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There is a growing interest in the study of supramolecular architectures on surfaces as they
can serve as building blocks in molecular electronics [1] or as template structures for functionalized
particles in the form of host-guest networks [2]. For a better understanding of the principles under-
lying the structure formation and the function of such networks, a reliable theoretical description of
such systems is desirable. However, density functional theory (DFT) calculations which have been
so successful in describing complex surface structures [3] face two problems for these particular
systems. First, the molecules which form building blocks of supramolecular structures are typi-
cally so large that the calculation of their adsorption properties becomes prohibitively expensive.
Second and even more important, for an accurate description of the adsorption of these molecules,
the London dispersion interaction needs to be taken into account since these molecules often do
not form any true chemical bonds with the surface. However, this kind of interaction is only poorly
described in standard DFT methods [4, 5, 6, 7]. There are implementations of DFT functionals
giving a reliable first-principles description of the van der Waals interaction based on the adiabatic
connection formula in the so-called vdW-DF method which allow the determination of the adsorp-
tion energies of small hydrocarbon molecules on graphite [8, 9, 10]. However, this method still
requires a considerable computational effort. Furthermore, current implementations of the vdW-
DF method typically do not include the evalulation of forces which hampers the first-principles
structure determination.

As a computationally inexpensive alternative, empirical force field methods are available. Yet,
we have recently shown that both adsorption energies as well as adsorption geometries of organic

molecules on graphite determined with force fields strongly depend on the particular force field
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Figure 1: Illustration of the general structure of the bis(terpyridine)-derived isomers 2,4’-BTP and
3,3-BTP.

chosen [11]. Recently, the DFT-D approach that adds a CgR™5-type dispersion correction to the
Kohn-Sham Hamiltonian has been proposed as a further alternative [6, 7]. Still, for the adsorption
of molecules on metal surfaces it is not fully clear yet how screening effects in the metal should
be properly treated [12, 13, 14]. Furthermore, there are only few experimental studies in which
the adsorption energies of supramolecular building blocks are measured [15]. This hampers the
assessment of the reliability of the different theoretical approaches. Here we show, based on a
combined theoretical and experimental work, that for the adsorption of large organic molecules on
graphite the DFT-D approach [6, 7] can yield rather satisfactory results and thus opens the way
for a reliable theoretical description of this important class of chemical systems.

As a model system, we consider the adsorption of oligopyridines, namely the bis(terpyridine)-
derived isomers 2,4’-BTP and 3,3’-BTP, as depicted in Fig. 1, on graphene and graphite. Recently,
experimental data have become available for this system [15]. For the force field calculations,
Universal (UFF) [16], Dreiding [17], Compass [18] and CVFF [19] were used as implemented in
the Accelrys’ Materials Studio program package. In contrast to most molecular mechanics pro-
grams, this implementation allows a proper description of the covalent bonding across the periodic
boundaries of an infinite system which is a crucial prerequisite for the force-field treatment of
extended substrates. Gasteiger charging was used with the UFF and Dreiding force fields.[20] Cor-
responding DFT results were obtained using the Vienna ab initio simulation package (VASP) [21]
using the Perdew-Burke-Ernzerhof functional [22] to describe the exchange-correlation effects. The
ionic cores were represented by projector augmented wave (PAW) potentials [23] as constructed by
Kresse and Joubert [24]. For the k-point sampling, the Gamma point turned out to be sufficient
for the rather large considered systems. Furthermore, Gaussian smearing with a plane wave energy

cut-off of 400 eV was used. When the cut-off is increased from 400 eV to 900 eV, the adsorption
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Figure 2: Adsorption energies in eV of 3,3’-BTP and 2,4’-BTP on a 3-layer graphite model, force
field and DFT-D data with the 2006 set of Grimme parameters[6]. The red line denotes the exper-
imental desorption energy of 3,3’-BTP. The green dashed line and the blue dotted line symbolize
adsorption energies of 3,3-BTP in a relaxed geometry obtained using the DFT-D2[6] and the
DFT-D3 method[7], respectively.

energy of 3,3’-BTP on a graphene layer changed by only 5 meV although there is still some varia-
tion in the total energy. The DFT-D calculations were performed using our own implementation
of the dispersion corrections into the VASP code based on the freely availabe DFT-D FORTRAN
program by Grimme and coworkers [7].

The adsorption energies of 3,3’-BTP and 2,4-BTP on a 3-layer graphite model obtained with
various force fields for optimized binding geometries are shown in Fig. 2 as the white and dark grey
columns, respectively. Both isomers yield very similar adsorption energies which is not surprising
regarding the structural similarity of both isomers. However, the results are strongly depending
on the employed force field. Furthermore, compared to the desorption energy of -2.54 eV for 3,3’-
BTP on highly ordered pyrolytic graphite (HOPG, solid red line in Fig. 2) derived from thermal
desorption experiments as described in Ref. [15], the force fields significantly overestimate the
interaction between the 3-layer graphite model and BTP yielding binding energies that are in all
cases more than 1eV too large, with CVFF overestimating the adsorption energy by even more
than 4eV. With respect to other force fields that are commonly used for organic systems we note
that the adsorption energies of small hydrocarbons on a aromatic Cs4H1g cluster were evaluated
using the MM3 force field [25]. It was concluded that compared to experimental values, the MM3
force field seems to overestimate the adsorption energies of aromatic hydrocarbons, as we have also
found previously for the force field employed in the present study [11].

Note that the various force fields not only give different adsorption energies but also varying



adsorption geometries. The average distance between BTP and a single graphene layer changes
from 3.4 A with Compass to 3.6 A with CVFF. There is also a difference in the internal flexibility of
the molecule depending on the force field: CVFF and Compass clearly favor planar BTP molecules,
dihedral angles between rings A and B as well as between rings A and C are below 5° (for the
definition of the rings, see Fig. 1). For UFF and Dreiding, the torsion between A and C ist
between 24 and 30°, with slightly larger values for Dreiding. The dihedral angle between A and
B is somewhat smaller and less uniform. For both isomers, it is not above 10° and in some cases,
this part of the molecule is nearly planar.

As far as DFT calculations of the BTP /graphite system are concerned, the fact that there are
240 carbon atoms per layer in the unit cell (see Fig. 3) makes DFT calculations including all three
layers prohibitively expensive. Therefore we treated all three carbon layers separately assuming
that the interaction energy of the BTP molecules with the graphite layers is additive. This also
means that the DFT-D structure optimization of the adsorbed BTP molecules is only done for the
BTP /graphene system where furthermore the graphene layer was kept fixed. Model calculations
of benzene on graphite showed that this procedure only introduces a negligible error of less than
4meV per benzene ring.

Performing a DFT-D optimization of adsorbed BTP using the DFT-D2 [6] and the DFT-D3 [7]
parametrization yielded a significantly improved agreement with the experiment compared to the
force-field calculations, as Fig. 2 illustrates. In detail, the DFT-D relaxation of adsorbed 3,3’-BTP
resulted in a molecule adsorbed in a nearly planar geometry, as illustrated in Fig. 3. The deviation
from planarity is less than 1° for dihedral angles between rings A and B and rings A and C.
Using the DFT-D2 parameters, the average distance between graphene and adsorbate is 3.35 A,
the adsorption energy on graphite is -3.01 eV (dashed line in Fig. 2). For the newer set of Grimme
parameters (DFT-D3 [7]) the average substrate-adsorbate distance is slightly increased by 3 % to
3.44 A and the adsorption energy is reduced to -2.85 eV (dotted line in Fig. 2) yielding an even
better agreement with the experiment. According to the DFT-D calculation, 3,3’-BTP is bound
weaker to graphene than to graphite by 0.21eV with the difference coming almost entirely from
the interaction with the second graphite layer. This means that a calculation including only two
carbon layers would already be sufficent as a model for the adsorption on graphite.

Using DFT without any dispersion correction, the BTP molecule is bound to graphene with an
adsorption energy of only -0.13 eV at an average distance to the surface of 4.38 A. Interestingly
enough, the BTP molecule does not stay planar for such a weak bonding. The torsion between
rings A and B is 18° on one and 26° on the other half of the molecule. Between rings A and C,
dihedral angles of 34 and 36° have been found corresponding to the gas-phase structure of the BTP
molecule [11]. Hence the consideration of dispersive forces does also lead to structural changes of
the adsorbed molecule. Furthermore, it is important to note that the comparison of the DFT results

with and without dispersion corrections demonstrates without ambiguity that the strong bonding



Figure 3: Geometry of 3,3’-BTP on graphene after DFT-D relaxation, top and side view. The unit
cell is highlighted in red.

of BTP is almost entirely due to the van der Waals interaction and is not caused by any chemical
interaction, as it is usually associated with sizable adsorption energies. The strong interaction here
is just a consequence of the large size of the molecule leading to the dominant contribution of the
van der Waals interaction to the bonding which keeps the molecule adsorbed at the surface up to
temperatures above 500 K [15]. Furthermore, because of the non-directional nature of the van der
Waals interaction, the adsorption energy of BTP on graphite exhibits only a small corrugation, i.e.,
it depends very weakly on the lateral position of the molecule. Hence the particular arrangement
of BTP molecules in an ordered supramolecular structure on graphite [2, 26] is almost entirely
determined by the formation of intermolecular hydrogen-bonds [11].

In order to trace back the reason for the large discrepancy between force field calculations and
experiment, we used the optimized geometry obtained from each force field for so-called single-point
DFT-D2 [6] energy calculations, i.e. without any further structure optimization. The correspond-
ing results for 3,3’-BTP and 2,4’-BTP are depicted as the light grey and black columns, respectively,

in Fig. 2. In spite of the fact that the optimum geometries according to the different force fields



vary to some extent, the DFT-D adsorption energies of all these different structures are rather
similar, ranging from -2.47 (3,3-BTP) and -2.52 eV (2,4-BTP) for the CVFF geometries, up to
-2.97 and -3.07 eV for the Compass results. Again, using different BTP isomers does not change
adsorption energies significantly, the difference between 2,4’-BTP and 3,3’-BTP is about 100 meV
for the Compass geometry and somewhat smaller for the other structures. This clearly indicates
that the differences in force field adsorption energies have to be attributed mainly to differences
in parametrization of the force fields. The slightly different structures are rather close in energy,
hence they are not the main reason for the large discrepancies in the force-field adsorption energies.

In conclusion, we showed that dispersion-corrected density functional theory is able to satisfac-
torily reproduce adsorption energies of van der Waals bonded molecules on graphite surfaces which
constitute building blocks in molecular electronics. This opens the way to a numerically efficient
treatment of these important type of systems by first-principles electronic structure calculations
together with semi-empirical dispersion corrections. Force field methods, on the other hand, yield
a broad variety of different adsorption geometries and energies which indicates that their reliability
in the modeling of the adsorption of organic molecules is limited.
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Graphical Abstract

Oligopyridine adsorption

The adsorption of the oligopyridine isomers 2,4’-BTP and 3,3’-BTP on graphite is studied using
both force-field methods and the DFT-D approach. Whereas the used force fields yield different
adsorption geometries and strongly varying adsorption energies, the adsorption energy obtained
in the DFT-D approach is in a rather good agreement with the experiment, demonstrating that
these supramolecular building blocks are almost entirely bound via the van der Waals interaction

to graphite.



