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First-principles calculations are used to rationalize the
formation of well-separated molecular rows of glutamic
acid on Ag(110) and DEB on Au(111) upon adsorption.
The different mechanisms for the row separation are an-
alyzed in detail.

The autonomous ordering and assembly of atoms and
molecules on atomically well-defined surfaces appears to
be a very promising alternative route to even smaller func-
tional systems with nanometer dimensions [1,2]. However,
the mechanisms controlling the self-ordering phenomena
need to be thoroughly understood in order to employ self-
assembly and growth processes and create taylor-made sur-
face nanostructures. The detailed analysis of prototypical,
well-defined model systems from first-principles calcula-
tions is an useful first step [3—10].

In the particular context of noncovalent synthesis, the
application of amino acids and rosette molecules results in
highly ordered and useful structures [2,11,12]. In this ar-
ticle, we present first principles density functional theory
(DFT) calculations on the adsorption of (s)-glutamic acid
(Fig. 2) on a Ag(110) and diethylbarbituric (DEB, Fig. 2)
acid on a Au(111) surface. Both systems form highly or-
dered rows assembled upon adsorption. Here, we want to
rationalize the mechanisms for the specific row separation.

We have performed DFT calculations using the Vienna
Ab Initio Simulation Package (VASP) [13] of DFT and the
PWO1 functional [14] to model the electron exchange and
correlation within the generalized gradient approximation
(GGA). The electron-ion interaction is described by the
projector-augmented wave (PAW) method [15], which al-
lows for an accurate treatment of the first-row elements as
well as the Ag 4d and Au 5d electrons with a relatively
moderate energy cutoff of 340 eV. The surface Brillouin
zone is sampled using a 2x2x1 mesh for the glutamic
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The analysis of the energetics underlines the importance
of long-range dispersive interactions, which we find cru-
cial to reproduce the experimental results for both sys-
tems.
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acid system and is restricted to the I" point for the DEB
system. While the glutamic adsystem is modeled by pe-
riodically repeated slabs, containing six atomic Ag layers
plus the adsorbed molecules and a vacuum region equiv-
alent in thickness to about 14 atomic Ag layers, the DEB
system just contains two atomic Au layers, the adsorbed
DEB molecules and a vacuum region of 15 A. In the case
of molecules weakly bonded to each other or to the surface,
dispersion interaction — not accounted for in the GGA —
may contribute a sizable percentage of the total interaction
energy [16]. In order to assess the influence of these van
der Waals (vdW) interaction on the adsorption energetics,
we have extended our description by a semiempirical ap-
proach based on the London dispersion formula to include
the dispersion interaction [17]. This approach has proven
to be successful in the description of similar systems [18,
19].

As found by scanning tunneling microscopy (STM)
[20], glutamic acid adsorbs on Ag(110) in a variety of or-
dered overlayer structures in dependence of the adsorption
temperature and adlayer coverage. The (4 x8) phase is par-
ticularly intriguing, since it is formed by highly ordered
molecular chains running along the [110]-direction, sepa-
rated by about 33 A.

We start by determining the structure of the molecu-
lar rows within the (4x8) translational symmetry and as-
suming the adsorption of the deprotonated species as ob-
served experimentally [20]. A large number of structural
candidates for various coverages were probed. The ener-
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Figure 1 (color online) Left: Adsorption structures of glutamic
acid adsorbed at Ag(110). Hydrogen bonds are indicated with
green lines. Right: Adsorption energy per molecule in depen-
dence of the peak to peak distance with and without relaxing the
structure as well as the difference between the two curves. Here,
afit with £ ~ A/z® is visualized. The experimental determined
distance is marked in green [20].
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Figure 2 (color online) Comparison of the calculated and exper-
imental STM images [20,12] of the (a) (4x8) phase of glutamic
acid adsorbed on Ag(110) surface and the (b) DEB molecule at
Au(111). The insets represent the schematic molecular structures.

getically most favored model within DFT+vdW is shown
in Fig. 1. Here, the short molecule-molecule distances al-
low multiple hydrogen bonding. The adsorption energy per
molecule, Fqqs = (Etor — nEgpy — Egups +0.5nEw,)/n
with Fyop, Egyups, Egi, and Epp, refering to the energies
of the total system, the silver substrate, the adsorbate (s)-
glutamic acid, and hydrogen in gas phase, respectively,
amount to -1.91 eV.

In Fig. 2 STM images simulated according to the
Tersoff-Hamann approach [21] for a bias of -0.67 V are
compared with the micrograph measured at the same volt-
age. Given the methodological problems [22] in simulating
the complex (and partially unknown, e.g., tip geometry)
physics in modeling STM data, the calculated image stand
in a good agreement with the experiment. The measured
vibrational frequencies of the adsorbate [20] allow an-
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Table 1 Calculated vibrational modes compared to the experi-
ment. Gas-phase frequencies of the nonzwitterionic molecule are
also listed. All values in cm ™.

assignment exp. [20]  present model  gas-phase
v(C=0)“* 1704 1710, 1699 1756, 1759
1664 1675, 1659 -
0siss(NH2) 1577 1565 1576
Vsym(OCO™) 1384 1364 -

other comparison with the simulation. We calculated the
vibrational modes using the frozen phonon approximation
[23]. Justified by the significant mass difference between
adsorbate and substrate atoms and the corresponding ef-
fective decoupling of the respective vibrations, we only
include the uppermost two substrate layers in the phonon
calculations. A comparison of measured and calculated
frequencies is shown in Table 1. As can be seen, the model
accounts well for the data assigned to the scissoring mode
0siss(NHg), the symmetric stretch mode v, (OCO™) and
the v(C=0)2“ mode. Compared to the respective gas-
phase vibrations, all modes shift down upon adsorption
due to the inter-molecular bonding.

Now the question about the origin of the large and
reproducible inter-row distance found experimentally
emerges. In principle, two mechanisms could conceivably
cause the large spacing between the glutamic-acid rows of
the (4x8) phase of the glutamic acid adsorbed Ag(110)
surface, substrate-mediated interactions via long-range
strain fields [24] or adsorption-induced Friedel oscilla-
tions of the electron density at the metal surface [25-27,
8]. By performing calculations where the substrate atoms
are either frozen at ideal bulk positions or fully relaxed
according to the adsorption induced forces, one can as-
sess the magnitude of strain and charge-density related
spatial modulations of the adsorption energy. At first, we
neglected strain effects and vary the distance between
the molecular rows without taking structural relaxations
into account. To this end total energy calculations were
performed within a (4 x n) surface periodicity where
n = 5...10. The corresponding adsorption energies are
shown in Fig. 1. They show a damped oscillation behavior.
The wave length and the magnitude of these oscillations
is similar to the results obtained in recent calculations for
Cu(110) adsorbed adenine and phenylglycine molecules
[8]. In this case the modulation of the adsorption energies
was explicitly shown to be Friedel-oscillation related. Here
the situation is more complex. While the experimentally
determined inter-row distance of 32.6 A corresponds to a
local minimum of these oscillations, the calculated global
minimum occurs at around 25 A. This shows that the
indirect interaction between the glutamic-acid molecules
cannot completely explained in terms of electronic inter-
actions [26].

Therefore, in the second step we include the effects of
structural relaxation. If the structural degrees of freedom
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Figure 3 (color online) Chain structure of the DEB molecule
with charge accumulation (blue) and depletion (red) due to the
interaction between the chains (Iso-surface value: 0.008e/A).
The surface periodicity is marked in red and the different inter-
chain regions are indicated with (i) and (ii). Below, the dihydro-
gen bonding region of the above chain structure is shown in detail.

of both adsorbate and substrate are completely relaxed, one
obtains a E,44(x) curve that is characterized by very simi-
lar minima positions. The global minimum, however, now
occurs at about 33 A. Due to the structural relaxation there
are strong modifications of the positions of substrate atoms
near to the molecular bonding atoms. By taking the differ-
ence of these two energy curves, one can extract the over-
lapping strain interaction visualized in the upper panel of
Fig. 1. Excluding the lowest peak-to-peak distance which
indeed includes direct molecular interactions, results in a
distance dependence of E ~ d~2 for larger separations.
This decay behavior fits the elastic-interaction contribution
from Lau and Kohn [28] and is connected to the distortion
of the substrate lattice caused by the adsorption process.

Next, we turn to the DEB system, for which experi-
mentally observed STM images [12] show highly ordered
rows as well. Starting from these observations, our adsorp-
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Table 2 Adsorption, binding, interaction and deformation ener-
gies per molecule in eV for DEB with and without vdW interac-
tions.

Ead Ebond Eww,intra Eww,inteT Edcf
+vdW 214 -0.64 -0.93 -0.66 0.10
-vdW  0.08 0.04 -0.36 0.25 0.15

tion model for the DEB chains contains twelve molecules
within a ((4 %) periodicity. The structurally relaxed low-
energy structure of the model together with the surface unit
cell is shown in Fig. 3 as top and side views. A com-
plex network of hydrogen bonding evolves between the
molecules (depicted with green dotted lines in Fig.3). In
the following, we call two DEB molecules H-bonded with
the CYA like rings together a chain, while the inter-chain
region is defined by the alkyl-groups of the molecules (For
details see Ref. [10]). In neighboring chains, the molec-
ular sidechains face each other. As can be expected, the
intra-chain interactions are mediated by N-H- - - O bonds.
But what accounts for the inter-chain interactions, which
can be seen in Fig.3? The charge-density difference be-
tween the total system and the two separated chains re-
veals a complex inter-chain interaction. Two different bor-
ders exist between each chain and its neighbor chain: (i)
the alkyl-side chains are nearly parallel and face each other,
thus providing four C-H- - - C and two C-H- - - O bonds with
a recognizable polarization, and (ii) the alkyl-side chains
are also parallel but shifted along the chain direction, such
that they do not face each other in neighboring chains. In
the latter case, more C-H- - - H-C ”bonds” can be observed
with an electron accumulation between the protons. These
nearly symmetric “dihydrogen bonds” are vastly domi-
nated by vdW-type interactions [29,30]. In order to assess
the strength of this interaction, we performed test calcula-
tions for a series of small alkanes. In the simple case of
two CoHg molecules, for example, the inclusion of vdW
interactions results in an attractive force and an energy
minimum with a similar electron accumulation between
the protons as found above. The ab initio calculation with-

out including vdW-terms yields EgVGM‘,L‘ = 0.06 eV, while

the inclusion of vdW-interactions results in EG57 70" =
—0.22 eV. This agrees well with the values obtained for
similar systems in Ref. [30].

The calculated adsorption energy for the DEB chains
amounts to -2.14 eV per molecule, thus being three times
larger than for the single molecule adsorption of -0.71 eV.
Resolving the adsorption energy into its components helps
to understand the origin of this large increase: the bind-
ing energy that results from the pure chemical interaction
with the surface, the inter- and the intra-chain interaction
energies and the deformation energy needed to distort the
molecules from their gas phase geometry to their geometry
in the adstructure. Table 2 summarizes these components.
The binding energy accounts for 30%, the intra-chain 44%
and the inter-chain interaction 30% of the total adsorp-
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tion energy, thus indicating a stronger interaction between
the molecules inside of the chains. Apparently, the bind-
ing energy to the surface decreases compared to the single
molecule adsorption (0.71 eV) while the interaction energy
reflects the largest contribution, and no strong deformation
is needed to reach the favorable adsorption geometry.

For a direct comparison to the experiment, we calcu-
lated constant current STM images (Fig. 2). As illustrated
by the overlayed images in part (1) of Fig. 2, the calcu-
lated and the experimental STM images agree very well
for the DEB chain structure. Furthermore, this comparison
shows that the characteristic bright spots are caused by the
side chains of the DEB molecules. The brighter areas in the
experimental image, thus, represent the inter-chain region
(following our definition of a chain above), while there is a
dark line in the experimental image along the center of the
chains.

Finally, we want to stress again the importance of in-
cluding dispersive interactions. In Table 2, the respective
values for the various components of the adsorption en-
ergies are given with and without dispersion interactions.
In the latter case, binding and interaction energies de-
crease essentially, the molecule—surface interaction van-
ishes nearly completely. The main contribution to the
adsorption energies stems from the H-bonds within the
chains, while the inter-chain interaction turns to be a desta-
bilizing factor.

While the inter-row distances in the glutamic acid sys-
tem is caused by indirect electronic and elastic interactions,
the DEB system forms highly ordered rows due to vdW in-
teractions between each molecular row. On the one hand,
this can be explained by the different adsorption scenar-
ios: glutamic acid adsorbs with covalent bonds to the silver
substrate allowing in principle the existence of indirect in-
teractions due to the charge transfer between substrate and
adsorbate in contrast to the weak vdW bonding in the case
of the DEB molecule where no charge transfer occurs. On
the other hand, the chemical structure at the border of the
rows determined by the functional groups of the involved
molecules differs for the two systems: while glutamic acid
faces to the neighboring row with its negative deprotonated
carboxyl group leading to a repulsive interaction, the DEB
molecule allows with its alkyl side chains a vdW driven
attractive interaction. Thus, the row separation of DEB is
much smaller than in the case of glutamic acid. Summariz-
ing, the calculations presented here illustrate two effects:
on the one hand, the progress of DFT in explaining and re-
producing molecular adsorption phenomena, on the other
hand, the complexity of the driving forces that come to-
gether to determine the final adsorption structure.

The calculations were done using grants of computer
time from the Paderborn Center for Parallel Computing
(PC?) and the Hochstleistungs-Rechenzentrum Stuttgart.
The Deutsche Forschungsgemeinschaft is acknowledged
for financial support.
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