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Abstract

The accurate calculation of intermolecular in-
teraction energies with density-functional the-
ory (DFT) requires methods that include a
treatment of long-range, non-local dispersion
correlation. In this work, we explore the abil-
ity of the exchange-hole dipole moment (XDM)
dispersion correction to model molecular sur-
face adsorption. Adsorption energies are calcu-
lated for six small aromatic molecules (benzene,
furan, pyridine, thiophene, thiophenol, and
benzenediamine) and the four DNA nucleobases
(adenine, thymine, guanine, and cytosine) on
the (111) surfaces of the three coinage metals
(copper, silver, and gold). For benzene, where
the experimental reference data is most precise,
the mean absolute error in the computed ab-
sorption energies is 0.04 eV. For the other aro-
matic molecules, the computed binding energies
are found to be within 0.09 eV of the avail-
able reference data, on average, which is well
below the expected experimental uncertainties
for temperature-programmed desorption mea-
surements. Unlike other dispersion-corrected
functionals, adequate performance does not re-
quire changes to the canonical XDM implemen-
tation, and the good performance of XDM is
explained in terms of the behaviour of the ex-
change hole. Additionally, the base functional
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employed (B86bPBE) is also optimal for molec-
ular studies, making B86bPBE-XDM an excel-
lent candidate for studying chemistry on ma-
terial surfaces. Finally, the non-covalent inter-
action (NCI) plot technique is shown to detect
adsorption effects in real space on the order of
tenths of an eV.

1 Introduction

Molecule-surface interactions influence all
processes that occur on a the surface of a ma-
terial. Modeling these interactions accurately
is important in the study of topics as diverse
as monolayer formation on metal surfaces,1

construction of DNA microarrays,2 molecu-
lar electronics,3 and heterogeneous catalysis.4

Molecular adsorption has been traditionally
classified as a) chemisorption, which is rela-
tively strong and where covalent interactions
between molecule and substrate are predomi-
nant, and b) physisorption, which is dominated
by weak non-covalent interactions. Chemisorp-
tion and physisorption also differ in the extent
to which the electronic structure of molecule
and surface are disrupted at the adsorbed ge-
ometry. Chemisorption perturbs the surface
band structure as well as the electronic energy
levels of the adsorbate, whereas physisorption
occurs through long-range effects that have
little impact on the electronic levels. The na-
ture of an adsorption event (chemisorption or
physisorption) depends on the properties of
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both the molecule and surface. Simple aro-
matic molecules, such as benzene, thiophene,
and pyridine are known to physisorb on noble-
metal surfaces.5–11

Since long-range effects are essential to de-
scribe molecule-surface interactions, it is criti-
cal to have an accurate representation of disper-
sion forces when modeling physisorption and, to
a lesser extent, chemisorption phenomena.12,13

If dispersion models are included, quantum-
chemical methods can be applied to complex
systems, such as predicting polymorphic self-
assembled monolayer structures in good agree-
ment with experimental results.14,15

Accurately predicting physisorption geome-
tries and energies with density-functional the-
ory (DFT) is challenging because conven-
tional functionals do not account for London
dispersion interactions.16,17 Indeed, previous
physisorption studies using non-dispersion-
corrected functionals yielded drastically under-
estimated adsorption energies, relative to ex-
periment.18–20 The addition of a dispersion cor-
rection greatly increases the accuracy. Several
recent studies have modeled physisorption with
an assortment of dispersion-corrected function-
als, including pairwise,20–28 many-body29 and
non-local26,28,30–33 dispersion corrections. The
majority of these studies focused on the ad-
sorption of benzene on noble metals – copper,
silver, and gold.21–28,30,32,33

Computational methods provide more de-
tailed information regarding the nature of indi-
vidual molecular-surface interactions than can
be determined from experiments, which are
complicated by differing molecule-surface in-
teraction orientations, monolayer formation,
and surface defects. Experimentally, molec-
ular adsorption energies are generally mea-
sured via temperature-programmed desorption
(TPD) analysis. The desorption energy is de-
termined from the temperature of maximum
desorption via Redhead’s analysis.34,35 This
procedure is appropriate in the zero-coverage
limit and where monolayers involve only weak
intermolecular interactions. Since Redhead’s
analysis only accounts for intermolecular in-
teractions through the pre-exponential factor,
results can differ from actual adsorption en-

ergies.36 In the particular case of benzene on
coinage metals, Liu et. al 29 recently deter-
mined the adsorption energy of benzene us-
ing the complete analysis method, which is
expected to be more accurate than the Red-
head model. Benzene also does not have
a coverage-dependent molecule-surface orienta-
tion below monolayer coverage. Hence, benzene
on coinage metals is an excellent system to con-
duct benchmarking calculations of dispersion-
corrected density functionals.

In this work, we present the first compre-
hensive performance study of the exchange-hole
dipole moment (XDM) dispersion model37 ap-
plied to molecular surface adsorption. XDM
models the dispersion energy as a sum over
all pairwise atomic interactions, with non-
empirical, density-dependent dispersion coeffi-
cients, involving C6, C8, and C10 terms. When
paired with suitable base density functionals,
XDM has been demonstrated to be highly ac-
curate for molecular dimers,38 molecular crys-
tals,39 and graphene,40 as well as for met-
allophilic interactions,41 without any system-
specific re-parameterization. A study similar
to this work was conducted by Chwee and Sul-
livan24 for benzene on noble-metal surfaces,24

where the authors successfully used a modifi-
cation of XDM involving only the C6 and C8

terms, to calculate adsorption energies for ben-
zene on noble metals. While their results show
that XDM predicts suitable physisorption ener-
gies, the damping parameters used were taken
from earlier work involving post-Hartree-Fock
calculations42 and are not expected to be gen-
erally applicable. In addition, several ad-hoc
modifications to the XDM method were used.

Previous works have suggested that simple
pairwise methods21,22 are not suitable for accu-
rate calculation of physisorbed energies.25–29 In
this article, the canonical XDM implementation
with the usual damping function parameters
(determined for gas-phase dimers38,40) is used
to demonstrate that a pairwise dispersion cor-
rection does not only represent molecule-surface
interactions accurately, but it does so to an ac-
curacy on par with previous estimates using ei-
ther more complex dispersion corrections (in-
cluding many-body effects) or purposely-built
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methods for molecule-surface interactions, such
as vdW-TSsurf,25,28 and at a computational cost
that is comparable to a semilocal DFT calcula-
tion. The nature of the molecule-surface inter-
actions is further analyzed using non-covalent
interaction (NCI) plots,43,44 where we demon-
strate that NCI detects the minute energetic
binding effects between molecule and substrate
in real space. This paper confirms that ph-
ysisorption energies can be accurately calcu-
lated using the XDM dispersion model for
single-molecule adsorption and that XDM is an
excellent model for modeling chemical processes
on material surfaces.

2 Computational Methods

Copper, silver, and gold (111) surfaces were
modeled using (4×4) super-cells. The model
surfaces were four atomic layers thick and a
vacuum of 25 Å was inserted between each
slab. The atomic positions of the two bot-
tom layers were held fixed while the top two
layers were allowed to relax. Our molecu-
lar test set consisted of ten small aromatic
molecules, including the four DNA nucleobases:
benzene, furan, pyridine, thiophene, thiophe-
nol, 1,4-benzenediamine (BDA), adenine, cyto-
sine, guanine, and thymine. Each molecule was
initially placed roughly 3 Å above the surface in
a parallel position such that the aromatic region
was centered over a surface atom and the geom-
etry optimized. Additional calculations were
performed for furan, pyridine, thiophene, and
thiophenol, with the molecule initially placed
perpendicular to the surface, such that the het-
eroatom was directly above a surface atom.

Periodic-boundary DFT calculations were
performed using the pseudopotential/plane-
wave approach and the Projector Augmented
Wave formalism.45 Calculations were carried
out using Quantum ESPRESSO40,46 version
5.3.0 with the B86b47 exchange functional and
PBE48 correlation, known to perform well in
conjunction with XDM.39 Additional XDM cal-
culations with the PBE exchange-correlation
functional48 were performed for benzene ad-
sorbed on the three metal surfaces for com-

parison with other literature results. PAW
datasets from the Quantum ESPRESSO psli-
brary are used in all cases. The calculations
used a 2×2×1 Γ-centered k-point grid, a plane-
wave cutoff of 50 Ry and a density-expansion
cutoff of 400 Ry, and cold smearing,49 with a
smearing parameter of 0.01 Ry. Subsequent
single-point energy calculations with 4×4×1
k-points, as well as higher plane-wave and
density-expansion cut-offs of 60 and 800 Ry
respectively, were performed at the relaxed ge-
ometries. Results of convergence tests, with
respect to the number of metal layers, k-point
grid, and plane-wave cut-off are reported in the
Supporting Information (SI).

The XDM dispersion functional is a post-SCF
correction to the base DFT energy, calculated
using one of the usual semilocal functionals:

E = Ebase + EXDM (1)

EXDM = −
∑

n=6,8,10

∑
i<j

Cn,ijfn(Rij)

Rn
ij

(2)

In this equation, the sum runs over all pairs
of atoms i and j in the system. Rij is the in-
teratomic distance, fn is a damping function
that reduces the dispersion correction at short
range, and the Cn,ij are pairwise dispersion co-
efficients. In the XDM model, each Cn,ij is
approximated non-empirically via second-order
perturbation theory using the multipole mo-
ments of a reference electron and its exchange
hole and atom-in-molecule polarizabilities for
the interacting atoms.37 The XDM dispersion
model offers excellent accuracy for both gas-
phase38 and condensed-matter39,40 systems, no-
tably including the interactions between noble-
metal complexes.41

The adsorption energy is defined as the differ-
ence between the calculated energy of the ad-
sorbed molecule and the energies of the bare
surface and isolated molecule:

Eadsorption = Esurf + Emolec − Ecomplex (3)

The contributions of image interactions32 on
Emolec, arising from the use of periodic bound-
ary conditions, were evaluated by calculat-
ing the molecular energy in two configura-
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tions. First, energies were calculated for each
molecule in a large vacuum to nullify any self-
interactions. Second, Emolec was calculated for
an isolated molecule in a cell with the same
dimensions as the surface unit cell. The re-
sults are compared in the Supporting Informa-
tion. For the six small aromatic molecules,
the energy differences between these two defi-
nitions were negligible, with the largest varia-
tions of 0.03 eV occurring for thiophene and 1,4-
benzenediamine (cis). However, image interac-
tions for the nucleobases were found to be as
large as 0.10 eV, due to their greater molecular
sizes and polarities. In order to eliminate the ef-
fect of these image interactions, all adsorption-
energy results are reported relative to a periodic
array of molecules with the same cell dimen-
sions as for the physisorbed complex.

Non-covalent interaction (NCI)43,44 plots at
the optimized adsorption geometry were gen-
erated using the Critic2 program50 to investi-
gate the nature of the interactions between the
physisorbed molecules and the metal surfaces.
The NCI index reveals non-covalent contacts
based on the electron density and the reduced
density gradient (RDG) defined as:

s =
1

2(3π2)1/3
|∇ρ|
ρ4/3

(4)

This approach provides qualitative informa-
tion about the presence and extent of non-
bonded atomic contacts using isosurfaces of the
RDG. These isosurfaces are defined to enclose
regions with low density and low RDG that
are a signature of non-covalent interactions.43

Weak dispersion interactions typically appear
as broad, green isosurfaces, while stronger di-
rectional non-covalent interactions (such as hy-
drogen bonds) appear as localized blue do-
mains.

3 Results and Discussion

3.1 Benzene

Because abundant theoretical predictions and
highly-precise experimental adsorption-energy
results29 are available, we focus first on the

adsorption of benzene on the three metal sur-
faces. From the B86bPBE-XDM calculations,
the benzene molecule adsorbs roughly paral-
lel to the surface and the equilibrium dis-
tances between the nearest atoms in the ben-
zene molecule and the metal surface are 2.71,
3.03, and 3.15 Å for copper, silver, and gold,
respectively. The benzene-silver distance is in
good agreement with the only available exper-
imental measurement of 3.04±0.02 Å.29 Ta-
ble 1 compares our calculated adsorption ener-
gies with results from other dispersion methods
in the literature, and with experimental results
using complete analysis.29

In agreement with previous studies,18–20 the
PBE functional without any dispersion correc-
tion, predicts only extremely weak physisorp-
tion, with adsorption energies around 0.1 eV,
compared to the experimental values of 0.65–
0.69 eV. Among the dispersion corrected func-
tionals, the DFT-D2 dispersion correction to
PBE causes an overestimation of the adsorption
energies, particularly for benzene on gold.21

This overestimation is likely due to a combi-
nation of the use of empirically-derived C6 dis-
persion coefficients for the metal atoms (which
in PBE-D2 are independent of the chemical en-
vironment) and, perhaps, to the omission of
higher-order C8 and C10 terms.

The more sophisticated DFT-D3 dispersion
correction, in which the dispersion coefficients
do depend on the adsorption geometry, shows
improvement over D2, with a mean absolute er-
ror (MAE) of 0.19 eV. PBE-D3 improves upon
PBE-D2 for silver22 and gold,23 but severely
overestimates the adsorption energy for ben-
zene on copper.23 It has been argued that
the overestimation of dispersion coefficients for
metals with D3 may be due to the use of neutral
hydrides with various coordination numbers as
model systems and that improved coefficients
for metals could be improved by changing the
choice of reference.51 The PBE-D3 result is fur-
ther improved if a 3-body dispersion term is in-
cluded, since the 3-body term is repulsive and
serves to off-set the over-binding.23

The Tkatchenko-Scheffler (TS) dispersion
method52 also strongly overestimates adsorp-
tion of benzene to metals,25,28 likely due to
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Table 1: Comparison of reported adsorption energies for benzene on noble-metal surfaces in eV.
The combination of base density functional and dispersion correction are noted in each case. The
mean absolute error (MAE) is computed for the functionals for which the three adsorption energies
have been reported.

Base Disp.
Cu Ag Au MAE Ref.

Functional Method
PBE none 0.08 0.08, 0.09 0.08, 0.15 0.57–0.59 25,28
PBE D2 0.86 — 1.35 — 21
PBE D3 0.99 0.74 0.86 0.19 23
PBE D3(ABC) 0.79 0.61 0.73 0.08 23
PBE vdW-TS 1.02, 1.07 0.82, 0.87 0.80, 0.84 0.20–0.25 25,28
PBE vdW-TSsurf 0.79, 0.86 0.73, 0.75 0.73, 0.74 0.08–0.11 25,28
PBE MBD 0.63 0.57 0.56 0.09 29
HSE MBD 0.78 0.68 0.67 0.04 29

opt-B86b vdw-DF 0.82 0.76 0.86 0.14 30
opt-B88 vdw-DF 0.74 0.72 0.82 0.09 30
opt-PBE vdw-DF 0.68 0.71 0.71 0.03 30
revPBE vdw-DF 0.53 0.55 0.56 0.13 30
rPW86 vdw-DF 0.49 0.52 0.55 0.15 30
SCAN rVV10 0.74 0.68 0.73 0.04 33
PBE XDM 0.54 0.58 0.61 0.10 This work

B86bPBE XDM 0.59 0.68 0.64 0.04 This work
Expt. 0.69±0.04 0.68±0.05 0.65±0.03 29

the free-metal-atom reference for the disper-
sion coefficients. A version of the TS method
specifically designed for surfaces has been pro-
posed27 that recovers the C3 dispersion co-
efficient for the metal surface.53 In practice,
this is achieved by scaling the dispersion coef-
ficients, resulting in lower adsorption energies
with a MAE of around 0.1 eV compared to the
experimental values. The newer many-body
dispersion (MBD) modification to the original
TS method54,55 accurately predicts the adsorp-
tion energies for benzene on the noble metals,29

giving a mean absolute error of only 0.04 eV
when combined with the range-separated hy-
brid functional HSE (which is considerably
more computationally expensive than PBE).

Non-local van der Waals functionals56,57 pro-
vide an alternative, non-empirical approach to
model dispersion. Non-local functionals of the
vdw-DF type display good performance for de-
termining adsorption energies of benzene on
noble metals.28,30,32 While there is significant
spread of the vdW-DF results depending on

the choice of base functional, opt-B88, opt-
PBE, and revPBE offer good agreement with
experiment and all predict effectively degen-
erate adsorption energies for the three sur-
faces, in agreement with experimental obser-
vations. The performance of opt-PBE is par-
ticularly good with a mean absolute error of
only 0.03 eV, within the precision of the ex-
perimental data. The SCAN meta-GGA com-
bined with the non-local rVV10 dispersion cor-
rection33 also performs quite well, with a MAE
of 0.04 eV, again comparable to the experimen-
tal precision.

The adsorption energies calculated with XDM
are generally lower than the other pairwise
dispersion corrections. The adsorption ener-
gies are found to be nearly degenerate down
the group, in agreement with the vdW-TSsurf

and MBD results. The B86bPBE functional
provides better performance when paired with
XDM than does the PBE functional, in agree-
ment with previous work.39 This is to be ex-
pected given the improved behaviour of the
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B86b exchange enhancement factor in the large
reduced-gradient limit.40,47,58 With a MAE of
0.04 eV, the B86bPBE-XDM adsorption ener-
gies are in comparable agreement with exper-
iment as those obtained with the more com-
putationally expensive HSE-MBD. B86bPBE-
XDM also yields lower errors relative to vdW-
TSsurf and the vdw-DF functionals, except for
opt-PBE, which shows superior performance.

It should be noted that the combination of
B86bPBE and XDM performs well for ph-
ysisorption without any modification or re-
parameterization of the dispersion model and
that the same functional has been shown to give
accurate results for lattice energies of molecu-
lar crystals40 and other non-covalently bound
materials.37 Hence, B86bPBE is a good can-
didate functional when adsorption on mate-
rial surfaces is only one aspect of the system
under study and a good representation of in-
teractions between molecules on the surface
is also necessary (e.g. heterogeneous catalysis,
self-assembled monolayers, etc.).

3.2 Dispersion coefficients: the
role of the exchange-hole
dipole moment

In this section, we consider why the XDM
model is capable of providing an improved
treatment of surface adsorption relative to other
pairwise dispersion corrections. In XDM, the
C6 (and higher-order) dispersion coefficients
are determined from the atomic polarizabilities
and integrals involving the exchange-hole dipole
moment. Specifically, for a homonuclear pair of
atoms, the C6 dispersion coefficient is

C6,ii =
1

2
αi〈M2

1 〉i (5)

where

〈M2
1 〉i =

∑
σ

∫
wi(r)ρσ(r) [r − (r − dXσ)]2 dr.

(6)
In these equations, wi(r) are the Hirsfeld par-
titioning weights;59 dXσ is the dipole moment
between the reference electron and its corre-
sponding exchange hole, evaluated using the

Becke-Roussel model;60 and αi is the atomic
polarizability, evaluated by a volume scaling
of the reference free-atomic polarizabilities.61

Both the atomic polarizabilities and moment
integrals show considerable dependence on the
atomic environment, resulting in highly vari-
able values for the dispersion coefficients.62

Table 2 shows the free-atom polarizibilities,
as well as the dipole moment integrals and
homonuclear dispersion coefficients for copper,
silver, and gold. Values are reported for the free
atoms, bulk metal, and surface, taken as the
atoms in the top layer in the bare slab model
used in the adsorption calculations. Literature
C6 values from the vdW-TSsurf model27 are also
given for comparison.

The tabulated data shows that silver is more
polarizable than copper and gold and therefore
has larger dispersion coefficients. Relativistic
effects increase the electronegativity of gold,41

decreasing its polarizability, and causing it to
have dispersion coefficients closer to those of
copper than silver.

The dispersion coefficients decrease consid-
erably (by nearly a factor of one half) going
from the free atoms to the surface and bulk
metal. This explains the over-binding tendency
of other pairwise dispersion corrections (Ta-
ble 1), which do not capture this large decrease
in C6 for the bulk metals. The decrease is not
due to changes in the atomic volumes, which
vary by less than 10%. Rather, Table 2 reveals
that the difference in the dispersion coefficients
originates from the exchange-hole dipole mo-
ment integrals.

The finding that the atomic volumes remain
nearly constant for each element, means that
the atomic polarizabilities are relatively inde-
pendent of the atomic environment. This is
not what is seen in the vdW-TSsurf method,27

where the effective ‘atom-in-a-solid’ polarizabil-
ities are much smaller than for the correspond-
ing free atoms. Nevertheless, both approaches
give similar bulk C6’s for gold, although in the
case of XDM the variation from the free-atom
value arises from a change in the exchange-hole
dipole moment, rather than the polarizability.

The variation in the moment integrals can be
easily understood by considering the nature of
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Table 2: Free-atomic polarizabilities (α, in Å3) for copper, silver, and gold. Also shown are the
〈M2

1 〉 moments and the homoatomic C6 dispersion coefficients (in atomic units) obtained for the
bulk metal, the bulk metal chloride (MCl, in its fcc structure), the top layer of the metal surface,
and the free atoms with XDM. The dispersion coefficients are compared with literature values for
the bulk metal and free atoms from the vdW-TSsurf model.27

Metal α 〈M2
1 〉 XDM C6 XDM C6 vdW-TS

free bulk bulk surf free bulk bulk surf free bulk free
metal MCl metal MCl metal

Cu 6.2 5.27 6.82 6.19 9.71 103 130 120 180 59 253
Ag 7.2 7.30 9.79 9.19 15.64 179 226 221 351 122 339
Au 5.8 6.43 9.28 8.70 13.86 137 182 170 271 134 298

the exchange hole in the valence region of a
free atom compared to a bulk metal. In the
free atom, the electron density decays exponen-
tially and exchange hole will remain centered
on the atom, even when the reference electron
is relatively far from the nucleus.60 This results
in large values of the exchange-hole dipole mo-
ment. Conversely, the electron density between
two atoms in a metal remains quite flat63 caus-
ing the exchange hole to be centered very near
the position of the reference electron.60 Indeed,
for a uniform electron gas, the exchange hole is
centered exactly at the reference point. This re-
sults in small values of the exchange hole dipole
moment.

Table 2 also shows the calculated moments
and coefficients for the metal in the rocksalt-
type phase of the bulk metal chloride MCl (M =
Cu, Ag, Au). This phase is the experimentally-
observed structure of AgCl, and a metastable
phase in AuCl and CuCl, and has been used
in the past to explore the importance of met-
allophilic interactions in simple solids.41 It is
interesting to note that the crystallographic po-
sitions of the metal atoms are the same in the
chloride as in the elemental metal. The crit-
ical influence of the atomic environment on
the XDM moments, and hence on the disper-
sion coefficients, is clearly exemplified by com-
paring the elemental metals with the corre-
sponding chlorides. The atomic volumes in the
metal are larger than in the chloride (e.g. 128.5
bohr3 in AuCl compared to 136.3 in Au metal).
However, the XDM moments are smaller in
the metal, because the exchange-hole dipole is

significantly smaller and, in consequence, the
metallic dispersion coefficients are lower.

We note that pairwise dispersion correction
methods such as DFT-D2 and the original
Tkatchenko-Scheffler model, which depend on
reference free-atom dispersion coefficients will
be unable to predict a greatly reduced C6 for the
bulk metal. The necessary physics to describe
this variation in the dispersion coefficients is
captured by the behaviour of the exchange hole,
but not by a simple volume scaling.

3.3 Comparison to other exper-
imental and theoretical ad-
sorption energies

Table 3: Comparison of calculated adsorption
energies (in eV) with available experimental
data for selected molecules on copper, silver,
and gold surfaces.

Molecule Metal Calc. Expt.
Thiophene Cu 0.66 0.666

Thiophene Ag 0.67 0.527

Thiophene Au 0.62 0.688

Furan Cu 0.53 0.439

Pyridine Cu 0.69, 0.86 0.53, 0.8410

1,4-BDA Au 1.12 1.011

MAE 0.09

Table 3 shows a comparison of B86bPBE-
XDM results with experimental TPD adsorp-
tion energies, where available. With the excep-
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tion of the complete analysis results for ben-
zene,29 discussed previously, all of the TPD ref-
erence data will have fairly low precision. This
occurs because the conversion of the tempera-
ture of maximum desorption to a desorption en-
ergy uses an empirically-chosen pre-exponential
factor, typically taken to be 1013/s.34 Coverage
dependence of the pre-exponential factor36 can
introduce uncertainties of up to 0.2 eV for the
molecules considered here. Additionally, some
heteroaromatic molecules can adsorb in multi-
ple stable configurations, resulting in a range of
measured physisorption energies from TPD. For
pyridine, the two reported experimental val-
ues10 were compared with the computational
results for the parallel and perpendicular ori-
entations. The mean absolute error (MAE) is
0.09 eV, showing that the XDM results agree
with the reference values to within the expected
experimental precision.

The case of 1,4-benzenediamine (BDA) on
gold has also been studied using a vdw-DF func-
tional by Li et al.64 and will be discussed in
more detail. For this system, an experimen-
tal adsorption energy of 1 eV was measured us-
ing temperature-dependent helium atom scat-
tering.11 BDA can adsorb to coinage metals
in two geometries, where the amine groups on
both sides of the phenyl ring are in relative cis
and trans positions. Our calculated adsorption
energies are 1.10 eV for cis and 1.12 eV for trans
and both values are in good agreement with
the experimental result. For comparison, PBE-
vdW-DF gives 0.94 eV for the trans and 0.98
eV for the cis orientations,64 closely matching
our results and experiment. For the trans ori-
entation, the tilt angle is predicted to be 8.4◦

with B86bPBE-XDM, in agreement with the
optimal tilt angle of 8◦ found with PBE-vdW-
DF.64 This is significantly smaller than the an-
gle of ca. 35◦ obtained with PBE in the absence
of a dispersion correction.64 Thus, dispersion
causes the trans form of BDA to lie flatter on
the surface. Interestingly, the “weak but non-
negligible amine-Au bond” observed in previ-
ous studies11,64 is revealed by an increased en-
ergetic contribution from the base functional in
the trans configuration (Table 4) and also by
the blue domains shown by the NCI plots in

Figure 1. This same chemisorption effect is de-
tected in the NCI plots for some of the other
systems studied.

3.4 Molecular trends: disper-
sion contributions and non-
covalent interaction plots

The complete set of adsorption energies for
the six small aromatic molecules with the three
noble-metal surfaces is collected in Table 4,
together with the XDM-dispersion and base-
functional contributions. The dispersion con-
tribution to the adsorption energies generally
decreases down the group of coinage metals.
Also, this energy decomposition shows that
adsorption is entirely due to dispersion in-
teractions, with the two exceptions of pyri-
dine, in the perpendicular orientation, and 1,4-
benzenediamine, where bonding between the
molecular lone pair and the surface can result
in a non-negligible contribution to binding from
the base functional. However, the total ad-
sorption energy, even in these two cases with
incipient chemisorption behavior, is still dom-
inated by the dispersion contribution. Lone
pair–surface interactions will be discussed in de-
tail throughout this section.

We now turn to the dependence of the absorp-
tion energies on molecular properties. We first
consider the cases of benzene, furan, thiophene,
and thiophenol, all of which prefer a parallel
orientation to the surface such that dispersion
interactions are maximized. The adsorption-
energy trend for this series is furan < benzene
< thiophene < thiophenol, which can be at-
tributed to increasing molecular size and po-
larizability. Additionally, the heteroatom lone
pairs become softer across this series due to
greater polarizabililty of sulfur in the thiols
than oxygen and the change from an sp2 sul-
fur in thiophene to an sp3 sulfur in thiophenol.

Experimentally, benzene and furan have been
found to bind parallel to the surface,5,65,66

in agreement with our calculations. How-
ever, thiophene and thiophenol have coverage-
dependent surface orientations. At low cover-
ages, both molecules prefer a parallel surface
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Table 4: Calculated adsorption energies of selected molecules on the copper, silver, and gold sur-
faces, in eV. The contributions to the adsorption energies from the XDM dispersion correction and
the base functional are also reported.

Molecule
Total XDM Base functional

Cu Ag Au Cu Ag Au Cu Ag Au
Benzene 0.59 0.68 0.64 1.01 0.85 0.75 -0.42 -0.17 -0.11
Furan 0.53 0.52 0.51 0.72 0.63 0.56 -0.19 -0.12 -0.05
Furan perp. 0.24 0.25 0.22 0.31 0.33 0.29 -0.08 -0.08 -0.07
Thiophene 0.66 0.67 0.62 0.90 0.77 0.69 -0.24 -0.11 -0.07
Thiophene perp. 0.40 0.40 0.25 0.49 0.47 0.32 -0.08 -0.07 -0.07
Thiophenol 1.00 0.90 0.91 1.15 1.05 0.90 -0.16 -0.15 0.01
Thiophenol perp. 0.35 0.36 0.33 0.44 0.39 0.34 -0.09 -0.03 -0.01
Pyridine 0.69 0.58 0.60 0.83 0.81 0.70 -0.14 -0.23 -0.09
Pyridine perp. 0.86 0.66 0.64 0.55 0.49 0.46 0.32 0.17 0.19
1,4-BDA (cis) 1.17 1.04 1.10 1.17 1.15 0.98 -0.01 -0.11 0.13
1,4-BDA (trans) 1.24 1.09 1.12 1.18 1.13 0.96 0.06 -0.04 0.16

(a) benzene (b) pyridine (c) furan (d) thiophene

(e) pyridine perpendicular (f) trans p-benzenediamine (g) cis p-benzenediamine (h) thiophenol

(i) adenine (j) thymine (k) cytosine (l) guanine

Figure 1: NCI plots for selected molecules adsorbed on the gold surface using an s = 0.6 isosurface.

9



orientation, maximizing dispersion interactions
between the aromatic ring and the surface, but
as the coverage increases, thiophene and thio-
phenol adopt perpendicular orientations where
sulfur-surface interactions dominate.6,66–68 Our
calculations (Table 4) predict that the parallel
orientations are energetically preferred over the
perpendicular orientations, in agreement with
experimental observations. However, the per-
pendicular orientations of thiophene and thio-
phenol are still energetically favorable, and
the stabilization during monolayer formation
can be attributed to the additional dispersion
interactions between the adjacent π-stacked
molecules and to the monolayer being more
densely packed if the molecules are perpendic-
ular to the surface.

NCI plots, shown in Figure 1 for the gold
surfaces, provide additional insight into the na-
ture of the molecule-surface interactions. Broad
green isosurfaces in the NCI plots correspond
to dispersion interactions between the aromatic
ring and the surface. The plots clearly show
that dispersion interactions are dominant, in
agreement with the adsorption-energy decom-
position in Table 4. Additionally, the increased
binding for softer lone pairs can be clearly seen
in the coloring of the NCI plots. For thiophene,
the NCI surface directly under the sulfur lone
pair is light blue, indicating a slight increase in
interaction strength. For thiophenol, the bluer
region of the NCI plot shows that the sulfur
interacts with the surface even more strongly,
reflecting the greater adsorption energy. This
is consistent with the known strong adsorption
of thiophenol to gold in self-assembled mono-
layers.69,70 While the NCI plots show favorable
interactions between the sulfur atoms and the
surface, they are not strong enough to signifi-
cantly tilt the molecules, which form angles of
7◦ or less with the surface in the parallel ori-
entation. The adsorption geometries (distances
and angles between the aromatic ring and the
surface) are given in the supporting informa-
tion.

Like thiophene and thiophenol, pyridine’s ori-
entation on metal surfaces is coverage depen-
dent.10 At low coverages, pyridine prefers a
parallel orientation where dispersion interac-

Figure 2: The polarization density for the ph-
ysisorption of pyridine on a copper surface in
the perpendicular orientation. The green iso-
surface indicates and accumulation and the blue
iso-surface depletion in electron density, for
the adsorbed species relative to the separated
molecule and surface at fixed geometries. The
dipole of pyridine polarizes the surface, which
induces further polarization of the nitrogen lone
pair. This iso-density value is 0.016 a.u.

tions dominate. As coverage increases, pyridine
adopts a perpendicular orientation, interact-
ing with the surface via the nitrogen lone pair
and the monolayer is further is stabilized by
π-stacking.10 In the parallel orientation, pyri-
dine has an adsorption energy similar to ben-
zene (see Table 4), which is dominated by dis-
persion. However, interactions between the ni-
trogen atom and the surface cause the molecule
to tilt slightly.71 The tilt angle is largest for
the copper surface and is 24◦, compared to 13◦

and 9◦ for Ag and Au, respectively. In the per-
pendicular orientation, the NCI plot shows the
loss of dispersion interactions between the sur-
face and the pyridine π-system and an increased
interaction between the surface and nitrogen.
Perpendicular pyridine has the largest density
in the NCI regions of all the molecules consid-
ered here. Indeed, perpendicular pyridine is one
of only two molecules predicted to adsorb on the
surface by the base functional alone and the in-
teraction energy is greatest for copper.
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A plot of the polarization density, defined as
the difference in electron density between the
adsorbate and the isolated molecule and sur-
face at fixed geometries, is shown for pyridine
on the copper surface in Figure 2. In the per-
pendicular orientation, the dipole moment of
pyridine is pointed directly down, towards the
surface. This dipole polarizes the copper sur-
face locally, inducing further polarization of the
adsorbed pyridine. The strength of this interac-
tion for the silver and gold surfaces is found to
be roughly equal to the extent of dispersion sta-
bilization, such that the adsorption energies for
perpendicular and parallel orientations are ef-
fectively equal. However, the results show that
the perpendicular orientation of pyridine is fa-
vored for copper, where pyridine approaches the
surface more closely. In this case, the induced
electrostatic interactions become more favor-
able, as seen from the larger adsorption-energy
contribution from the base functional (Table 4).

As discussed in the preceding section, 1,4-
benzenediamine can adsorb as either a cis or
trans isomer. Our results predict that the cis
isomer has a weaker adsorption energy than the
trans isomer. Adsorption of the cis isomer is
entirely due to dispersion; it lies flat, with a
near zero tilt angle and the amine hydrogens
pointing down, towards the surface. As for per-
pendicular pyridine, a strong nitrogen-metal in-
teraction appears in the NCI plot for the trans
isomer and this results in a slightly tilted orien-
tation on the surface with angles of 7-8◦. Cal-
culated adsorption energies for the trans iso-
mer of BDA are approximately the sum of both
perpendicular and parallel pyridine adsorption
energies. The adsorption motif of trans BDA
suggests that the cis isomer may adsorb more
strongly if both nitrogen lone pairs were di-
rected towards the surface, instead of away from
it, as shown in Figure 1. However, the trans iso-
mer experiences significant polarization, which
is not possible in the cis isomer if both nitrogen
lone pairs are directed towards the surface.

3.5 Nucleobases

Calculated adsorption energies for the nucle-
obases on the metal surfaces are given in Ta-

ble 5. Our results show that adsorption is pri-
marily driven by dispersion interactions. The
dispersion energies follow the order cytosine <
thymine < adenine < guanine, with greater
molecular size leading to increased dispersion
attraction. Adenine has a flat surface orienta-
tion since the nitrogen lone pairs all conjugate
with the π-system and have little direct inter-
action with the surface. Thymine has a slightly
tilted geometry for copper and silver surfaces,
but lies almost flat on gold, in agreement with
STM images.74,75 Conversely, cytosine and gua-
nine adopt tilted geometries, at angles of 12-14◦

to the gold surface, each with the C=O group
pointing slightly downward.

The NCI plots in Figure 1 offer a picture con-
sistent with the adsorption geometries, showing
that the oxygen atoms interact fairly strongly
with the surface, in an analogous fashion to
our results for trans 1,4-benzenediamine. Fa-
vorable interactions between the C=O groups
and the surface also result in less repulsion from
the base functional and the total adsorption en-
ergies follow the trend thymine < cytosine <
adenine < guanine, though the ordering of cy-
tosine and adenine are reversed for copper due
to a stronger interaction of the oxygen atoms
with this surface.

The calculated nucleobase adsorption ener-
gies are compared with experimental TPD ad-
sorption for gold surfaces in Table 6. The
computed adsorption energies are roughly half
of those reported experimentally.72,73 This is
because the calculated energies correspond to
the adsorption of a single, isolated molecule on
the surface and lack the intermolecular inter-
actions between adjacent nucleobases that are
reflected in experiment, specifically hydrogen
bonding. The experimental determination of
single-molecule adsorption energies for nucle-
obases is difficult because of the formation of
strong intermolecular hydrogen-bonds leading
to the formation of molecular lines and clus-
ters on metal surfaces, even at low coverages.72

Since the TPD adsorption energies are mea-
sured for higher coverages, they contain contri-
butions from intermolecular interactions within
the monolayer72,73,76–80 that must be included
in the theoretical treatment as well. Note that
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Table 5: Calculated nucleobase adsorption energies for the copper, silver, and gold surfaces, in
eV/molecule. The contributions to the total adsorption energies from the XDM dispersion correc-
tion and the base functional are also reported.

Molecule
Total XDM Base functional

Cu Ag Au Cu Ag Au Cu Ag Au
Guanine 1.07 1.03 0.94 1.22 1.14 1.00 -0.15 -0.11 -0.06
Cytosine 0.96 0.90 0.77 0.91 0.88 0.79 0.05 0.02 -0.02
Adenine 0.83 0.86 0.81 1.08 1.04 0.91 -0.25 -0.18 -0.10
Thymine 0.67 0.69 0.67 0.91 0.92 0.79 -0.24 -0.24 -0.12

Table 6: Comparison of calculated and experimental TPD adsorption energies for the nucleobases
on the gold surface, in eV/molecule. The contribution of intermolecular hydrogen bonding is
shown for both an estimated additive correction (Est.) and from the results of calculations on
small nucleobase clusters (Calc.). The total DFT adsorption energies correspond to the sum of the
single-molecule adsorption energies and these hydrogen-bond corrections.

Molecule Surface
H-Bond Total

Expt.
Est. Calc. Est. Calc.

Guanine 0.94 0.86 0.84 1.80 1.78 1.44,72 1.5173

Cytosine 0.77 0.65 0.73 1.42 1.50 1.26,72 1.3573

Adenine 0.81 0.65 0.60 1.46 1.41 1.41,72 1.3673

Thymine 0.67 0.43 0.53 1.10 1.20 1.08,72 1.1573

these experimental values are also expected to
have fairly large uncertainties given the high
coverage sensitivity of Redhead analysis.36

To properly account for intermolecular
hydrogen-bonding effects, periodic-boundary
DFT calculations should be performed on a
complete adsorbed monolayer. However, this
presents considerable practical difficulty since
the cell lengths corresponding to the monolayer
and metal surface are not necessarily commen-
surate. Thus, to approximately account for
intermolecular hydrogen-bonding, it was as-
sumed that all possible donor and acceptor
sites on the nucleobases would participate in
hydrogen bonding, with an average strength
of 0.22 eV (5 kcal/mol). Since two molecules
are needed to form each hydrogen bond, this
results in an energetic contribution of 0.11 eV
(2.5 kcal/mol) per hydrogen-bond per molecule.
The estimated hydrogen-bonding contributions
are given in Table 6, considering that the four
nucleobases can form four (thymine), six (cyto-
sine and adenine), and eight (guanine) hydro-

gen bonds in total. Naturally, this is a rough
estimate, but it serves to illustrate the origin of
the missing stabilizing contribution.

As an alternative, approximate hydrogen-
bond energies were also computed using the
small nucleobase clusters whose structure is
shown in the supporting information. These
structures were chosen to match previous
STM/DFT studies.74,77,78,80 The calculations
were performed with Gaussian0981 using the
LC-ωPBE82,83 functional, XDM dispersion,38

and the pc-2-spd basis set.84 The results are
given in Table 6 and show that the calculated
and estimated hydrogen-bond contributions are
in good agreement, and are generally on the
same order as the single-molecule adsorption
energies. Adding either of these hydrogen-
bonding corrections gives total physisorption
energies that are in good agreement with the
experimental TPD values.72,73
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4 Summary

This work investigated the ability of the XDM
dispersion model to predict surface adsorption
energies. Adsorption energies for a collection of
molecules (benzene, furan, pyridine, thiophene,
thiophenol, benzenediamine, and the four DNA
nucleobases) on the (111) surfaces of coinage
metals were calculated using the B86bPBE-
XDM functional.

The adsorption energies are found to be dom-
inated by dispersion interactions and increase
with molecular size. Inclusion of polarizable
heteroatoms also tends to increase the adsorp-
tion energies and leads to a preferential molecu-
lar adsorption orientation (e.g. perpendicular).
The non-covalent interaction (NCI) plot tech-
nique was applied to probe the nature of the
molecule-surface binding in real space. In gen-
eral, NCI reveals incipient chemisorption con-
tributions in cases where a molecular lone pair
interacts with the surface and there is an in-
creased binding contribution from the base den-
sity functional.

The calculated adsorption energies are in
excellent agreement with experimental best-
estimates for benzene on the various metal
surfaces, with an mean average error (MAE)
of 0.04 eV, which is comparable to the ex-
perimental precision. The MAE from simi-
lar dispersion-corrected functionals for benzene
on the three metal surfaces is 0.19 (PBE-D3),
0.20–0.25 (PBE-TS), 0.08–0.11 (PBE-TSsurf),
0.04 − 0.08 for MBD, and a range of 0.03 −
0.15 eV from several vdw-DF functionals.

Our results dispel previous doubts about
whether pairwise dispersion corrections can be
used for the modeling of surface adsorptions.
Contrary to previous applications of XDM and
in contrast to PBE-TSsurf, physisorption can
be reliably modeled with the canonical imple-
mentation of XDM combined with the usual
B86bPBE base functional, which is known to
give very accurate results for intermolecular in-
teractions. Hence, B86bPBE-XDM should be
a promising approach to model chemical pro-
cesses occurring on material surfaces, with a
cost comparable to any semilocal density func-
tional.

Supporting Information Available: Ta-
bles of optimized unit-cell dimensions for the
bulk metals; molecule-surface distances and an-
gles for physisorbed species; convergence of the
adsorption energy for trans 1,4-benzenediamine
on copper with respect to k-points, plane-wave
cut-offs, and surface thickness; and adsorption
energy comparison depending on the unit-cell
dimensions for the isolated molecules. Fig-
ure of the gas-phase clusters used to estimate
the hydrogen-bonding contribution to the ex-
perimental adsorption energies in the four nu-
cleobases. Quantum ESPRESSO files show-
ing the final relaxed geometries and energies
for all species are also given. This material
is available free of charge via the Internet at
http://pubs.acs.org/.
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(3) Scott, J. C. MetalÄı̀organic interface and
charge injection in organic electronic de-
vices. Journal of Vacuum Science & Tech-
nology A 2003, 21, 521–531.
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(7) Väterlein, P. et al. Orientation and bond-
ing of thiophene and 2,2-bithiophene on
Ag(111): a combined near edge extended
X-ray absorption fine structure and X
scattered-wave study. Surf. Sci. 2000,
452, 20–32.

(8) Liu, G.; Rodriguez, J. A.; Dvorak, J.;
Hrbek, J.; Jirsak, T. Chemistry of sulfur-
containing molecules on Au: thiophene,
sulfur dioxide, and methanethiol adsorp-
tion. Surf. Sci. 2002, 505, 295–307.

(9) Mulligan, A.; Johnston, S. M.; Miller, G.;
Dhanak, V.; Kadodwala, M. A TPD
and NIXSW investigation of furan and
tetrahydrofuran adsorption on Cu(111).
Surf. Sci. 2003, 541, 3–13.

(10) Zhong, Q.; Gahl, C.; Wolf, M. Two-
photon photoemission spectroscopy of
pyridine adsorbed on Cu. Surf. Sci. 2002,
496, 21–32.

(11) Dell’Angela, M. et al. Relating Energy
Level Alignment and Amine-Linked Sin-
gle Molecule Junction Conductance. Nano
Lett. 2010, 10, 2470–2474.

(12) Tkatchenko, A.; Romaner, L.; Hof-
mann, O. T.; Zojer, E.; Ambrosch-
Draxl, C.; Scheffler, M. Van der Waals in-
teractions between organic adsorbates and
at organic/inorganic interfaces. MRS Bull.
2010, 35, 435–442.

(13) Liu, W.; Tkatchenko, A.; Scheffler, M.
Modeling Adsorption and Reactions of Or-

ganic Molecules at Metal Surfaces. Acc.
Chem. Res. 2014, 47, 3369 – 3377.

(14) Reimers, J. R. et al. A priori calculations
of the free energy of formation from solu-
tion of polymorphic self-assembled mono-
layers. Proc. Nat. Acad. Sci. 2015, 112,
E6101–E6110.

(15) Reimers, J. R. et al. From chaos
to order: Chain-length dependence of
the free energy of formation of meso-
tetraalkylporphyrin self-assembled mono-
layer polymorphs. J. Phys. Chem. C
2016, 120, 1739–1748.

(16) Johnson, E. R.; Mackie, I. D.; DiL-
abio, G. A. Dispersion interactions in
density-functional theory. J. Phys. Org.
Chem. 2009, 22, 1127.

(17) DiLabio, G. A.; Otero-de-la Roza, A.
Dispersion Interactions in Density-
Functional Theory. Rev. Comp. Chem.
2014, arXiv:1405.1771.

(18) Bilic, A.; Reimers, J. R.; Hush, N. S.;
Hoft, R. C.; Ford, M. J. Adsorption of
Benzene on Copper, Silver, and Gold Sur-
faces. J. Chem. Theory Comput. 2006, 2,
1093–1105.

(19) Ferrighi, L.; Madsen, G. K. H.; Ham-
mer, B. Self-consistent meta-generalized
gradient approximation study of adsorp-
tion of aromatic molecules on noble metal
surfaces. J. Chem. Phys. 2011, 135,
084704.

(20) Callsen, M.; Atodiresei, N.; Caciuc, V.;
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Graphical TOC Entry

The exchange-hole dipole moment dispersion model provides accurate
results for molecular physisorption on coinage-metal surfaces. This per-
formance is achieved without changes to the canonical implementation of
the XDM method, making it an excellent candidate for studying chem-
istry on a material surface.
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