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ABSTRACT: Adsorption of n-nonane/1-hexanol (C9/C6OH) mixtures into the lamellar
phase formed by a 50/50 w/w triethylene glycol mono-n-decyl ether (C10E3)/water
system was studied using configurational-bias Monte Carlo simulations in the osmotic
Gibbs ensemble. The interactions were described by the Shinoda−Devane−Klein coarse-
grained force field. Prior simulations probing single-component adsorption indicated that
C9 molecules preferentially load near the center of the bilayer, increasing the bilayer
thickness, whereas C6OH molecules are more likely to be found near the interface of the
polar and nonpolar moieties, swelling the bilayer in the lateral dimension. Here, we extend
this work to binary C9/C6OH adsorption to probe whether the difference in the spatial
preferences may lead to a synergistic effect and enhanced loadings for the mixture.
Comparing loading trends and the thermodynamics of binary adsorption to unary
adsorption reveals that C9−C9 interactions lead to the largest enhancement, whereas C9−
C6OH and C6OH−C6OH interactions are less favorable for this bilayer system. Ideal adsorbed solution theory yields satisfactory
predictions of the binary loading.

■ INTRODUCTION

Solute uptake in surfactant/solvent mesophases is a complex
phenomenon due to cooperative and competitive effects. Many
properties of the solute, such as solubility, polarity, shape, or
rigidity, affect its uptake. Additionally, the number of favorable
solute sorption domains that exist can be modified by solute
uptake, leading to changes in local structure and global
morphology.1 Especially important to this work, these
surfactant/solvent/solute systems only become more compli-
cated when multiple solutes are introduced. Gaining insight
into these more complex multisolute systems can help the
understanding of many biologically and industrially relevant
systems.2−5

Unary adsorption and absorption measurements are much
more common than multicomponent measurements,6 yet the
ubiquity of mixtures in biological systems makes characterizing
these multicomponent effects critical. Ideal Adsorbed Solution
Theory (IAST) relates multicomponent adsorption to unary
adsorption by assuming that the adsorbed phase is an ideal
mixture and is a convenient, parameter-free method for
treating mixture adsorption.7 IAST has been shown to be a
reasonable approximation in some systems,8,9 but can fail when
the adsorbed phase is not ideal (e.g., very strong adsorbate−
adsorbate interactions).10

Experimental measurements11−22 have provided a wealth of
structural and thermodynamic information, such as the
surfactant headgroup area, bilayer repeat distance, headgroup
hydration, segmental order parameters, and partition coef-
ficients for additives, but molecular-level information on the
solute uptake and the solutes’ spatial distribution is not yet
available. Molecular dynamics simulations to investigate
surfactant/solvent/solute systems are hampered by limitations
imposed by closed systems that do not allow for controlling
the chemical potential of the solutes.23−32 Prior molecular
simulations33,34 utilizing open ensembles, that is, allowing for
fluctuations in the numbers of solute molecules, have mostly
focused on other properties of the surfactant system, such as
the critical micelle concentration. A notable exception is the
grand-canonical Monte Carlo simulations study by Rodgers et
al.35 that probed the solubility of a short-chain alcohol in a
lipid bilayer using a coarse-grained model.
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In previous work, we utilized Gibbs ensemble Monte Carlo
(GEMC) simulations36 to examine the solute loading and
spatial distribution separately for n-nonane (C9) and 1-hexanol
(C6OH) additives into a 50/50 w/w triethylene glycol mono-
n-decyl ether (C10E3)/water system, forming a lamellar
mesophase with a surfactant bilayer.37 An important finding
of our prior simulation study is the different spatial loading
preferences for the C9 and C6OH molecules. That is, the
nonpolar C9 molecules preferentially adsorb near the center of
the surfactant bilayer, and this adsorption results in an increase
of the bilayer thickness, but does not affect the surfactant
headgroup area. In contrast, the amphiphilic C6OH molecules
are more likely to be found near the interface of the polar
(formed by surfactant ether groups and intruding water
molecules) and nonpolar moieties (formed by surfactant
decyl tails), and this leads to a lateral swelling of the bilayer.
Here, we extend the prior work to binary uptake to assess
whether the different spatial preferences of nonpolar and
amphiphilic solutes lead to synergistic uptake beyond that
expected from unary adsorption. As illustrated in Figure 1, we

hypothesize that adsorption of only one type of additive in a
bilayer formed by amphiphiles with similar cross sections for
head and tail groups imposes a curvature strain due to
inhomogeneous swelling and that this strain can be relieved
when a second type of additive with complementary spatial
loading preference is adsorbed. This indirect curvature-strain-
relief mechanism for synergistic adsorption would not require
any specially favorable interactions between the two types of
additives. Although strong favorable interactions would
obviously lead to synergistic adsorption (and could be
achieved by changing only the cross-interaction terms in a
molecular simulation), we do not consider them in this work
because, given the amphiphilic nature of the surfactants and
the presence of water, it is likely that such a strong direct
interaction would also alter the spatial loading preferences of
the two types of additives. The simulation conditions cover the
range from fairly low to high solute loadings (0.04 to 1 additive
molecule per C10E3 molecule).

■ COMPUTATIONAL METHODS
Here we use Monte Carlo simulations in the osmotic version
of the Gibbs ensemble36 to study the binary uptake of C9 and
C6OH into the lamellar phase formed by a 50/50 w/w
C10E3/water mixture. Specifically, we use a three-box setup
consisting of the surfactant/water mesophase simulation box in
thermodynamic contact with two separate vapor-phase
reservoir boxes containing either C9 or C6OH. The Monte
Carlo for Complex Chemical Systems−Minnesota (MCCCS−
MN) software suite was used for all simulations in this work.38

All molecule types were modeled using the Shinoda−Devane−
Klein (SDK) coarse-grained force field39−41 (see Table 1 for

the SDK representation of the molecules and Tables S1−S3 for
the force field parameters). The SDK force field requires the
use of a 15 Å cutoff without tail corrections (which is ideal for
mesophases with heterogeneous bead densities). The SDK
model offers significantly higher computational efficiency when
compared to united-atom or all-atom force fields because it
reduces the number of interaction sites by a factor of 2 (e.g.,
CT2 bead vs two united-atom beads) to about 10 (e.g., CT
bead versus all-atom model or W bead vs 3-site or 4-site water
models) and does not include long-range electrostatic
interactions. However, there is a loss in accuracy compared
to united-atom or all-atom force fields. Although the saturated
vapor pressure at T = 300 K of C9 for the SDK model (pC9

0 =
0.609 ± 0.003 kPa) is very accurate with a deviation of less
than 2%,37 the saturated vapor pressure of C6OH for the SDK
model (pC6OH

0 = 3.04 ± 0.01 kPa) is overpredicted by a factor
of 22.37 That is, judged solely by the vapor pressure, the SDK
model for C6OH behaves like 1-propanol (for which the
deviation would be less than 5%).42 The ratio of the well depth
parameters for the nonpolar CT, CM, and CT2 SDK beads
appear reasonable, and we surmise that the strong over-
prediction for C6OH is mostly caused by the OA−OA well
depth, falling in between CT−CT and CM−CM, being too
weak to account for the influence of hydrogen-bonding on the
alcohol vapor pressure. However, the OA−W interaction is
stronger.
The PACKMOL utility43 was used to initialize the

mesophase box with 100 C10E3 surfactant molecules and
538 water beads (where each bead represents three water
molecules) arranged in a lamellar structure with a bilayer
parallel to the xy-plane (with 50 molecules in each leaflet) and
the polar headgroup of the surfactants pointing toward the
water region. The initial dimension of the xy-plane (with x = y)
was set to match the experimentally determined area per
headgroup,14 and the z-dimension was selected to yield a
reasonable density. The two reservoir phases with cubic
simulation boxes were initialized with 100 molecules each, and
the ideal gas law was used to estimate the initial volumes.

Figure 1. Schematic drawing illustrating the main hypothesis of this
study. Loading of C6OH into the headgroup region of the C10E3
surfactants or loading of C9 into the tail group region causes
inhomogeneous swelling and induces curvature strain on the lamellar
mesophase. Addition of the complementary additive would relieve
this strain and favor enhanced coadsorption.

Table 1. Molecules and SDK Structure

molecule SDK formula
SDK
bead chemical formula

n-nonane CT−CM−CT CT CH3-CH2-CH2−
1-hexanol CT2−CM−OA CM −CH2-CH2-CH2−

CT2 CH3-CH2-
OA HO-CH2−

C10E3 CT−(CM)2−(EO)3−OA EO −CH2-O-CH2−
water trimer W W [H2O]3
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To obtain the binary loading isotherms, simulations were
run in the NWNC10E3NC9NC6OHpC9pC6OHpmesoT osmotic Gibbs
ensemble with three simulation boxes, where the subscript
“meso” refers to the surfactant/water mesophase, at T = 300 K,
pmeso = 101 kPa, and 25 combinations of pC9 and pC6OH, the
pressures for the C9 and C6OH reservoirs. Based on
differences in the unary loadings,37 pC9 ranged from 0.04 to
0.64pC9

0 and pC6OH ranged from 0.02 to 0.32pC6OH
0 . Since the

compressibility factors of the saturated vapor phases are near
unity (ZC9 > ZC6OH > 0.997),37 intermolecular interactions
were turned off in the two reservoir boxes. Molecules in all
three boxes were allowed to translate and, with the exception
of the one-site water model, rotate and undergo conforma-
tional changes. The volumes of the three boxes were allowed to
vary independently subject to the corresponding thermody-
namic constraints. Isotropic volume moves were performed for
the two reservoirs. For the mesophase, the volume move
involved 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. The C9 and C6OH
molecules were allowed to transfer only between their
reservoirs and the mesophase. The efficiency of conformational
changes and molecule transfers was enhanced through the
configurational-bias Monte Carlo (CBMC) approach.44,45 The
frequencies of the different move types were adjusted to yield,
on average, one accepted volume move and about 0.2 accepted
particle transfer moves per Monte Carlo (MC) cycle, where a
cycle consists of NW + NC10E3 + NC9 + NC6OH = 838 randomly

selected MC moves. The remaining moves were divided
equally between conformational, translational, and rotational
moves.
At all 25 state points, simulation trajectories of at least

2000000 MC cycles were used for equilibration. Toward the
end of these long equilibration periods, 12 independent
trajectories were spawned using different random number
seeds at each state point and equilibrated for another 200000
MC cycles. Production periods of 1000000 MC cycles were
carried out for each of the 12 independent trajectories at each
of the 25 state points. Statistical uncertainties are reported as
the standard error of the mean estimated from the 12
independent trajectories.

■ RESULTS AND DISCUSSION

Solute Uptake and Thermodynamic Analysis. In our
prior work probing unary adsorption,37 we found that the
loading of C6OH at the same relative pressure is, on average,
roughly 6× greater than that of C9 (see Figure 2), but this
difference largely reflects the ratio of saturated vapor pressures
for the SDK models (pC6OH

0/pC9
0 ≈ 5). With increasing

pressure, the uptakes of both C9 and C6OH show a positive
deviation from Henry’s law behavior that is usually taken as an
indication for additive−additive (or guest−guest) interactions
being more favorable than additive−surfactant (or guest−host)
interactions. It should be noted here that Rodgers et al.35

found negative deviations from Henry’s law behavior for the
adsorption of a short-chain alcohol in a lipid bilayer.

Figure 2. (Top) Loading of n-nonane (left) and 1-hexanol (right) solutes into the C10E3/water mesophase. Simulation data for unary adsorption
are shown as black circles, and the corresponding Henry’s law and quadratic isotherm fits are shown as red dashed and black solid lines,
respectively. Simulation data for binary adsorption are shown as blue, green, magenta, orange, and cyan symbols (in order of increasing relative
pressure of the other solute), and the corresponding IAST predictions are shown as solid lines or dash-dotted lines for extrapolative IAST
predictions of the same color. (Bottom) Incremental loading of n-nonane (left) and 1-hexanol (right) normalized by the loading of the other
component or pseudocomponent (see text). Error bars represent the standard error of the mean.
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As illustrated in Figure 2, the unary loading data can be
described satisfactorily by a quadratic expression:

q c p c p( )solute 1 solute 2 solute
2= * + * (1)

where qsolute is the amount of solute adsorbed in the mesophase
that is given here as the number ratio (Nsolute/NC10E3), psolute*

is the relative solute pressure (psolute/psolute
0), and c1 and c2 are

fitting coefficients. This quadratic expression more closely fits
the unary adsorption data than the Freundlich,46 Langmuir,47

or Brunauer−Emmett−Teller48 adsorption isotherms, while
still requiring only two parameters (three parameter equations
would overfit the five available data points). Talu and Myers49

Table 2. Thermodynamic Data for Binary Uptakea

pC9* pC6OH* Vmeso qC9
binary qC6OH

binary qC9
IAST qC6OH

IAST ΔGC9
vap→meso ΔGC6OH

vap→meso

0.04 0.02 96.645 0.00975 0.02959 0.0090 0.0269 −18.5520 −19.0513
0.04 0.04 97.196 0.00985 0.0571 0.0096 0.054 −18.6322 −18.988
0.04 0.08 98.107 0.00894 0.1072 0.0105 0.111 −18.3713 −18.826
0.04 0.16 100.91 0.00985 0.2443 0.0122* 0.230 −18.5917 −19.005
0.04 0.32 105.92 0.01165 0.4975 0.0153* 0.496 −18.7716 −18.935
0.08 0.02 96.954 0.01918 0.03019 0.0187 0.027 −18.4316 −19.069
0.08 0.04 97.536 0.01858 0.0621 0.0198 0.055 −18.3514 −19.197
0.08 0.08 98.729 0.02029 0.1192 0.0217 0.112 −18.5410 −19.017
0.08 0.16 101.42 0.02059 0.2524 0.0251* 0.233 −18.5612 −19.087
0.08 0.32 106.41 0.02228 0.5035 0.0312* 0.502 −18.6510 −18.983
0.16 0.02 97.378 0.0351 0.02909 0.040 0.0284 −18.3116 −19.0310
0.16 0.04 98.157 0.0421 0.0591 0.042 0.057 −18.7511 −19.076
0.16 0.08 99.439 0.0442 0.1222 0.046 0.116 −18.9111 −19.055
0.16 0.16 102.41 0.0502 0.2634 0.053* 0.240 −19.1009 −19.124
0.16 0.32 107.52 0.0522 0.5135 0.065* 0.514 −18.9114 −19.004
0.32 0.02 98.91 0.0862 0.03069 0.091 0.0304 −18.7811 −19.028
0.32 0.04 99.41 0.0852 0.0601 0.095 0.061 −18.7613 −19.097
0.32 0.08 100.91 0.0952 0.1202 0.102* 0.123 −18.919 −18.995
0.32 0.16 104.51 0.1144 0.2744 0.115* 0.252 −19.398 −19.213
0.32 0.32 109.53 0.1133 0.5276 0.139* 0.537 −19.128 −18.965
0.64 0.02 102.53 0.2135 0.03109 0.227* 0.0339 −19.1210 −19.0512
0.64 0.04 103.54 0.2205 0.0671 0.233* 0.068 −19.1414 −19.196
0.64 0.08 105.52 0.2628 0.1263 0.246* 0.136 −19.505 −19.057
0.64 0.16 109.46 0.2848 0.2835 0.271* 0.277 −19.7213 −19.124
0.64 0.32 1221 0.451 0.6427 0.32* 0.582 −20.5713 −19.243

aVolume of the mesophase (in nm3), adsorption loadings (given as Nsolute/NC10E3) obtained from molecular simulation (qsolute
binary) and predicted by

IAST (qsolute
IAST , where data with stars denote isotherm extrapolation), and Gibbs free energies of transfer (in kJ/mol). The subscripts denote the

standard error of the mean given for the last digit(s).

Figure 3. Snapshots of equilibrium configurations for systems at 0.32pC9
0 + 0.08pC6OH

0 (top middle), 0.64pC9
0 + 0.08pC6OH

0 (top right), 0.08pC9
0 +

0.32pC6OH
0 (bottom left), and 0.64pC9

0 + 0.32pC6OH
0 (bottom right). The OA, EO, and (CM or CT) beads of the C10E3 surfactant molecules are

represented as red, rose, and gray stick models, respectively. The C9 and C6OH additives are shown as green and magenta stick models,
respectively. The black rectangle shows the simulation box that is surrounded by partial replicas.
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highlight the thermodynamic requirement for any adsorption
isotherm to have a positive and finite slope in the limit of p →
0 (as described by Henry’s law). Equation 1 satisfies this
condition, while allowing for curvature at high p through a
quadratic term, in order to better fit the data in that regime.
Since the mesophase can swell upon solute uptake, there is no
requirement for an inflection point leading to a saturation
plateau. Instead the isotherm terminates when the surfactant−
water−solute system enters the one-phase region. Using eq 1,
we obtain the following fitting coefficients: c1 = 0.20 and c2 =
0.22 for C9, and c1 = 1.3 and c2 = 0.72 for C6OH. The c2/c1
ratio of the coefficients indicates that the relative curvature (or
deviation from the Henry’s law region) is more pronounced for
C9 than for C6OH.
The loading behavior for the binary mixture as functions of

pC9* and pC6OH* is also shown in Figure 2, and numerical data
are provided in Table 2. Note that the loading data for 0.64pC9

0

+ 0.32pC6OH
0 appear to be outliers; for this combination of high

relative pressures, qC9 + qC6OH ≈ 1.1 (i.e., more solute than
surfactant molecules are present), and the lamellar phase
observed for the finite simulated system may only be
metastable with regard to mixing with the reservoir phases
(see Figure 3). Nevertheless, also when only the other 24 state
points are considered, the simulation data clearly demonstrate
a cooperative effect where loading of C9 is enhanced by
coadsorption of C6OH and vice versa. However, a cooperative
effect is also present for the unary loading as indicated by the
positive deviations from Henry’s law (i.e., c2 > 0 in eq 1). Thus,
the important question is whether the enhancement resulting
from C9−C6OH interactions is larger than those resulting
from C9−C9 and C6OH−C6OH interactions.
To explain this argument, let us consider the incremental C9

and C6OH loadings normalized by the loading of the other
component or pseudocomponent as follows:

q p p q p p q p q p( , ) ( , ) ( ) / ( )A
incr

A B A
binary

A B A
unary

A B
unary

B
* * = [ * * − * ] *

(2)

q p q p q p

q p

( ) 0.5 (2 ) ( )

/ 0.5 (2 )
A
pseudo

A A
unary

A A
unary

A

A
unary

A

* = [ * − * ]

[ * ] (3)

where the labels “unary” and “binary” indicate the type of
system. For the pseudocomponent mixture, one could argue
that the denominator in eq 3 should be replaced with
qA
unary(pA*), but we take the conservative approach by
normalizing with the larger 0.5qA

unary(2pA*) due to positive
deviations from Henry’s law. The low uptake at 0.04pC9

0 and
0.02pC6OH

0 leads to large statistical uncertainties for these
systems. The incremental loading data presented in the bottom
part of Figure 2 indicate that the cooperative effect for the
C9−C9 pseudomixture is larger than the cooperative effect on
C9 loading due to C6OH coadsorption. Interestingly, the
opposite holds for the C6OH−C6OH pseudomixture that
yields qC6OH

pseudo(pC6OH*) values that fall below those due to
coadsorption of C9. These observations point to the C9−C9
interactions being most favorable (yielding the largest
normalized incremental loading), the C6OH−C6OH inter-
actions being least favorable (but still yielding positive
deviations from Henry’s law), and the unlike interactions
falling in between the like interactions.
The extent of the cooperative effects can also be illustrated

through calculation of the Gibbs free energy of transfer from
the vapor reservoir to the mesophase that can be obtained

from a ratio of number densities that are available as
mechanical observables in GEMC simulations:50,51

i

k
jjjjjj

y

{
zzzzzzG RT logsolute

vap meso solute
meso

solute
ref

solute
ref

solute
vap

ρ

ρ

ρ
ρ

Δ = −→

(4)

where ρsolute
meso , ρsolute

vap , and ρsolute
ref are the number densities of the

solute in the mesophase, the vapor reservoir, and a reference
state, respectively. Note that ρsolute

ref could be taken as the pure
liquid phase of the solute or an ideal gas, but ρsolute

ref cancels out
in eq 4. Figure 4 shows the Gibbs free energy of transfer for C9

and C6OH solutes at 24 state points (excluding the likely
metastable case) as a function of the total number of adsorbed
solute molecules (numerical data are provided in Table 2).
The Gibbs free energies of transfer for vapor-to-liquid
condensation of neat C9 and C6OH are −25.10 ± 0.03 and
−21.95 ± 0.01 kJ/mol, respectively, for the SDK model. In
comparison, we observe that ΔGC9

vap→meso ranges from −18.1 to
−20.6 kJ/mol; that is, the C9 molecules strongly prefer (by
≈−6 kJ/mol) transfer into their own liquid phase compared to
the mesophase. The C6OH molecules also prefer transfer into
their own liquid phase but to a lesser extent (by ≈−3 kJ/mol).

Figure 4. Gibbs free energy of transfer of n-nonane (top) and 1-
hexanol (bottom) as a function of the total number of solutes per
surfactant loaded into the mesophase. Error bars represent the
standard error of the mean. Not shown in these graphs are the data
for the binary adsorption at 0.64pC9

0 + 0.32pC6OH
0 : ΔGC9

vap→meso =
−20.57 ± 0.13 kJ/mol and ΔGC9

vap→meso = −19.24 ± 0.03 kJ/mol.
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As illustrated in Figure 4, ΔGC9
vap→meso depends significantly on

the loading and composition of the mesophase. For unary
adsorption, ΔGC9

vap→meso decreases from −17.8 to −19.3 kJ/mol
as the number of adsorbed C9 molecules increases and the
environment becomes more lipophilic. This is consistent with
the positive deviation from Henry’s law at higher loading
(Figure 2); adsorption of additional C9 molecules is more
favorable when the bilayer already contains some C9
molecules. In the binary case, a similar trend is found, in
which higher total loading leads to more favorable adsorption
for C9. However, the rightward shift of the data to higher total
loading for increasing pC6OH* indicates that C9−C9 inter-
actions are more favorable than C9−C6OH interactions (see
also Figure S1 for data plotted as a function of p*).
Consequently, at constant total loading, ΔGC9

vap→meso becomes
less favorable as the mole fraction of adsorbed C9 molecules
decreases.
In contrast to the strong loading dependence observed for

ΔGC9
vap→meso, the ΔGC6OH

vap→meso data are scattered in the range
from −18.8 to −19.2 kJ/mol, and ΔGC6OH

vap→meso does not not
vary significantly between unary and binary adsorption nor
does it become more favorable with increased total loading. At
first hand, these observations appear to conflict with the
positive deviations from Henry’s law (see Figure 2). However,
the different trends in loading and transfer free energy can be
reconciled when taking the adsorption-induced swelling of the
mesophase into account. The volume of the mesophase, Vmeso
increases from 96 nm3 without any additive molecules to 122
nm3 for the system at 0.64pC9

0 + 0.32pC6OH
0 (see Table 2). The

ΔGsolute
vap→meso values calculated from the ratio of number

densities (see eq 4) allows one to correctly separate the effects
arising due to interactions with the environment from those
that are only a consequence of swelling.50

The GEMC simulations also allow for the (calorimetric)
determination of the enthalpy of transfer from the difference of
partial molar enthalpies: H H Hi i i

vap meso vap mesoΔ = − ̅→ . The
partial molar enthalpies H̅i in the mesophase were calculated
using multiple linear regression52 and subtracted from the
molar enthalpies computed in the ideal vapor boxes (i.e.,
accounting only for intramolecular interactions). Due to the
large ratio of C10E3 molecules and water beads to additive
molecules, the contribution of the additive molecules to the
enthalpy of the mesophase is relatively small particularly for
low psolute*; hence, the statistical uncertainties are rather large.
With the free energies and enthalpies of transfer, the change in
entropy upon adsorption in the mesophase can be computed
using ΔS = (ΔH − ΔG)/T. The values for ΔHi

vap→meso and
ΔSivap→meso are reported in Figure S2. For the C9 additive, the
ΔHC9

vap→meso values are scattered around the corresponding
enthalpy of condensation for the neat system (ΔHC9

vap→liq =
−41.17 kJ/mol for the SDK model). In contrast, ΔHC6OH

vap→meso

values are significantly more favorable than the enthalpy of
condensation for the neat C6OH system (ΔHC6OH

vap→liq = −36.03
kJ/mol), but the differences diminish as the total loading
increases. As should be expected for a transfer from the gas
phase to a condensed phase, entropy changes are negative
reflecting the entropic cost associated with the formation of a
cavity and the solute’s hindered translational and rotational
motion. Again, the ΔSC9vap→meso values are scattered but, on
average, they are about a factor of 1.5 larger in magnitude than
the entropy of condensation (ΔSC9vap→liq = −53.6 J/mol·K for
the SDK model). The additional entropic cost for transfer into
the mesophase signals that the C9 molecules only adsorb in a

subregion of the mesophase volume and/or loose part of their
rotational entropy during adsorption into the mesophase. For
the C6OH additive at low total loading, ΔSC6OHvap→meso values are
about 1.7× larger in magnitude than the entropy of
condensation (ΔSC9vap→liq = −46.9 J/mol·K for the SDK
model), but this difference reduces to a factor of 1.3 at the
higher loadings. Both ΔHC6OH

vap→meso and ΔSC6OHvap→meso become
smaller in magnitude as the loading increases; thus, those
changes offset and ΔGC6OH

vap→meso remains fairly constant. The
C6OH molecules are likely confined to a subregion of space in
the mesophase and may exhibit orientational alignment with
the C10E3 surfactant molecules forming the bilayer, but the
fractional volume of this subregion increases or the orienta-
tional confinement becomes less severe as the loading
increases. A microscopic analysis of the mesophase structure
will be provided in a subsequent section.

Comparison to Ideal Adsorbed Solution Theory. IAST
is another way to examine binary adsorption based on unary
adsorption data.7 To compare the loadings observed in the
simulations of the binary additive systems to those predicted
by IAST, we modified the pyIAST software53 to incorporate
the quadratic expression (eq 1) for the adsorption isotherm.
The IAST predictions, qsolute

IAST , for each of the binary
compositions are shown as a function of p* in Figure 2 (and
numerical data are provided in Table 2). Figure 5 shows a

Figure 5. (Top) Scatter plot of the loadings predicted by IAST versus
those obtained from the GEMC simulations and (bottom) the
corresponding deviation plot. The data for the binary adsorption at
0.64pC9

0 + 0.32pC6OH
0 , where the lamellar phase is likely metastable,

are shown in blue and red symbols.
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scatter plot of qsolute
IAST versus the GEMC simulation data. With

the exception of the C9 and C6OH loadings at 0.64pC9
0 +

0.32pC6OH
0 , where the mesophase is potentially only metastable,

IAST yields remarkably accurate predictions. Excluding the
0.64pC9

0 + 0.32pC6OH
0 data, the correlation coefficient and slope

for the C9 uptake are 0.995 and 0.984, respectively, and those
for the C6OH uptake are 0.999 and 0.997, respectively.
Despite the overall satisfactory accuracy of the IAST
predictions, IAST clearly over predicts the C9 loadings at
0.32pC6OH

0 by a factor of ≈1.3 (with the exception of the data
point at 0.64pC9

0 ). These discrepancies occur when the IAST
predictions are extrapolative, requiring spreading pressures in
equilibrium with pressures outside the range of the unary
adsorption data (pC9* > 0.64). While extrapolation of unary
Langmuir-type isotherms for IAST is relatively safe (these
exhibit saturation in loading at high pressure),53 this is less
reliable for the quadratic expression used here (eq 1), which
does not exhibit saturation. Indeed, a lamellar mesophase will
not exhibit a saturation loading, as it can expand to
accommodate more adsorbates. Furthermore, the additive
loading should diverge near the additive’s saturated vapor
pressure (as it does in the BET isotherm) or a phase transition
to a different mesophase may mark the end of the stability
window of the lamellar phase. Such behavior is not captured by
the simple quadratic expression used here. Since the C9
loading is much smaller, the IAST predictions for qC6OH do not
require significant extrapolation. The agreement between IAST
predictions and binary simulations for the C6OH loading
supports that C6OH−C6OH and C6OH−C9 interactions are
of a similar favorability.
Structural Analysis. Simulation snapshots of the meso-

phase for four representative binary adsorption systems are
shown in Figure 3. These snapshots provide qualitative support
for preferential siting of the additive molecules; the C9
molecules prefer locations near the bilayer center but without
strong orientational preference, whereas the C6OH molecules
are preferentially embedded and aligned with the longer
C10E3 molecules. Furthermore, the water region appears to
thin with increased additive loading.
Structural data for the bilayer are depicted in Figure 6 (with

numerical data provided in Table S4). Uptake of C9 and
C6OH molecules leads to an increase of the bilayer thickness
(given here as the distance between the two water/leaflet
interfaces obtained from a hyperbolic tangent fit to the water
density profile), but on a per molecule basis the effect is
significantly more prononunced for uptake of C9 molecules
than for C6OH molecules. Adsorption at 0.32pC9

0 + 0.08pC6OH
0 ,

where qC9
binary ≈ qC6OH

binary ≈ 0.1 per C10E3 molecule, leads to an
increase of ≈8% in the bilayer thickness compared to the
bilayer without additives (29.9 Å versus 27.8 Å). While uptake
of both additives leads to an increase in bilayer thickness, only
uptake of C6OH molecules leads to a significant increase of
the area per surfactant molecule, AC10E3 (measured here by the
cross-sectional area of the orthogonal simulation box divided
by the 50 C10E3 molecules per leaflet), whereas the effect
from C9 molecules is minimal (i.e., the slope of AC10E3 vs pC9*
is close to zero). At pC6OH* = 0.16, where qC6OH

binary ≈ 0.27 per
C10E3 molecule, the relative increase in AC10E3 is ≈12%
compared to the bilayer without additives; that is, the (partial)
cross-sectional area of the C6OH molecules is about a factor of
2 smaller than that of the C10E3 molecules. Uptake of C6OH
molecules also leads to a very slight increase in the average
end-to-end distance of the C10E3 molecules, whereas the C9

molecules have no significant effect. Similarly, uptake of C6OH
molecules leads to a small decrease of the C10E3 tilt angle with
respect to the bilayer normal, whereas the effect of C9
molecules is minimal. Overall, these trends and the relative
impact of C9 and C6OH molecules on structural parameters
obtained for the binary adsorption systems are in agreement
with the observations for the unary adsorption systems.37

As indicated by the increases in AC10E3 and the bilayer
thickness, the volume of the bilayer box increases with
increasing adsorption loading (see also Table 2). Using
multiple linear regression,52 the partial molar volumes V̅i of
each adsorbate can be computed (see Figure S3). Both V̅C9
and V̅C6OH are found to be smaller than the molar volumes V i
of each solute in their neat liquid phase, indicating that the
uptake of both solutes in the mesophase leads to a smaller
increase in volume than in their respective liquid phases. For
the C9 additives, there is no significant composition depend-
ence and V V0.9C9 C9̅ ≈ . In contrast, V̅C6OH exhibits a small
composition dependence with an increase as the additive
concentration increases in the mesophase. At intermediate
loadings, VC6OH̅ is also ≈10% smaller than V C6OH.
Further information about the mesophase structure can be

gleaned from z-resolved density profiles (i.e., along the normal
to the bilayer plane). Figure 7 (numerical data are provided in
Table S5) shows the density profiles for water, the terminal CT
and OA beads of the C10E3 molecules, and the additives’
center of mass for unary and binary adsorption systems at

Figure 6. Bilayer thickness (top), area per surfactant molecule (top
middle), end-to-end distance of surfactant molecules (bottom
middle), and tilt angle of surfactant molecules with respect to the
bilayer normal (bottom) vs the relative vapor pressure of the solutes.
Error bars represent the standard error of the mean.
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0.32pC9
0 and 0.08pC6OH

0 , where qC9
binary ≈ qC6OH

binary ≈ 0.1 per C10E3
molecule. It should be noted that our prior work37 indicated
only subtle differences for the OA and CT bead profiles of the
C6OH additive. At this moderate loading, the differences
between the unary and binary systems are small. C9 molecules
load preferentially into the center of the bilayer, while the
density profiles for the C6OH molecules show a maximum at
d⊥ = 6 and 7 Å for the unary and binary adsorption systems,
respectively; that is, the presence of the C9 molecules in the
binary systems leads to a slight outward shift in the C6OH
profile. Nevertheless, the C6OH molecules also populate the
bilayer center for both the unary and binary adsorption
systems, and the C6OH density profiles approach zero at the
location of the highest OA density for the C10E3 molecules,
that is, the C6OH molecules are not located near the outer
interface of the bilayer, but are still in contact with water
molecules penetrating into the polar region of the C10E3
surfactants.
Using the number densities corresponding to the additives’

center-of-mass profiles, eq 4 can also be applied to obtain the
free energy of transfer into different regions of the mesophase
(see Figure 8 and Table S6). Again, we take the unary and
binary adsorption systems at 0.32pC9

0 and 0.08pC6OH
0 as a

representative example. As should be expected from the bead
density profiles, the differences between the unary and binary
adsorption system are negligible with the exception of the
slight outward shift for the free energy minimum for the
C6OH additive in the binary system. At this state point for the
binary adsorption system, the free energy values for the entire
mesophase are ΔGC9

vap→meso = −18.9 kJ/mol and ΔGC6OH
vap→meso =

−19.0 kJ/mol (see Table 2). For the C9 molecules,
ΔGC9

vap→meso(z) is most favorable in the center of the bilayer
with a value of −23.2 kJ/mol and remains below −18.9 kJ/mol
for d⊥ < 7 Å. However, not even the center of the bilayer can
provide an environment as favorable as C9’s neat liquid phase
(ΔGC9

vap→liq = −25.10 kJ/mol). In contrast, the most favorable
location for the C6OH at d⊥ = 7 Å yields ΔGC6OH

vap→meso(z) =

−21.6 kJ/mol, which approaches the value for C6OH’s neat
liquid phase (ΔGC6OH

vap→liq = −21.95 kJ/mol). At the outer
interface of the bilayer (d⊥ = 15 Å, the preferred location of the
surfactant’s OA bead), ΔGC6OH

vap→meso(z) has already increased by
8 kJ/mol compared to the minimum, whereas the bilayer
center is only less favorable by 1 kJ/mol than the minimum.

■ CONCLUSIONS
Thermodynamic and molecular-level information on the
binary uptake of n-nonane and 1-hexanol molecules in the
lamellar phase formed by nonpolar C10E3 surfactants is
obtained through Monte Carlo simulations in the osmotic
Gibbs ensemble. These simulations allow us to assess the
hypothesis that different spatial preferences of nonpolar and
amphiphilic solutes should lead to synergistic uptake beyond
that expected from unary adsorption. The differences in spatial
preferences observed previously for unary adsorption systems37

are found to be preserved for the binary adsorption system;
that is, C9 molecules adsorb preferentially near the bilayer
center and cause an increase in the bilayer thickness, whereas
C6OH molecules preferentially embed near the intersection of
nonpolar and polar beads of the C10E3 surfactants and cause
an increase in the bilayer area. However, analysis of the
composition-dependent free energy of transfer indicates that
an increase in the C9 loading leads to a more favorable
mesophase environment for additional C9 molecules, whereas
the transfer free energy for C6OH molecules is fairly
independent of composition. Similarly, comparison to
predictions made using Ideal Adsorbed Solution Theory and
to loadings estimated for pseudobinary mixtures point to C9−
C6OH interactions being less favorable than C9−C9
interactions, but the former are close to C6OH−C6OH
interactions. Although we observe positive deviations from
Henry’s law for the adsorption of both C9 and C6OH
molecules when expressed per surfactant molecule, the swelling
of the mesophase partially or fully compensates when
considering the Gibbs free energies of transfer for C9 or

Figure 7. Symmetrized density profiles as a function of position along
the bilayer normal for unary (dashed lines) and binary (solid lines)
adsorption systems at 0.32pC9

0 and 0.08pC6OH
0 .

Figure 8. Symmetrized free energy of transfer as a function of solute
location along the bilayer normal for unary and binary adsorption
systems at 0.32pC9

0 and 0.08pC6OH
0 .
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C6OH molecules, respectively. The reason is that, for C9
molecules, its own liquid phase provides a solvation environ-
ment that is more favorable than the mesophase by about 6 kJ/
mol, whereas the difference is only about 3 kJ/mol for the
C6OH molecules. Thus, the C9 molecules have more to gain
when other C9 molecules are adsorbed. For the C9 molecules,
the enthalpy of adsorption into the mesophase is close to the
enthalpy of condensation into its neat liquid phase, but the
entropic cost of transferring into a relatively small subregion of
the mesophase is significantly larger than that of condensation.
In contrast, the mesophase provides a more favorable enthalpy
of transfer for the C6OH molecules compared to its neat liquid
phase, but the increase in entropic cost for transfer into the
mesophase more than compensates. Overall, our simulation
study demonstrates that different spatial preferences for the
loading of different additives do not necessarily result in
synergistic effects for binary adsorption beyond those observed
in the unary adsorption systems.
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