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Using first-principles calculations based on density-functional theory (DFT) we investigated the effects of the
van der Waals (vdW) interactions on the structural and electronic properties of anthracene and pentacene
adsorbed on the Ag(111) surface. We found that the inclusion of vdW corrections strongly affects the binding
of both anthracene/Ag(111) and pentacene/Ag(111), yielding adsorption heights and energies more consis-
tent with the experimental results than standard DFT calculations with generalized gradient approximation
(GGA). For anthracene/Ag(111) the effect of the vdW interactions is even more dramatic: we found that
“pure” DFT-GGA calculations (without including vdW corrections) result in preference for a tilted config-
uration, in contrast to experimental observations of flat-lying adsorption; including vdW corrections, on the
other hand, alters the binding geometry of anthracene/Ag(111), favoring the flat configuration. The elec-
tronic structure obtained using a self-consistent vdW scheme was found to be nearly indistinguishable from
the conventional DFT electronic structure once the correct vdW geometry is employed for these physisorbed
systems. Moreover, we show that a vdW correction scheme based on a hybrid functional DFT calculation
(HSE) results in an improved description of the highest occupied molecular level of the adsorbed molecules.

I. INTRODUCTION

Interfaces between organic molecules and metal sur-
faces are fundamental constituents of numerous organic
optoelectronic devices and play important roles in their
performance. Thus, understanding the adsorption of or-
ganic molecules on metal surfaces and the interactions
at such organic/metal interfaces is crucial to develop ef-
ficient devices.
Anthracene (C14H10) and pentacene (C22H14) ad-

sorbed on the Ag(111) surface are particularly interest-
ing systems because of the frequent use of silver as elec-
trode and the promising properties of the anthracene
and pentacene compounds; both compounds exhibit high
carrier mobility1 and excellent electroluminescence and
photoluminescence2, and have great potential for use in
organic light-emitting diodes3 and organic field effect
transistors4. Experimental studies have reported that
both anthracene and pentacene monolayers weakly ad-
sorb on Ag(111), as characteristic of physisorption or
weak chemisorption5–10, which suggests that van der
Waals interactions (vdW) play an important role in the
binding of these systems.
Van der Waals interactions are weak interactions that

originate from non-local correlations between electronic
charge fluctuations. They are the dominant interactions
in physisorbed and weakly chemisorbed systems and are
known to strongly affect the stability and structure of or-
ganic/metal interfaces11–14. Therefore, various schemes
have been devised how to include vdW interactions into
density functional theory (DFT). While some are formu-
lated directly as functionals of the electron density15,16,
the more common and convenient schemes simply add

a)Electronic mail: jmmorbec@gmail.com

a correction to the DFT total energy in the form of a
pairwise interaction potential17,18.

In this work, we present a first-principles study on
the effects of the vdW interactions on the structural
and electronic properties of anthracene and pentacene
adsorbed on the Ag(111) surface. We used both
the vdWsurf approach19 and the many-body dispersion
(MBD) method20,21 to treat the vdW interactions in our
calculations. While the first works with an additive pair-
wise potential, albeit with density-dependent coefficient,
the second approach is able to take cooperative effects
into account. Both the vdWsurf and MBD methods have
been shown to provide reliable adsorption energy and
height for interfaces between organic molecules (such as
benzene and PTCDA) and coinage metal surfaces22–24.
Our results show that the inclusion of vdW corrections is
crucial to correctly describe the flat adsorption geometry
of anthracene on Ag(111); calculations using “pure” gen-
eralized gradient approximation (GGA), without includ-
ing vdW corrections, resulted in a tilted configuration
for anthracene/Ag(111), while the use of the vdWsurf

approach yielded flat molecular orientation, consistent
with experimental observations. We also found that the
adsorption heights and the adsorption energies in both
anthracene/Ag(111) and pentacene/Ag(111) are strongly
affected by the vdW treatment. On the other hand, we
noticed that including the density-dependence inherent
in the vdWsurfapproach has only tiny effects on the elec-
tronic structure of the systems. Lastly, we computed the
change in the work function of the Ag(111) surface upon
the adsorption of anthracene and pentacene; we found
that anthracene induces a larger reduction in the work
function than pentacene, consistent with the stronger ph-
ysisorption character observed in anthracene/Ag(111) in
comparison with pentacene/Ag(111).

The rest of the paper is organized as follows: in Sec. II
we describe the details of our first-principles calculations;
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in Sec. III we present and discuss our results for the struc-
tural and electronic properties of anthracene/Ag(111)
and pentacene/Ag(111); and in Sec. IV we provide our
conclusions.

II. COMPUTATIONAL DETAILS

All calculations were performed in the framework of
the density-functional theory25 as implemented in the
FHI-aims26, an all-electron code that uses numeric atom-
centered orbitals as basis functions. We used the gen-
eralized gradient approximation (GGA) proposed by
Perdew, Burke, and Ernzerhof (PBE)27 for the exchange-
correlation functional, as well as, the hybrid Heyd-
Scuseria-Ernzerhof (HSE06)28 functional. “Tight” set-
tings from the FHI-aims code were used in all calcula-
tions, with “tier2”/“tier3”/“tier2” basis sets for Ag/C/H
in the PBE calculations and “tier1”/“tier2”/“tier2” basis
sets for Ag/C/H in the calculations with the HSE func-
tional. Convergence criteria of 10−5 electrons/Å3 and
10−5 eV were applied for the charge density and the to-
tal energy, respectively.
To treat the vdW interactions we employed two ap-

proaches coupled to PBE and HSE functionals: (i)
the vdWsurf approach19, which includes the collective
electronic response of the substrate in the determina-
tion of the vdW parameters (C6 coefficients, polar-
izabilities and vdW radii) by combining the pairwise
Tkatchenko-Scheffler (TS) method18 with the Lifshitz-
Zaremba-Kohn theory29,30 for the vdW interaction be-
tween an atom and a solid surface, and (ii) the many-
body dispersion (MBD) method20,21, in which the atomic
response functions are represented by a set of quan-
tum harmonic oscillators and the screened long-range
many-body vdW energy is computed using the adia-
batic connection fluctuation-dissipation theorem within
the dipole approximation. In the calculations with the
vdWsurf approach we used the screened vdW parame-
ters computed in Ref. 19. Throughout the paper we
will refer to the calculations without including vdW
corrections as “PBE calculations” (or “HSE calcula-
tions”, when the hybrid HSE functional is used), and we
will use “PBE(HSE)+vdWsurf” and “PBE(HSE)+MBD”
for the calculations with the vdWsurf and MBD ap-
proaches, respectively. To examine the effects of the
vdW interactions on the electronic properties of an-
thracene/Ag(111) and pentacene/Ag(111), we used the
self-consistent vdWsurf(sc-vdWsurf) method31, in which
the functional derivative (with respect to the density) of
the pairwise TS vdW potential is added to the exchange-
correlation potential to form the total effective Kohn-
Sham potential.
In order to build the supercells for our calculations,

we first computed the lattice constant of bulk silver; us-
ing a 16 × 16 × 16 Monkhorst-Pack k-point mesh, we
found a = 4.140 Å and a = 4.020 Å in the PBE and
PBE+vdWsurf calculations, respectively, which are in

close agreement with the experimental value of 4.09 Å32

and with previous theoretical results33 obtained using
PBE (4.149 Å) and PBE+vdWsurf (4.007 Å). We used
the respective computed lattice constants in our PBE and
PBE+vdWsurf calculations.

Anthracene/Ag(111) was modeled using a (2
√
3 ×

2
√
3)R30◦ surface unit cell (in accordance with the STM

measurements of anthracene adlayers on Ag surfaces in
perchloric acid solution reported by Shimooka et al.6)
with a five-layer slab; for pentacene/Ag(111) we used a
(6 × 3) surface unit cell (which is consistent with exper-
imental measurements9) with a four-layer slab. A vac-
uum region of ∼30 Å was used in both cases to avoid
unphysical interaction between periodic images. In the
geometry optimizations, the molecules and the top two
silver layers were allowed to relax while the remain-
ing bottom layers were constrained to their bulk posi-
tions; a force convergence criterion of 10−2 eV/Å was
applied for structural relaxations. We used 4 × 4 × 1
and 3 × 6 × 1 Monkhorst-Pack k-point meshes in the
structure optimization and total-energy calculations of
anthracene/Ag(111) and pentacene/Ag(111) systems, re-
spectively, whilst denser k-point sets, 12× 12× 1 for an-
thracene/Ag(111) and 9× 18× 1 for pentacene/Ag(111),
were employed to compute the density of states and the
work functions. For the calculations of the work function
we examined the convergence of our results with respect
to the number of layers and the thickness of the vacuum
region.

FIG. 1. Ball and stick representation of the adsorption sites
(bridge, top, hollow-hcp, and hollow-fcc) examined for an-
thracene/Ag(111).
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III. RESULTS AND DISCUSSION

A. Anthracene on Ag(111)

We first determined the equilibrium geometry for an-
thracene/Ag(111). Considering only planar adsorption
and taking as reference the central carbon ring, we ex-
amined four adsorption sites (see Fig. 1): bridge, where
the central ring lies over a Ag-Ag bond; top, where
the central ring is on top of a Ag atom from the top
layer; hollow-hcp, where the central ring is on top of
a 2nd-layer Ag atom; and hollow-fcc, where the cen-
tral ring is on top of a 3rd-layer Ag atom. The most
stable adsorption site was found to be hollow-hcp in
both PBE and PBE+vdWsurfcalculations (see Table I),
with total energy 1–4 meV smaller than the second most
stable configuration, hollow-fcc. We found, however,
that PBE calculations favored a tilted hcp-configuration
(Fig. 2) with the molecular short axis making a tilt an-
gle of ∼26.7◦ with the substrate, in contrast to previ-
ous experimental observations5–7 of flat adsorption of
anthracene molecules on the Ag(111) surface. We found
that the flat hollow-hcp configuration is 0.098 eV less sta-
ble than the tilted configuration, and it has adsorption
height of 4.095 Å and adsorption energy of −0.061 eV.
PBE+vdWsurfcalculations, on the other hand, predicted
flat geometry (see Fig. 2) with adsorption energy of
−1.380 eV (see Table I), more than 1.3 eV stronger
than that predicted by PBE calculations, and adsorp-
tion height of 3.015 Å, significantly smaller than the ad-
sorption height obtained without including vdW correc-
tions (4.432 Å) and in the range of typical molecule-
substrate distances for aromatic molecules on metals
(2.8–3.2 Å)34,35. The adsorption height d is calculated
as the vertical distance between the molecule’s center of
mass and the average positions of the Ag atoms in the
uppermost layer. In the hcp configuration, the surface-
layer Ag atoms below the anthracene molecule relaxed
inward by ∼0.02 Å on average. The adsorption energy
Eads is computed using

Eads = EMol/Ag(111) − EAg(111) − EMol,

where EMol/Ag(111), EAg(111) and EMol are the total en-
ergies of the adsorbed system, the bare Ag(111) surface,
and the single molecule in a large supercell, respectively.

FIG. 2. Equilibrium geometries of anthracene/Ag(111)
(hollow-hcp configuration) obtained using the PBE (left) and
PBE+vdWsurf (right) methods.

TABLE I. Relative total energies ∆ET (in eV), adsorption
energies Eads (in eV), and adsorption heights d (in Å) for
anthracene/Ag(111) at different adsorption sites, computed
using the PBE and PBE+vdWsurfmethods. The equilibrium
orientation of the molecule with respect to the substrate (flat
or tilted) is indicated within brackets. ∆ET is calculated as
the difference in total energy of a given configuration and
the most stable configuration (hcp). The adsorption height is
determined as the vertical distance between the center of mass
of the molecule and the average positions of the Ag atoms
in the topmost layer. The values in parentheses in column
6 are the adsorption energies obtained with the PBE+MBD
method at the PBE+vdWsurfgeometry.

PBE PBE+vdWsurf

site ∆ET Eads d ∆ET Eads d

bridge 0.106 −0.060 4.026 0.074 −1.313 3.036

[flat] (−0.856) [flat]

top 0.111 −0.057 4.112 0.155 −1.255 3.047

[flat] (−0.763) [flat]

hcp 0.000 −0.065 4.432 0.000 −1.380 3.015

[tilted] (−0.925) [flat]

fcc 0.001 −0.064 4.440 0.004 −1.363 3.017

[tilted] (−0.891) [flat]

The failure of PBE to describe the interaction and
structural properties of anthracene/Ag(111) can also be
seen in Fig. 3(a), which shows the adsorption energy
Eads of hcp-anthracene/Ag(111), computed using differ-
ent approaches, as a function of the adsorption height
d; the geometry of the system was constrained to the
PBE equilibrium geometry in the PBE calculations and
to the PBE+vdWsurfgeometry in the calculations with
the PBE+vdWsurfand PBE+MBD methods, and only
the adsorption height was changed. “Pure” PBE calcu-
lations, without inclusion of vdW corrections, predicted
repulsive interaction for distances smaller than 4 Å, and
very small attractive adsorption energies (< 0.07 eV)
for larger distances, suggesting that the molecule does
not bind to the surface. The inclusion of vdW correc-
tions, on the other hand, pulled the molecule closer to
the surface, bringing the adsorption height to values be-
tween 3.0 and 3.1 Å (Fig. 3(a)); the curves obtained
using the PBE+vdWsurfand PBE+MBD methods ex-
hibit pronounced minima of about −1.4 and −0.9 eV,
respectively. To the best of our knowledge, the ad-
sorption height and energy of anthracene/Ag(111) have
not yet been determined experimentally. Nevertheless,
we note that our adsorption energies computed using
the PBE+vdWsurf(Eads = −1.380 eV) and PBE+MBD
(Eads = −0.943 eV) methods are within the range of ex-
perimental values reported for benzene/Ag(111), 0.68 ±
0.05 eV36,37, naphthalene/Ag(111), 1.03 ± 0.05 eV37,38,
and pentacene/Ag(111), 1.5 eV9. The adsorption height
obtained using the PBE+vdWsurfmethod, 3.015 Å, is
also close to that reported for benzene/Ag(111), 3.04 ±
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FIG. 3. Adsorption energy Eads of hcp-anthracene/Ag(111)
as a function of the adsorption height d, computed us-
ing the (a) PBE, PBE+vdWsurfand PBE+MBD, and (b)
HSE, HSE+vdWsurfand HSE+MBD approaches. The ge-
ometry of the system was constrained to the PBE equi-
librium geometry in the PBE/HSE calculations and to
the PBE+vdWsurfgeometry in the calculations with the
PBE/HSE+vdWsurfand PBE/HSE+MBD methods, and only
the adsorption height was changed.

0.02 Å36. Previous theoretical studies22,36 have shown
that the vdWsurfapproach overestimates the adsorption
energy of atoms and molecules adsorbed on metal sur-
faces, while the MBD method, which goes beyond the
pairwise method and includes many-body dispersion ef-
fects, predicts results in better agreement with experi-
ments; therefore, we expect that our PBE+MBD calcu-
lations would yield more accurate values for the adsorp-
tion energy and height of realistic anthracene/Ag(111)
systems.
We also examined the effects of including part of the

short-range exact exchange, by using the HSE06 func-
tional, on the adsorption energy of anthracene/Ag(111).
As can be seen in Fig. 3(b), the reduction of the self-
interaction error leads to an increase of about 0.2 eV in
the absolute values of the adsorption energy, with both
the vdWsurfand MBD methods. The same behavior was
recently observed for benzene/Ag(111)36; in this case,
the adsorption energy obtained with HSE+MBD was in
better agreement with experimental results than that ob-
tained with the PBE+MBD method. In our case, for an-

thracene/Ag(111), the adsorption energy obtained using
the HSE+MBD method (Eads=−1.18 eV) is still within
range of the experimental values reported for other
oligoacenes, such as benzene, naphthalene and pentacene,
adsorbed on the Ag(111) surface (0.68–1.5 eV)9,36–38.

In addition to the structural properties, we also inves-
tigated the electronic properties of anthracene/Ag(111).
Figure 4 shows the density of states (DOS) of the iso-
lated anthracene (Fig. 4(a)) and the adsorbed molecule in
the PBE+vdWsurfoptimized geometry (Figs. 4(b)-(d));
for comparison, the DOS of the adsorbed molecule in
the PBE geometry is shown in Fig. S1 of the Sup-
plemental Material. For the adsorbed system in the
PBE+vdWsurfgeometry we present the DOS obtained
without including vdW interactions (“pure” PBE and
HSE calculations, shown in Figs. 4(b) and (c), respec-
tively) and with vdW corrections using the self-consistent
vdWsurf(sc-vdWsurf) method31 (Fig. 4(d)). The highest
occupied (HOMO) and lowest unoccupied (LUMO) or-
bitals are formed by bonding π and antibonding π∗ su-
perpositions of the carbon pz orbitals above and below
the molecular plane. Comparing the DOS of the iso-
lated (Fig. 4(a)) and adsorbed (Fig. 4(b)) anthracene,
we found that the presence of the substrate induced only
a small decrease in the HOMO-LUMO gap (∼0.13 eV)
and a slight broadening in the HOMO and LUMO peaks
(see also Fig. S2 of the Supplemental Material). On the
other hand, the states located between 2.5 and 7 eV be-
low the Fermi level are strongly affected the hybridiza-
tion between the molecular orbitals (mainly composed of
C p orbitals (Fig. S2)) and the Ag d states, which are
the dominant states between 2.5 and 7 eV (Fig. 4(e)).
Figs. 4(b) and (c) also show that both PBE and HSE
calculations predicted that the LUMO remains unoccu-
pied on the Ag(111) surface, indicating that there is no
charge transfer between the substrate and the molecule
and that anthracene is physisorbed on Ag(111), which is
consistent with previous experimental studies5,7.

As expected, the PBE functional significantly under-
estimates the HOMO-LUMO band gap of the molecule;
for the isolated molecule (Fig. 4(a)) we found a HOMO-
LUMO gap of 2.31 eV, in good agreement with previous
theoretical result (2.25 eV)39 but ∼66% underestimated
with respect to the experimental value (6.9 eV)39. The
HSE hybrid functional brings the HOMO to lower en-
ergies, yielding a larger band gap, 2.97 eV (still ∼57%
smaller than the experimental value). HSE also im-
proves the prediction of the HOMO position of the ad-
sorbed molecule; while with the PBE functional we ob-
tained HOMO located at 1.81 eV below the Fermi level
(Fig. 4(b)), our HSE DOS (Fig. 4(c)) shows a pro-
nounced peak at 2.33 eV below the Fermi level, which
is in good agreement with the experimental observation
of a π-character band at the top of the valence band
located at 2.5 eV below the Fermi edge5. Both PBE
and HSE functionals, however, fail to describe the po-
sition of the LUMO; we found that the LUMO is lo-
cated right above the Fermi level (0.37 eV from PBE
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FIG. 4. Calculated density of states (DOS) of
the anthracene/Ag(111) system in the optimized
PBE+vdWsurfgeometry. (a) Isolated anthracene, (b-
d) density of states projected onto the molecular orbitals of
anthracene/Ag(111) obtained with (b) PBE and (c) HSE
functionals and (d) the PBE+sc-vdWsurfmethod, and
(e) clean Ag(111) surface. The zero on the energy scale
corresponds to the vacuum level. The dashed lines indicate
the position of the Fermi level.

and 0.64 eV from HSE calculation) whereas inverse pho-
toemission measurements5 have shown that the LUMO is
located between 2 and 3 eV above the Fermi level. This
underestimation is mainly due to the inability of Kohn-
Sham energy levels to describe excited states.

We examined the effect of including vdW corrections
in the description of the electronic structure of an-
thracene/Ag(111), after the correct geometry has been
obtained. Thus, considering the anthracene/Ag(111) sys-

tem at the optimized PBE+vdWsurfgeometry, we com-
pare the DOS of the adsorbed molecule obtained using
the PBE functional without vdW corrections (Fig. 4(b))
with that obtained using the PBE+sc-vdWsurfmethod
(Fig. 4(d)); we found that the inclusion of vdW correc-
tions has, apart from a shift of the Fermi level, no sig-
nificant effect on the electronic properties of the system
(see also Fig. S3 of the Supplemental Material). Our
results therefore show that, although a proper treat-
ment of the vdW interactions is crucial to correctly
describe the stability and structural properties of an-
thracene/Ag(111), vdW interactions have little effects
on the electronic structure of the system once the cor-
rect geometry has been obtained. The effect of the vdW
interactions on the electronic structure is therefore in-
direct, via the correct description of the geometry of
the system; the DOS of the adsorbed molecule at the
PBE geometry (see Fig. S1(a)) is similar to the DOS
of the isolated molecule (Fig. 4(a)), while the DOS of
the adsorbed molecule at the PBE+vdWsurfgeometry
(Fig. 4(b)) is broader with the LUMO state located closer
to the Fermi level (see also Fig. S1 for a comparison be-
tween the DOS of the adsorbed molecule at the PBE and
PBE+vdWsurfgeometries). We note that by electronic
structure we mean the relative position of the bands with
respect to each other and the Fermi level; a shift of the
energetic reference point, i.e. the vacuum energy, is much
more difficult to detect from a plot of the DOS.

The redistribution of charge upon adsorption is most
sensitively reflected in a change of the surface dipole, and
hence in the work function. Therefore, we computed the
change in the work function of the Ag(111) surface due to
the adsorption of an anthracene monolayer. All calcula-
tions were performed using the PBE+vdWsurfoptimized
geometry. For the work function of the clean Ag(111)
surface we obtained 4.43 eV without including vdW
corrections (“pure” PBE calculations) and 4.81 eV
with the PBE+sc-vdWsurfmethod, which are in good
agreement with previous theoretical results (4.4431 and
4.45 eV40 with PBE and 4.74 eV31 with the PBE+sc-
vdWsurfapproach) and with experimental values (4.45–
4.90 eV7,8,41–43). The higher work function in the
vdWsurfcalculations indicates that the electronic charge
density extends somewhat further outside the surface. As
shown and discussed by Ferri et al. in Ref. 31, the inclu-
sion of long-range correlation effects in the self-consistent
electronic structure calculation leads to a net accumu-
lation of the charge density above the surface and be-
tween the metal layers and to a depletion at the top
metal layers, compared to a PBE calculation with vdW
interactions treated by pairwise potentials. This low-
ers the Fermi level (due to the Coulomb attraction be-
tween the metal layers) and shifts the vacuum level to
higher values (due to the extension of the charge den-
sity above the surface), consequently increasing the work
function. Our calculations show that the adsorption of
anthracene on Ag(111) leads to a significant reduction
in the work function of the surface; using the PBE+sc-
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FIG. 5. Ball and stick representation of the bridge0 and
bridge60 configurations for pentacene/Ag(111).

vdWsurfmethod we found 3.77 eV for the work function of
anthracene/Ag(111), which means a reduction of 1.04 eV
with respect to the clean surface, while our “pure” PBE
calculations yielded a decrease of 0.81 eV (from 4.43 to
3.62 eV). The large reduction in the work function is due
to the push-back effect arising from the Pauli repulsion
between the electron density of the molecule and the sur-
face electrons, which is dominant in physisorbed systems.
We notice that our PBE and PBE+sc-vdWsurfresults for
the change in the work function (−0.81 and −1.04 eV,
respectively) are significantly larger than experimental
values obtained by measuring the onset current into the
sample, −0.5± 0.1 eV5, and by determining the photoe-
mission kinetic energy width, −0.68±0.02 eV44. It should
be mentioned, however, that the experimental data avail-
able were obtained for multilayer anthracene adsorption
and/or for lower molecular density. We also estimated
the change in the positions of the anthracene HOMO
and LUMO states with respect to the vacuum level upon
adsorption: from PBE calculations we obtained shifts
of 0.80 and 0.92 eV towards lower energies for HOMO
and LUMO, respectively, while PBE+sc-vdWsurfyielded
shifts of 0.92 and 1.06 eV. Previous angle-resolved pho-
toemission and inverse photoemission measurements pre-
dicted rigid shifts to lower energies of about 0.9 eV for the
occupied states and 1.1 eV for the unoccupied orbitals5.

B. Pentacene on Ag(111)

Pentacene monolayers have been experimentally ob-
served to adsorb parallel to the Ag(111) surface10,45,46;
therefore, in this work we considered only planar adsorp-
tion for pentacene/Ag(111). We examined eight adsorp-
tion sites: four configurations (bridge0, top0, hcp0, and
fcc0) in which the molecular long axis is parallel to the
larger vector of the surface unit cell and four configura-
tions (bridge60, top60, hcp60, and fcc60) in which the
molecular long axis is rotate 60◦ with respect to the for-
mer configurations. Figure 5 shows a schematic top view
of the configurations bridge0 and bridge60.
We optimized all configurations using the PBE and

PBE+vdWsurfmethods and we found, with both meth-
ods, that bridge60 is the most favorable configuration
(see Table II). The differences in total energy between
bridge60 and the other configurations obtained using

the PBE+vdWsurfmethod (15–226meV) are significantly
larger than those obtained in the “pure” PBE calcula-
tions (1–24 meV). This is mainly due to the smaller ad-
sorption heights predicted by the PBE+vdWsurfmethod:
as can be seen in Table II, PBE+vdWsurfmethod yielded
adsorption heights between 2.8 and 3.0 Å, while the PBE
values are larger than 3.9 Å. The small difference in to-
tal energy between the configurations bridge60, hcp60,
and hcp0 (∼15 meV with the PBE+vdWsurfmethod)
also suggests that different adsorption configurations
may coexist in pentacene/Ag(111), as observed in
experiments9. Both PBE and PBE+vdWsurf , how-
ever, predict flat conformation for pentacene/Ag(111),
as can be seen in Fig. 6, in agreement with exper-
imental observations10,45,46. Our results are also in
good agreement with previous theoretical studies: from
PBE calculations we found d = 3.938 Å and Eads =
−0.119 eV, which compare well with previous GGA re-
sults (d = 3.7–4.12 Å andEads within the range of−0.078
to −0.108 eV)47,48; using the PBE+vdWsurfmethod we
found d = 2.910 Å and Eads = −2.396 eV, which is in
good agreement with previous results obtained by Toy-
oda et al.47 using the pairwise DFT-D method (d = 2.9 Å
and Eads = −2.28 eV), but differ from the values ob-
tained by the same authors using the nonlocal vdW-DF
method (d = 3.7 Å and Eads = −1.62 eV)47. It should
be pointed out that the vdW-DF method tends to over-
estimate the adsorption heights, even though it provides
reliable adsorption energies12,22—recent vdW-DF func-
tionals (e.g., optB86b-vdW and rev-vdW-DF2), however,
have been shown to give both accurate adsorption height
and energy49. As can be seen in Table II, the inclusion of
many-body effects leads to a reduction of the adsorption
energy to Eads = −1.652 eV, in close agreement to the
vdW-DF value.

Figure 7(a) shows the adsorption energy of bridge60-
pentacene/Ag(111) as a function of the adsorption
height, computed using different methods. Similar
to what was observed for anthracene/Ag(111), “pure”
PBE calculations predicted low adsorption energies (<
0.12 eV) and large adsorption heights (∼3.9 Å) suggest-
ing that the molecule does not bind to the surface. The
inclusion of the vdW interactions, again, brought the
molecule closer to the surface (∼2.9 Å) and increased
the absolute value of the adsorption energy. Using the
PBE+MBDmethod we found Eads = −1.652 eV, in good
agreement with both the theoretical result (−1.62 eV) ob-
tained by Toyoda et al.47, who used the vdW-DF method,

FIG. 6. Equilibrium geometries of pentacene/Ag(111)
(bridge60 configuration) obtained using the PBE (left) and
PBE+vdWsurf (right) methods.
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TABLE II. Relative total energies ∆ET (in eV), adsorption
energies Eads (in eV), and adsorption heights d (in Å) for pen-
tacene/Ag(111) at different adsorption sites, computed using
the PBE and PBE+vdWsurfmethods. The equilibrium ori-
entation of the molecule with respect to the substrate (flat
or tilted) is indicated within brackets. ∆ET is calculated as
the difference in total energy of a given configuration and the
most stable configuration (bridge60). The adsorption height
is taken as the vertical distance between the center of mass of
the molecule and the average positions of the Ag atoms in the
topmost layer. The values in parentheses in column 6 are the
adsorption energies obtained with the PBE+MBD method at
the PBE+vdWsurfgeometry.

PBE PBE+vdWsurf

site ∆ET Eads d ∆ET Eads d

bridge0 0.017 −0.102 4.097 0.174 −2.189 2.956

[flat] (−1.400) [flat]

top0 0.017 −0.102 4.081 0.226 −2.119 2.965

[flat] (−1.295) [flat]

hcp0 0.002 −0.117 3.942 0.015 −2.378 2.902

[flat] (−1.646) [flat]

fcc0 0.001 −0.118 3.943 0.052 −2.331 2.823

[flat] (−1.585) [flat]

bridge60 0.000 −0.119 3.938 0.000 −2.396 2.910

[flat] (−1.652) [flat]

top60 0.024 −0.095 3.946 0.226 −2.120 2.964

[flat] (−1.295) [flat]

hcp60 0.011 −0.111 3.947 0.015 −2.379 2.901

[flat] (−1.646) [flat]

fcc60 0.006 −0.113 3.943 0.034 −2.336 2.921

[flat] (−1.600) [flat]

and with the experimental value of the desorption en-
ergy of pentacene/Ag(111), 1.5 eV9. The comparison
between our computed adsorption energies and the ex-
perimental value of the desorption energy shows that (i)
the PBE+vdWsurfmethod overestimates the adsorption
energy, as has been observed for other systems22,36, and
(ii) the inclusion of many-body effects is important to
correctly describe the interaction between pentacene and
the Ag(111) surface. Figure 7(b) shows that the hybrid
HSE functional leads to an increase of ∼0.2 eV in the
absolute values of the adsorption energy, similar to what
we found for anthracene/Ag(111).
The density of states of bridge60-pentacene/Ag(111)

is displayed in Fig. 8. Since the π and π∗ orbitals are
more delocalized in pentacene compared to anthracene,
the energy splitting between HOMO and LUMO is
smaller. Similar to what was observed for anthracene,
the presence of the substrate has small effects on the
relative position of the HOMO and LUMO states (see
Figs. 8(a) and (b) and Fig. S5 of the Supplemental Ma-
terial). We found, however, that the LUMO level in pen-
tacene/Ag(111) is located closer to the Fermi level than
in anthracene/Ag(111). Our PBE (Fig. 8(b)) and HSE

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
d (Å)

−3.0

−2.0

−1.0

0.0

1.0

2.0

E ad
s (

eV
)

PBE
PBE+vdWsurf

PBE+MBD
Exp

(a)

2.5 3.0 3.5 4.0
d (Å)

−3.0

−2.0

−1.0

0.0

1.0

2.0

3.0
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eV
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PBE
HSE
PBE+vdWsurf

HSE+vdWsurf

PBE+MBD
HSE+MBD
Exp

(b)

FIG. 7. Adsorption energy Eads of bridge60-
pentacene/Ag(111) as a function of the adsorption
height d, computed using the (a) PBE, PBE+vdWsurfand
PBE+MBD, and (b) HSE, HSE+vdWsurfand HSE+MBD
approaches. The geometry was constrained to the PBE
equilibrium geometry in the PBE/HSE calculations and
to the PBE+vdWsurfgeometry in the calculations with the
PBE/HSE+vdWsurfand PBE/HSE+MBD methods, and
only the adsorption height was changed. The blue dashed
lines represent the experimental value of the desorption
energy of pentacene/Ag(111) reported in Ref. 9.

(Fig. 8(c)) calculations predicted that the peak of the
LUMO is at ∼0.06 and 0.07 eV above the Fermi level,
respectively. Although we expect the LUMO position be
underestimated since Kohn-Sham levels are unsuitable to
describe excited states, this finding suggests that the in-
teraction between molecule and substrate is stronger in
pentacene/Ag(111). As we will discuss later, this will be
reflected in the change of the work function of Ag(111)
upon adsorption of pentacene and anthracene; pentacene
induces a smaller reduction in the work function than an-
thracene. Regarding the occupied states, the HSE func-
tional (Fig. 8(c)) predicted that the HOMO is located
at ∼1.38 eV below the Fermi level, which is in good
agreement with the binding energy of 1.5 eV obtained
by ultraviolet photoelectron spectroscopy8. Our PBE
calculations overestimated the position of the HOMO
state, placing it at about 1.0 eV below the Fermi level
(Fig. 8(b)).

Comparing Figs. 8(b) and (d) we notice that
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FIG. 8. Calculated density of states (DOS) of
the pentacene/Ag(111) system in the optimized
PBE+vdWsurfgeometry. (a) Isolated pentacene, (b-d)
density of states projected onto the molecular orbitals of
pentacene/Ag(111) obtained with (b) PBE and (c) HSE
functionals and (d) the PBE+sc-vdWsurfmethod, and (e)
clean Ag(111) surface. The zero on the energy scale corre-
sponds to the vacuum level. The dashed lines indicate the
position of the Fermi level.

the inclusion of the vdW interactions using the sc-
vdWsurfmethod does not alter the electronic properties
of pentacene/Ag(111) by more than a constant energy
shift (see also Fig. S6 of the Supplemental Material).
Similar to what was observed for anthracene/Ag(111),
vdW interactions are important for the description of
the stability and geometry of the system, but have no
significant effect on its electronic structure once the cor-
rect geometry has been obtained. Again, we found
that the effect of the vdW interactions on the elec-

tronic structure of pentacene/Ag(111) is indirect, via
the correct description of the geometry of the system;
as can be seen in Fig. S4(a), the DOS of the adsorbed
molecule at the PBE geometry is similar to the DOS
of the isolated molecule (Fig. 8(a)), whereas the DOS
of the adsorbed molecule at the PBE+vdWsurfgeometry
(Fig. 8(b)) is signiticantly different, with broader HOMO
and LUMO peaks and the LUMO state located closer to
the Fermi level (see also Fig. S4 for a comparison be-
tween the DOS of the adsorbed molecule at the PBE
and PBE+vdWsurfgeometries). As it will be discussed
in the next paragraph, the proximity of the LUMO state
to the Fermi level strongly affects the change in the work
function of the Ag(111) surface due to the adsorption of
pentacene molecules.

Lastly, we also computed the change in the work func-
tion of the Ag(111) surface due to the adsorption of a
pentacene monolayer. Using “pure” PBE calculations
we found that the work function decreases from 4.43 eV
to 3.98 eV, a reduction of 0.45 eV; with the PBE+sc-
vdWsurfmethod, we found that the work function de-
creases by 0.73 eV, changing from 4.81 to 4.08 eV. Our
results for the work function of the pentacene/Ag(111)
system (φ = 3.98 and 4.08 eV), as well as the com-
puted reduction (∆φ = −0.45 and −0.73 eV) are in
close agreement with experimental values reported in
Ref. 8, φ = 3.95 eV and ∆φ = −0.5 eV, and in Ref. 45,
φ = 4.00 eV and ∆φ = −0.59 eV. We noticed, in ad-
dition, that the change in the work function of Ag(111)
induced by the adsorption of the pentacene monolayer
is substantially smaller than that caused by the adsorp-
tion of anthracene. In order to explain this finding, one
can think of the work function change as being composed
of two opposing components: the first one is the push-
back effect, which dominates in anthracene/Ag(111) and
is present in pentacene/Ag(111) as well; the second con-
tribution originates from an accumulation of charge on
the molecule and/or in the space between the molecule
and the surface, which tends to increase the work func-
tion and thus counteracts the push-back effect. This lat-
ter effect, while being absent for anthracene, starts to
play some role for pentacene and larger oligoacenes. On
the level of our DFT calculations this can be concluded
from the hybridization with the substrate states and en-
ergetic broadening of the LUMO seen in Fig. 8. Even
if the very low energetic position of the LUMO may be
an artefact of the DFT calculations, we think that the
trends observed for the change in work function will per-
sist in a higher-level treatment of the electronic structure:
also in post-Hartree-Fock methods, we expect induced
fractional charges on the adsorbed molecule to counter-
act the original work function lowering due to the push-
back effect. The size of possibly induced charges scales
with the polarisability of the free molecule. The larger
the oligoacenes, the more polarisable they are, hence
the trend to smaller work function change when larger
molecules are adsorbed.
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IV. CONCLUSIONS

In summary, we investigated the effects of the vdW
interactions on the structural and electronic properties
of anthracene/Ag(111) and pentacene/Ag(111). We em-
ployed two methods to treat the vdW interactions in
our calculations: the vdWsurfapproach and the MBD
method. Our results show that the inclusion of vdW
corrections is crucial to correctly describe the binding
geometries of these systems. For anthracene/Ag(111), in
particular, “pure” PBE calculations favored a tilted con-
figuration whereas the PBE+vdWsurfapproach yielded
a flat-lying geometry, in agreement with previous ex-
perimental studies. We found, additionally, that vdW
interactions strongly affect the adsorption energies and
heights of anthracene/Ag(111) and pentacene/Ag(111);
both PBE+vdWsurfand PBE+MBD methods predicted
adsorption heights considerably smaller (between 2.9 and
3.1 Å, while PBE results are larger than 3.9 Å) and ad-
sorption energies significantly larger (more than one or-
der of magnitude larger) than the PBE results, in bet-
ter agreement with experimental data and more consis-
tent with previous studies on other oligoacenes adsorbed
on the Ag(111) surface. We also examined the effect of
the vdW interactions on the electronic properties of an-
thracene/Ag(111) and pentacene/Ag(111), by using the
self-consistent vdWsurfmethod. We found that the in-
clusion of the self-consistency of the vdW energy in our
calculations has only tiny effects on the electronic struc-
ture of these systems, indicating that the major influence
of the vdW interactions is in the stability and structural
properties of organic/metal systems.

Analyses of the density of states of an-
thracene/Ag(111) and pentacene/Ag(111) obtained
using the PBE, HSE and PBE+sc-vdWsurfmethods
revealed that the LUMO level of an anthracene mono-
layer remains unoccupied upon adsorption on Ag(111)
indicating physisorption for anthracene/Ag(111); in pen-
tacene/Ag(111) the LUMO peak is located right above
the Fermi level, suggesting stronger interaction between
molecule and substrate. The stronger molecule-metal
interaction in pentacene/Ag(111) explains the smaller
reduction in the work function of the Ag(111) surface
obtained upon pentacene adsorption (PBE: −0.45 eV,
PBE+sc-vdWsurf: −0.73 eV) when compared to that
computed for the adsorption of an anthracene monolayer
(PBE: −0.81 eV, PBE+sc-vdWsurf: −1.04 eV).

SUPPLEMENTARY MATERIAL

See supplementary material for further details on
the density of states of anthracene/Ag(111) and pen-
tacene/Ag(111).
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