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Interfaces between organic molecules and solid surfaces play a prominent role in heterogeneous
catalysis, molecular sensors and switches, light-emitting diodes, and photovoltaics. The properties and the
ensuing function of such hybrid interfaces often depend exponentially on molecular adsorption heights and
binding strengths, calling for well-established benchmarks of these two quantities. Here we present
systematic measurements that enable us to quantify the interaction of benzene with the Ag(111) coinage
metal substrate with unprecedented accuracy (0.02 A in the vertical adsorption height and 0.05 eV in the
binding strength) by means of normal-incidence x-ray standing waves and temperature-programed
desorption techniques. Based on these accurate experimental benchmarks for a prototypical molecule-
solid interface, we demonstrate that recently developed first-principles calculations that explicitly account
for the nonlocality of electronic exchange and correlation effects are able to determine the structure and
stability of benzene on the Ag(111) surface within experimental error bars. Remarkably, such precise
experiments and calculations demonstrate that despite different electronic properties of copper, silver, and
gold, the binding strength of benzene is equal on the (111) surface of these three coinage metals. Our results

suggest the existence of universal binding energy trends for aromatic molecules on surfaces.
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Interfaces between organic molecules and inorganic
solids have a prominent role in fundamental science and
in a wide range of technological applications [1-3]. Such
interfaces often demonstrate collective electronic, optical,
and vibrational properties that the separate components
forming the interface do not exhibit [4,5]. These collective
effects can be utilized as novel tools in the design of a wide
range of technologies. However, the control of properties
and functions of hybrid interfaces requires an increasingly
reliable level of quantitative understanding of microscopic
properties of molecule-surface systems [6—8]. Such funda-
mental properties are, for example, the vertical adsorption
height and the binding strength of a molecule to the solid
surface [9]. Many molecules of interest possess one or
several aromatic groups with a strong contribution from the
ubiquitous 7 interactions to their structure and stability
when adsorbed on solid surfaces. To better understand the
microscopic underpinnings of such molecules adsorbed on
solids and to provide chemically accurate benchmarks for
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metal-z interactions, here we study the adsorption of
benzene (Bz) on the Ag(111) surface as a prototypical
model for a molecule-solid interface.

Despite many previous studies of Bz/Ag(111) that
allowed us to achieve significant insights into this system,
the vertical adsorption height (dayqs) and the binding
strength (E,q,) of Bz/Ag(111) remain rather uncertain.
It is well established that Bz adsorbs in a planar fashion
parallel to the Ag(111) surface [10-12]. The interaction
between Bz and the Ag(111) surface can be described by
physisorption character—a fact confirmed by inverse
photoemission spectroscopy [13], and by high-resolution
electron energy loss spectroscopy, which found that the
vibrational modes of the molecule upon adsorption on
Ag(111) remain similar to the benzene liquid phase [14].
To our knowledge, there are no direct measurements of
dpgs for Bz/Ag(111). Temperature-programed desorption
(TPD) studies of Bz/Ag(111) yield a desorption temper-
ature of 220 K [15,16]. Depending on the value of the
empirical prefactor in the Redhead equation utilized to
convert this temperature into Eqg, values ranging from
0.43 to 0.80 eV have been reported in the literature
[16—19]. This range of values for Eq, is almost an order
of magnitude larger than the chemical accuracy of 0.04 eV
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FIG. 1 (color online). The structure of Bz on Ag(111) as measured by NIXSW. (a) C1s x-ray photoelectron spectroscopy spectrum of
Bz/Ag(111) with a single component at 284.3 eV, recorded with E™ = 2620 eV. The area of this carbon contribution is used to
determine the electron yield in the NIXSW analysis. (b) Schematic of the NIXSW experiment. The x-ray standing wave field is shown as
yellow color gradient, dark yellow meaning high x-ray intensity, and as an intensity curve /(z) on the right. Photoemitters are shown in
blue for two situations: a sharp distribution with coherent fraction F. = 1 on the left, and a homogeneous distribution with F. ~ 0 on the
right. The coherent position (P,), indicated by the red arrow, runs from 0 to 1 between two consecutive Bragg planes of the substrate. As
the photon energy is tuned through the Bragg condition, the nodes of the standing wave field shift by half a lattice constant, as indicated
by the intensity /(z). (c) Blue dots: normalized electron yield of a NIXSW experiment for Bz/Ag(111). According to dynamical
scattering theory, the normalized electron yield varies between 0 and 4. Yellow dots: corresponding reflectivity curve. Lines are the fits
obtained with the Torricelli program [25,26] from which P, and F. have been determined. (d) Polar diagram of the NIXSW result, with
P, as polar angle and F as radius. The high F, (<1) indicates a flat adsorption geometry of Bz/Ag(111) [cf. left part of panel (b)].

required for a truly predictive description of molecular
systems. This uncertainty for a fundamental molecule-
metal system is particularly deleterious for the development
of new theoretical methods, which are now becoming
increasingly more accurate [20]. In this context, it is
desirable to achieve a new level of understanding and
precisely quantify the interaction of Bz with Ag(111).

We start with the determination of the adsorption structure
of Bz/Ag(111) by utilizing normal-incidence x-ray standing
wave (NIXSW) measurements, shown in Fig. 1. On crys-
talline samples, NIXSW employs the interference of an
x-ray beam with its Bragg reflected wave to form a standing
wave field extending above the sample surface. Such
spatially modulated x-ray intensity allows for a chemically
sensitive, precise measurement of molecular vertical adsorp-
tion distances [21,22]. The high coherent fraction (F,) for
Bz/Ag(111) in Fig. 1(d)—the NIXSW parameter reflecting
the vertical distribution of scatterers—clearly indicates a flat
adsorption geometry. The small 10% deviation of F,
from unity stems from a combination of zero-point and
temperature-induced vibrations and a small fraction of
benzene molecules adsorbed at surface defects, as a detailed
investigation of a similar molecule has already shown [23].
Furthermore, the adsorption height can be directly calculated
from the NIXSW coherent position (P.), yielding dag, of
3.04 +0.02 A and suggesting a physisorption-type of bind-
ing. The given statistical error was derived from a systematic
Monte Carlo based error analysis [24].

We now proceed to determine the adsorption energy of a
single Bz molecule on Ag(111) by carrying out TPD

measurements for a wide range of initial coverages in
the submonolayer regime, summarized in Fig. 2. Such
coverage-dependent measurements allow us to utilize the
so-called complete analysis [27,28] to determine the desorp-
tion energy from the TPD spectra based on the Polanyi-
Wigner equation [29]. This procedure does not require any
prior assumptions about preexponential factors for desorp-
tion. Using such complete analysis, we determined an
adsorption energy of 0.68 & 0.05 eV for Bz on Ag(111)
in the limit of vanishing surface coverage. This value already
includes the conversion from the measured desorption
energy at finite temperature to the adsorption energy at
0 K by adding 3/2kpT 4 (=0.03 eV), where kg is the
Boltzmann constant and T4 is the desorption temperature
[18,30,31]. Surprisingly, the determined magnitude of E 4
for Bz/Ag(111) is remarkably close to the recently com-
puted cohesive energy of one benzene molecule in the
benzene crystal [32]. Even more remarkable is the fact that
the values of E g4, for Bz on Cu(111), Ag(111), and Au(111)
determined in our study using the same TPD analysis
agree within the measurement error bar (£0.05 eV). The
corresponding adsorption energies for Bz/Cu(111) and
Bz/Au(111) are 0.69+0.04 eV and 0.65+0.03 eV,
respectively. This suggests that there must be a simple rule
of thumb for predicting the strength of 7 interactions at
equilibrium in extended systems. This finding will be further
discussed below using first-principles calculations.

Having obtained precise experimental benchmarks of
dags =3.04 £0.02 A and Eng = 0.68 +0.05 eV, we
now turn to the question of whether state-of-the-art
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The desorption energy of benzene on Ag(111) as measured by TPD. (a) TPD spectra of benzene adsorbed on

Ag(111) for different initial coverages recorded with a linear heating rate of 1 K/s at the mass of the parent ion 78 amu. (b) The
logarithm of the desorption rate (in arbitrary units) as a function of the inverse temperature at an exemplary coverage of 6 = 0.1 ML.
The slope (—Ey,/kp) of the line yields the desorption energy (Eq.) for that coverage.

electronic structure calculations are able to achieve quan-
titative accuracy for the Bz/Ag(111) system. We stress that
it is a rather ambitious goal to capture all the relevant effects
required to describe correctly the binding of molecules on
metals [33]. The sheer size of the system and its metallic
nature prohibits the use of the well-established hierarchy of
quantum-chemical methods for solving the Schrodinger
equation. In addition, solids in general, and metals in
particular, are characterized by strong dielectric screening
within the extended bulk. This makes simple and widely
employed pairwise treatments of van der Waals (vdW)
interactions inapplicable to molecule-metal systems
[20,33]. To complicate matters further, even for molecules
located at large vdW distances from surfaces, significant
interface polarization effects arise, which are accompanied
by a strong renormalization of molecular electronic levels
[34]. At equilibrium separations, the binding becomes
even more complex, with a subtle interplay between Pauli
repulsion, wave function hybridization, electrostatics,
and vdW interactions dictating the structure and binding
strength between molecules and metals. In this regard,
density-functional theory (DFT) has been the workhorse
method for studying molecule-metal systems [20]. Despite
the increasing success of DFT when applied to adsorption
systems, one has to be aware of its two main problems: (i) the
self-interaction error in the exchange energy resulting in
wrong electronic energy levels and imperfect electrostatics,
and (ii) the lack of long-range vdW correlation interactions.
Here we directly address these two issues by (i) using a
hybrid DFT-HSE exchange-correlation (XC) functional
[35,36] that cures a large part of the self-interaction error,
and (ii) including many-body vdW correlations with the
recently developed DFT 4+ MBD method [37,38].

Our first-principles calculations for the binding-energy
curve of benzene on Ag(111) are shown in Fig. 3. All
calculations have been carried out with the FHI-aims code
[39], with additional calculation details reported in the

Supplemental Material [40]. The relativistic effects were
treated by using scaled zeroth-order regular approximation
[41]. In order to demonstrate the importance of many-
electron XC effects, we present three different binding
curves that allow us to disentangle the contribution of
different terms to the adsorption energy. The comparison
between PBE + MBD and HSE + MBD calculations dem-
onstrates the crucial reduction of the self-interaction error
when using the HSE XC functional, and the ensuing
improvement of static electron density and electrostatic
interactions. This can be clearly explained by analyzing the
permanent quadrupole moment of benzene at PBE and
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FIG. 3 (color online). First-principles calculations for benzene
on Ag(111). Binding energy E, 4, as a function of vertical distance
dpgs Of benzene molecule center of mass from Ag(111).
Calculations were carried out using three methods: semilocal
Perdew-Burke-Ernzerhof (PBE) [42] functional with many-body
dispersion (MBD) [37,38] interactions, or hybrid Heyd-Scuseria-
Ernzerhof (HSE) functional [35,36] with either vdW™™ [17] or
MBD methods for including vdW interactions. Zero-point vibra-
tional energy is included in all binding curves, calculated using a
quasiharmonic approximation. The dotted lines indicate exper-
imental equilibrium values of dyy and E sy, with shaded regions
corresponding to the associated error bars.
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HSE levels of theory. The PBE calculation yields a value
of 6.10 ebohr?, while HSE improves this prediction to
6.42 ebohr?, being in excellent agreement with the value of
6.42 ebohr? obtained with the “gold standard” coupled-
cluster method.

To highlight the importance of collective electronic
correlation effects in the interaction of benzene with
Ag(111), we proceed to analyze the HSE + vdW*“! and
HSE + MBD calculation results in Fig. 3. The first method
accurately includes the screening of the vdW interaction
inside the extended metal bulk by utilizing the experimental
dielectric function in the determination of the “atom-in-
a-bulk” vdW parameters [17]. The MBD method goes
significantly beyond the vdW*™ ansatz and treats the
collective correlations within the molecule-solid system
to all orders of perturbation theory [37,38]. The large
reduction in binding at the HSE + MBD level when com-
pared with HSE + VDW*"T stems from significant interface
polarization redistribution due to many-body correlation
effects. In fact, the polarizability of the adsorbed benzene-
metal complex calculated with the MBD method differs
significantly from the sum of polarizabilities of isolated
benzene and Ag(111) surface moieties. The perpendicular
component of the polarizability increases by 5.8 bohr?,
while the in-plane polarizability is reduced by 13.7 bohr?.
This change in polarizability components results in less
effective coupling between the in-plane fluctuations of the
benzene molecule and Ag(111) surface plasmons, leading to
a concomitantly smaller vdW attraction. The significant
polarization redistribution found in our calculations for a
prototypical physisorbed system provides an interesting
motivation for future experimental studies of local response
properties of molecules adsorbed on solid surfaces.

The accurate inclusion of collective nonlocal XC effects
in the HSE + MBD approach leads to excellent agreement
of both d g, and E 54, With our experimental measurements.
Notably, both calculated quantities lie well within the
systematic experimental uncertainties. To generalize our
findings, further DFT 4+ MBD calculations were carried out
for benzene adsorbed on Cu(111) and Au(111) surfaces. In
agreement with TPD results, we find almost degenerate
adsorption energies (within 0.07 eV with PBE 4+ MBD and
0.11 eV with HSE + MBD) for benzene on the three
coinage metal surfaces. Both values are within the accuracy
of the approximate DFT functionals. Interestingly, the
adsorption distances differ significantly for the three
metals. The binding of Bz on coinage metals is driven
by an interplay between Pauli repulsion (stemming from
the antisymmetry of the total molecule-surface wave
function), attractive vdW interactions, and a possible weak
chemical contribution for Cu(111). The balance between
repulsive and attractive forces is achieved at different
distances for Cu, Ag, and Au due to the different vdW
radii of the metal atoms. However, similar adsorption
energy for Bz on the three surfaces suggests the existence

of universal binding energy trends for aromatic molecules
on surfaces, resulting from a subtle balance between Pauli
repulsion and many-body vdW attraction. In other words,
for each surface the adsorption energy reaches its universal
value, irrespective of the precise equilibrium position.

At this point, one might wonder about the transferability
of the accuracy achieved by the DFT + MBD method if
applied to more complex molecule-solid systems. Although
general statements are difficult to make at the moment,
preliminary calculations for more complex azobenzene
(C1oHpN,) and 3, 4, 9, 10-perylene-tetracarboxylic acid
dianhydride (C,40¢Hg) molecules on coinage metals yield
similar findings, with DFT 4+ MBD calculations resulting in
vertical adsorption heights and binding energies within
experimental error bars. A general conclusion that can
nevertheless be drawn from our study is the crucial
importance of treating both electronic exchange and corre-
lation effects in a collective nonlocal fashion, beyond widely
employed semilocal DFT functionals and simple pairwise
corrections for vdW interactions. Obviously, further bench-
marking to a level of theory that contains dispersion
interactions and a multiconfigurational wave function
nature of metals (beyond HSE + MBD) would be ideal.

In summary, we have carried out a systematic experimen-
tal and theoretical investigation of the structure and binding
of benzene adsorbed on coinage metals. Our study provides
benchmark values for adsorption properties of aromatic
molecules under well-defined conditions. Remarkably, our
experiments and calculations demonstrate that despite differ-
ent electronic properties of Cu(111), Ag(111), and Au(111)
surfaces, the binding strength of benzene is equal on these
three coinage metals. These initial results suggest the
existence of universal binding energy trends for aromatic
molecules on surfaces. Furthermore, we observed a signifi-
cant renormalization of polarization of weakly interacting
molecules or surface complexes, which provides an interest-
ing research avenue for experimental studies of local proper-
ties of such hybrid interfaces. In addition, the importance of
interface polarization grows with increasing molecular size
and polarizability and may have a large impact on intermo-
lecular interactions and assembly of molecular monolayers.
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