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In order to compare with the experimental value, we use the
convention where positive energy corresponds to a stabilizing
adsorption. In the case of the BEEF-vdW functional, the statistical
error bar is also indicated. The difference between the calculated
and the experimental value when available is reported in Fig. 3b
and the general performance of each functional in predicting
the experimental adsorption energy is quantified by the mean
absolute deviation (MAD), the mean absolute percentage devia-
tion (MAPD) and the maximal deviation (MAX) in Table 1.

PBE is a widely used exchange correlation functional but
nevertheless, calculated adsorption energies range between 8%
and 141% of the experimental data. vdW-bonded systems (methane,
ethane) are strongly under-bound (8–10% of the experimental
adsorption energy). For unsaturated hydrocarbons, the situation is
contrasted. When laterally p-bonded, their PBE adsorption energy
represents between 50 and 70% of the experimental adsorption
energy. In contrast s-bonded molecules like CO or ethylidyne

are markedly over-bound (by ca. 30%). Note that the simple
case of H (referenced to 1/2 H2 in gas phase) gives an over-
binding of 41% (although this is only by 0.15 eV in absolute
value). On the complete set, the MAPD for PBE is 45%, and a
remarkably high maximum error of 1.28 eV is obtained for
naphthalene.

Let us now see how the vdW functionals modify the picture.
The results with these vdW functionals strongly differ from that
of GGA PBE. However, very different chemisorption energies are
also obtained among these vdW functionals, up to 2 eV for the
larger naphthalene molecule, and already 0.6 eV for ethylene,
which represents a very large fraction of the adsorption energy.
These large variations show that the choice of the exchange part
of the functional is crucial. This is a concern for the accuracy of
DFT calculations since each functional has been fitted, so that
more similar values could have been expected. A rigorous
comparison with experiment is clearly needed. If we now
consider the average deviation from the experiments on the
complete test set, we see in Table 1 that the best performing
functional is optPBE-vdW (MAE 0.2 eV), followed by PBE-dDsC
and BEEF-vdW. The best functionals allow us to divide by two
the mean error of PBE, although the situation is not perfect,
with a MAX error of B0.5 eV in the worst case. Another aspect is
that the statistical error bar for the BEEF-vdW functional can be
very large (up to 2 eV for naphthalene) and thus hardly helpful
to compare with experimental data.

This global behaviour can be nuanced depending on the
type of molecules under consideration. For instance, since PBE
is sometimes over-bound, the addition of vdW terms in PBE + D
type functionals, necessarily stabilizing, does not always yield
an improvement with respect to experimental data. For H,
ethylidyne, CO and O, PBE-dDsC (and any other functional of
that type) deviates even further from experiments than PBE.
Then, if we focus on the unsaturated molecules, in absolute
value, the chemisorption energies are generally in the order
PBE = BEEF-vdW o optPBE-vdW = PBE-dDsC o optB86b-vdW.
The results with BEEF-vdW are more of less similar to the PBE
results for the unsaturated molecules despite the inclusion of vdW
interactions. One also notices that the PBE-dDsC and optPBE-vdW
functionals, although based on a very different approach, give
similar adsorption energies (with a maximum difference of
0.25 eV for naphthalene, a case where PBE and optB86b-vdW differ
by 2 eV). The good performance for chemisorption energies of
PBE-dDsC and optPBE-vdW functionals does not, however,
guarantee that these functionals give a correct description of
the whole binding curve as a function of molecule–surface
separation, and of the molecular adsorption dynamics, an
aspect that goes beyond the scope of this paper.54

Adsorption energies – performance for each family

Let us now discuss these energy results in more details mole-
cule by molecule, to rationalize the performance of the various
functionals under consideration. For interpretation purposes,
the fraction of vdW in the adsorption energy of each molecule
is provided in Fig. 4, as obtained with the PBE-dDsC functional.

Fig. 3 (top) Adsorption energy (eV) on Pt(111) at 1/9 ML for the considered
systems, calculated with the 5 considered functionals. The experimental value
(see text for evaluation method) is indicated in yellow when available. (bottom)
Adsorption energy deviation between experimental data and calculated results
for the studied systems on Pt(111) for the 5 considered functionals.

Table 1 Overall performance of each functional in predicting the experi-
mental adsorption energy on Pt(111) of a set of selected molecules
quantified by the mean absolute deviation (MAD), the mean absolute
percentage deviation (MAPD) and the maximal deviation (MAX)

Functional PBE optPBE-vdW optB86b-vdW BEEF-vdW PBE-dDsC

MAD (eV) 0.44 0.21 0.46 0.33 0.24
MAPD (%) 45 18 37 25 23
MAX (eV) 1.28 0.45 0.79 1.35 0.57
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Figure 1: Model of levulinic acid adsorbed at the water/Ru(0001) interface. The solute (levulinic
acid and the Ru atoms) is represented by van der Waals spheres and the water solvent molecules
with lines. The depicted system corresponds to the unit cell for MM computations. The solute is
kept in its PBE-dDsC geometry; water is described with the TIP3P force field; the water/solute
interaction is provided by a mixed TIP3P — QM-UFF description: the electrostatic interactions are
TIP3P – QM and the Lennard-Jones interactions are TIP3P–UFF.
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Osawa and co-workers, Langmuir 1998, 14, 6992.
Wikipedia

Au

Pt

Gautier, Steinmann, Fleurat-Lessard, Michel, Sautet, PCCP. 2015, 17, 28921.

Steinmann, Michel, Sautet PCCP, 2016, 18, 31850.



< -0.5 V 
No pyridine[1,3]

System for Method Validation: Pyridine@Au(111)
Experimental Data
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0.1 V vs SHE (flat) 0.6 V vs SHE (vertical)

-0.15 to 0.15 V
Flat[1,2,3]

0.4 to 0.5 V
Vertical[1,2,3]

[1] Wieckowski and co-workers, J. Electroanal. Chem. 1993 355 , 147.
[2] Wieckowski and co-workers, Langmuir 1990 6, 974.
[3] Osawa and co-workers, Langmuir 1998, 14, 6992.

1.5 V: 
No pyridine[2]



Pyridine@Au(111)
Homogenous Background Countercharge
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Neurock et al., PRB 2006, 73, 165401; Filhol, PCCP 2011, 13, 7675.
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Exp switching from 
Flat to Vertical

Electrolyte distribution improves agreement

Solid: Homogeneous background (SC)

Broken: Boltzmann distribution of an electrolyte (PB)

Steinmann and  Sautet, JPCC, 2016.

Pyridine@Au(111)



QM/MM

77

Comparison of PB with MM Electrolyte (1 M)
� Distributions are remarkably similar
� PB electrolyte looses fine structure and approaches the surface too closely
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QM: Metal surface+adsorbate
MM: Electrolyte

Steinmann, Michel, Sautet PCCP, 2016, 18, 31850.
Accuracy of implicit solvent models for metal surfaces unknown
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How to assess different force fields?

8 PBE-dDsC, 400 eV cutoff, 4 layers, VASP.



Which force fields are available?  

1987: Spohr-Heinzinger:
Problem: H-repulsion too weak

1991: Siepmann-Sprik
Problem: NO H-repulsion

2009: METAL (Heinz)
Problem: NO H-repulsion

GAL17 qualitatively correct orientational preference
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Steinmann, Ferreira de Morais, Goetz, Fleurat-Lessard, Iannuzzi, Sautet, Michel, 
J Chem Theory Comput. 2018, 14, 3238.



GAL17: Solid/liquid interface
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10 ps are not enough for convergence
Competition between water-water and Pt/water delicate
No definite answers about the “true” structure (yet)
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Conclusions

Pyridine adsorption: Electrolyte description is non-trivial

Standard force fields are inaccurate for Metal/Water

GAL17 is a novel Water/Pt(111) force field with improved accuracy
Available in AmberTools18

The community needs more
Method development and validation 
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