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ABSTRACT: The long-lasting stability of nanoparticle (NP)
suspensions in aqueous solution is one of the main challenges
in colloidal science. The addition of surfactants is generally
adopted to increase the free energy barrier between NPs and
hence to ensure a more stable condition avoiding the NP
sedimentation. However, a tailored prediction of surfactant
concentration enabling a good dispersion of NPs is still an
ambitious objective. Here, we demonstrate the efficiency of
coupling steered molecular dynamics (SMD) with the
Langmuir theory of adsorption in the low surfactant
concentration regime, to predict the adsorption isotherm of
sodium-dodecyl-sulfate (SDS) on bare α-alumina NPs
suspended in aqueous solution. The resulting adsorption
free energy landscapes (FELs) are also investigated by tuning the percentage of SDS molecules coating the target bare NP. Our
findings shed light on the competing role of enthalpic and entropic interaction contributions. On one hand, the adsorption is
highly promoted by the tail−NP and tail−tail nonbonded interaction adhesion; on the other hand, our results unveil the
entropic nature of water and surfactant steric effects occurring at the NP surface and preventing the adsorption. Finally, a
thorough analysis on the steering works emphasizes the role of the NP curvature in the FEL of adsorption. In particular, we
show that, moving from a solid infinite flat surface to a nanoscale particle, a deviation from a Markovian dynamics of adsorption
occurs in close proximity to a curved solid−liquid interface. Here, both the NP curvature effect and nanoscale morphology
promote a modification of the thermodynamics state of adsorption with a consequent splitting of the free energy profiles and
the identification of specific sites of adsorption. The modeling framework suggested in this Article provides physical insights in
the surfactant adsorption onto spherical NPs and suggests some guidelines to rationally design stable NP suspensions in
aqueous solutions.

■ INTRODUCTION

Surface-active agents, commonly known as surfactants, are
amphiphilic molecules with widespread use in several industrial
processes to achieve the long-lasting stability of nanocolloidal
suspensions,1−3 emulsions,4,5 and foams.6,7 In fact, when two
or more immiscible phases are mixed, the addition of
surfactants promotes their adsorption at the phases’ interface
thereby lowering the surface free energy and avoiding
coalescence and separation of phases. The success of the
industrial processes treating surface-active agents relies on a
good prediction of the adsorption isotherm curves which
connect the concentration of surfactants in suspension with the
quantity adsorbed at the interfaces. Although several models
and experimental approaches have been developed to facilitate
the industrial production of surfactant-based products,8−10

many challenges, including the variety of physical and chemical
interfacial mechanisms, are still limiting an exhaustive
estimation of the adsorption isotherms with consequent issues
in the rational design. In this Article we propose a molecular
modeling-based approach to explore the competing role of
enthalpic and entropic interaction contributions in the

surfactant adsorption onto nanoparticles process. We analyze
sodium-dodecyl-sulfates (SDSs) on alumina nanoparticles
(NPs) suspended in aqueous solution because besides the
specific system, it gives us a unique opportunity to validate the
method by a comparison with the experiments. Beyond the
validation of the model, our results shed light both on the
driven adsorption contributions at the solid−liquid interface
and on the nanoparticle curvature effects affecting the
Markovian dynamics of adsorption.
The comprehension of surfactant adsorption phenomena at

solid−liquid interfaces is key to rationally guiding the
experimental preparation of nanocolloidal suspensions, includ-
ing paints, inks, cosmetic products, and engineering nano-
fluids.1,11−13 However, dealing with adsorption phenomena at
the solid−liquid interface requires both the analysis of the free
energy change in transferring a single surfactant molecule and
the investigation of the multiscale adsorption mechanisms
regarding the overall NP and surfactant suspension. The
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thermodynamics of surfactant adsorption on a solid substrate
has been primarily investigated by Nagarajan, who recalled the
molecular thermodynamics theory to explain the different free
energy contributions in transferring a single surfactant
molecule from the bulk solution to the solid.14,15 However,
because of the poor accuracy in capturing the physical and
chemical details of nanoscale interfaces, pure thermodynamics-
based models have revealed a strong inefficiency in predicting
the free energy and consequentially the adsorption isotherms.
On the other hand, molecular dynamics (MD) simulations
have been successfully exploited to atomistically describe the
interfacial environment, highlighting the variety of the free
energy landscapes of surfactants approaching solid sub-
strates.16,17 Enhanced-sampling algorithms, specifically well-
tempered metadynamics,18 umbrella sampling,19,20 and steered
molecular dynamics,21,22 have attracted considerable attention
to explore the equilibrium states of adsorption without
simulating the extensive natural progression of surfactant
exchange from bulk to the solid interface. Interesting results
have unveiled that ion exchange, ion pairing, dispersion forces,
and hydrophobic bonding are the main adsorption mecha-
nisms of surface-active molecules onto a solid substrate.23,24

More in general, the quality of solvents on one hand and the
chemical, physical, and topographical features of the nanoscale
interfaces on the other hand exhibit dominant roles in altering
the process of adsorption and the orientation of surfactant
molecules.25−28

Although the physical insights attained in the past decades
by MD simulations have certainly advanced the understanding
of the free energy of adsorption, the prediction of the
adsorption isotherms from the perspective of pure MD still
encounters remarkable deficiencies. In particular, modeling the
entire process of adsorption in NP suspensions requires a
simultaneous sampling of the bulk and interface. In fact, such
exchanges of surfactants between interface and bulk can be
extremely rare events for atomistic simulations, making the
modeling infeasible in terms of computational expenses.
Moreover, also enhanced sampling could result as inefficient
to describe the multiscale and multiphase environment. To
overcome these modeling challenges, some alternative path-
ways have been suggested in the literature to predict the
adsorption isotherms.8,29,30 For example, Jaishankar et al.30

developed a combined approach of MD simulations and a
molecular-thermodynamic theory (MTT) to predict adsorp-
tion isotherms of organic friction modifiers on iron oxide flat
surfaces. Farrow et al.,29 instead, carried out coarse-grained
simulations in implicit solvent to estimate the adsorption
isotherms of a surfactant onto a nanoparticle surface in a dilute
suspension. However, very few works are focused on the NP
curvature and entropic effects during the adsorption
process,25,29,31 and a more thorough investigation from a
modeling point of view is required for a tailored design of
nanocolloidal suspensions stabilized by surfactants.
In this Article we present a multiscale modeling approach

enabling the prediction of the adsorption isotherm of SDS
molecules onto α-alumina NPs suspended in aqueous solution.
The modeling framework is developed by coupling, in a
synergistic way, steered molecular dynamics (SMD) simu-
lations with the Langmuir theory of adsorption. First, the
enhanced sampling provided by SMD simulations allows the
extrapolation of the free energy of transferring one molecule
from the bulk to the solid−liquid interface. Second, the
minimum in the free energy landscape (FEL) is exploited in

the Langmuir theory to compute the equilibrium constant and
to define the adsorption isotherm curve. The validation of the
predicted isotherm is achieved in the low surfactant
concentration regime, namely, very dilute solution and absence
of self-assembly of the surfactants to form reverse micelles.
Beyond the predictive multiscale model, an intensive campaign
of MD simulations enables the clarification of the adsorption
mechanisms in light of the competitive contributions between
the enthalpic and entropic interaction effects. Finally, the SMD
simulations highlight how the NP curvature effects strongly
alter the Markovian description of surfactant dynamics in a
close proximity to the solid surface. In particular, the spherical
shape of the considered NP promotes a differentiation of the
free energy profiles at the solid−liquid interface, highlighting
diverse sites of adsorption. The Article is organized as follows.
The next section contains our key findings and their detailed
analysis, specifically, the prediction of the adsorption isotherm
and the NP curvature effects in the surfactant adsorption
process. The discussion and conclusion are then reported, and
finally, the model and the simulation procedure are explained
in the Methods section.

■ RESULTS AND DISCUSSION

Prediction of the Adsorption Isotherm. The adsorption
isotherm of SDS molecules on alumina NPs suspended in
aqueous solution is predicted by blending MD simulations
with the Langmuir theory of adsorption. The first essential
component of the proposed model is the calculation, via
molecular dynamics, of the free energy of adsorption, ΔG, of a
single SDS molecule onto an alumina NP. Because of the
extremely high probability to be trapped in a local minimum
during the adsorption process, and because of the rare event of
escaping from that, the SMD method is adopted to sample the
transition of the surfactant between the thermodynamics state
of bulk solvation and the adsorption state at the solid−liquid
interface. As shown in Figure 1, the enhanced sampling
provided by the SMD simulations is realized by adding to the
standard Hamiltonian a harmonic time-dependent potential
promoting the pushing of the SDS molecule from the bulk
toward the NP surface, along a reaction coordinate, ξ, in the z
direction. Four study cases, corresponding to NP coatings with

Figure 1. Space evolution of one steered molecular dynamics (SMD)
simulation entailing the pushing of one sodium-dodecyl-sulfate (SDS)
molecule onto a bare alumina surface (α-Al2O3). The harmonic
potential used to sample the adsorption is applied to the final portion
of the SDS tail (SDSt) identified in the red box. ξ and λ are the
reaction and the evolution coordinates, respectively. Note that the
surfactant samples different orientations during the steering MD.

ACS Central Science Research Article

DOI: 10.1021/acscentsci.9b00773
ACS Cent. Sci. 2019, 5, 1804−1812

1805

http://dx.doi.org/10.1021/acscentsci.9b00773


60, 40, 10, and 0 SDS molecules, are investigated. Two
extreme MD configurations, namely, one bare NP with 0 SDS
(BNP) and one fully coated particle with 60 adsorbed
molecules (CNP), are depicted in Figure 2a,c, respectively.

Figure 3a shows the mean work profiles, ⟨W⟩, and the Gibbs
free energy change, ΔG, correlated to the change of the
surfactant thermodynamics states. In particular, the total
number of the steered trajectories is analyzed to calculate the
work of pushing the SDS molecule from the bulk to the
interface, while a correction of the Jarzynski22 equality is

employed to compute the free energy landscapes as a function
of the reaction coordinate ξ(r) and the NP coverage (see the
Methods section for the technical details). The change of the
free energy plotted in Figure 3a with colored lines clearly
highlights a potential well when the reaction coordinate is
roughly 2.2 nm. Such a minimum, spanning from 0 in the case
of 40 adsorbed SDS molecules to −20 kJ/mol in the case of
BNP, describes the local equilibrium condition corresponding
to the surfactant adsorption state at the solid interface.
However, slightly before the adsorption, when the SDS tail is
less than 1 nm far from the NP surface, the ΔG profiles
manifest remarkable free energy barriers preventing the
adsorption process. Here, a combination of the hydration
repulsion due to nanoconfined water at the interface32,33 and
the surfactant excluded volume effects are recognized as the
main sources of such potential barriers.34,35 Indeed, to confirm
the effect of steric repulsion triggered by the steered SDS and
adsorbed SDS overlap, Figure 3a shows the enhancement of
the free energy barriers by increasing the number of SDS
molecules already adsorbed on the NP. On the other hand,
following the FELs, we notice that the process of adsorbing
one further SDS molecule on the alumina NP is highly
facilitated at low NP coverage, as proven by the deepening
potential wells going from 60 to 0 SDS molecules in the NP
coating.
In order to fully derive the Langmuir adsorption isotherm in

the low-concentration regime (region I in Figure 3b), we
incorporate the minimum of the free energy profile related to
the BNP in the equilibrium constant equation (eq 4). Then,
the adsorption isotherm is extracted as shown in eq 5. Note
that, increasing the SDS concentration, surfactant micelles may
form, and competitive adsorption mechanisms between
solvated surfactants, NPs, and micelles would imply a modeling
environment substantially diverse from the implemented setup
in the developed model. For this reason, we consider in our
model the FEL of the BNP. Figure 3b reveals an excellent
agreement of our modeling results with the experimental values
in the low SDS concentration regime (region I).36

To have a thorough understanding of the competitive
interaction mechanisms during the adsorption process, we
analyze the electrostatic and dispersion potential between the
steered SDS tail (SDSt) and the considered NPs. Figure 4a,b
displays the resulting Lennard-Jones (VLJ) and Coulomb

Figure 2. Molecular representation of (a) the bare α-Al2O3
nanoparticle (BNP), (b) sodium-dodecyl-sulfate (SDS), and (c) the
coated α-Al2O3 nanoparticle (CNP) with 60 SDS molecules. (d)
Example of the initial setup utilized in the SMD simulations: the SDS
molecule in panel b is solvated in aqueous solution at 4 nm far from
the center of mass of a single coated NP (CNP).

Figure 3. (a) Mean steering work, ⟨W⟩, and the free energy change of adsorption, ΔG, as a function of the reaction coordinate ξ. 60, 40, 10, and 0
SDS molecules coating the target NP are modeled to compute the free energy landscapes (FELs). The number of trajectories (trj) used for the
FELs after the pruning is specified in the legend. (b) Comparison of the developed model (green solid line) and experimental results36 (blue square
marks) for predicting the surface density of adsorbed surfactants, Γ, given a specific bulk concentration in aqueous solution (C). The model is
implemented by coupling SMD simulations with the Langmuir theory of adsorption.
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(VCoul) potential, respectively, as a function of the centers of
mass (CoM) distance ∥rSDStCoM − rBNP

CoM∥. Because the alumina NP
has been modeled in aqueous suspension close to the
isoelectric point (IEP), the adsorption mechanisms between
the steered SDS molecule and the considered NPs are mostly
driven by the dispersion interactions (VLJ) as clear by
comparing Figure 4a,b. Essentially, the VCoul weights less
than 6% on the total enthalpic potential Vtot obtained as Vtot =
VCoul + VLJ and plotted in Figure 4c. Interesting observations
also arise detecting the adsorption process of the steered
surfactant on the NP coated with 60 SDS molecules. In this
case, the Coulomb interactions between SDSt and CNP
(purple line in Figure 4b) promote the SDS adsorption when
2.3 < ∥rSDStCoM − rBNP

CoM∥ < 3 nm. On the other hand, the
electrostatic repulsion between charged SDS heads predom-
inates at short separation distance, namely, at 0.5 nm from the
NP surface, as demonstrated in the zoom of Figure 4b where
the purple pick is roughly 3.7 kJ/mol. Regardless of the specific
interactions, Figure 4c indicates that the CNPs show overall
stronger nonbonded interactions than the BNP with the
steered surfactant, suggesting, at first glance, the most favorable
configuration for the adhesion of SDS molecules. However, the
previous analysis about the free energy change and nonbonded
interactions (Figures 3a and 4c, respectively) sheds lights on
the potential role played by the entropy in the surfactant

adsorption phenomena. Recall that the free energy change
corresponding to the transfer of a single molecule from the
bulk solution to a solid interface consists of both enthalpic and
entropic contributions, namely, ΔG = ΔH − TΔS. In
particular, the change of the enthalpic component, ΔH, is
related, in our system, to the variation of the nonbonded
interactions along the steering trajectories, while the entropic
contribution, ΔS, is mainly owed to the steric and excluded
volume effects at the solid−liquid interface. As shown in Figure
4c, the enthalpic change is much more remarkable increasing
the percentage of NP coverage by SDS molecules. However,
we promptly notice from the FEL in Figure 3a that such
deeper adsorption onto the coated NPs is strongly weakened.
Therefore, the intensity of the potential wells in the ΔG
profiles clearly unveils that the process of surfactant adsorption
is more favorable in the case of BNP than CNP. The leading
explanation is attributable to the steric repulsion of entropic
nature promoted by modified water layer structure and
excluded volume effects between the SDSt and coating
surfactants.

NP Curvature Effect on the Free Energy of
Adsorption. The effect of NP curvature is clarified by first
exploring the work of transferring a single SDS molecule from
the bulk solution to the NP interface. Figure 5a shows the
resulting work profiles, W, as a function of the reaction

Figure 4. (a) Lennard-Jones (VLJ) and (b) Coulomb (VCoul) interaction potentials between the pushed SDS tail (SDSt) and the considered NPs
following their center of mass (CoM) distance over the steering trajectories. (c) Total nonbonded interactions including VCoul and VLJ plotted in
panels a and b, respectively. The shadow profiles in pnels a−c represent the standard deviations obtained after averaging the potentials over the
total number of trajectories. The nonbonded potentials are investigated for NP coatings with 0, 10, 40, and 60 SDS molecules.

Figure 5. (a) Work profiles obtained by pushing, along the reaction coordinate ξ(r), a single SDS molecule from the bulk to the NP surface. The
evolution of W is plotted for the total number of trials (trj) including all the considered NPs, coated with 0, 10, 40, and 60 SDS molecules. Note
that the successful trajectories are highlighted with colored solid lines, leaving all the remaining ones transparent. (b) Probability distribution
functions (p(W)) of applying the steering works, W, corresponding to ξ = 3.94 nm (case I), ξ = 3.31 nm (case II), ξ = 2.21 nm (case III), and ξ =
1.96 nm (case IV), marked in panel a with black triangles. Note that the p(W) functions only refer to the adsorption on BNP.
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coordinate ξ(r), including all the considered NP coatings.
First, coupling the visualization of the trajectories with the
computed transferring work, we observed that, over the total
pushing trials, a very low percentage of the steered SDS
molecules successfully reach the NP surface. More quantita-
tively, roughly 10% of the total sampling trajectories are
classified as successful events and employed in the calculation
of the FEL (see the Methods section for further details on the
successful event criterion). Second, Figure 5a highlights, within
the successful trajectories, a sharp increase of W when the
steered SDS molecule is approaching the NP surface. In
particular, regardless of the NP surface coverage and unlike the
adsorption on a planar surface, three distinct sites of such
enhanced work are detected, namely, at ξ = 1.8 nm, ξ = 2 nm,
and ξ = 2.2 nm. With the previous observations in mind, we
advance the hypothesis that, because of the NP curvature
effect, there is a large probability that the adsorption
phenomenon may not occur at a fixed reaction coordinate,
but multiple sites of adsorption, corresponding to different
ξ(r) and angles, may be feasible. The sketch in Figure 6a gives
a clear picture of the possible adsorption scenario. Assuming a
maximum reaction coordinate, ξMAX, as our target position to
complete the adsorption pathway, then a spherical cap is
defined by cutting the alumina NP with a plane passing in z =
ξMAX, and θMAX is described as the solid angle subtended by the
spherical cap. During the enhanced sampling carried out with
SMD simulations, the steered surfactant molecule may either
reach the NP surface within the spherical cap and solid angle
θMAX (adsorbed SDS in Figure 6a) or touch the outer surface
of θMAX, making the adsorption process highly unfavorable
(unadsorbed SDS in Figure 6a). Consequentially, within the

adsorption successful events, a splitting of the free energy
landscape is expected in very close proximity to the NP surface.
In order to provide a quantitative validation of the previous

adsorption scenario, more thorough investigations are carried
out. We first explore the Markovian nature of the enhanced
sampling adopted to study the surfactant adsorption at the
solid interface. Figure 5b displays four probability distribution
profiles of applying the work of steering a single surfactant
onto the BNP in t = 35 ps, t = 350 ps, t = 900 ps, and t = 1025
ps, roughly corresponding to ξ = 3.94 nm, ξ = 3.31 nm, ξ =
2.21 nm, and ξ = 1.96 nm, respectively. These resulting
probability distribution functions exhibit Gaussian-like behav-
iors for ξ > 2.21 nm (cases I, II, and III). However, the
enhanced sampling starts to strongly deviate from a Markovian
dynamics and hence from a Gaussian-like distribution when
the steered SDS gets very close to the NP surface (case IV in
Figure 5b). Such non-Markovian behavior mainly unveils that,
approaching to the NP surface, the free energy profile is not
exclusively identified, but diverse landscapes are realizable.
Figure 6b further remarks the diverse adsorption pathways

by displaying the final position θ and rxy of the steered SDS
molecule once the maximum reaction coordinate ξmax is
reached. Specifically, for each single trajectory and NP surface
coverage, r represents the final steered SDS coordinate,
namely, rSDSt

CoM − rBNP
CoM. Then, the angular position, θ, and the

projection of r on the xy-plane are calculated and plotted along
the radius of the polar plot in Figure 6b. Here, the total
number of trajectories is grouped in the colored circular
sectors according to the NP coverage, and the amplitude of
such circular sectors is related to the overall pushing trials. The
unsuccessful cases in Figure 6b are identified with black circles,
while the adsorption cases, selected according the condition θ

Figure 6. (a) Frontal and top view of the possible final positions reached by the steered SDS molecule after the pushing process ending at z = ξmax.
θ and r are the SDS final spherical coordinates, and rxy is the projection of r in the xy-plane. Defining θmax as the maximum solid angle generated by
cutting the NP with the plane z = ξmax, adsorbed and unadsorbed SDS molecules are identified when θ < θmax and θ > θmax, respectively. (b) Polar
plot of the steered SDS final positions including all processed trajectories. The total number of trajectories is grouped according to the NP coverage
in colored circular sectors whose amplitude is related to the number of pushing trials. The radius of the polar plot indicates the final rxy and
intrinsically θ of steered SDS. Black and colored points stand for the unadsorbed and adsorbed molecules onto the NP surface, respectively. Red,
green, and blue points identify the three sites of adsorption corresponding to three specific final spherical coordinates of the steered SDS molecule.
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< θmax, are highlighted with colored circles. It is interesting to
note that only three main angular positions are attained by the
steered molecule, roughly corresponding to θ = 10° (red
circles), θ = 20° (green circles), and θ = 30° (blue circles).
Such three angular positions are mostly correlated to three
distinct sites of adsorption. Further details about the physical
location of the adsorption sites are reported in the Supporting
Information (SI).
In conclusion, the histogram analysis shown in Figure 5b

and the polar plot in Figure 6b seriously suggest and prove that
the NP curvature strongly promotes a distinction of the free
energy landscapes while approaching the NP surface, with a
consequent identification of specific adsorption sites. Prelimi-
nary results about the splitting of the FEL in the case of BNP
are detailed and investigated in Figure 7. Here, the steering

work, W, and the free energy profiles, ΔG, are computed for
each single site of adsorption. As is clear from Figure 7c, as
soon as the steered SDS molecule approaches the surface,
namely, when its tail position is less than 2.5 nm from the
CoM of the BNP, the unique free energy profile displayed in
Figure 3a is branched off into three distinct landscapes. The
most probable profile showing the largest free energy change,
ΔG, corresponds to the first site of adsorption (red circles in
Figures 6b). Then, the probability of adsorption decreases as
the final angular position increases, namely, from the second
(green circles in Figure 6b) to the third (blues circles in Figure
6b) adsorption sites. Further results of the FEL differentiation
related to the different coatings are presented in the
Supporting Information. However, in the case of CNPs, a
massive amount of simulations should be carried out to have
statistical validity for the results.

■ CONCLUSION

In this Article, the proposed protocol of coupling the
enhanced-sampling algorithm of SMD with the Langmuir
theory shows a remarkable capacity of predicting the SDS
adsorption isotherm, thereby providing some guidelines for a
more rational design of NP suspensions. Specifically, the free
energy of adsorption obtained with SMD simulations is utilized
to compute the equilibrium constant; then, the Langmuir
theory is employed to correlate the surfactant concentration
with the adsorbed surfactants at the solid−liquid interface. The
developed model is able to match the experimental data with
an excellent agreement in the first concentration region, where
the highly dilute solution condition prevents the self-assembly
of the surfactants and the consequent SDS organization in
micelles. A possible development of the model may include the
investigation of the free energy landscapes for the micelle
aggregation and then the use of an extended Langmuir theory,
as the one proposed by Phamet al.,37 to reproduce the
adsorption isotherm, extending the validity of such a multiscale
approach.
Beyond the prediction of the surfactant isotherm, our results

enlighten the prominent role of entropy in the surfactant
adsorption mechanisms. Precisely, by tuning the initial SDS
surface coverage on a bare NP, we observe competitive
contributions of both enthalpic and entropic nature in the
steered SDS−NP interactions. Although dispersion and
Coulomb potentials strongly promote the adhesion between
the bulk SDS molecules and the SDS-coated particle (CNP),
the free energy profiles exhibit a more favorable adsorption in
the case of a bare solid surface (BNP). Recalling that ΔG =
ΔH − TΔS, such an outcome points out the presence of
repulsive interactions, mainly of entropic nature, between
steered SDS and CNP. In fact, excluded volume and steric
effects rise by increasing the SDS density on the BNP coating,
with a consequent reduction of the adsorption probability.
Finally, a differentiation of the adsorption free energy profile

is detectable at the solid−liquid interface, where the hypothesis
of a Markovian dynamics of the steering process fails. In
particular, our results unveil that both the NP curvature effect
and heterogeneities in the NP surface morphology facilitate the
splitting of free energy landscapes corresponding to diverse
possible sites of adsorption. Specifically, the physical and
chemical NP morphology may be the reason for possible
asymmetric dislocation of the sites of adsorption.
Ultimately, the proposed a modeling framework enables the

translation of nanoscale interfacial phenomena into a
continuum theory of adsorption, drawing the formulation of
design rules to engineer NP aqueous suspensions suitable for a
wide range of applications.

■ METHODS

To predict the adsorption isotherm, we have designed a
multiscale protocol able to couple molecular dynamics (MD)
and classic Langmuir theory. Two distinct steps are then
carried out: (i) evaluation of the Gibbs free energy of
adsorption by implementing the enhanced sampling of steered
molecular dynamics (SMD); and (ii) estimation of the
equilibrium constant in the Langmuir isotherm by employing
the Gibbs free energy of adsorption obtained in phase i. Steps i
and ii are detailed in the following subsections.

Steered Molecular Dynamics. To explore the free energy
landscape (FEL) with MD simulations, we first consider a

Figure 7. (a) Steering work, W, to transfer one SDS molecule from
the bulk solution to the BNP surface. (b) Probability distribution
functions of applying specific steering works corresponding to the
reaction coordinates, I, II, III, and IV highlighted with black triangular
marks in panel a. (c) Free energy changes, ΔG, obtained by applying
eq 2. Here, the FELs are computed by considering separately the
trajectories of site 1 (red line), site 2 (green line), and site 3 (blue
line) of adsorption.
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molecular modeling setup including one α-alumina nano-
particle (NP) and a sodium-dodecyl-sulfate (SDS) molecule,
as shown in Figure 1. The initial position of the SDS molecule
is at ∼2 nm away from the NP surface, with the tail oriented
toward the NP. Note that a configuration with the SDS head
oriented toward the NP is also tested, and the results are
reported in the Supporting Information. The alumina bare NP
(BNP), Figure 2a, has a diameter of about 4 nm, and it is built
following the same protocol employed by Cardellini et al.34

Beyond the BNP, we also investigate coated NPs (CNPs) with
60, 40, and 10 wrapping molecules as shown in Figure 2c.
Thus, a total of four study cases are studied. We use the
routine Packmol38 to arrange the SDS molecules around the
target NP surface. The chosen box has a volume of 8.5 × 8.5 ×
13 nm3 (Figure 2d), and the NP center of mass (CoM) is
located at the origin of the Cartesian axis, while the steered
SDS molecule is placed along the z direction. The box is filled
with water molecules represented by the SPC/E model,39 and
with Na+ ions to ensure a null overall electric charge. Periodic
boundary conditions are finally applied in all box directions.
The nonbonded and bonded parameters of α-alumina are

taken from the CLAYFF force field developed by Cygan et al.40

Note that, in order to compare our modeling framework with
the experimental data and thus to simulate a system with a pH
close to the isoelectric point (IEP), we leave the NP surface
uncharged. The OPLS-AA force-field41 is instead adopted to
describe the SDS molecules. All the van der Waals interactions
are modeled using Lennard-Jones potential (LJ), implemented
with a cutoff of 1.3 nm and a standard geometric-mean mixing
rule for unlike atoms. The short-range electrostatic interactions
are evaluated by summing all particle contributions within a
cutoff of 1.3 nm, while for the remaining long-range
interactions a particle-mesh Ewald (PME)42 summation is
applied in Fourier space.
The SMD protocol first includes a total energy minimization

of the described MD setup. The resulting state is then
equilibrated in three different stages and two ensembles.
Initially, we apply the canonical ensemble (NVT) for 500 ps
using a Maxwell−Boltzmann speed distribution and the V-
rescale thermostat43 with τT = 0.1 ps to reach the equilibrium
temperature of 300 K. Then, the first isothermal−isobaric
ensemble (NPT) at 1 bar is set by using the Berendsen
barostat44 and a time constant of τp = 2 ps for further 500 ps.
We conclude the equilibration with a second NPT for 100 ps,
using the Nose−́Hoover thermostat45 (τT = 0.22 ps) and the
Parrinello−Rahman barostat46 (τp = 2 ps). Once the desired
thermodynamic conditions are reached, we leave the SDS
molecules to freely self-assemble on the NP surface.
From the resulting configurations, we explore the free energy

landscapes by imposing the following harmonic potential, h, to
drive the evolution of our system toward the adsorption:

h
k

r r( , )
2

( ( ) )2λ ξ λ= −
(1)

where ξ(r) is the reaction coordinate, λ is the evolution
coordinate, and k is the spring constant. Usually, the evolution
coordinate follows a linear motion law λ = λ0 + tv·uz, and the
stiffness k is chosen high enough to neglect the difference
between the two coordinates, but low enough to not introduce
instability in the dynamics.47 Thus, after a preliminary study,
explained in the Supporting Information, we set the pushing
rate v = −2 × 10−3uz nm/ps, and the spring constant k = 4 ×
104 kJ mol−1 nm−2. According to the standard protocol of the

SMD algorithm, we implement the enhanced sampling by
generating at least 100 trajectories of the pushing process for
both BNP and each CNP considered in this work.
In order to compute the steering work in all the trajectories,

we integrate the gradient of h(r, λ) along the evolution
coordinate, namely, W(λ) = ∫ λ0

λ
∂λh(r, λ) dλ. Then, within all

possible steering trajectories, we remove the outliers with the
interquartile range (IQR) method,48 and we apply a further
pruning by exclusively considering the successful trajectories
describing the adsorption. Specifically, the adsorption criterion
consists in satisfying the condition ∥rSDStCoM − rBNP

CoM∥ ≤ 2 at ξ(r) =
1.8 nm (see Figure 5 for the resulting steering works and
Figure 6a for graphical details of successful adsorption). Next,
from the successful trajectories, we derive the free energy
profiles using Jarzisky’s equality:21,49,50

G W W W( )
1

ln e
2

( )W 2 2ξ
β

βΔ = − ⟨ ⟩ = ⟨ ⟩ − ⟨ ⟩ − ⟨ ⟩β−

(2)

where ΔG(ξ) is the free energy profile along the reaction
coordinate, β = 1/(kBT), with kB the Boltzmann constant and
T the temperature. Note that the last equality in eq 2 is valid if
and only if the dynamics of the system is Markovian.22 In other
words, if the probability distribution functions of the steering
works follow a Gaussian shape, then only the first two terms of
the Maclaurin expansion of Jarzisky’s equality can be used to
compute the FEL.51 In order to verify the Markovian
condition, we compute the frequency histogram of the work
at each time step (see Figure 5), and we measure the distance
between the theoretical and empirical distribution with the
Kolmogorov−Smirnov test (see Figure S3 in the Supporting
Information). Our results show a good agreement with the
Markovian dynamics up to 0.1 nm from the NP surface; thus,
the cumulant expansion of Jarzisky’s equality (right-hand side
of eq 2) is applied in the validity window for the estimation of
the free energy profiles. All MD simulations are carried out
with the open source code GROMACS 2018,52 by integrating
Newton’s second law with the Leap-Frog53 algorithm and a
time step of 1 fs.

Langmuir Adsorption Isotherm. To predict the
adsorption isotherm, we adopt the ideal solution hypothesis
with the SDS concentration below the critical micelle
concentration (CMC). Under this condition, the adsorption
phenomenon is described as an equilibrium condition between
two thermodynamics states, namely State 0 and State 1:

NP SDS Adsorbed SDS

State 0 State 1

F+      (3)

where the equilibrium constant of the adsorption process
explained in eq 3 is given by

K e Gads= βΔ ⊖
(4)

ΔGads
⊖ is the standard free energy of adsorption that in our case

is assumed equal to the binding energy computed with the
SMD, that is, ΔGads

⊖ = min(ΔG(ξ)). Considering the free
energy profiles shown in Figure 3, the most probable event of
adsorption occurs in the case of BNP; hence, we hold ΔGads

⊖ =
min(ΔG(ξ)BNP). The definition of the equilibrium constant K
in eq 4 allows the transition from the atomistic to the
thermodynamic description of the phenomenon. In fact, we
include K in the Langmuir theory of adsorption at the solid−
liquid interface:
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KC
C KCtot

Γ = Γ
+∞

(5)

where Γ∞ is the maximum coverage of a bare alumina NP of 2
nm radius by a single layer of SDS molecules, C is the SDS
concentration in mol L−1, and Ctot is the total molar
concentration that can be assumed equal to the molar
concentration of water at standard conditions (Ctot = 55.5
mol L−1).
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