Adsorption of supramolecular building blocks on graphite: A force field and density
functional theory study
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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 based on density functional theory together with
an CgR~®-type dispersion correction, and the calculated adsorption
energies are compared to the results of thermal desorption experi-
ments. Whereas the used force fields yield different adsorption ge-
ometries and strongly varying adsorption energies which all over-
estimate the experimental value by more than 1 eV, the adsorption
energy obtained in the DFT-D approach is in a rather good agree-
ment with the experiment. This indicates that the DFT-D approach
is able to reliably reproduce adsorption energies of supramolecu-
lar building blocks on graphite surfaces. Furthermore, the DFT-D
calculations show that these organic molecules are almost entirely
bound via the nominally weak van der Waals interaction with the
strong bonding caused by the large size of the molecules.

There is a growing interest in the study of supramolecular archi-
tectures on surfaces as they can serve as building blocks in molecu-
lar electronics ' or as template structures for functionalized particles
in the form of host-guest networks. 2 For a better understanding of
the principles underlying the structure formation and the function
of such networks, a reliable theoretical description of such systems
is desirable. However, density functional theory (DFT) calcula-
tions which have been so successful in describing complex surface
structures> face two problems for these particular systems. First,
the molecules which form building blocks of supramolecular struc-
tures are typically 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.*”

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 or-
ganic molecules on graphite determined with force fields strongly
depend on the particular force field chosen.® Recently, the DFT-
D approach that adds a CgR°-type dispersion correction to the
Kohn-Sham Hamiltonian has been proposed as a further alterna-
tive.> 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.>~!! Furthermore, there are only few experimental
studies in which the adsorption energies of supramolecular building
blocks are measured. '2 This hampers the assessment of the reliabil-
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2,4-BTP: X=N,Y=CH
3,3-BTP: Y=N,X=CH

Figure 1. Tllustration of the general structure of the bis(terpyridine)-
derived isomers 2,4’-BTP and 3,3’-BTP.

ity of the different theoretical approaches. Here we show, based on
a combined theoretical and experimental work, that for the adsorp-
tion of large organic molecules on graphite the DFT-D approach >0
can yield rather accurate results and thus opens the way for a reli-
able theoretical description of this important class of chemical sys-
tems.

As amodel system, we consider the adsorption of oligopyridines,
namely the bis(terpyridine)-derived isomers 2,4’-BTP and 3,3’-
BTP, as depicted in Figure 1, on graphene and graphite. Recently,
experimental data have become available for this system.!? For
the force field calculations, Universal (UFF), 13 Dreiding, 14 Com-
pass > and CVFF'® were used as implemented in the Accelrys’
Materials Studio program package. Gasteiger charging was used
with the UFF and Dreiding force fields. !” Corresponding DFT re-
sults were obtained using the Vienna ab initio simulation package
(VASP) 18 using the Perdew-Burke-Ernzerhof functional 1 to de-
scribe the exchange-correlation effects. The ionic cores were rep-
resented by projector augmented wave (PAW) potentials 20 as con-
structed by Kresse and Joubert.?! For the k-point sampling, the
Gamma point turned out to be sufficient for the rather large consid-
ered systems. Furthermore, Gaussian smearing with a plane wave
energy cut-off of 400 eV was used.

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 Figure 2 as the white and dark
grey columns, respectively. Both isomers yield very similar ad-
sorption energies which is not surprising regarding the structural
similarity of both isomers. However, the results are strongly de-
pending 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 Figure 2) derived from
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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.> The red line denotes the experimental desorption en-
ergy 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° and the DFT-D3 method, ® respectively.

thermal desorption experiments as described in Ref.,'? 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 1 eV too large, with CVFF overestimating the ad-
sorption energy by even more than 4 eV.

Note that the various force fields not only give different adsorp-
tion 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, di-
hedral angles between rings A and B as well as between rings A
and C are below 5° (for the definition of the rings, see Figure 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.

In contrast, the DFT-D results for the BTP adsorption in the opti-
mum geometry within the DFT-D2% and the DFT-D3° parametriza-
tion are in rather good agreement with the experiment. In these
calculations, due to computational limitations, each of the 3 carbon
layers of the model substrate had to be treated separately. Model
calculations of benzene on graphite showed that this procedure does
only introduce a negligible error of less than 4 meV per benzene
ring.

DFT-D relaxation of 3,3’-BTP on graphene and graphite mod-
eled by three carbon layers resulted in a molecule adsorbed in a
nearly planar geometry, as illustrated in Figure 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 av-
erage distance between graphene and adsorbate is 3.35 A, the ad-
sorption energy on graphite is -2.84 eV (dashed line in Figure 2).
For the newer set of Grimme parameters (DFT-D3°) the average
substrate-adsorbate distance is slightly increased by 3 % to 3.44 A
and the adsorption energy is reduced to -2.65 eV (dotted line in
Figure 2) yielding an even better agreement with the experiment.

Using DFT without any dispersion correction, the BTP molecule
is bound to graphene with an adsorption energy of only -0.12 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 an-

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

gles of 34 and 36° have been found corresponding to the gas-phase
structure of the BTP molecule.® Hence the consideration of dis-
persive forces does also lead to structural changes of the adsorbed
molecule. Furthermore, it is important to note that the compar-
ison of the DFT results with and without dispersion corrections
demonstrates without ambiguity that the strong bonding 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 dom-
inant contribution of the van der Waals interaction to the bonding
which keeps the molecule adsorbed at the surface up to tempera-
tures above 500K. 12 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 par-
ticular arrangement of BTP molecules in an ordered supramolec-
ular structure on graphite>?? is almost entirely determined by the
formation of intermolecular hydrogen-bonds.

In order to trace back the reason for the large discrepancy be-
tween force field calculations and experiment, we used the opti-
mized geometry obtained from each force field for so-called single-
point DFT-D2° energy calculations, i.e. without any further struc-
ture optimization. The corresponding results for 3,3’-BTP and 2,4’-
BTP are depicted as the light grey and black columns, respectively,
in Figure 2. In spite of the fact that the optimum geometries accord-
ing to the different force fields vary to some extent, the DFT-D ad-
sorption energies of all these different structures are rather similar,
ranging from about -2.1 (3,3’-BTP) and -2.3 eV (2,4’-BTP) for the
CVFF geometries, up to -2.8 and -3.1 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 300 meV for the Compass geometry and consider-
ably 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 func-
tional theory is able to reliably yield adsorption energies of van der
Waals bonded molecules on graphite surfaces. This opens the way
to a reliable first-principles treatment of these important type of
systems which constitute building blocks in molecular electronics.
Force field methods, on the other hand, yield a broad variety of dif-
ferent adsorption geometries and energies which indicates that their
reliability in the modeling of the adsorption of organic molecules is
limited.
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