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ABSTRACT 

Organic/oxide interfaces play an important role in many areas of chemistry, and in particular 

for lubrication and corrosion. Molecular dynamics simulations are the method of choice for 

providing complementary insight to experiments. However, the force fields used to simulate 

the interaction between molecules and oxide surfaces tend to capture only weak physisorption 

interactions, discarding the stabilizing Lewis acid/base interactions. We here propose a simple 

complement to the straightforward molecular mechanics description based on “out-of-the-box” 
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Lennard-Jones potentials and electrostatic interactions: the addition of an attractive Gaussian 

potential between reactive sites of the surface and heteroatoms of adsorbed organic molecules, 

leading to the GLJ potential. The interactions of four oxygenated and four amine molecules 

with the typical and widespread hematite and γ-alumina surfaces are investigated. The total 

RMSD for all probed molecules is only 5.7 kcal/mol, and the corresponding percentage 23% 

over hematite, while on γ-alumina the RMSD is 11.2 kcal/mol, despite using a single parameter 

for all five chemically inequivalent surface aluminum atoms. Applying GLJ to the simulation 

of organic films on oxide surfaces demonstrates that mobility of the surfactants is 

overestimated by the simplistic LJ potential, while GLJ and other qualitatively correct 

potentials show a strong structuration and slow dynamics of the surface films, as could be 

expected from the first-principles adsorption energies for model head-groups.  

1. INTRODUCTION 

Oxide/organic interfaces play a critical role in a wide range of fields, such as heterogeneous 

catalysis,1,2 (photo)electrochemistry,3 biological4–10 and geological11,12 interfaces (with the 

specific case of nanoconfined liquids13), corrosion14 and lubrication.15,16 In this paper, we will 

focus on modeling the interaction of organic molecules with typical oxide surfaces of utmost 

importance: the hematite (0001) surface17 as well as the γ-alumina (100) and (110) surfaces.18 

Hematite (α-Fe2O3) is a common material, observed in minerals17,19 or formed on iron-

containing alloys.20 Surface properties of hematite are crucial for flotation (useful for resource 

recovery), wettability, control of water and impurities on steel surfaces,21–23 or photocatalysis 

e.g. photoelectrochemical solar water splitting.24 On the one hand, γ-alumina is a widespread 

support in heterogeneous catalysis for many processes ranging from petroleum industries to 

biomass conversion.25 The understanding of its interface with liquid water and organic 

molecules is a key point to improve its stability in presence of liquid water.26–28 On the other 

hand, γ-alumina is a model for surface oxidized aluminum. Thus, the interaction of γ-alumina 

with organic molecules is important for metal working, where the understanding of the 

interactions between the lubricant and the surface is essential to predict the performances of 

the lubricant.29  

Ab initio methods are the most versatile and accurate tools when bond breaking and bond 

formation are involved. This is a typical phenomenon at oxide/organic interfaces when Lewis 

acid/base chemisorption is involved. Oxide/organic interfaces have been previously 

investigated using an ab initio molecular dynamics description at the DFT level.28,30–32 
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However, the computational cost of DFT is extremely high which implies typical trajectories 

of a few tens of picoseconds and thus a limited sampling. This contrasts with the requirements 

for modeling of interfacial structuration, which typically requires trajectories of about a 

nanosecond. These time-scales can only be reasonably reached with cheaper simulations 

methods, i.e., relying on force fields. Most physics-based force fields consider that the 

interactions at the interface are driven by physisorption and can thus be described by non-

bonding terms (i.e. Lennard-Jones (LJ) and electrostatic potentials). Following this philosophy, 

Lennard-Jones potentials have been fitted to describe the interactions between metals and 

organic molecules33 and the Interface Force Field (IFF) has been developed.34 The CLAY force 

field,35 designed for clay minerals and other metallic oxides such as hematite and alumina, has 

also been used to study interfaces. DFT computations on these oxide surfaces show that Lewis 

bases (typically O or N functionalized organic molecules) interact strongly (tens of kcal/mol 

and interatomic distances below 2 Å) with the exposed Al or Fe atoms of alumina and hematite 

respectively (Lewis acid sites).29,36–40 Depending on the awareness of this strong binding by 

the researchers, this strong bonding is ignored and the widely known combination rules for 

heterogeneous LJ parameters are used without further validation.41–47 Alternatively, force fields 

are system-specifically adapted by refitting various LJ-pair interactions or replacing certain 

terms by Morse or Buckingham potentials.48–52 This leads to a tedious system setup, which has 

to be adapted for each molecule/surface pair studied due to a lack of transferability. 

Here, we explore a third route: the use of “simple” (but inaccurate) LJ parameters, augmented 

by an additional non-bonded force field term that is tailored to the near-chemisorption strength 

of the interactions in question. The near-chemisorption can be dealt with in various ways, see, 

for instance the literature for metal-water interaction.53–55 More generally, ReaxFF56 can 

describe reactive events at the interface, although at the expense of a challenging, system 

dependent, parametrization.57–59 Moving away from the physics-based force field paradigm, 

machine learning force fields in the form of artificial neural networks or kernel-ridge regression 

are in rapid expansion, promising high accuracy due to their highly flexible mathematical 

form.60–64 This type of force fields have been recently used to investigate the solid/liquid 

copper/water65 and zinc oxide/water66 interfaces, or to identify the active sites on dealloyed 

gold surfaces.67 While these methods appear very promising, the training of such a potential 

and more importantly its transferability is still challenging and requires a tremendous amount 

of training data.68 

The strategy developed here is a simple and transferable improvement of usual LJ-based force 

fields, aiming at significantly better results with a low computational and parametrization cost. 
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It is inspired by our previous work on metal/water interface where we proposed the efficient 

GAL force fields that improve both the strength of adsorption and the angular orientation.55,69 

To minimize the computational burden and its implementation, we herein focus on the 

improvement of the adsorption strength and its corrugation over the surface. This is achieved 

by supplementing the existing CLAYFF Lennard-Jones force field (LJ) with an anisotropic 

attractive Gaussian potential, resulting in a Gaussian-Lennard-Jones force field (GLJ). The 

anisotropic attractive Gaussian potential, at heart of the GAL force fields, is here centered on 

Lewis-acid sites (Fe or Al for alumina and hematite respectively) of the surface and acts on O 

and N atoms of adsorbates. The fitting set and procedure can be found in Section 2, while the 

GLJ performance and transferability is assessed in section 3, where the influence of the force 

field on the organic film structuration is also briefly discussed.  

2. METHODS 

DFT calculations 

DFT calculations were performed within the CP2K 5.1 framework,70 using the PBE 

generalized gradient approximation functional71 and the Grimme D3 dispersion correction 

including C9 terms.72,73 GTH pseudo potentials74–77 described the core electrons. A mixed 

Gaussian and plane waves (GPW)78,79 method was adopted. The valence electron density was 

developed on a double-zeta DZVP-MOLOPT basis set, while the auxiliary plane wave basis 

set had a cutoff energy of 400 Ry. During the self-consistent field process (SCF), the energies 

were converged to 10-6 Ha. As hematite is an antiferromagnetic oxide,36,80 we used the spin-

polarized formalism to describe the anti-ferromagnetic electronic structure and the applied 

DFT+U method with (U-J) set to 5 eV to take into account the strong electronic correlation of 

the iron 3d electrons.36 

The bulk structures of hematite and γ-alumina were optimized to forces below 4.5×10-4 

Ha/bohr. The hematite bulk was described by an extended supercell (p(3 ×  3 ×  1)) to be able 

to restrict the Brillouin zone sampling to the Γ-point for compatibility with the orbital 

transformation algorithm to converge efficiently the electronic structure of hematite. The γ-

Al2O3 bulk structure is taken from Digne’s bulk model.18,81 Its geometry was optimized using 

a p(1 ×  1 ×  1) unit cell also together with a (3 ×  2 ×  2) Monkhorst-Pack82 k-point grid. 

In both cases, this set up was found to be the best compromise to limit the error on the cell 

vectors. On hematite, where experimental data are available,83 we found an error below 0.5% 

on the optimized cell vectors.  
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Surface slab models and molecule adsorption at the DFT level 

The surfaces were cleaved from the optimized bulk using a slab of at least 10 Å thickness and 

a vacuum of at least 30 Å, the coordinates and setup are available in the SI. The central 

symmetry is preserved, ensuring that the total dipole moment is zero. The slabs were frozen in 

their bulk geometry during all computations. Keeping the slab frozen upon adsorption has a 

small impact on the adsorption energies (below 2%). Geometry optimization of molecules on 

the frozen surfaces were conducted in order to determine the optimal adsorption coordinates 

for the anchoring atom of each system. These calculations were converged to forces below 

4.5×10-4 Ha/bohr. Due to the large size of the slabs, Brillouin zone sampling was restricted to 

the Γ-point.  

The (0001) surface of α-Fe2O3 is widely used both as a catalyst17,84 and as a model for steel 

surfaces.43,85 It is described here using a p(3 × 3) cell. The primitive cell is represented in Figure 

1.a showing that only one type of iron atom is exposed at the surface. 

γ-Al2O3 is known to expose not only its most stable surface, namely the (100), but also the 

(110), thus exposing a variety of Al sites.18,81 The corresponding slabs were prepared by 

cleavage of the bulk, yielding a p(4 × 3) unit cell for the (100) surface and a p(2 × 2) unit cell 

for the (110) surface. On the (100) surface (Figure 1.b), all three non-equivalent aluminum 

atoms are truncated octahedral aluminums coordinated to five oxygen atoms. They are labelled 

AlVa, AlVb and AVc. The fourth exposed Al is equivalent to AlVb and is labelled AlVb’. The (110) 

surface (Figure 1.c), features one truncated tetrahedral aluminum atom coordinated to three 

oxygen atoms, labelled AlIII, which is the most reactive one and two non-equivalent truncated 

octahedral aluminum atoms, AlIVa and AlIVb, coordinated to four oxygen atoms. 

 

Figure 1. Top view of the p(1x1) unit cell of (a) the (0001) Fe2O3 surface, (b) the (100) γ-Al2O3 surface and 

(c) the (110) γ-Al2O3 surface. Only exposed atoms are colored (Fe in brown, Al in pink and O in red). Only 

the first two atomic layers are shown with balls. Equivalent sites are distinguished by a prime.   
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Molecular Mechanics  

Molecular mechanics calculations were also performed with a modified version of CP2K 5.1.70 

The smooth particle-mesh Ewald summation86 was applied to evaluate the long-range 

Coulombic interactions. The width parameter was set to 0.36 Å-1 and a grid with about 1 point 

per Å of the corresponding unit-cell length was used. 

The Lennard-Jones parameters and the charges of hematite and alumina surfaces were taken 

from the CLAYFF force field35 (see Table S1). The GAFF force field87 was adopted for organic 

molecules with Gasteiger charges88 assigned by Open Babel (Table S2)89 whereas water 

molecules were described with the flexible TIP3P model.90,91 As implemented in Ambertools,92 

the Lorentz/Berthelot combining rules were used for interactions involving different atom 

types. This level of theory is referred to as LJ later on, since the interfacial interactions are only 

treated through Lennard-Jones potentials and point charges.  

In order to improve the description of the interaction of organic molecules with the Lewis acid 

ssites of the surfaces, anisotropic attractive Gaussian potentials between surface metal atoms 

Met (Al or Fe) and heteroatoms Het (N or O) of the organic molecules were added. The general 

expression of this potential for a given Met-Het interaction is as follows: 

 𝑉𝑀𝑒𝑡−𝐻𝑒𝑡(𝑟𝑥𝑦, 𝑟𝑧) = 𝐴𝑒−𝑏𝑥𝑦𝑟𝑥𝑦
2

𝑒−𝑏𝑧𝑟𝑧
2
, Eq. 1 

where A is the magnitude of the Gaussian attraction, 𝑟𝑥𝑦 and 𝑟𝑧 are the Met-Het distances in 

the (x, y) plane and the out of plane (z) direction respectively, 𝑏𝑥𝑦 and 𝑏𝑧 are the corresponding 

width parameters of the Gaussian. The three parameters A, 𝑏𝑥𝑦 and 𝑏𝑧 are defined 

independently for each Met-Het pair. 

When the LJ level of theory is supplemented by this extra attractive potential, it will be referred 

to as GLJ and the corresponding total energy writes:  

 𝐸𝐺𝐿𝐽 =  𝐸𝐿𝐽 + 𝐸𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛  Eq. 2 

where 𝐸𝐿𝐽 = 𝐸𝐶𝐿𝐴𝑌𝐹𝐹/𝐺𝐴𝐹𝐹/𝑇𝐼𝑃3𝑃 is the molecular mechanics energy computed with the 

relevant force fields and 𝐸𝐺𝑎𝑢𝑠𝑠𝑖𝑎𝑛  is the sum of the 𝑉𝑀𝑒𝑡−𝐻𝑒𝑡 potentials.  

Fitting set and procedure 

We parametrized the attractive Gaussian for four Met-Het interactions: Fe-O, Fe-N, Al-O, Al-

N, which correspond to 12 parameters. These parameters were adjusted using a trial-and-error 

approach that allows to easily emphasize the important features of the profiles. More details 

can be found in SI (section S.1.2) together with a comparison with an automatized fitting for 

two interactions. To do so, we chose a specific organic molecule (dimethylether for O and 
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dimethylamine for N) and a specific site for Al (the AlVa site, which is the most reactive one of 

the (100) surface29,81), while hematite (0001) exposes only one type of iron atoms. 

The positions of adsorption sites (xopt, yopt, zopt) were defined as the position of the O or N atom 

of the adsorbed molecule (dimethylether or dimethylamine) determined at the DFT level. The 

structures of the fitting set were defined as translation of the molecule with respect to this site 

using a grid detailed in SI (section S.1.2), corresponding to 159 data points for the alumina 

surface and 126 for hematite. Internal coordinates of the molecule were replaced by the one of 

the gas phase geometry at the corresponding level of theory, i.e. DFT or GAFF/TIP3P.  

The interaction energy is defined in Eq. 3: 

 𝛥𝐸𝑖𝑛𝑡 =  𝐸𝑚𝑜𝑙@𝑠𝑙𝑎𝑏 − 𝐸𝑚𝑜𝑙 − 𝐸𝑠𝑙𝑎𝑏  Eq. 3 

where 𝐸𝑚𝑜𝑙@𝑠𝑙𝑎𝑏 , 𝐸𝑚𝑜𝑙 and 𝐸𝑠𝑙𝑎𝑏  are the electronic energies of the molecule on the slab, the 

molecule in vacuum and the slab, respectively. 

The parameters A, 𝑏𝑥𝑦 and 𝑏𝑧 were adjusted in such a way that the computed GLJ interaction 

energy 𝛥𝐸𝑖𝑛𝑡  closely reproduces the DFT one (see Figure S1 in Supporting Information). The 

values of these parameters are given in Table 1. 

Met-Het A (kcal/mol) 
𝑏𝑥𝑦 

(Å–2) 

𝑏𝑧 

(Å–2) 

Fe-O –120 0.3 0.4 

Fe-N –231 0.3 0.4 

Al-O –51 0.5 0.2 

Al-N –90 0.6 0.2 

Table 1. Fitted parameters for the attractive Gaussian potential for four metal-heteroatoms (Met-Het) 

interactions 

 

Validation set  

We assessed the transferability of the Gaussian parameters obtained from dimethylether and 

dimethylamine to other molecules (methanol, acetone and water for Met-O interaction and 

ammonia, methylamine and trimethylamine for Met-N interaction). Similarly, the 

transferability of the Al-Het parameters fitted on the AlVa site was tested on the other sites of 

the γ-alumina (100) and (110) surfaces. 

Interaction energies were defined and computed consistently with the fitting set on an extensive 

grid designed to include the attractive potential wells found on each surface but also some more 

repulsive regions of the potential energy surface. More details about the grid we used are 

provided in the SI (Section S.1.3). 
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The performance of the LJ and GLJ were assessed against the DFT interaction energies, but 

discarding the structures corresponding to an endothermic interaction at the DFT level 

(ΔEint(DFT) > 0) and the data where the repulsive part of potential energy in LJ was too 

repulsive (ΔEint(LJ) > 40 kcal/mol) since they typically correspond to structures generated 

along z axis at zopt – 0.25 Å and only show that the Lennard-Jones potential is too repulsive at 

short distance, a well-known failure.93–96 

Application to film structuration 

Once parametrized, the Gaussian potentials can be used in order to study the formation of 

organic films. For that purpose, we ran a 1 ns molecular dynamic simulations at the GLJ level 

of theory of long chain organic molecules over a completely frozen alumina slab using a 0.5 fs 

timestep. The temperature was set to 300 K using the Nose-Hoover thermostat. The trajectory 

was then analyzed removing the first 300 ps corresponding to the equilibration of the system. 

The system, composed of 12 N-tetradecyldiethanolamine molecules on a p(4x3) (100) γ-

alumina surface, was built in the following way. The organic molecules were placed in a 30 Å 

high box using PACKMOL97, at a 2 Å distance perpendicularly to the considered surface. The 

polar head group of the molecules was forced to be oriented towards the surface by 

construction. A 30 Å vacuum layer was then added on top of the molecules to avoid interactions 

between two periodically repeated systems.  

3. RESULTS AND DISCUSSION 

3.1. Transferability among molecules on hematite surface 

In this section, we assess the transferability of the Gaussian parameters obtained for the Fe-O 

and Fe-N interactions using dimethylether and dimethylamine respectively to other molecules: 

methanol, water and acetone for oxygenated molecules; methylamine, ammonia and 

trimethylamine for nitrogenated molecules. Interaction energies for these two sets of four 

molecules were computed at different heights over the adsorption site, as explained in Section 

2 and the results are shown in Figure 2, where the root mean square percentage deviation 

(RMPD) is given for the entire set, but also individually for each molecule. 
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Figure 2. Comparison of the interaction energies of a) oxygenated molecules and b) amines on the hematite 

(0001) surface computed at the MM level (LJ in blue, GLJ in red) and DFT. c) Corresponding RMPD bar 

plot for GLJ values. 

As expected, the interaction energy is systematically too weak for LJ, and some structures give 

unrealistic endothermic interaction above 10 kcal/mol. Once supplemented by an attractive 

Gaussian, GLJ results are much closer to DFT and yield to much stronger, always exothermic, 

interactions. The root mean square deviation (RMSD) for each molecule is between 2.9 and 

6.9 kcal/mol (between 12.6% to 27.5%), demonstrating a good transferability of the Fe-O and 

Fe-N parameters for the Gaussian attractive potential. 

 

Acetone is the worst case for GLJ (RMSD of 10.7 kcal/mol and RMPD of 43% for GLJ). This 

does not completely come as a surprise, given that it is the only molecule with a sp2, rather than 

a sp3
, oxygen atom. We focused on this challenging case to evaluate if other approaches also 

found in the literature would constitute a better alternative to GLJ. Using the same fitting set, 

we considered: (i) a modified LJ for the Fe-O interaction and (ii) a Morse potential (details in 

SI). We here compare their behavior qualitatively by plotting a z-scan using a fixed orientation 
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of acetone, i.e. the one found at the fully optimized DFT minimum (Fe-O distance of 2.07 Å, 

Eads = –32.4 kcal.mol-1). As can be seen in Figure 3, the LJ repulsive part of the potential is 

too strong. Since the Gaussian attraction cannot compete with the r12 repulsive wall, this 

misrepresentation cannot be corrected with the GLJ potential. Refitting the LJ potential yields 

to a slightly less repulsive wall (LJmodified, in beige). But this potential seems to 

underestimate the chemisorption well. In fact, the fixed orientation of acetone is responsible 

for the rather flat Eint at ~ –12 kcal.mol-1. A geometry optimization using this modified LJ 

locates the minimum at Eads = –135.5 kcal.mol-1 with an extremely short Fe-O distance of 

1.24 Å (see the optimized structures in Figure S2). This is directly enrooted in the LJ modified 

parameters with a deep well (84.85 kcal.mol-1) at a very short distance (1.71 Å). This mis-

behavior clearly discards the modified LJ. The optimized structure using our GLJ potential or 

a Morse potential is found at an over-estimated Fe-O distance (2.13 Å and 2.25 Å respectively) 

with a similar adsorption energy (–26.7 kcal.mol-1 and –26.9 kcal.mol-1 respectively). The z-

scan shows that qualitatively, our GLJ potential is better behaved, with a desorption slope 

similar to the one found at the DFT level. The mis-behavior of the modified LJ can also lead 

to strongly structured films on hematite. This is illustrated on the example of n-octadecanamine 

C18H37NH2 film on hematite in Supporting Information (see Figure S3 and S4).  

In summary, the GLJ functional form appears as effective in describing the chemisorption of 

O and N-containing organic molecules on hematite with a high transferability of the GLJ 

parameters, fitted on the dimethylether Me2O or dimethylamine Me2N, to other molecules with 

a global RMPD of 23% (see Table S3). This first success of our approach is encouraging, so 

that we move on to the question of transferability between sites. 
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Figure 3. Interaction energies of acetone (gas-phase optimized geometry) with the reactive site of hematite 

as a function of z. GLJ is the LJ potential derived from the combination rule complemented with an 

attractive gaussian. LJmodified is a LJ potential that has been refitted on the same data set. Morse is a 

Morse potential that has been refitted on the same data set. Parameters are provided in Supporting 

Information. 

 

3.2. Transferability among sites on alumina surface 

The transferability of the Gaussian parameters determined for the AlVa to the other five 

aluminum atoms exposed on γ-alumina (100) and (110) surfaces (see Figure 1) was tested with 

one probe molecule per Al-Het interaction (dimethylether and dimethylamine). The intrinsic 

acidity ranking of the surface Lewis acid sites is known to be the following: AlIII >> AlVa ~ 

AlIVb > AlIva > AlVb >> AlVc.
81

 The GLJ parameters was adjusted on the AlVa site which is of 

an intermediate acidity and therefore significantly less reactive than AlIII and close to AlIVb. 

The values of interaction energies computed at molecular mechanics levels (LJ and GLJ) are 

plotted against the DFT interaction energies in Figure 4. 

  

 

 

Figure 4. Comparison of interaction energies of (a) dimethyl ether (Me2O) and (b) dimethyl amine (Me2NH) 

on different Al sites computed with molecular mechanics (LJ in blue and GLJ in red) and DFT. 
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Corresponding RMPD bar plots (percentage) for GLJ values, for dimethyl ether (c) and dimethyl amine 

(d). 

 

As expected, LJ is largely underbinding for Me2O and Me2NH with only small difference 

between sites, in contrast to DFT. With the Gaussian attractive potential, the interactions 

computed at the GLJ level are stronger and thus much closer to the DFT values with a root 

mean square percentage deviation (RMPD) of 46% corresponding to an RMSD of 7.5 kcal/mol. 

 

The attractive Gaussian potential has been fitted on AlVa, (reaching a RMPD of 3.75% for 

dimethylether and 1.2% for dimethylamine). For the other sites of the (100) surface, which are 

less reactive, the attractive Gaussian potential is over-binding with respect to DFT, and the 

RMPD improvement is slightly larger as expected. The AlIII site of the (110) surface is the most 

reactive site studied, significantly more than the AlVa site used to fit the Gaussians parameters. 

As expected, the GLJ potential remains slightly under-binding near the AlIII adsorption site 

(Figure 5. a) Interaction energies of dimethylether (carbon atom in blue, oxygen of 

dimethylether in red) with the γ-alumina (110) surface, explored by translation of the adsorbed 

dimethylether along x axis, starting from the AlIII site.Figure 5). For the less reactive sites of 

the (110) surface, the RMPD decreases very significantly (see Table S4). In these cases, GLJ 

becomes over-binding (see AlIVb site on Figure 5.b). 

 

Figure 5. a) Interaction energies of dimethylether (carbon atom in blue, oxygen of dimethylether in red) 

with the γ-alumina (110) surface, explored by translation of the adsorbed dimethylether along x axis, 

starting from the AlIII site. b) The translation of dimethylether is shown with a black horizontal arrow. 

 

As a conclusion, there is a good overall transferability of the Gaussian parameters between 

sites, considering that these sites are of different acidities and natures (different coordination 

of the aluminum atom, tri-, tetra- or penta-coordinated) and that the attractive Gaussian 
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potential was adjusted on the AlVa site only. Taking into account dimethylether and 

dimethylamines on all adsorption sites, we reach a RMSD of 7.6 kcal/mol and a RMPD of 43 

%. In other words, with a minimal parametrization effort, the adsorption energy profiles are 

quantitatively improved for all sites of alumina surfaces. 

 

3.3. Transferability among sites and molecules on alumina surface 

In this section, we assess the transferability of the Gaussian parameters obtained for Al-O and 

Al-N using dimethyl ether and dimethylamine to other sites and other molecules. Like for 

hematite, we considered methanol, water and acetone for oxygenated molecules, methylamine, 

ammonia and trimethylamine for nitrogenated molecules. Interaction energies for these four 

molecules were computed on the six different adsorption sites of the (110) and (100) γ-alumina 

surfaces, at different altitudes above these sites, as explained in Section 2. As the transferability 

of the Gaussian parameters from one site to another has already been investigated in the 

previous section, we here focus only on the two most reactive sites (AlIII and AlVa), while the 

results for the other sites are reported in Supporting Information (Figures S6 and S7 and Tables 

S9 to and S11). In Figure 6 the resulting interaction energies obtained at the GLJ level are 

plotted against the DFT results together with the corresponding RMPD, whereas the LJ results 

are shown in Figure S5 and RMSD are given in Tables S7 and S8.  
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Figure 6. GLJ vs. DFT interaction energies of (a) oxygenated molecules (b) nitrogenated molecules on the 

most reactive Al site (AlIII, squares) and on the site originally used to fit the Gaussian (AlVa, up triangles). 

Corresponding bar plots for GLJ energies for (c) oxygenated and (d) nitrogenated molecules, in percentage, 

for all molecules on both sites (labeled all), for all molecules on each site (AlVa and AlIII), and for each 

molecule on both sites. 

With GLJ, the interaction of oxygenated (except water) and nitrogenated molecules is 

consistent with DFT results on AlVa. For example, the RMPD for amines is only 12.7% with a 

RMSD of 3.1 kcal/mol. This again demonstrates the very good transferability from one 

molecule to the next of the Gaussian parameters. The interaction of the set of molecules with 

the more acidic AlIII site is even more demanding since it relies on a combined transferability 

to a more acidic site and to another molecule. As expected, given the stronger acidity of AlIII, 

the GLJ interaction of these molecules is still underbinding with a global RMSD of 18.5 

kcal/mol and a RMPD of 42.4%.  

All in all, the transferability of the GLJ parameters fitted on dimethylether or dimethylamine 

on the AlVa site to the AlIII site and to other molecules is satisfactory. Taking into account all 

molecules and all adsorption sites (Table S9 to S11), the RMSD decreases significantly by 

adding the Gaussian potential from 23.7 kcal/mol for the simplistic, combination-rule based LJ 

potential to 11.2 kcal/mol for GLJ (Table S11). 

In other words, without any supplementary parametrization, the attractive Gaussian potential 

fitted on the interaction of dimethylether or dimethylamine on the AlVa site of the (100) surface 

can improve the MM description of the interaction of various oxygenated or nitrogenated 

molecules on (110) and (100) γ-alumina surfaces.  

 

3.4. A case study: Film structuration of long chain ethoxylated amines on γ-

alumina (100) surface 

Molecular films are important in a variety of application, from tribology to corrosion.98–100 

Typically, fatty amines are used as lubrication additives to beneficiate from their anti-corrosion 

and friction modification abilities. We demonstrate here the ability of our GLJ forcefield to 

investigate the structuration of a film on (100) γ-alumina made of a surfactant with a mixed N- 

and O- polyfunctional head, N-tetradecyldiethanolamine (see Figure 7).  



15 

 

 

Figure 7. (a) Snapshot of an equilibrated film made of 12 molecules of N-tetradecyldiethanolamine on the 

(100) surface of γ-alumina (Al in pink, O in red, N in blue, H in white and C in cyan). (b) Concentration of 

oxygen and nitrogen atoms as a function of the distance to the surface during the GLJ molecular dynamic 

simulation. The corresponding cumulated number of nitrogen or oxygen atoms is shown with a thin line. 

 

GLJ yields to a much more structured film than LJ according to the density profile (Figure 7b 

and Figure S8) and the surface concentration in the first 6 Å (see Figure 8 and S9). The 

significant difference in structuration of the surface film could be responsible for misleading 

predictions of its properties when using qualitatively inaccurate interfacial force fields.  

From the surface concentration profile shown in Figure 7b, it can be seen that N-

tetradecyldiethanolamine binds to the surface by its oxygen atoms more likely than by its 

nitrogen atom. Indeed, oxygen atoms are in average closer (2.0 Å) to the surface than nitrogen 

atoms (4.2 Å), and the peak for oxygen integrates for 23. The structure of the nitrogen peak is 

also of interest. While it is rather wide with no noticeable structuration when using LJ (see 

Figure S8), it splits into several peaks when using GLJ (see Figure 7b), the first small one is 

positioned at 2.6 Å and integrates for 0.6 atoms. In other words, the inclusion of a differentiated 

attractive gaussian for the Al-O and Al-N interaction allows the nitrogen atom to interact more 

closely with the surface.  

The structuration within this 6 Å slab in terms of oxygen and nitrogen atom concentration is 

provided in Figure 8a and b respectively. The 23 oxygen atoms are found in close interaction 

with the Al sites, the AlVb site included. Among the 12 nitrogen atoms, three are clearly on top 

of an AlVa or AlVc site. All in all, the molecules are more likely adsorbed on AlVa and AlVc 

atoms of the surface, which is coherent with the fact that AlVa is the most acidic and therefore 

the most reactive aluminum atom of the (100) γ-alumina surface. 
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Figure 8. Concentration of (a) oxygen and (b) nitrogen atoms within the first 6 Å above the surface in the 

xy plane during the GLJ molecular dynamic simulation. Squares, circles and triangles represent the 

position of the surface aluminum atoms corresponding to AlVa, AlVb and AlVc respectively and dotted lines 

the boundaries of the periodic cell.  

4. CONCLUSION 

We herein propose a fast and easy to implement improvement of the usual pairwise additive 

force fields used for surface/molecules interactions. An attractive Gaussian potential is added 

to the Lennard-Jones potential (GLJ level of theory). The three parameters for a metal-

heteroatom interaction were fitted for a typical molecule and a typical surface site and the 

transferability to other sites and other molecules was extensively tested on two protypical 

surfaces, hematite and γ-alumina. The transferability between oxygenated and nitrogenated 

molecules of the same family leads to a significant improvement: the total RMSD for all probed 

molecules on hematite amounts to 5.7 kcal/mol, and the corresponding percentage to only 23% 

and to 4.5 kcal/mol and 47.8% on alumina. On γ-alumina, we show that there is a good 

transferability for the adsorption of dimethylether or dimethylamine fitted on AlVa site to other 

surface sites (RMSD of 7.6 kcal/mol) and also for our two series of oxygenated and 

nitrogenated molecules on different sites (RMSD of 11.2 kcal/mol). This improved simple GLJ 

potential proves useful in the simulation of organic films on oxide surfaces. Indeed, the GLJ 

potential shows a much stronger structuration and slower dynamics of the surface films 

compared to the straightforward, but naïve combination-rules based LJ potentials, in agreement 

with the adsorption energies determined by first principles computations for model head-

groups.  
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SUPPORTING INFORMATION 

Supporting Information includes complementary figures and tables, the coordinates of optimal 

geometries of the chemisorbed molecules and one snapshot of the two interfaces. Coordinates 

along the molecular dynamics trajectory for the films are provided as zip archive. 
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