigate the resulting
structural changes in the bilayer. From this, we can shed
light on how bilayer structure and solute uptake are
interrelated. Loading of n-nonane, 1-hexanol, and ethyl
butyrate in a lamellar C10E3 system using the coarse-grained
Shinoda−Devane−Klein (SDK) force field40,41 is investigated
with the goals of establishing simulation protocols and
understanding how solute functionality influences loading
and structural changes. The SDK force field offers significant
computational speedup compared to united-atom or all-atom
force fields because it reduces the number of interaction sites
by a factor of 3−7 for C10E3 and of 9−12 for water and does
not include long-range electrostatic interactions.

■ COMPUTATIONAL METHODS
Before simulating the loading of the surfactant bilayer, various support
calculations must be performed to establish appropriate system
properties. The saturated vapor pressure of each solute of interest (n-
nonane, 1-hexanol, or ethyl butyrate) is calculated at a temperature of
300 K using a two-box isochoric−isothermal Gibbs ensemble.39,42 In
addition, a PACKMOL43-initialized C10E3 bilayer in water (50:50
weight percent) is equilibrated in a modified constant-stress ensemble
(where changes in surface area and transverse thickness are
allowed)44,45 at a pressure of 1 atm and a temperature of 300 K.
Given these supporting simulations, loading of each solute of interest
into the equilibrated bilayer is performed. All simulations have been
completed using the MCCCS-MN (Monte Carlo for complex
systems-Minnesota) software suite.46

The SDK force field is used to model the molecules in a coarse-
grained fashion throughout the simulations.40,41,47 Bead types for
molecules considered in this study are listed in Table 1 (and force
field parameters are provided in the Supporting Information (SI)
Tables S1−S3). As is required by the SDK force field, a 15 Å cutoff
without tail corrections is used here for all simulations.

To compute the saturated vapor pressure of each solute of interest,
a two-box system composed of 500 molecules in the NVT Gibbs
ensemble39,42 is used. In both phases, the solute molecules can
translate, rotate, and undergo conformational changes using
configurational-bias Monte Carlo (CBMC) moves.48,49 To reach
thermodynamic equilibrium, volume exchange moves between both
simulation boxes are carried out with frequency and maximum
displacements adjusted to yield on average one accepted move per
Monte Carlo (MC) cycle (1 MC cycle = N moves, where N is the
total number of molecules in the system). CBMC approaches are used
to aid molecular transfers50 with frequency, and CBMC parameters
are adjusted to yield on average one accepted move per 10 MC cycles.
The remaining moves are divided equally amongst CBMC conforma-
tional, translational, and rotational moves in a manner commensurate

Table 1. Molecules and SDK Bead Types

molecule SDK formula bead type chemical formula molar mass (g/mol)

C10E3 CT−CM−CM−EO−EO−EO−OA CT CH3−CH2−CH2− 43.1
n-nonane CT−CM−CT CM −CH2−CH2−CH2− 42.1
1-hexanol CT2−CM−OA EO −CH2−O−CH2− 44.1
ethyl butyrate CT2−EST1−CT2 OA HO−CH2− 31.0
water trimer W CT2 CH3−CH2− 29.1

EST1 −CH2−CO−O− 58.0
W [H2O]3 54.0
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with the respective number of degrees of freedom. The simulations
are run for 500 000 MC cycles across 16 independent simulations to
yield a saturated vapor pressure with a relative standard error of the
mean that is less than 0.5%, and the results are presented in Table 2.

The SDK force field yields a vapor pressure for n-nonane in excellent
agreement with experiment, but those for ethyl butyrate and 1-
hexanol are overpredicted by factors of 1.7 and 22, respectively. This
is likely driven by SDK parameters being fit to condensed phase
properties, such as hydration free energy and liquid/liquid surface
tensions rather than saturated vapor pressures.41

The water−surfactant mesophase system, corresponding to a 50/50
weight percent ratio, consists of 100 C10E3 molecules and 538 water
beads, where each bead represents three water molecules in the SDK
force field, and is initialized by packing water and C10E3 molecules
into one simulation box via PACKMOL.43 The surfactants are
roughly oriented toward their eventual bilayer form (50 C10E3
molecules in each leaflet) and initialized with a head-group area like
that in experiment.18

To gather unary loading isotherms for the solute surfactant−water
mixture, six independent production simulations for n-nonane and 1-
hexanol and eight for ethyl butyrate, in the NWATNCENSOLpSOLpmesoT
osmotic constant-stress Gibbs ensemble,39,42 are run at T = 300 K,
where the subscripts “WAT”, “CE”, “SOL”, and “meso” refer to water,
C10E3, solute, and surfactant mesophase, respectively. These
simulations differ by the external pressure applied to the vapor
phase, set to 2, 4, 8, 16, 32, and 64% of the calculated saturated vapor
pressure (psat) with the addition of 0.5 and 1% of the calculated
saturated vapor pressure for ethyl butyrate. In each simulation, two
boxes in thermodynamic contact are set up. The first box contains the
bilayer at pmeso = 1 atm. The second box contains an ideal gas of either
n-nonane, 1-hexanol, or ethyl butyrate (i.e., intermolecular inter-
actions are turned off as justified by the compressibility factor of the
saturated vapor phase being very close to unity for all three solutes,
see Table 2). The pressure of this solute reservoir box, psol, is set to a
given fraction of the calculated saturated vapor pressure. Molecules in
both boxes can translate, and with the exception of water, rotate, and
undergo conformational changes. The volume of each box is allowed
to vary independently, with an accepted volume move once every MC
cycle, on average. For the box containing the surfactant bilayer, the
volume move is either a change in either the lateral area (i.e., coupled
change in the x- and y-dimensions) or the thickness in the z-
dimension with the corresponding scaled displacements in the center-
of-mass coordinates of all molecules. A solute particle transfer move
between the two boxes is accepted on average once every 10 MC
cycles to ensure sufficient time for relaxation of the mesophase
structure. The remaining moves are divided equally amongst CBMC
conformational, translational, and rotational moves.
The simulations were run for at least 2 000 000 MC cycles, with at

least 1 000 000 MC cycles for equilibration and 1 000 000 MC cycles
for production. We used one simulation for equilibration and twelve
independent simulations for production that were averaged together
for analysis. The evolution of the solute loadings during equilibration
(starting with no solute molecules in the mesophase) and production
is illustrated in Figure S1 in the SI. The soft mesophases investigated
in this study pose sampling challenges for molecular simulations. On
the one hand, larger-scale structural fluctuations of the lamellar system
are better sampled through collective motion of multiple molecules;
on the other hand, the low concentration of additives and spatially
disconnected regions of low free energy for additives requires special
moves to sample their spatial distribution beyond slow mass transport

through diffusive motion. With the system sizes investigated here, we
would like to argue that MC simulations are adequate to sample
collective structure rearrangements, but essential to sample additive
distribution. For larger system sizes and complex surfactant mixtures,
hybrid molecular dynamics/MC schemes would likely be most
advantageous.

■ RESULTS AND DISCUSSION
Adsorption Isotherms. Analysis of the loading behavior is

needed to understand how different solutes distribute into a
surfactant bilayer and how the loading of each unique solute
type affects the structure of the bilayer. We find that uptake of
the n-nonane, 1-hexanol, and ethyl butyrate molecules differs
significantly (see Figure 1). On average, 1-hexanol loads at
amounts roughly 6 times greater than n-nonane, whereas ethyl
butyrate loads at amounts roughly 20 times greater than n-
nonane.

Henry’s law can be expressed by eq 1, which relates the
loading of the solute in terms of the average number of solute
molecules adsorbed, Nsolute, per number of surfactant
molecules, NCE (or, analogously, as mass of solute per mass
of surfactant), to its reduced pressure, p/psat, via Henry’s law
constant, KH.

=
i
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jjjjjj

y
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zzzzzz

N
N

K
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p
solute

CE
H

sat (1)

One may define the loading of the solutes also in terms of mole
fraction (as shown in Figure S2 in the SI), yielding the
following relationship

Table 2. Saturated Vapor Pressures and Compressibility
Factors at T = 300 K

solute psat
SDK (kPa) z psat

exp (kPa) references

n-nonane 0.6093 1.0011 0.603 51
1-hexanol 3.041 0.99783 0.136 52
ethyl butyrate 4.432 0.99582 2.55 53

Figure 1. Loading of n-nonane (top), 1-hexanol (middle), and ethyl
butyrate (bottom) versus the reduced pressure of the solute. The
green circles, magenta squares, and orange triangles represent the
loading determined from simulation, while the dashed lines represent
Henry’s law fit. The left column shows a zoom-in of the low reduced
pressure region, while the right column shows the complete range.
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It should be noted that water is not included here in the
calculation of mole fraction because the number of water
molecules is 16 times larger than NCE (because Nsolute ≪
3NWAT + NCE, the denominator in eq 2 would be nearly
constant and yield the same behavior as eq 1). To obtain more
information on which definition is more suitable for our system
of solutes adsorbing into a liquid bilayer, we plotted the Gibbs
free energy of transfer as a function of reduced pressure (see

Figure 2). The Gibbs free energy of transfer can be expressed
by eq 3

ρ

ρ
Δ = − = −G RT K RTln ln LIQ

VAP (3)

where R is the gas constant, T is the absolute temperature, K is
the equilibrium constant, and ρLIQ and ρVAP are the number
densities of solute in the mesophase and in the vapor reservoir,
respectively. We observe that KH defined as a solute/surfactant
molar ratio (see eq 1, Figure 1) more closely follows the trends
of the transfer free energy than KH defined in terms of mole
fraction (see eq 2, Figure S2). The former is therefore more
representative of the thermodynamics for these systems.
To calculate Henry’s law constant for each molecule type,

only the two lowest reduced pressures were used. Ethyl
butyrate molecules do not exhibit ideal loading behavior at 2
and 4% reduced pressures; thus, simulations at 0.5 and 1%
reduced pressures were carried out to observe ideal loading
behavior. Henry’s law constants for each solute are presented
in Table 3. The large value for ethyl butyrate is likely due to an
overestimation of the ethyl butyrate−surfactant interactions in
the SDK force field.
For n-nonane and 1-hexanol, the transfer free energies are

nearly constant with a small decrease (more favorable) for n-

nonane at high pressures. This behavior is consistent with
small positive deviations from Henry’s law behavior. In
contrast, the transfer free energy of ethyl butyrate increases
(becomes less favorable) as a function of pressure, which is
consistent with large negative deviations from Henry’s law
behavior. Both n-nonane and 1-hexanol show small positive
deviations from ideal loading at high reduced pressures,
resulting from additive−additive interactions being more
favorable than additive−surfactant interactions. The somewhat
smaller positive deviation from Henry’s law behavior and the
nearly constant free energy of transfer observed for 1-hexanol
than n-nonane certainly reflects the stronger interactions of 1-
hexanol with the polar groups of the surfactant, but it may also
be accentuated by the underprediction of the hexanol−hexanol
interactions (as evidenced by the greatly overpredicted vapor
pressure). Ethyl butyrate shows a negative deviation from ideal
loading due to less favorable additive−additive interactions and
too favorable additive−surfactant interactions. Because both 1-
hexanol and ethyl butyrate have a hydrophilic bead, one might
expect that they would exhibit more similarity in regard to
deviation from ideal loading behavior, as can be seen in a
hybrid grand canonical Monte Carlo dissipative particle
dynamics (DPD) approach where certain alcohols exhibit
negative deviation from ideality.34 The difference in deviation
of 1-hexanol and ethyl butyrate molecules from Henry’s law
behavior is likely due to problems with the SDK force field that
underpredicts the strength of 1-hexanol interactions (as
indicated by the overestimation of its vapor pressure) and
overpredicts the strength of ethyl butyrate−surfactant inter-
actions (as indicated by its very large Henry’s law constant)
due to the well depths of the EST1−EO and EST1−OA
interactions being about 40% larger than the values obtained
from the geometric mean rule (but the EST1−CT and EST1−
CM well depths are close to the values obtained from the
geometric mean rule).

Transverse Position and Orientational Distribution of
Solutes. Knowledge of the spatial and orientational
distributions of the solute molecules adsorbed in the surfactant
bilayer is important for understanding their effects on bilayer
structure and stability. For reference, a snapshot of the lamellar
phase and symmetrized bead density profiles for water and the
surfactant bilayer without adsorbed solute molecules are shown
in Figure 3. The highest density of the hydrophobic tail, CT,
beads is found at the center of the bilayer (d⊥ = 0 Å). The
maximum for the hydrophilic head, OA, beads is found at d⊥ ≈
15 Å, and the water density at this location is ≈0.6 g/cm3. The
average position of the water/monolayer interface, determined
here as the midpoint between the distances at which the
density of the water is 10 and 90% of the density of neat water,
is found at d⊥ ≈ 14 Å. Water reaches its bulk density at d⊥ ≈
24 Å. We define the bilayer’s thickness to be the distance
between the two water/monolayer interfaces, i.e., about 28 Å
for the bilayer void of solute molecules. Small-angle neutron
scattering experiments of a C10E3/water lamellar system at
comparable conditions yielded a bilayer thickness of 27.6 Å,

Figure 2. Gibbs free energy of transfer versus reduced pressure. The
green circles, magenta squares, and orange triangles represent data for
n-nonane, 1-hexanol, and ethyl butyrate, respectively. The dashed
lines are drawn for clarity.

Table 3. Henry’s Law Constants, Which Describe Ideal
Loading Behavior, for Each Solute in this Study

solute KH (eq 1)

n-nonane 0.234
1-hexanol 1.41
ethyl butyrate 141
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based on the change of interlayer spacing as the C10E3 volume
fraction is varied.18

The position of the solute molecules loading into the bilayer
at different reduced pressures is illustrated in symmetrized
density profiles (see Figure 4) and snapshots (see Figure 5).
The nonpolar n-nonane molecules have a strong preference to
load into the center of the bilayer, as indicated by the density
maximum found at d⊥ = 0 Å and by the density decaying to
50% at d⊥ ≈ 5 Å. Conversely, the polar 1-hexanol and ethyl
butyrate molecules load close to the OA beads of C10E3 and
water. At intermediate reduced pressure of the solute
molecules, the highest density of the hydrophilic bead of
both 1-hexanol and ethyl butyrate is found at d⊥ ≈ 8 Å, i.e.,
close to the EO beads of C10E3. At high reduced pressure, the
polar 1-hexanol and ethyl butyrate molecules are fairly evenly
distributed throughout the bilayer with the maximum density
of 1-hexanol and ethyl butyrate being at d⊥ values of 0 and 8 Å,
respectively. Somewhat surprisingly, when adjusting for
differences in the bead masses, no significant differences in
the density profiles of the nonpolar (CT2 and CM) and the
polar (OA and EST1) beads are observed neither for 1-hexanol
nor ethyl butyrate, i.e., there is no preference for their
hydrophobic parts to be located more toward the center of the
bilayer.
Increasing loading of n-nonane leads to an increase of the

bilayer thickness, or transverse swelling in the z-direction (as
indicated by the EO and water density profiles shifting to larger
d⊥ values), due to formation of a region with high n-nonane
concentration in the center between the bilayer leaflets and
partial displacement of the surfactants (top row of Figure 5).
This is in agreement with DPD simulations of a lamellar
C12E6 system containing n-octadecane solutes, where the
repeat distance of the lamellar phase was found to increase at
higher solute concentrations, decreasing the concentration of
surfactant at the center of the bilayer.31 Figure 5 also shows the
bilayer expanding laterally, in the x,y-plane, from increased
numbers of 1-hexanol or ethyl butyrate molecules loading in
between individual surfactants. At a reduced pressure of 32%

psat, the loading of ethyl butyrate molecules overwhelms the
bilayer (the ethyl butyrate to C10E3 mole ratio is 2:1, see

Figure 3. Snapshot of an equilibrated C10E3 surfactant bilayer, void of solute molecules (left). Water is shown as a blue transparent surface. CT,
CM, EO, and OA beads are shown in black, gray, pink, and red, respectively. The simulation box, shown as a thin black line, is replicated in all
directions to show periodicity. Symmetrized density profile of the equilibrated C10E3 surfactant bilayer (right). The x-axis shows the distance
perpendicular to the center of the bilayer (d⊥ = 0 Å). The colors denote different bead types: CT (black), CM (brown), EO (magenta), and OA
(red) beads of the C10E3 surfactants and W (blue) bead for water. The solid, dashed, and dotted lines denote the first, second, and third instances,
respectively, of a CM or EO bead counting from the CT tail.

Figure 4. Symmetrized density profiles of the equilibrated C10E3
surfactant bilayer systems after loading of n-nonane (top), 1-hexanol
(middle), and ethyl butyrate (bottom). The dashed and solid lines
denote the 16 and 64% psat systems for n-nonane and 1-hexanol,
respectively (8 and 32% psat for ethyl butyrate). Bead types are
identified by different colors as denoted in the legends.
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Figure 1) and the water region no longer reaches bulk density
(see Figure S3).
The orientation at a given position of the solutes loading

into the bilayer at different reduced pressures is analyzed via
plotting the orientational order parameter versus distance (see
Figure 6). The SCD order parameter is a measure of the
anisotropy of a particular C−D, carbon−deuterium, bond that
yields its time-averaged (ensemble-averaged) orientation.54−57

For the coarse-grained SDK models, the orientation of C−D
bonds cannot be deduced, but an analogous order parameter
(S) can be computed according to eq 454−57

θ= ⟨ − ⟩S 0.5 3cos 12 (4)

where θ is the angle formed between the z-axis vector and the
vector formed between beads separated by two bonds (note
that all three solute molecules consist of three SDK beads).
When molecules load with a perpendicular, parallel, or random
orientation to the bilayer surface, the value of S is equal to 1,
−0.5, or 0, respectively. In addition, an S value of 0 can also be
observed when all molecules are oriented at an angle of
∼54.7°, known as “the magic angle”. Figure 6 shows the

localized orientational order parameter (where the z-position
of the solute’s central bead is used to specify the location).
The n-nonane molecules exhibit no preference for any

orientation (with respect to the interface) near the center of
the bilayer at all reduced pressures. At 4 Å < d⊥ < 8 Å, the n-
nonane molecules show a slight preference for a perpendicular
orientation (i.e., aligned with the surfactant molecules). For 1-
hexanol, the molecules are randomly oriented near the central
part of the bilayer between the two leaflets (d⊥ < 2 Å), but a
pronounced preference for perpendicular orientations emerges
at larger d⊥ values, and this preference is strongest near the
surfactant−water interface (d⊥ ≈ 15 Å). Similarly to n-nonane,
ethyl butyrate molecules exhibit no preference for any
orientation at d⊥ < 4 Å. Near the polar region of the surfactant
molecules, ethyl butyrate shows a preference for a
perpendicular orientation that is similarly pronounced as for
n-nonane, but much weaker than that for 1-hexanol. Overall, all
three solute types show a preference for orientations
perpendicular to the interface near the EO−OA section of
the C10E3 surfactants, which indicates that alignment with the
C10E3 is entropically favored, but the stronger alignment of 1-

Figure 5. Snapshots of C10E3/W mesophases after loading with n-nonane (top), 1-hexanol (middle), and ethyl butyrate (bottom). The left,
middle, and right snapshots are for the 4, 16, and 64% psat systems for n-nonane and 1-hexanol, respectively (2, 8, and 32% psat for ethyl butyrate).
Colors as in Figure 2, with the addition of green, magenta, and orange for n-nonane, 1-hexanol, and ethyl butyrate, respectively. The simulation box,
shown as a thin black line, is replicated in all directions to show periodicity, and all snapshots use the same scale.

Langmuir Article

DOI: 10.1021/acs.langmuir.8b00687
Langmuir 2018, 34, 8245−8254

8250

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b00687/suppl_file/la8b00687_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.8b00687


hexanol indicates a contribution from its polar group preferring
orientations that allow for interactions with interfacial water.
Structural Analysis of Surfactant Bilayer. The effects of

solute uptake on the bilayer structure are illustrated by changes
in the bilayer thickness, surfactant head-group area, end-to-end
distance, and tilt angle (see Figure 7), as well as surfactant
orientational order parameter (see Figure 8). The bilayer
thickness is taken as the distance between the two water/
monolayer interfaces; the surfactant head-group area is
calculated as the total cross-sectional area of the two interfaces
in the x,y-plane (these have equal area in the orthogonal
simulation box) divided by the number of surfactant molecules
(note that the number of C10E3 molecules in each leaflet is
balanced with the exception of ethyl butyrate at 64% psat); the
end-to-end vector from the OA to the CT bead is used to
calculate the surfactant length; the surfactant tilt angle is the
angle formed between the end-to-end vector and a vector
normal to the x,y-plane. Because the loading of the nonpolar n-
nonane molecules is relatively low (see Figure 1), the structure
of the bilayer is least affected. At p = 64% psat, the bilayer
thickness is increased by about 3 Å (10%), but there is no
lateral expansion of the bilayer (measured by the area per
surfactant molecule) because the nonpolar n-nonane molecules

do not populate the region between the EO3−OA headgroup
of the surfactants. The population of n-nonane in the tail
region of the surfactants leads to a very slight increase of the
end-to-end distance and reduction of the tilt angle. In contrast,
uptake of 1-hexanol and ethyl butyrate molecules leads to a
lateral expansion of the bilayer by about 11 Å2 per additive
molecule (note that the number of ethyl butyrate molecules
exceeds that of 1-hexanol by almost a factor of three at higher
reduced pressures). This increase in lateral area is less than the
cross section of these additive molecules and much smaller
than the area per surfactant molecule of 35 Å2 for the additive-
free bilayer because these additive molecules also load in the
hydrophobic core of the bilayer and lead to an increase in the
bilayer thickness. Because the surfactant to water ratio is fixed,
the lateral expansion of the bilayer leads to a thinning of the
water region (see also Figure 5). A difference in the effect of 1-
hexanol and ethyl butyrate molecules on the bilayer can be
seen in the surfactant tilt angle and end-to-end distance. 1-

Figure 6. Orientational order parameters for n-nonane (top), 1-
hexanol (middle), and ethyl butyrate (bottom) molecules as a
function of their distance from the center of the equilibrated C10E3
surfactant bilayer. The bin sizes are selected to reflect the solute
loading of the different systems: 4 Å for n-nonane at 0.04 psat, 2 Å for
n-nonane at 0.16 psat and 1-hexanol at 0.04 psat, and 1 Å for all other
systems. If the number of solutes observed at a certain d⊥ value across
all 1200 configurations analyzed is less than 400, then that data point
is omitted. Different pressures are identified by different colors and
symbols as denoted in the legends. Figure 7. Bilayer thickness (a), head-group area per surfactant

molecule (b), end-to-end distance of surfactant molecules (c), and tilt
angle of surfactant molecules with respect to the bilayer normal (d)
versus the reduced saturated vapor pressure of solute. The green
circles, magenta squares, and orange triangles represent n-nonane, 1-
hexanol, and ethyl butyrate, respectively. The dashed lines are drawn
for clarity.
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Hexanol molecules cause an increase in surfactant end-to-end
distance along with a decrease in tilt angle as reduced pressure
increases. In contrast, ethyl butyrate molecules decrease the
surfactant end-to-end distance and increase the tilt angle as the
reduced pressure is increased.
Figure 8 displays the orientational order parameter along the

backbone of the C10E3 molecules with respect to the water/
monolayer interface. The general shape of the curves
describing the order parameter of the C10E3 molecules is
similar for all systems. The CM−CM−EO and CM−EO−EO
vectors contain nonpolar and polar beads, and the amphiphilic
nature leads to a preference for the CM bead to be in the
hydrophobic region and the EO bead to be in the hydrophilic
region of the bilayer; thus, the CM−CM−EO and CM−EO−
EO vectors exhibit a higher degree of perpendicular alignment
compared to the other vectors in the surfactants. Comparing
both ends, we find that the EO−EO−OA vector consisting
only of hydrophilic beads exhibits the least preference for
alignment perpendicular to the interface presumably because
of the encroachment of water molecules, whereas the CT−
CM−CM vector consisting of all hydrophobic beads shows
intermediate alignment presumably because the tails of
surfactants in opposing leaflets can interdigitate.
Comparing the effect of additive loading on surfactant order

parameter gives insight into how the solutes affect the
individual surfactant molecules. Because loading of n-nonane
molecules is relatively low, and these load mainly at the center
of the bilayer between its leaflets, an increase in n-nonane
reduced pressure has only a small effect on the order parameter
of the surfactants, namely, a small shift toward higher S values
for the hydrophobic part of C10E3 due to interdigitation of n-
nonane molecules. As the loading of 1-hexanol molecules
increases with increasing reduced pressure, the largest shift in
order parameter is found near the middle of the surfactant
chain. 1-Hexanol molecules, unlike n-nonane and similar to

ethyl butyrate, load near the middle region of the surfactant
layer itself (see Figure 4). Increasing the loading of 1-hexanol
is found to increase the orientational order of the surfactants.
In contrast, the loading of ethyl butyrate molecules leads to a
decrease in the S values for all 1−3 vectors of the surfactant.
This suggests that the ethyl butyrate molecules disturb the full
span of the bilayer (see Figure 4).
On the basis of the structural analysis presented here, it is

likely that lamellar C10E3 mesophase of the n-nonane loaded
system at 64% psat is thermodynamically stable in agreement
with experimental studies of a ternary C10E3/water/n-
dodecane system that exhibits stability at similar compositions
(1:1:0.1 by weight at 64% psat) and temperatures due to being
in the liquid crystalline phase.14 For the SDK model, the
system loaded with ethyl butyrate (1:1:1.2 by weight at 64%
psat) is likely only marginally stable as a lamellar phase, but the
system size investigated here (and free-energy barriers for
structural transitions) may hinder the transformation to reverse
micelles.

■ CONCLUSIONS
Monte Carlo simulations in the osmotic Gibbs ensemble have
been conducted to study the loading behavior of n-nonane, 1-
hexanol, and ethyl butyrate into a C10E3/water−surfactant
bilayer and the resulting structural changes. Both n-nonane and
1-hexanol molecules are observed to exhibit positive deviations
from Henry’s law behavior at high reduced pressures (above
32% psat). Ethyl butyrate molecules, on the other hand, exhibit
a negative deviation from ideal loading behavior already at
intermediate reduced pressures (above 4% psat). It should be
noted that the ethyl butyrate−surfactant interactions appear to
be overestimated, and using EST1−OA and EST1−EO well
depths closer to the geometric mean rule would lead to a less
favorable free energy of transfer and lower loading of ethyl
butyrate molecules. More favorable hexanol−hexanol inter-
actions (as surmised by the large overestimation of its vapor
pressure) would not affect 1-hexanol loading at low reduced
pressure, but lead to somewhat larger positive deviations from
Henry’s law behavior at higher reduced pressures. The
simulations show that n-nonane molecules cause an increase
of the bilayer thickness without any lateral expansion (as
measured by the area per surfactant molecule), whereas
loading of both 1-hexanol and ethyl butyrate molecules causes
predominantly a lateral expansion, but also a relatively smaller
increase in bilayer thickness. Combining our observations from
symmetrized density profiles and orientational distributions of
the solutes, we conclude that n-nonane molecules load in the
center of the surfactant bilayer without orientational preference
at all reduced pressures. In contrast, both 1-hexanol and ethyl
butyrate molecules load near the EO beads of the surfactants,
with a preference for perpendicular orientations (more
pronounced for 1-hexanol) with respect to the water/
monolayer interface. At their highest reduced pressures, both
polar solutes are evenly distributed throughout their respective
bilayers. Surfactant end-to-end distance, tilt angle, and order
parameter analysis provide evidence that loading with both n-
nonane and 1-hexanol molecules slightly increases the
surfactant’s orientational order, whereas ethyl butyrate has
the opposite effect. The simulation technique used herein can
also be used to study not just lamellar phases, but also micellar
aggregates and to more detailed molecular models (e.g.,
united-atom models for surfactant and multisite models for
each individual water molecule) or to coarse-grained models

Figure 8. Orientational order parameter versus 1−3 bead vector of
surfactant in the n-nonane (top), 1-hexanol (middle), and ethyl
butyrate (bottom) systems. Colors are shown in the legend.
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for more complex amphiphilic molecules, e.g., block copoly-
mers, as is the subject for future study.
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