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MC 3.1.8 Theoretische Chemie/ Quantenchemie
Computeriibungen im Wintersemester 2019/2020

Ubung 10: QM /MM Methodology for Adsorbates on Metallic
Interfaces

1 Introduction

In this exercise we are going to describe a porphyrine molecule adsorbed on a gold surface.
Systems like this are are often used in Tip Enhanced Raman Spectroscopy experiments, but
adsorbate interface systems also have many applications closer to material sciences. Applica-
tions include zeolites as molecular sieves, functionalized surfaces with molecular monolayer
adsorbates, such as graphene, nanobiotechnology, description of lattice defects and many mo-
re.

Often it is not possible to easily isolate a small model system without sacrificing accuracy
and crucial interactions. On the other hand, description of the full system with high accuracy
methods is often too expensive. A hybrid method, that originally came from the biochemistry
community, has combined applications of quantum mechanical and molecular mechanical
methods, so called QM/MM methods [12, |11].

1.1 Image Charge QM /MM

The Image-Charge QM /MM method is a comparably new development, especially targeted
at the description of adsorbates on metallic surfaces. [2] The two most common versions
of QM/MM methods are mechanical and electrostatic embedding. In the former the only
coupling between the QM and MM part of the system, is by constraints in atomic positions
at the QM and MM boundaries, so that only forces couple, while for the latter the QM part
is polarized by the MM point charges and possibly vice versa. [6]

The IC-QM/MM methods extends the concept of electrostatic embedding, and allows the
electrostatic potential, generated by the QM part, to induce a response in the MM part.
Spherical Guassians are centred at the MM atoms, representing smeared charges. These are
optimized to self consistency together with the wave function of the QM part. The advantage
of this method, compared to normal electrostatic embedding, is, that in the case of metallic
surfaces, such as gold, where all the charges are 0, correct polarization of the wavefunction
can still occur and no physically meaningless results in properties, such as the electrostatic
potential, will be obtained. [2]
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2 Calculation Details

We use CP2K to calculate the infrared spectrum and the electrostatic potential of por-
phyrine in the gas phase and adsorbed to a gold surface as well as the adsorption energy.
For computational efficiency this is done using the IC-QM /MM method, which is available in
CP2K. To do so, we need calculations on three different systems: isolated porphyrine, a gold
surface and porphyrine attached to a gold surface.

2.1 Porphyrine

Use Avogadro @] to get the porphyrine structure (use ”File> Import from chemical namedr
draw by hand and optimize) and save the structure as PDB file. Make sure, to change the atomic
labels of the nitrogen atoms to N2 or N3, respectively, depending on whether the nitrogen atom
is sp? or sp? hybridized. While this does not matter for a pure quantum calculation, it will
be relevant for subsequent steps.

This time, we use the TPSSO functional (TPSS with 25% Hartree-Fock exchange), which
is a meta hybrid functional, so we need to calculate Hartree-Fock exchange terms. This is
a two-step procedure in CP2K: first, a converged wavefunction for the corresponding GGA
needs to be calculated, which is then used as an initial guess for the hybrid DFT calculation.
Therefore, for our initial geometry we do a single point calculation with the TPSS functional
and the same cell size as in the IC-QM/MM calculation, in order to be able to compare
energies.

Listing 1: CP2K input file for a single point energy calculation using the TPSS functional. A
wavefunction file, which is used for restart purposes in the TPSSO calculation, is written.
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The next step is to do the geometry optimization using the TPSSO functional with 25%
Hartree-Fock exchange. Read in the TPSS wavefunction from the Porph-DFTGGA . wfn file and
make the following changes to the xc section:

Listing 2: The new xc section for a TPSS0 calculation. Note the reduced amount of exchange
for TPSS (scale_x 0.75), the hf section and the new DFT-D3 parameters.

In addition to taking care of the correct definition of TPSSO (TPSS with 75% exchange from
the TPSS functional and 25% exchange form Hartree-Fock), we truncate the Hartree-Fock
coulomb operator (1/r12), to avoid self interaction errors due to non vanishing long range
Hartree-Fock contributions, within the interaction_potential section.

Furthermore, as hybrid DFT takes much longer in the GPW [§] and GAPW [7] schemes, we
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introduce a new approximation; the Auxiliary Density Matrix Method, which approximates
the density matrix, by projection from a much smaller and highly decontracted basis. Not
using this technique makes the TPSS0 calculation ~ 100 times more expensive than the TPSS
calculation. Using the Auxiliary Density Matrix Formalism reduces the overhead to ~ 4
times the cost of the TPSS calculation. Required changes to the input:

Listing 3: An additional auxiliary basis set file for ADMM basis sets needs to be added to the
dft section. Also the flavour of the Auxiliary Density Matrix Methods needs to be specified.

Listing 4: The scf subgroup of the dft section needs to be adapted to using a restart file.
Furthermore, we specify a print section in the dft section, which writes cube files for the
electron density and the electrostatic potential (called Hartree-Cube in CP2K).

Listing 5: The atomic kinds need specification of the ADMM basis sets, used for the density
matrix construction.
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Run a geometry optimization with the input for TPSSO0.

Run a vibrational analysis and calculate intensities on the optimized structures. Follow the
scheme of GGA guess generation and ADMM production calculation as used for geometry
optimization. Change the run type to vibrational_analysis and tighten the wavefunction
convergence criteria.

Listing 6: Relevant changes and sections to the previous input for a vibrational analysis.
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2.2 Gold

To describe the gold surface, we use the the Embedded Atom Method. This force field
method, especially made for metals and their alloys, allows for melting and dissociation —
contrary to class I force fields — and is thus well suited for this system. The parameter file for
EAM is complex and for the case of gold is luckily included in the CP2K distribution. First
create a slab of gold with a 100-surface using Avogadro. Use "File”— Import”— ”Crystal”—
”Goldénd replicate the unit cell 10 times in x and y direction and 5 times in z direction,
using SStructure”— SSuper Cell Generator”, save the structure as a PDB file and note the cell
parameters for the super cell shown in Avogadro. Write a CP2K input file for an optimization
of this structure. Now that we optimize a crystal, we would need to optimize atomic positions
and the cell vectors, but we will assume that the EAM doesn’t differ too much from the
experimental values.

Listing 7: CP2K input file for optimization for a gold slab with the EAM molecular mechanics
method.
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2.3 Porphyrine On Gold

Use Awvogadro to draw a structure, with a porphyrine molecule flat and close to the gold
surface in about 200 pm...300 pm distance to the surface atoms. The QM/MM setup needs
description of the classical part (gold with the EAM, see section, the quantum mechanical
part (GPW hybrid DFT, see section and the description how these two parts interact.
Therefore we need to define the image charge QM/MM formalisms, force field parameters
for the non covalent interaction of gold with the porphyrine atoms (otherwise we would have
purely electrostatical interactions) and which atoms belong to the QM and which to the MM
part. We use interaction potentials in the form of Born-Mayer potentials with parameters
taken from @ﬂ
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Run a geometry optimization and a frequency calculation on the optimized structure. Do not
forget to make the GGA guesses with TPSS!

Aufgabe 1 Questions

e Describe the Embedded Atom Method in your own words.

o Describe the IC-QM /MM method in your own words. Why does the QM box need to
be as large as the MM cell?

e Calculate the adsorption energy.
e Plot the IR spectrum of the isolated porphyrine.

e Visualize the charge distribution of the image charges and discuss them together with
the overall image charge induced.

e Visualize the symmetric and asymmetric valence and out of plane deformation N—H
vibrations of the porphyrine for the isolated porphyrine and for the porphyrine adsorbed
on gold. Compare the wavenumbers.

o Visualize the electrostatic potentials on the the isosurfaces of the electron densities for
the adsorbed and the isolated porphyrine and discuss them.
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