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Abstract
Adsorption of dissolved molecules onto solid surfaces can be extremely sensitive to the atomic-
scale properties of the solute and surface, causing difficulties for the design of fluidic systems in
industrial, medical and technological applications. In this communication, we show that the
Langmuir isotherm for adsorption of a small molecule to a realistic, heterogeneous surface can be
predicted from atomic structures of the molecule and surface through molecular dynamics (MD)
simulations. We highlight the method by studying the adsorption of dimethyl-methylphosphonate
(DMMP) to amorphous silica substrates and show that subtle differences in the atomic-scale
surface properties can have drastic effects on the Langmuir isotherm. The sensitivity of the
method presented is sufficient to permit the optimization of fluidic devices and to determine
fundamental design rules for controlling adsorption at the nanoscale.

Keywords
Langmuir isotherm; adsorption; nanochannel; nanofluidics; potential of mean force; molecular
dynamics

Adsorption of solutes from a liquid phase to a solid substrate is a process ubiquitous across
industries and technologies, yet it is often difficult to predict and control. Specific adsorption
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has many applications, ranging from clarification in winemaking,1 to dialysis, filtration and
the treatment of acute poisoning,2 to the purification of proteins.3 At the same time,
uncontrolled adsorption contributes to loss of product to vessel surfaces, clogging of small
constrictions in coronary stents4 or microfluidic devices5 and performance deterioration of
biosensors.6,7 The microscopic nature of adsorption phenomena requires the atomic
structures of the solutes and the substrates be taken into account in order to design substrates
to have set adsorption properties for specific solutes. In this communication, we describe a
computational method for prediction of the adsorption isotherm specific to the atomic-scale
details of the solute, solvent and substrate. Building on previous work in this area,7–14 we
demonstrate utility of classical molecular dynamics (MD) simulations for prediction of
macroscopic, experimentally accessible adsorption behavior of realistic, heterogeneous
surfaces.

Monolayer adsorption is commonly described by the Langmuir isotherm

(1)

where θ is the fractional area of the surface covered by the adsorbed solutes, Cbulk is the
solutes’ bulk concentration and the empirical parameter α specifies the solute–surface
affinity, also known as the Langmuir constant. For a homogeneous surface containing a
lattice of identical binding sites that can be occupied by only one solute, the Langmuir
description is exact, with a being equal to the inverse of the bulk concentration at which half
the surface is covered with the solute. In practice, most surfaces are neither periodic nor
homogeneous in their binding affinity, and hence the Langmuir constant α is determined
from experiment. Below we demonstrate that, in the case of a realistic heterogeneous
surface, the Langmuir isotherm can be directly obtained from MD simulations and the
Langmuir constant α can be computed from a 3-dimensional potential of mean force (3D
PMF) for the solute near the surface.

To simulate surface adsorption in all-atom detail, we have modeled a small, enclosed
chamber of solution, using dimethyl methylphosphonate (DMMP) as a model solute. Figure
1 (top) shows a typical starting configuration of a simulation system consisting of a 10 × 10
nm2 slab of amorphous silica (SiO2), tiled from sixteen identical 2.5 × 2.5 nm2 patches,
enclosing a 5–6 nm tall, well-mixed aqueous solution of DMMP. The system was made
effectively infinite in the x – y plane using the periodic boundary conditions. A pressure
gradient was imposed in one of the directions, producing a Poiseuille-type flow.15 The
magnitude of the flow had negligible effect on adsorption. A complete description of the
system setup and the simulation protocols is provided in Supporting Information.

After initial energy minimization and equilibration, the system was simulated for ~100 ns
using the classical MD method.16 As the simulation progressed, the concentration of DMMP
in the center of the chamber gradually reduced as DMMP adsorbed to the surfaces of the
slab. Figure S1 in the Supporting Information plots the number of adsorbed molecule versus
time in a typical simulation. In less than 100 ns, the systems reach a dynamic equilibrium
state, Figure 1 (bottom), which we used to calculate the average density of adsorbed solutes
n and the bulk concentration Cbulk, different from the starting concentration. Here we
defined a solute as adsorbed at the surface if its center of mass lies within 0.5 nm of the
surface. As detailed in Figure 1, the equilibrium profile of DMMP concentration exhibits
pronounced maxima near both surfaces of the slab and is constant elsewhere, and hence we
refer to these two regions as the adsorption layer and bulk solution, respectively.
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To obtain the adsorption isotherm, we repeated the above simulation having different
starting amounts of DMMP in the chamber. The resulting dependence of the density of
adsorbed solutes on the bulk concentration is shown in Figure 2 (black squares) along with
the fit of the data to the Langmuir isoterm, Eq. (1) (solid line). The plot shows that the
simulated adsorption obeys the Langmuir isotherm. To extract the Langmuir constant,
independent MD simulations were performed to determine nmax—the maximum adsorption
density of DMMP, which is required to compute the fractional surface coverage θ using the
adsorption surface density n as θ = n/nmax (see Supporting Figure S2).

Thus, we have shown the utility of brute-force MD for predicting the Langmuir constant of a
heterogeneous surface. Being essentially the numerical equivalent of an actual experiment,
such an approach may not be optimal for designing surfaces with set adsorption properties,
as it would require a large number of trials.

To link the local atomic-scale properties of the substrate and the solvent to the global
adsorption properties of the surface, we express the Langmuir isotherm in terms of
microscopic quantities. For a low-concentration solution, the Langmuir isotherm, Eq. (1)
reduces to

(2)

and the concentration near the surface can be obtained as

(3)

where F(r⃗) is the free energy for a solute at position r ⃗, set to zero in the bulk. By integrating
the solute concentration over the adsorption layer (Figure 1) and dividing by the area of the
surface, Asurface, the density of molecules adsorbed at the surface is

(4)

Using θ = n/nmax, we find n = α · Cbulk · nmax, or

(5)

(6)

which expresses the Langmuir constant α in terms of the maximum adsorption density nmax
and the free energy F(r⃗). In this expression, nmax contains the information about the high-
concentration behavior of the system.

To determine the free energy of a solute as a function of its position near the surface, we
performed umbrella-sampling simulations17 of DMMP and the silica slab and obtained the
3D PMF using the weighted histogram method (WHAM)18 generalized to three dimensions
(see Supporting Information). Such 3D PMF maps can be thought of as the change in free
energy for bringing the solute molecule from the bulk solution to any point near the surface
and reveals the variation in adsorption strength over the surface.

Figure 3 illustrates the results of such calculations, showing the silica surface colored by the
local minimum value of the PMF for each (x,y) point. For this particular 2.5 × 2.5 nm2 patch
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of amorphous silica surface, the depth of the PMF near the surface varies from 0 to −6.6
kBT. The surface appears to have low and high affinity regions, highlighting its
heterogeneous nature. The inset in Figure 3 shows the PMF as a function of z, averaged over
the x – y plane, revealing the short-range nature of the interaction. The shape of the average
PMF is in accord with the steady-state concentration profile of DMMP in Figure 1.

Using Eq. (3), we have computed the Langmuir constant from the 3D PMF map shown in
Figure 3 and the previously-determined maximum adsorption density nmax. The value
predicted by the 3D PMF model: αModel = 2.0±0.1 M−1, is in excellent agreement with the
fit to the adsorption simulation data: αFit = 1.9 ± 0.2 M−1, where the errors were estimated
taking into account the uncertainty of determining nmax and the 3D PMF, or the surface
concentration in the brute force MD data, respectively. Consequently, adsorption densities
predicted by the model agree with the results of brute-force MD in the entire range of
studied concentrations, Figure 2. Our model also describes the high-concentration regime for
which nmax was determined. For example, at 4.6 M the Langmuir model predicts the
adsorption density of 1.4 ± 0.12 nm−2, which is within the error of the brute-force MD value
of 1.55 ± 0.01 nm−2.

To test the robustness of the 3D PMF model against variations in the atomic-scale features
of the substrate surface, we repeated both brute-force and 3D PMF calculations for three
additional amorphous silica slabs that had different surface features introduced by thermal
annealing8 (see Supporting Information). Figure 4 (a–d) illustrate the atomic structures of
the four surfaces; data presented in Figures 1, 2 and 3 pertain to surface A. Surface B was
simulated in a chamber constructed using both surface A and B, with surface A on the
bottom and B on the top, which is referred to as system AB. For comparison, the same
calculations were performed for a frictionless hydrophobic surface19 (Ph) devoid of any
atomic-scale features.

Figure 4 e compares the predictions of the 3D PMF model with the results of the brute-force
MD simulations. In all cases, the two models produced quantitatively consistent results.
Because of the considerable difference in the overall affinity of the surfaces to DMMP, to
make the comparison statistically significant, lower-affinity systems were simulated at
higher bulk concentrations of the solute.

In Eq. (3), nmax is assumed to be a constant global property of the surface, an assumption
that may not hold for extremely heterogeneous or patterned surfaces. In these cases, constant
nmax may still approximate large subsections of the surface and the global adsorption can be
determined as a weighted average over the constant nmax subsections. Results for system AB
illustrate this point. In Figure 4, data points AAB and BAB show the predicted and simulated
adsorption density on only surface A and B, respectively; AB shows the total on both
surfaces.

The Langmuir constants of the four silica surfaces are plotted in Figure 5. Surprisingly, we
find that subtle variations in the arrangement of the surface atoms (see Figure 4 (a–d)) can
alter the Langmuir constant by three orders of magnitude. To determine the microscopic
cause for such an effect, we have computed local maps of the atomic scale roughness and
the surface charge density for each surface and compared the resulting 2D plots with the 2D
plot of the PMF’s local minima, see Supporting Information Figure S3. Whereas some
correlation between the surface topography and the PMF maps is apparent (see the right-
most column in Figure S3), there is no consistent dependence, as indicated by the plot of the
Langmuir constant versus the root mean squared (RMS) roughness of the surfaces, Figure
S4. Similarly, neither the local pattern of the surface charges correlate with the PMF maps
nor does the global surface charge with the Langmuir constant, see Figure S5.
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Nevertheless, Figure 5 (a) shows a strong anticorrelation between the Langmuir constant and
the RMS surface charge, suggesting a hydrophobic effect in the mechanism of DMMP
attraction to silica. Indeed, it was previously shown that an amorphous silica surface
becomes more hydrophobic as the number of dangling atoms (responsible for the high RMS
charge density) is reduced.8 The annealing procedure used to create the silica surfaces has
exactly that effect. Inspection of the DMMP conformation in the bound state confirms this
assertion: on average, the P–O bond of DMMP was found to point away from the surface,
exposing the oxygen to the solution. As shown in Figure 5 b, surfaces that exhibit stronger
adsorption of DMMP also produce a stronger orientational order. As the phantom surface, a
neutral barrier with no atoms, has a smaller Langmuir constant than any of the silica
surfaces, the adsorption of DMMP to silica is not primarily driven to minimize water-
DMMP contacts, but rather to exclude water from hydrophobic patches of silica. Here, the
local properties of the solution clearly play an important role, as they are known to depend
on the atomic-scale features of the surface.20,21

In this letter, we have described and validated a computational method for predicting the
Langmuir adsorption isotherm of realistic heterogeneous surfaces. The method permits
macroscopically observable properties to be directly related to the atomic structure of the
solute, solvent and the substrate and can be applied to study adsorption of any small, weakly
interacting solutes and broad range of surfaces, including metals, oxides, polymers, and
functionalized and patterned substrates, provided the solute-substrate interactions are
appropriately described.22,23 The exquisite sensitivity of the method to the atomic-scale
features of the systems will find practical application in rational design of surfaces to
minimize non-specific adsorption, maximize selective binding of desired solutes, and
determine fundamental design rules that govern adsorption at the nanoscale.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Molecular dynamics simulations of adsorption. (Top) Typical starting configuration
containing randomly placed DMMP solute (shown as vdW spheres), two silica slabs (shown
as gray molecular surfaces) and water (not shown). The plot specifies the average
concentration of the solute along the z axis. (Bottom) The same system at the end of a 100-
ns MD trajectory.
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Figure 2.
Adsorption isotherm. Black squares indicate the data directly obtained from all-atom MD
simulations. The solid line shows the fit of the Langmuir isotherm to the MD data; the
expected error of the fit is shown in light blue. Blue circles show the predictions of the
theoretical model based on the 3-dimensional potential of mean force (see text).
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Figure 3.
Potential of mean force (PMF) of a DMMP solute in proximity to a heterogeneous surface.
The silica slab is shown as a molecular surface colored by the local minimum value of the
PMF in the direction normal to the slab (see text). Inset shows the PMF averaged over the
x–y plane as a function of the distance from the surface.
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Figure 4.
Test of the 3D-PMF model of adsorption using different heterogeneous surfaces. (a–d)
Atomic model of the surface of silica slabs A–D, respectively. Oxygen and silicon atoms are
shown as red and yellow vdW spheres, respectively. (e) Test of the model. Black squares
indicate data directly obtained from MD simulations, other symbols show predictions of the
3D-PMF model. Labels A, B, C, and D indicate the surfaces the data were obtained for (also
shown as panels a–d); AB labels the system that combined two different surfaces (A and B,
labeled AAB and BAB), and Ph indicates a phantom surface, a smooth surface that lacks
atomic-scale features (see text).
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Figure 5.
Atomic features affect adsorption. For the four silica surfaces, the Langmuir constant is
plotted as a function of (a) the root mean square (RMS) surface charge density and (b) the
conformation of the adsorbed solutes. The latter is characterized by the average projection of
the P–O bond unit vector onto the normal of the slab. Colors and symbols are the same as in
Figure 4 e. Inset to (a) shows a DMMP molecule bound to a small pocket (surface D).
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