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Abstract

A simple classical force field, based only on Coulomb and Lennard-Jones potentials, was
developed to describe the interaction of an ethanol molecule physisorbed on the a-alumina
(0001) surface. A range of adsorption structures were calculated using density functional the-
ory (DFT) and these results were used for the force field parameterisation. This system has a
very inhomogeneous adsorption energy landscape and the importance of the choice of data set
used for fitting the force field was investigated. It was found that a Lennard-Jones and Coulom-
bic potential can describe the ethanol-alumina interaction in reasonable qualitative agreement
with the DFT reference data provided that the data set was representative of both short and long
range interactions and high and low energy configurations. Using a few distance-dependent ad-
sorption energy curves at different surface sites gives the best compromise between computing
time and accuracy of a Lennard-Jones based force field. This approach demonstrates a system-
atic way to test the quality of a force field and provides insight into how to improve upon the

representability for a complex adsorption energy landscape.

Introduction

The interaction of soft matter with inorganic surfaces is of importance in many applications such as
biomineralisation, composite materials and self-assembled monolayers. For protective polymeric
coatings strong adhesion between soft matter and inorganic surfaces is essential. As a specific
example polyurethane coatings are often applied to a surface as a mixture of dialcohols, trialcohols
and dicyanates, which polymerise in situ. The interaction of the individual components with the
surface will determine whether the mixture becomes segregated, which will affect the quality of
the polymer coating, and how the final polymer bonds to the surface.

To understand the behaviour of such a system it is necessary to consider both the detailed
chemical interaction at the surface, as well as the properties of the polymer or mixture. Classical
molecular dynamics simulations can be used to understand the structure and dynamics of liquids

on surfaces. For solid materials, Tersoff potentials,! Gaussian Approximation Potentials? or em-
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bedded atom potentials? are applied, whereas in soft matter systems simple pairwise potentials in
combination with a Coulomb interaction potential are frequently used. One of the most commonly

employed pairwise potentials is the simple and computationally efficient Lennard-Jones (LJ) po-
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where €;; and o;; are adjustable parameters that determine the specific pairwise interaction between

tential

atom types i and j, separated by a distance r;;. In this work, we apply an LJ potential in combina-
tion with Coulomb interactions to model the interaction between ethanol and the alumina. For such
interface systems, the interaction parameters are typically taken from standard force fields, such as
OPLS,*> GROMOS 3 or AMBER.%!! However, these force fields were developed to describe
bulk properties of liquids or solutions and it is unlikely that this approach would provide a quali-
tatively correct physical picture of a soft-hard matter interface. A better approach for developing a
classical force field is to fit the parameters such that the results from the force field agree with the
results of quantum chemistry or density functional theory (DFT) calculations. 22 Often, the in-
teraction energy as a function of distance from the surface to the molecule at only a single or a few
surface sites is considered. For relatively homogeneous surfaces, such as metallic surfaces, this
might be a reasonable approximation. However, in the case of oxide surfaces, where the surface is
very inhomogeneous, this inhomogeneity could strongly affect properties such as diffusion along
the surface, local structure or adhesion strength. Thus, it is not a priori clear if force fields that are
fitted to only a few adsorption states represent different adsorption states correctly. Here, we study
the representability of force fields that are fitted to a subset of the adsorption energy landscape and
investigate the optimal set of DFT data needed to obtain a representative force field.

This work thematically follows a previous study of a water molecule on ZnO(0001), which
investigated the effect of fitting the force field parameters to a horizontal scan of the surface at
constant height (xy-scan).? It was found that fitting to only a few adsorption configurations can
bias the resulting force field and, therefore, the force field does not represent the full adsorption

energy landscape. Here, we go a step further and compare the pros and cons of fitting to horizontal
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surface scans versus fitting to z-dependent adsorption curves, which are often used in the literature
to obtain classical force fields. 3162122 A5 a model system we take ethanol on the well-studied
Al-terminated o-Al,03(0001) surface, shown in Figure 1. The —OH group of the ethanol interacts
via electrostatic interactions with the surface Al and O atoms and therefore the energy will vary
considerably as the molecule moves across the solid surface. In total, we fit to 10 pair potentials
(20 parameters) to three sets of adsorption energy landscape data, which in total includes 174
adsorption configurations (containing z-dependent and horizontal xy surface scans). The many
adjustable parameters and the amount of DFT data makes a manual fit unfeasible and, therefore,
we apply a genetic algorithm to optimise and automate the procedure, which has proven to be a
useful tool in our previous work. %’

This paper is organised as follows. First, in section Eq. (1), we outline the technical details of
the DFT calculations and the classical force field. Next, we present DFT results for the interaction
of the ethanol molecule with the surface in section Eq. (2). This is followed by a discussion of the
fitting procedure, an evaluation of the representability of the force fields and validation in section

Figure 3. The summary is presented in section Table 6.

Method

23,24

Density functional theory calculations were performed using the VASP code, with a self-

2526 and PBE exchange.?’~?° The core electrons were

consistent van der Waals implementation
described using projector augmented waves (PAW).3%3!1 A planewave energy cutoff of 500 eV was
used and all calculations used a Brillouin zone mesh equivalent to 4 x 4 x 1 for the surface unit cell.
Bulk alumina is hexagonal with an equilibrium lattice constant of ag =4.82 Aand ¢ /a =2.73. For
the adsorption calculations we used a AIO3Al-R slab, 18 atomic layers deep and 2 x 2 surface unit
cells wide, which has lateral dimensions of a = b = 9.64 A. Relaxation of the isolated molecule

and isolated surface was stopped when the maximum force on any atom was less than 10 meV/A.

For all adsorption configurations the surface and molecule atoms were fixed. Partial charges were
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calculated using the Bader analysis method.3-34

Classical calculations were performed using GROMACS 4.3 The cutoff for the short range
potentials was 13 A and the electrostatic interactions were calculated using the Ewald method with
a force and potential correction to avoid interactions between slab images in the z direction. The
alumina surface was described by placing Al and O atoms in the positions of the relaxed isolated
surface that were found from the DFT calculations. The classical simulations required a cell larger
than the cutoff distance so the surface was multiplied by 3 x 3 along the a and b axis. The resulting
simulation box was hexagonal with a = b = 28.92 A and ¢ =39.48 A. Otherwise the molecule and
surface atomic positions were identical to those used in the DFT calculations.

For the classical force field the interaction between the molecule and the surface was repre-
sented using electrostatic interactions and the well-known Lennard-Jones 12—-6 potential with two
parameters, o;; and &;;, per atom pair ij. The system had 7 atom types and 10 atom pairs, which
resulted in the 20 different force field parameters listed in Table 4. Many force fields use the ionic
formal charges, which are much higher than the actual charges present in the system. For the alu-
mina surface, the currently developed force fields used the DFT Bader partial charges, presented
in Table 1, which correspond to the charge contained between the charge density minima contours
around the atoms. Each layer in the surface contained a formula unit of alumina with the atomic
layers [Alypper—30—Aljgwer], as shown in Figure 1(a). The data in Table 1 gives the average value
of the three coplanar oxygen atoms. For the partial charges of the molecule the OPLS parameters
were used, which are given in Table 2. This ensured that the the properties of liquid ethanol as
predicted by the OPLS force field> were not altered.

£.20 The difference between

The genetic algorithm used here has been described in detail in Re
the classical and the DFT energy landscape is 8E; = Eppr — Egjass for a particular adsorption
configuration j. The root mean square deviation (rms) of the energy difference for the ith parameter

set 1S

2)
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Table 1: Partial charges of the isolated surface calculated using density functional theory.
Alypper (Aljower) refers to the Al atom just above(below) the O atomic layer, as shown in Fig-
ure 1(a).

Layer Alypper O Aljower

1 +242 —1.63 +42.49
+2.50 —-1.66 +2.49
+249 —1.66 +2.49
+249 —1.66 +2.49
+2.49 —1.65 +2.49
+248 —1.57 +42.17

AN W

Table 2: Partial charges of ethanol used in the OPLS force field.

Atom Partial charge

Con +0.145
Ch, —0.180
Hc +0.060
Ox —0.683
Ho +0.418

where M is the number of DFT data points used in the fitting procedure. The rms value is used to

assess the accuracy of the force field.

Results and Discussion

Density functional theory

In a simulation of liquids on surfaces it may be necessary to use a classical potential that describes
the vibrational and dynamical properties of the solid substrate. However, this work addresses only
the interaction between the surface and the molecule. Furthermore, we restrict the configurations
to non-dissociative adsorption structures of ethanol on alumina. In order to exclude any strain en-
ergy for surface relaxations, a series of unrelaxed configurations is used for the surface—molecule

interaction. The surface atoms are fixed in the positions corresponding to that of the relaxed iso-



Development of classical molecule-surface interaction potentials based on density functional theory calculations: investigation of force field representability

lated surface. In the relaxed isolated surface the top Alypper atom sinks into the O layer to minimise
the surface dipole, which can be seen in Figure 1. The molecule is translated rigidly in the x, y and
z directions and various horizontal and vertical orientations are considered. This includes five dif-
ferent surface scans in the xy-plane with different heights from the surface and different molecular
orientations and seven scans along the z direction at different surface sites. The various configu-
rations are summarised in Table 3. For convenience x, y and z are given in fractional coordinates,

which are in units of the simulation cell along the a, b and ¢ axes.

c w Al lower upper g

:l Layer 1
:l Layer 2

(@) m

Figure 1: Three different orientations of ethanol on the alumina surface (a) 6 = 0°, ¢ = 0°,
corresponding to configurations xy-a, xy-b and xy-c (b) 8 = 90°, corresponding to xy-d and (©)
6 =0°, ¢ =30°, corresponding to xy-e. The rhombus in (a) shows the surface unit cell of alumina.

First we consider the xy-scans. In Figure 1(a) the molecule has the C—C bond parallel to the
surface plane (8 = 0) and the a direction (¢ = 0) and the —OH group points towards the surface.
Three different z values for this configuration were used, namely, z = 0.375 , z = 0.380 and z =
0.390, corresponding to the carbon atoms being a distance of 2.84 A, 3.03 A and z = 3.43 A from
the surface. In Figure 1(c) the orientation is similar except that the C—C bond makes an angle of
¢ = 30 with the a-axis and in this case z = 0.390. In Figure 1(b) the molecule is in a vertical
orientation with the C—C bond perpendicular to the surface plane 8 = 0, the —OH group pointing

away from the surface and z = 0.390.
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Table 3: Summary of the various scans used for the adsorption energy landscape. x, y and z
are in fractional coordinates of the simulation cell and angles are in degrees.

X y z 06 ¢
Xy-a - - 0375 0 O
Xy-b - - 0380 0 O
Xy-C - - 0390 0 O
xy-d - - 0390 90 -
Xy-e - - 039 0 30
z-a  0.00 0.00 - 0 0
z-b  0.20 0.10 - 0 0
z-c  0.20 0.30 - 0 0
z-d 025 0.25 - 0 0
z-e  0.20 0.00 - 0 0
z-f  0.00 0.00 - 90 -
z-g  0.00 0.00 - 0 30

Three of these scans are shown in Figure 2. Although the surface cell is hexagonal the scans
are shown using orthogonal axis, where the x and y coordinates are the fractional coordinates of
the surface simulation cell along the a and b directions. Figure 2(a) is for z = 0.380 with molecular
orientation O = 0 and ¢ = 0, and is mainly repulsive except at (0.2,0.1), which corresponds to the
ethanol oxygen being close to the surface aluminium atom. Figure 2(b) is slightly further from
the surface with z=0.390 and shows a mixture of attractive and repulsive sites. The shape of the
landscape is similar to Figure 2(a) but shifted to lower energies. Figure 2(c) is at the same height
as Figure 2(b) but with the molecule rotated by ¢ = 30° in the xy-plane, as shown in Figure 1(c).
In summary, the attractive regions correspond to configurations where the Oy is close to an Al
atom and far from the Oy atoms. The xy-scans that are not shown are xy-a, which is entirely
repulsive, and xy-d (shown in Figure 1(b)), whose adsorption energy only varies between —20.94
and —29.52 kJ/mol and is nearly featureless.

Next, we consider the seven different z-curves, which are shown in Figure 3. The most attrac-
tive site is at (0.20,0.10), as seen before in Figure 2, with a configuration of 6 =0°, ¢ = 0° and with
a minimum adsorption energy of around -90 kJ/mol at z = 0.390 (2.84 A from the surface). The

configuration with a vertical orientation of the molecule has the —OH group oriented away from
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(a) xy—b (b) xy—c (c) xy-e
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Figure 2: Horizontal scans of the interaction energy of ethanol on the alumina surface correspond-
ing to (a) xy-b, (b) xy-c and (c) xy-e. Red corresponds to a repulsive interaction and blue is an
attractive interaction. The x and y axes represent fractional coordinates along the a and b axes,
respectively and the color bar range is in kJ/mol.

the surface and the curve is weaker and broader. The most weakly attractive site is at (0.0,0.0) with

0 =0° and ¢ = 30°.
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Figure 3: Vertical scan of the interaction energy of ethanol at different points on the alumina
surface.

Force field optimisation

The density functional calculations in the previous subsection provide a good representation of

the adsorption energy landscape. In this section we investigate whether the simple Lennard-Jones

9
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and Coulomb force field can represent the DFT data and the importance of the choice of the data
set used for optimisation. Additionally, we compare the performance of our present force fields
with the results using a parameter set that was proposed by Youngs ef al in a previous study of
isopropanol on y-alumina. '°

The fitting procedure is challenging since there are many parameters and configurations in-
volved and a compromise must be found between searching over a large parameter space and
refining the parameters. For the genetic algorithm we used 64 parameter sets and a mutation rate
of 3%. Sets 1 and 2 were run for 900 iterations and set 3 for 236 iterations. The reduced number of
iterations for set 3 is because the large number of configurations is more computationally demand-
ing than the other sets. The results for a particular dataset do not converge to a unique solution and
several parameter sets can give similar rms values. For each dataset we report the parameter set
with the lowest rms value. The lowest rms values were reached after 137, 93 and 117 iterations for
sets 1, 2 and 3, respectively.

Since the electrostatics is a significant part of the interaction, we start by looking at the rms
values obtained from the electrostatic interaction only. This gives rms values of 95 kJ/mol and
91 kJ/mol for the formal charges and DFT partial charges, respectively. By looking at the z-scans
in Figure 4 it is clear that in some cases the electrostatics predict an unrealistic attractive interaction
at short range, most notably in Figure 4(a). It is this short-range attraction that the repulsive part
of the Lennard-Jones pair potential must balance. Next, we consider the force field by Youngs
et al, which reproduces the Al-O distance and interaction energy for one configuration of a water
molecule adsorbed on c-alumina. '® The parameters for this force field are listed in Table 4. Using
these parameters with the formal charges results in an rms of 290 kJ/mol and with partial charges
the rms is 295 kJ/mol, which are both worse than using only electrostatics. The reason for this
high rms is due to the inaccuracy of the close-range repulsion, which in Figure 4(b) swamps the
attraction completely and in Figure 4(c) overestimates the adsorption energy.

To develop a more accurate force field it is necessary to optimise the Lennard-Jones pair po-

tential parameters. In our previous paper for water on ZnO, %’ we optimised the parameters so that

10
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Figure 4: Comparison of DFT, electrostatics and classical energies using the parameter set from
Youngs et al.'® The three panels correspond to the three different configurations labelled in the
graphs, corresponding to (a) z-b (b) z-c and (c) z-f.

the force field reproduced DFT results for an energy landscape in an xy-plane. The importance of
fitting a wide range of adsorption configurations was highlighted. Here we take the work a step
further by using a DFT data sets in xy and z and with with various configurations. The results
obtained using the entire set and two subsets are compared. In total there are five scans of the
adsorption energy in the xy-plane and z-scans for seven different configurations, which altogether

gives 174 distinct data points. We have used the following three data sets for fitting (see Table 3):
Set 1 One xy-scan: xy-c (25 points).

Set 2 Three z-scans: z-b, z-c, z-f (27 points).

Set 3 Full data set (174 independent points).

The xy-scan in set 1, shown in Figure 2(b), was chosen because it has both repulsive and attractive

11
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sites and contains the most strongly attractive site. The three z-scans of set 2 were chosen to
represent both strongly and weakly attractive sites, as seen in Figure 3. The number of points in
both of these sets is similar, which makes the comparison between these two optimised force fields
fair.

Table 4: Force field parameters for the molecule-surface interaction. Units of o and ¢ are
nm and kJ/mol, respectively.

Ref.1” Set 1 Set 2 Set 3
Mol Surf o € o € o € o €
Con Al 0.30000 0.65 | 0.3563 0.6597 | 0.6245 0.0006 | 0.3375 1.0490
Cu, Al 0.30000 0.65 | 0.2135 0.2409 | 0.1304 0.3597 | 0.5079 0.0087
He Al 0.30000 0.65 | 0.3255 0.9908 | 0.3117 0.6052 | 0.0239 0.1899
Oy Al 0.26778 0.65 | 0.0196 0.4857 | 0.2684 0.0751 | 0.0130 0.5910
— — 1 0.1544 1.0340 | 0.2126 0.1280 | 0.3095 0.0409
O, 0.30000 0.65 | 0.3434 0.0014 | 0.3353 0.6278 | 0.1556 0.0088
Oq 0.30000 0.65 | 0.1699 0.8870 | 0.4448 0.2117 | 0.2019 0.3254
He O — — 102670 0.4569 | 0.1244 0.1974 | 0.2120 0.5181
(0]
(0]

- —10.0981 0.8907 | 0.0114 0.6335 | 0.2295 0.6658
s | 0.28000 0.65 | 0.1828 0.9992 | 0.2632 0.7019 | 0.2492 0.4860

All configurations with energy over 100 kJ/mol were weighted in the fitting procedure by 0.1
to account for the fact that the short-range behaviour of the Lennard-Jones potential is generally
too repulsive. These very high energy configurations (in the order of tens of k7") are not likely
to be accessed in molecular dynamics simulations and therefore the accuracy of these energies is
less important. Nevertheless, the resulting force field should predict these configurations to be
repulsive in order to avoid sampling unrealistic configurations. To compare the quality of the three
parameter sets we use the unweighted rms value for the entire set. Table 5 shows the rms value
for the weighted, fitted set (rms-fit), the total, unweighted rms value (rms-full), the rms values for
short- and long-range and higher and lower energy configurations. Note that in set 1, all values are
below 100 kJ/mol and, therefore, no weighting was required.

The resulting parameters are not "physical” in the sense that the o values are not proportional
to the ionic radii. In the context of fitting simple pair potentials to describe electronic structure

data there is no reason to believe that the interactions should be simply represented by ions of a

12
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particular size. These potentials encompass a range of multibody interactions and therefore the
parameters should be allowed to vary freely so that they give the best fit to the available data.
Nevertheless, the values of o for the Og—Al interaction in sets 1 and 3 are rather small and later
we use stochastic dynamics simulations to test the accuracy of the force fields.

The rms values for the three fitted sets are shown in Table 5. For set 1, which is the fit to the
adsorption energy landscape xy-c, we obtained an rms value for the fitted set of 21 kJ/mol and
an rms value of 108 kJ/mol for the full set. This is an improvement over the parameter set used
in Ref.!? but is worse than the rms value obtained by using only the electrostatics without the
pair potentials. The reason for this is that the electrostatics appear to describe well the long range
energies but not the short range energies, as discussed previously. Sets 2 and 3 give an improved
fitting, resulting in rms values for the full data set of 88 and 77 kJ/mol, respectively. Nevertheless,
the rms difference between the DFT and classical energies is still quite large and the source of this
inaccuracy will be analysed in more detail in the following text.

Table 5: Energies and rms differences of the classical energies vs. DFT energies for different
charge and parameter sets in kJ/mol. The rms-fit is for the fitted set of data whereas rms-full
is for the full dataset. The rms values are also given for the short-range (z < 0.390), long-
range (z > 0.390), low energy (< 100 kJ/mol) and high energy (> 100 kJ/mol) configurations.

L] Charges rms-fit rms-full z<0.390 z>0.390 Eppr <100 Eppr > 100

Ref.’” Formal - 289.63 - -

None Formal - 95.03 - - - —
None Partial - 90.52 99.83 33.90 57.87 165.62
Set1  Partial 20.96 107.70 120.03 21.36 83.09 173.93
Set2  Partial 18.67 87.85 97.59 23.39 57.94 158.23
Set3  Partial 40.85 76.79 84.71 28.53 39.08 152.47

First, we compare the results of the three parameter sets for the z-curves, shown in Figure 5.
For set 1, which was fit to the xy-plane at z = 0.390, the energies at z = 0.390 are in excellent
agreement with the DFT data and also agree reasonably well at longer distances. However, for
short distances the curves diverge from the DFT data and can be very unphysical, as in Figure 5(a).
Clearly, set 1 does not reproduce the z-dependence. This is likely to be true in our previous work

on water on ZnO?? where the fit to the data in the xy-scan was good but the z-dependence was not

13
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tested. Unsurprisingly, set 2, which was fitted to these three curves, reproduces the energies rather
well over the entire range, although it misses the weak attraction in Figure 5(b). Set 3, which was
fitted to the entire DFT data set, does not give a good fit to the z-curves and in both Figure 5(a) and

(c) it seriously underestimates the short range repulsion.
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Figure 5: Comparison of DFT and classical energies for the z-scans (a) z-b (b) z-c¢ and (c) z-f,
using set 1 (xy-scan), set 2 (z-scan) and set 3 (full set).

Next, we compare how well the three parameter sets reproduce the xy-scans at z = 0.380 and
z=0.390, both with 8 = 0° and ¢ = 0°. Set 1 was fitted to xy-c, shown in Figure 6(e), and
reproduces the DFT energies reasonably well (compare Figs. Figure 6(e) and (f)). However, this
set does not reproduce well the xy-scan at z = 0.380 (compare Figs. Figure 6(a) and (b)), which
is consistent with the results of the z-scans, where the energies at short distances are unphysical.
Set 3 reproduces both energy landscapes better than set 1 (compare Figs. Figure 6(a) with (d) and

(e) with (h)) but wrongly predicts some of the short-range repulsive configurations to be attractive.

14
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Set 2 gives the best agreement with the DFT data for both xy-scans. This is surprising given that

the rms value for set 3 is lower than for set 2 and to understand this we must consider the full set

of data.
(a) DFT, z=0.380 (e) DFT, z=0.390
0.5 300 0.5 300
0.4 200 0.4 200
0.3 100 0.3 100
0.2 0 0.2 0
0.1 -100 0.1 -100
0 -200 0 -200
0 0.10.20.30.405 0 0.10.20.30.405
(b) Set 1, z=0.380 (f) Set 1, z=0.390
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(c) Set 2, z=0.380 (g) Set 2, 2=0.390
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(d) Set 3, z=0.380 (h) Set 3, 2=0.390
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Figure 6: Adsorption energies for dataset xy-b using (a) DFT, (b) set 1, (c) set 2, (d) set 3 and
for dataset xy-c using (e) DFT (f) set 1, (g) set 2 and (h) set 3. The x and y axes are in fractional
coordinates and the color bar range is in kJ/mol.

The full data set for all parameter sets is shown in Figure 7. As mentioned before the elec-
trostatics alone give a low rms value of 91 kJ/mol and the DFT adsorption energies in the range
—100 to 4100 kJ/mol are reproduced reasonably well. However, in Figure 7(a) one can clearly see
that the problem with the electrostatics is in the high DFT energy range, which corresponds to the
repulsive regime close to the surface. In addition, there are some outlying points not shown on the
graph with classical energies below -200 kJ/mol but higher DFT energies. For these higher energy

configurations electrostatics alone predict much too low energies as we have already seen before
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in Figure 4. The results from set 1 are shown in Figure 7(b) and, similar to the electrostatics, it
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Figure 7: The classical energies shown against the DFT energies for all the data points using (a)
electrostatics only, (b) set 1 (xy-scan), (c) set 2 (z-scans) and (d) set 3 (full set). The long range
configurations are presented as filled symbols and the short range configurations as open symbols.
The dashed lines are guides for the eye and correspond to an energy difference of +£40 kJ/mol.

seriously underestimates the energy of many high energy structures. As mentioned previously, this
would lead to incorrect sampling of high energy states and unrealistic simulations. Set 2 and set 3
have corrected this behaviour by giving a more accurate description of the repulsive configurations.
Sets 1 and 2 have 5 and 3 outlying points, respectively, with very high energy classical energies that

are not shown in the graphs. However, these points have DFT energies above 100 kJ/mol, except
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for one point in set 2 that has Eppr = 78.9 kJ/mol, and, therefore, these configurations have a low
sampling probability in molecular dynamics simulations at ambient temperature. In the regime
below 100 kJ/mol (to the left of the dashed line in Figure 7), set 3 has a lower rms value than set
2, as seen in Table 5. It can also be seen in Figure 7 that set 3 tends to underestimate the energies
whereas set 2 tends to overestimate them.

For all three sets the biggest discrepancy between the classical and DFT energies originates
from the regime where the molecule is in close proximity to the surface, as seen in Figure 7. In
Table 5 we reported separate rms values for configurations in two different regimes. The first
regime corresponds to configurations close to the surface (z < 0.390) and the second regime to
configurations at distances z > 0.390. We have seen that sets 2 and 3 reproduce these short-range
configurations better than set 1 and the electrostatics.

Although the overall rms for set 2 is slightly higher than the one for set 3, as shown in Tab. Ta-
ble 5, this should not be the only criteria for judging the representability of the force field. For
example, set 2 was fitted to three z-scans but also obtained xy-scans in qualitative agreement with
the DFT results, whereas set 3 was fitted to all the data but failed to qualitatively predict the xy-c,
z-b and z-f data. Furthermore, the targeted optimisation of set 2 in comparison to the full set is
computationally less demanding.

To test the validity of the force fields we ran stochastic dynamics simulations of an ethanol
molecule on the surface. Two different starting configurations were used for each force field and the
simulations were run at 300 K for 100 ps. In all cases the ethanol finds a stable configuration within
3 ps, with the ethanol oxygen close to a surface aluminum, and remains there for the duration of
the simulation. The structural properties were averaged over the time that the molecule remained
in this minimum energy well. The different force fields give quantitatively different structural
properties. The distance between the surface aluminium atom and the ethanol oxygen, zo,,—aj is
presented in Table 6. Clearly for sets 1 and 3, zo,—a1 1s much too small compared to the DFT
data, which is due to the small value of 0p,,_a; for these sets. This is connected to the fact that

set 1 does not include any short-range configurations so the short-range repulsion is not taken into
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account in the fitting. Although set 3 includes the short-range configurations the data set has many
mid-range configurations i.e. at z = 0.390, which biases the fitting procedure. Therefore, sets 1 and
3 do not represent the energy landscape well at close distances, consistent with graphs in Figure 5,
Figure 6 and Figure 7. The distance of zo,;—a; = 0.183 nm, for set 2 agrees well with DFT data for
methanol on alumina3® and is slightly better than the value found using the force field of Ref.!® A

stochastic dynamics simulation using only the electrostatics proved to be unstable.

Table 6: Comparison of the bond length between the oxygen ethanol and the Al atom on
the surface predicted by the three force fields, the force field used by Youngs!® and ab initio
calculations of methanol on alumina.38

Z0y—Al (nm)
Set 1 0.100
Set 2 0.183
Set 3 0.117
Ref.1? 0.221
Ref.38 0.193

Conclusions

In this paper we have presented a strategy for optimising interface force fields for ethanol on an
alumina surface using a genetic algorithm. Density functional theory including van der Waals
interactions was used to calculate the binding energies of a series of configurations of ethanol on
alumina and the partial charges of the alumina surface. Three datasets were used for the fitting
procedure: 1) an xy-landscape 2) three z-dependent scans of the adsorption energy at different
surface sites and 3) a larger dataset contains five xy landscapes and seven z-dependent adsorption
energy curves. The force field consists of electrostatic interactions and a non-bonded Lennard-
Jones 12-6 pair potential.

An appropriate reference dataset is essential for obtaining a representative force field. A dataset

only reproduces the entire adsorption energy landscape well if the dataset contains both short-
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and long-range and low and high energy configurations. Fitting to a single xy landscape resulted
in a force field that did not reproduce the z-dependence, whereas fitting to a few z-curves on
both repulsive and attractive sites gave qualitatively good agreement for the xy energy landscapes.
Fitting to the entire dataset is computationally costly and resulted in a poorer quality force field
than the force field fitted using only the three z-curves. This is attributed to the fact that the dataset
was not distributed evenly across the potential energy landscape and biased the fitting towards
mid-distance configurations.

Despite the simplicity of this force field, we have shown that by optimising the force field
parameters it is possible to obtain reasonable agreement with DFT data and, hence, to avoid sam-
pling of unrealistic configurations in molecular dynamics simulations. Unfortunately, the validity
of interface force fields in the literature has rarely been thoroughly checked. This work illustrates
the difficulties involved in optimising a force field that describes accurately an inhomogeneous
adsorption energy landscape. Nevertheless, we have clearly demonstrated a systematic approach
for checking and improving upon the representability of such a force field.

Clearly, this simple force field does have limitations, especially in the short range regime.
This force field development could be improved by changing the type of pair potential used. The
Lennard-Jones 12-6 potential is known to be too repulsive at short distances and the use of a

121

different pair potential form, such as the Morse potential,”" could give better agreement in the

short-range regime. A further improvement would be to include polarisability in the force field.
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