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Effect of a step defect on the adsorption of benzene on the (221) surface of nickel:
An ab initio study
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By employing anab initio DFT approach we study the adsorption of benzene ¢224) step surface of
nickel. We find an enhancement of about 0.3 eV for the maximum adsorption energy compared to that of the
flat (112) surface. We perform an electron density analysis to characterize the nature of the molecule—surface
bonds and compare it to the case of a (ltl) surface. We also find that the range of attractioa direction
is more extended than in the flat case; this result has important consequences in predicting adhesion properties
of larger molecules, such as polymers at metal surfaces.
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I. INTRODUCTION II. COMPUTATIONAL DETAILS

The interaction of benzene with transition metal surfaces We use theremp code of AlavP® implemented in the
is a subject of large interest for different fields; it is essentiaCPMD package:" In this method, with a self-consistent pro-
for understanding many catalytic processes and, more genefedure, the electron density and the Hellmann-Feynman
ally, phenylic adsorption determines the adhesion propertiefrces are computed using a subspace diagonalization of a
of larger molecules with aromatic groups. From polycarbon-high temperature electron density matrix. The subspace is
ates to proteins, understanding adsorption mechanism &xpanded in a plane-wave basis setup to a cutoff of 60 Ry. A
metal interfaces is a crucial key for both scientific and tech{artial occupation of states at Fermi level can be handled and
nological progress. The main goal of the study presented-point sampling is also implemented. Apart from the ad-
here is the modeling of the interaction between polymers angorbed benzene molecule, our systems consist of(220)i
metal surfaces using efficient computational schemes. Theurface which is modeled using(ax 3) unit cell and three
interplay of computational approaches designed for differen¢11l) layers(the distance between the step and its periodic
length scales and precisions, where parameters derived froinage along thex-direction is 7.475 53 A as well as a flat
quantum-mechanical calculations are plugged into meso- and11) surface modeled as (3% 3) and four close-packed
macroscopic simulation models, is a subject of growing in-layers. We employ a #44X1 k-point mesh in the
terest in the field of computer modeling. In our previousMonkhorst-Pack scheme, the thickness of the vacuum be-
work!® we have focused on the development of a generalween the benzene molecule and the bottom layer of the im-
multiscale modeling approach for simulating polymers inter-age slab of Nilll) is always larger than 12 A. Troullier-
acting with(flat) metal surfaces. Within this approach, on the Martins pseudopotentials were used for carbom, local
atomic scaleab initio density functional methods were em- pseudopotential is used for hydrogérand for nickel we
ployed to describe the interaction of comonomeric subunitshose the pseudopotential developed by tedle use the
of bisphenol-a-polycarbonai@PA-PQ with a nickel sub- PBE?® generalized gradient approximatiéBGA).
strate. The resulting information was plugged into a coarse It is commonly assumed in literatutéthat spin polariza-
graining model to simulate the adsorption of long BPA-PCtion has only a minor effect on the adsorption energies and
chains on a nickel surface. In the present work we study thgeometries of molecules on metallic surfaces. This holds
mechanism of interaction of benzene witli221) surface of even for magnetic materials such as nickel. As found by
nickel containing a step defect in view of applying the mul- Yamagishiet al.*® the application of the local spin density
tiscale approach to imperfect surfaces; besides this primargpproximation(LSD) would not change the results signifi-
goal our study aims at accurately describing and explainingantly, while at least doubling the computational cost of the
fundamental properties of the molecule-surface adsorptiorcalculations.
In particular we focus on the characterization of the differ-  Within this computational setup, we estimate the system-
ence between the step and flat case at a molecular level. Atic numerical error for the total energy due to the various
contrast to existing studies of the properties of steps in meapproximations to be of the order of 0.05 eV. We have also
tallic surface&® we characterize the interaction of an aro- computed the interaction energy of the periodically repeated
matic 7 electron system with the particular electron distribu-images of the benzene molecule by comparing to an isolated
tion occurring at such a step. We investigate and quantify thene calculated using the screening technique of Ref. 16. We
reactivity of the two different surface topologies by deter-obtain a repulsive value of 0.083 eV for the interaction en-
mining the energy strength of their interaction with the aro-ergy in the configuration found for the step surface. Thus,
matic molecule and by performing an electron density analyany artifacts due to the finite covering of the surfaces are
sis to understand, at the electronic level, the nature of thenore than one order of magnitude smaller than the observed
molecule-surface bonding. adhesion energies.
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TABLE |. Adsorption energies of representative configurations

at the step surface. Locations on the surface are schematically illus S
trated in Fig. 1. For comparison, the maximum adsorption energy in 5.04
the flat case is also reported. ‘
25
Position E.q (V) 0.0 4
conf. (a) 1.37 |
conf. (d) 1.37 5.0_5 @
conf. (c) 1.05 !
conf. (e 1.10 254
conf. (b) 0.7 °~°-i
_Conf- () 0.73 ______ T N T .
bridg8iat-surface 1.05 X=X, X=X, x~3.5 X

FIG. 1. Schematic plot, top view, of representative configura-

For the (111) flat surface our results were in satisfying tions of benzene on a Ni21) surface. Thex-axis indicates the
agreement with those of previous calculations anddirection perpendicular to the step edge=X.) while they-axis is
experiments/~1° while, the current work represents an at- parallel to it. The three black circles represent nickel atoms on the
tempt at a detailed understanding of the interaction betweestep edge and are in a 1:1 scale with the carbon ring.
a benzene molecule and a step surface of nickel.

For the geometry optimizations, all atoms were free to
relax to their equilibrium positions, no position constraints!n this latter case the carbon ring finds an optimal location
were applied. All structures were considered fully relaxedfor the creation of strong bon#fswith several nickel atoms,
when the ionic forces fell below 2 10" atomic units. This While the number of available Ni bonding positions is
convergence criterion represents the best achievable value $thaller when the center of mass is above the Btegeom-
an affordable computational cost. A further optimization etry (b) versus(d) in Fig. 2]. The two configurations in Figs.
would have been prohibitively expensive, while its effect on2(b) and 5 exhibit the same adsorption energy although the
actual adsorption energies would fall within the overall nu-bonding situations are very different. In the case of the flat
merical noise of the calculation. surface(Fig. 5), each carbon atom forms a bond with a

To check the effect of the finite thickness of the slabs, ahickel atom while there are only two bonds in the step case.
fourth layer of nickel atoms was added to the step surfacelhis result suggests that the higher reactivity of the step sur-
The corresponding benzene adsorption energy in the enefdce with benzene is due to its specific electronic properties
getically more favorable configuration was calculated, keeptather than geometrically advantageous molecule-surface
ing the two bottom Ni-layers fixed. The effect of this addi- conformations.

tional layer could be shown to be about 0.1 eV for the In order to analyze this aspect, which represents the key
adsorption energy. for the interpretation of the difference between step and flat

surfaces, we study the electron distribution of the two most
stable configurations for the step and compare it with the flat
IIl. RESULTS case. We compute the difference in electronic density be-
tween the fragment@he nickel surface and the benzene mol-
Table | reports adsorption energi€s,,) of six represen- €cule alongand the chemisorbed system. For the fragments,
tative configurations at the step, depicted in Fig. 1, and, fove take the geometry found in the adsorbed state, in order to
Comparison1 the maximum adsorption energy we Obtaine@liminate denSlty variations due to backrelaxation of the
for the flat case. The step surface is more reactive than thalomic positions.
flat one. Four configurations exhibit equal or larger attraction
strength than that of the flat case. Configuratic@sand (d)
are those characterized by the highest interaction energy, fo
which, in comparison with the flat case, an enhancement of
about 0.3 eV is found. Geometriés) and(c) are character-
ized by values which are very close to that of the flat case. As
a function of the lateral displacement of the benzene with{
respect to the step edge, the energy decays to a value ¢
0.73 eV forAx=3.45 A. As in the flat case, hydrogens are
rotated upward and carbon atoms form strong bonds with the FiG. 2. Two optimized configurations at the step are shown
nickel atoms at the surface. The energetically most stablgibels corresponding to those of Fig.(lh) the center of mass of the
configurations are not those where the center of mass of th&irbon ring lies above the step edge, éfidwith the center of mass
carbon ring lies above the step edge, but those which hawhifted along thex-direction of about 1.0 A. In the latter, carbon
their center of mass shifted 1.0 A, perpendicular to the stepatoms can find a better location for forming strong C—Ni bonds.

115401-2



EFFECT OF A STEP DEFECT ON THE ADSORPTION PHYSICAL REVIEW B 70, 115401(2004

0.55 0.55
0.50 0.50
0.45 ®9 0.45
0.40 - 0.40
0.35 0.35
0.30 0.30
0.25 L . 0.25
0.20 SR SRS e e 0.20
0.15 \ , g.}g
0,03 J / 0.05

v y 0.00

- Soos % /\ /\ H-oos
-0.10 ) -0.10
_ -0.15 { y :g-;g
-0.25

-0.30
-0.35
-0.40
-0.45

FIG. 5. (Color) Electronic density difference for the flat nickel
surface projected onto the plane parallel to the paper.
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FIG. 3. (Color) Electronic density difference for the nickel-step
surface for the conformatiofa). The projection into th&z plane is
shown. Yellow and red regions designate areas from which elec-
tronic density is taken away with respect to the isolated fragmentspect, we have also computed the squared charge displace-
and green and blue colors mark regions to which it is transferredment, 1/2[d (pyag—pagd?)*'2 This formula assigns more
Note the strong core polarization of the bonding Ni atoms, resultingyeight to larger charge differences. We obtain values of
in the creation of Ni-C bonds. The electronic density is also de|).11e and 0.1@ for the step adsorptions, but only 0.@8%r
creased in the aromatic regions below and above the benzene ringye flat case. This indicates a more diffuse charge rearrange-

ment of the latter, whereas the step defect is characterized by

These calculations were done using the fdfloint sam-  a somewhat sharper localization of the newly formed bonds.
pling of the Brillouin zone. The resulting plots representing  In light of these results one can conclude that the specific
the total density variation, integrated over the direction perelectron distribution at the step plays the major role for the
pendicular to the cut, are shown in Figs. 3-5. For the steponding process. Contrary to the fully symmetric flat case,
surface, we find a weak polarization of the electronic stateghe presence of an atomic irregularity such as a step induces
within the slab, penetrating all three nickel layers. This effecta stronger polarization of the system. The larger charge
is probably due to the finite size of the slabs. transfer from the Ni atoms to the bonding region produces an

Concerning the benzene molecule, we obtain a transfer afnhancement of the adsorption energy for the step case. In
electronic density from the aromatic regions of the ring to-comparison to the flat case, the step surface also exhibits a
wards the assumed bonds with the nickel surface. Also th&arger interaction range iz direction. For geometrye), it
surface nickel atoms donate an important part of their elecdecays to 0.5 eV at a distance of about 2.8 A, which must be
trons to the new bonds. The total integrated charge displaceompared to 0.2 eV of the flat case. This difference is crucial
ment due to adsorption, 1[213r|pf,ag—padsl, is about 2.15 for the interaction of BPA-PC with the surface; on the flat
elementary charges for conformatiga), 1.% for (d), and  surface, adjacent submolecules are strongly repelled below a
2.1e for the flat surface. Thus, the amount of transferreddistance where the phenylene attraction is too weak to com-
charge is very similar for all three situations. However, thepete with the overall repulsion and as a consequence no ad-
visual impression from Figs. 3-5 is that polarization effectssorption is observed. For the step, there is less sterical hin-
are stronger for the step configurations. To quantify this asdrance from adjacent submolecules due to the topology of
the surface and this, combined with the larger range of at-
traction in z direction, leads to adsorption of internal phe-
nylenes at the step edge. Further calculations, to be submit-
ted soon for publicatioR? where these results are
incorporated into the multiscale simulation scheme, show
clear indications of localization of BPA-PC at the step edge.

IV. CONCLUSION
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L -0.05 ) _ S .
-0.10 We have investigated the electronic origin of the adhesion
— -015  mechanism of a benzene on a nickel surface, in particular the
-0.25 effect of a step defect. We have found, in agreement with the

I:S;Sg general behavior observed at a step defect on metal

2040 surfaces ®?*?%that the step is more reactive than the flat

surface. The adsorption energy at the step, in the optimal

FIG. 4. (Color) Same as the previous figure for the configuration configuration, is enhanced by about 0.3 eV. We have also
(d). The behavior is similar to that of the configuration of the pre-found that the strength of the interaction, as a function of the
vious figure. distance from the surface, decays less rapidly than in the flat
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