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Density-functional theory in generalized gradient approximation is used to analyze the adsorption of phe-
nylglycine on the Cu!110" surface. The molecule-substrate interaction is found to be dominated by covalent
bonds. Intermolecular hydrogen bonds favor the formation of homochiral surface domains over heterochiral
adsorption models for the !3!2" reconstruction.
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I. INTRODUCTION

Self-organization of organic molecules appears as one of
the most promising approaches to the further miniaturization
of electronic devices. This so-called bottom-up approach
contrasts with the exponentially increasing fabrication costs
of further down scaling the lithographic processes for device
manufacturing. The rich variety of living structures that are
all based on different combinations of a few molecular build-
ing blocks, i.e., amino acids, proves the usefulness and ro-
bustness of the bottom-up approach for producing complex
structures. However, we are only beginning to understand
how the mechanisms of molecular recognition and self-
assembly could be exploited for actual device production. In
order to investigate the molecular self-organization, suitable
model systems need to be found that allow for studying the
molecular interactions reproducibly and with high accuracy.
Surface adsorbed molecules are an obvious choice. They are
accessible to sophisticated surface analysis tools such as
scanning tunneling microscopy !STM" as well as electron
diffraction techniques, infrared, and other optical spec-
troscopies. In this context, the physics and chemistry of or-
ganic molecules adsorbed on metals is intensively inves-
tigated.1 The adsorption of adenine and phenylglycine on the
Cu!110" surface is a particular impressive example for mo-
lecular self-organization: Scanning tunneling microscopy2

!STM" images show that adenine adsorbed on Cu!110" forms
ordered one-dimensional molecular chains that grow along
the lateral #±1,2$ directions !given with respect to #1̄10$ and
#001$". The interaction of the adenine chains with phenyl-
glycine leads to enantiomeric interactions. While coadsorp-
tion of S-phenylglycine leads to decorations of only those
adenine chains that are oriented along the #1, 2$ direction in
the surface plane, adsorption of R-phenylglycine on an
adenine-treated Cu surface shows amino acid molecules now
decorating chains aligned along #−1,2$.

In order to understand and predict such phenomena, it is
required to explore the molecule-substrate interactions in de-
tail. Recently it was shown that the adenine adsorption on
Cu!110" is largely determined by mutual polarization and
Coulomb interaction between the molecular amino group and
the metal surface.3 The interaction between R- and S-phenyl-
glycine and Cu!110" has been studied using low energy elec-
tron diffraction4 !LEED" and vibrational electron energy loss
spectroscopy !EELS".5 These studies show that at saturation
coverage a well ordered, chiral overlayer structure forms.

The commensurate ! 5 −3
4 1

" surface unit cell !R-phenylglycine"
contains six admolecules. Upon annealing the surface, a
!3!2" surface periodicity shows up. For the latter, a model
with two molecules per unit cell was suggested.4 While there
are a number of first-principles calculations on glycine ad-
sorbed on Cu!110", see, e.g., Refs. 6–8, we are not aware of
any computational study on the adsorption of phenylglycine.
The present work explores the adsorption of phenylglycine
on Cu!110" using density-functional theory !DFT" with gen-
eralized gradient approximation !GGA".

II. COMPUTATIONAL METHOD

We use the Vienna ab initio Simulation Package !VASP"
implementation9 of DFT-GGA.10 The electron-ion interaction
is described by the projector-augmented wave !PAW"
method,11 which allows for an accurate treatment of the first-
row elements as well as the Cu 3d electrons with a relatively
moderate energy cutoff. We use a value of 340 eV through-
out this work. The Brillouin zone integrations are performed
using an 8!8!8 Monkhorst-Pack mesh for bulk Cu and the
# point for calculations of phenylglycine in the gas phase
and surface calculations.

For bulk Cu we calculate an equilibrium lattice constant
of 3.635 Å and a bulk modulus of 141 GPa in excellent
agreement with the experimental values of 3.616 Å !Ref. 12"
and 142 GPa,13 respectively. Given the slight overestimation
of the lattice constant and the underestimation of the bulk
modulus typical for DFT-GGA, the agreement is excellent.

In order to determine the molecular ground state, we per-
form calculations for the experimentally observed phenylg-
lycine conformers, see Fig. 1. Thereby the molecules were
calculated within 30!30!60 Å3 supercells. Table I com-
pares the energy differences calculated here with earlier

FIG. 1. !Color online" Low-energy conformers of phenylgly-
cine. Notation according to Ref. 14.
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MP2/6-311+ +G!d , p" calculations.14 While the MP2 calcu-
lations predicted the conformer Ia to be the most stable ge-
ometry, DFT-GGA favors conformer II. The maximum de-
viation of about 70 meV may be used as an estimate for the
error bar for the present calculations.

To verify the accuracy of DFT-GGA in predicting molecu-
lar structures, we compare the available database values for
the conformer Ib !Ref. 15" with the computed geometry pa-
rameters in Table II !see also Fig. 2". Obviously, the only
significant deviation between the data calculated here, and
Ref. 15 concerns the CuO bonding distance. This is related
to the fact that the geometry of the latter refers to the disso-
ciated species.

To model the Cu!110" surface, we use a periodically re-
peated slab. Each supercell consists of six atomic Cu layers
plus the adsorbed phenylglycine molecule and a vacuum re-
gion above the phenylglycine equivalent in thickness to nine
atomic Cu layers !%11.57 Å". Six Cu layers are necessary to
describe the relaxation of the Cu surface atoms correctly, i.e.,
to reproduce the measured trend of the layer spacing oscilla-
tions. The calculations are performed using the calculated Cu
equilibrium lattice constant. The top five layers of the slab as
well as the phenyglycine atoms are allowed to relax.

III. RESULTS AND DISCUSSION

A. Structure and energetics

Dosing R!S"-phenylglycine on Cu!110" at room tempera-

ture followed by annealing results in a ! 5 −!+"3
4 +!−1"1" surface

periodicity.4 When mixtures of R- and S-phenylglycine are
dosed on the clean Cu!110" surface, both ! 5 −3

4 1
" and ! 5 3

4 −1
"

periodicities show up, suggesting the phase separation of the
two enantiomers. Annealing the surface above 420 K causes
a phase transition to a !3!2" periodicity. From the experi-
ment it is not clear whether or not the phase separation of the
enantiomers is maintained after annealing.

To limit the complexity of the adsystem, we restrict our
calculations to one and two phenylglycine molecules within
a !3!2" surface periodicity, which we define as half and full
monolayer !ML" coverage, respectively. From experiment it
is known that hydrogen desorbs from the clean Cu surface at
room temperature, see, e.g., Ref. 16. Therefore we focus in
the present study mainly on the adsorption of the deproto-
nated species without considering the coadsorption of hydro-
gen in detail. The geometry optimization of a single admol-
ecule on the Cu!110"!3!2" surface leads to the structure
shown in the top part of Fig. 3. Thereby the conformer Ia
with a deprotonated carboxyl group about 2.5 Å above the
surface was used as starting configuration and a number of
different initial positions were probed.

In order to map the potential-energy surface seen by phe-
nylglycine on Cu!110", we fix the lateral positions of the
down-most phenyl group carbon atom at a number of mesh
points and allow for full relaxation of all other molecule and
substrate atoms. The result is shown in the bottom part of
Fig. 3. A pronounced corrugation of about one eV is pre-
dicted. The minimum energy position is reached when the
molecular oxygens and the nitrogen atom are roughly above
the substrate copper atoms.

TABLE I. Comparison of the relative energies !in eV" of the
phenylglycine conformers shown in Fig. 1 obtained with MP2/6-
311+ +G!d , p" in Ref. 14 with the present calculations using
DFT-GGA.

Ia Ib II

$EMP2 −0.017 0.000 −0.011
$EDFT-GGA −0.029 0.000 −0.079

TABLE II. Phenylglycine !conformer Ib" bonding distances in Å
calculated here in comparison with data from Ref. 15. For notation
see Fig. 2.

Bonding atoms Database Present results

N CA 1.452 1.463
CA CB 1.496 1.521
CA C 1.528 1.530
CB CG1 1.388 1.401
CB CG2 1.392 1.403

CG1 CD1 1.388 1.398
CG2 CD2 1.391 1.395
CD1 CE 1.389 1.397
CD2 CE 1.389 1.397

C O 1.246 1.226
C OXT 1.249 1.370

FIG. 2. Schematic phenylglycine structure for the notation of
atoms.

FIG. 3. !Color online" Left: Minimum-energy position of
phenylglycine adsorbed on Cu!110". Right: Potential-energy surface
seen by phenyglycine in bonding position above Cu!110". The leg-
end shows the energy difference with respect to the minimum. The
positions of the uppermost copper atoms are indicated in the upper
part of the figure.
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In Table III structural parameters of gas-phase phenylgly-
cine !conformer Ia" are compared with those of the surface
adsorbed molecule. Two main differences stand out: The
CuOXT bond is shortened by about 0.09 Å and the CuO
bond is elongated by about 0.06 Å upon adsorption. The
former is indicative for a partial transition from a CuOXT
single to a CvOXT double bond, related to the deproton-
ization. This also leads to a weakening of the CvO double
bond. Structural changes occur also in the substrate: The
copper atom underneath the molecular nitrogen moves out of
the surface plane by 0.14 Å. The copper atoms underneath
the oxygens move along the #001$ direction by 0.09 Å !CuO"
and 0.12 Å !CuOXT". In addition, they are lifted upwards by
0.17 and 0.10 Å, respectively.

The CuuN distance of 2.07 Å is similar to the value of
2.04±0.02 Å determined by photoelectron diffraction for the
respective bond of glycine adsorbed on Cu!110".17 It is only
slightly larger than the sum of the copper and nitrogen cova-
lent radii of about 1.90 Å, indicating at least a partially co-
valent bonding. The same holds for OuCu bonding. Here
we calculate bond lengths of 1.99 Å and 2.00 Å that are
almost equal to the respective value of 2.03±0.03 Å mea-
sured for glycine adsorbed on Cu!110".17 Again, the calcu-
lated values are only slightly larger than the sum of the co-
valent radii of copper and oxygen of about 1.88 Å.

In agreement with the interpretation of the EELS results
for the ! 5 −3

4 1
" adsorption structure,5 the phenyl-group plane is

close to the surface normal !tilted by 9.4°" and the carboxyl
group is tilted with respect to the surface plane !by 27.4°".
The tilt angle between the amino group and the surface
amounts to 33.7°, smaller than found experimentally.5

The adsorption energy calculated from Ead=Eads/subs
−Esubs−Eads+ 1

2EH2
where Eads, Esubs,

1
2EH2

, and Eads/subs refer
to the energies of phenylglycine !conformer II", the relaxed
copper surface, the hydrogen, and the total system, respec-
tively, amounts to −1.35 eV. This appears to be relatively
small, given the formation of three bonds. However, one also
has to take into account the strain energy related to the mo-
lecular and substrate deformation upon bonding. For this we
calculate a value of Estrain=2.75 eV, which increases the pure
chemical bonding energy to Ebond=−4.10 eV. Due to the fail-
ure of DFT to account for van der Waals interaction, the
bonding energy calculated here will probably underestimate
the experiment by a few tenths of an eV.18,19

It is not possible to conclude directly on the strength of
the bonding between the molecular amino and carboxyl
group and the substrate from the calculated total adsorption
energy. In order to obtain an estimate of the respective con-
tributions to the bonding, the adsorption energies of ammo-
nia !NH3" and formate !HCOOH" on Cu!110" are calculated.
The values obtained, Ead,ammonia=−0.89 eV and Ead,formate
=−0.84 eV seem to indicate a roughly equal contribution of
both functional groups to the total adsorption energy. A more
realistic estimate, however, is probably obtained by calculat-
ing the adsorption energies of methylamine !CH3NH2" and
acetate !CH3COOH" on copper, taking the atomic positions
from the phenylglycine adsorption. This results in
Ead,methylamine=−0.96 eV and Ead,acetate=−0.48 eV. The sum
of these values gets indeed close to the calculated adsorption

energy of phenylglycine, indicating that the latter approach
allows for a reliable estimate. It leads to the conclusion that
the main contribution to the bonding is due to the interaction
of the amino group with the surface. The smaller amount of
energy released upon acetate adsorption is probably related
to the larger strain: The acetate prefers an upright position on
the surface which contrasts with the tilted geometry of ad-
sorbed phenylglycine.

Next we investigate the influence of the substrate on the
orientation of the phenyl group, which is not directly in-
volved in the bonding to the Cu!110" surface. Figure 4 shows
the energy profiles obtained by rotating the phenyl group of
phenylglycine adsorbed in a !3!2" unit cell of Cu!110", in
the same unit cell but without the substrate, and within a
larger 20!20!30 Å3 supercell. These calculations allow
for determining the influence of both the substrate and neigh-
boring admolecules on the position of the phenyl group. The
comparison of the curves shows that the substrate slightly
enhances the corrugation of the rotation profile and that the
molecule-molecule interaction does not favor phenyl groups
oriented perpendicular to the carbon-carboxyl group bond.
The alignment of the phenyl group concluded from the ex-
periment for the ! 5 3

4 −1
" adsorption structure of about 75° co-

incides with an energy minimum in Fig. 4.
Next we turn to the case of two molecules adsorbed in a

!3!2" surface unit cell, i.e., the monolayer adsorption sup-
posedly described in Ref. 4. A large number of molecular
starting configurations were probed and the rotational pro-
files of the phenyl groups were compared. In addition, the
possible co-adsorption of the dissociated hydrogen was con-
sidered. The most stable heterochiral and a homochiral struc-
tures in the absence of coadsorbed hydrogen are shown in
Fig. 5. We calculate adsorption energies of Ead,hetero
=−1.29 eV and Ead,homo=−1.35 eV, respectively. Thus, com-
pared to adsorption of single molecules, i.e., 0.5 ML, the
adsorption energy decreases slightly for the heterochiral sur-
face by $Ead,hetero=0.06 eV and remains constant for the ho-
mochiral surface, $Ead,homo=0.0 eV. Mainly two reasons
may modify the adsorption energetics upon increasing the
coverage: different adsorption sites with respect to the sub-

TABLE III. Comparison between bond lengths !in Å" of gas-
phase and Cu!110" adsorbed phenylglycine. See Table II for no-
tation.

Bonding atoms Gas phase Adsorbed

N CA 1.463 1.490
CA CB 1.521 1.513
CA C 1.530 1.539
CB CG1 1.401 1.402
CB CG2 1.403 1.404

CG1 CD1 1.398 1.399
CG2 CD2 1.395 1.397
CD1 CE 1.397 1.395
CD2 CE 1.397 1.398

C O 1.226 1.281
C OXT 1.369 1.281
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strate as well as possible intermolecular hydrogen bonds. In
Fig. 5 we indicate potential hydrogen bonds provided they
satisfy the following criteria: !i" d!D−A"%3.00 Å and !ii"
!!D−H¯A"&120° !D: donator, A: acceptor". Apart from
these geometrical criteria, the formation of hydrogen bonds
should lead to some charge polarization with respect to
single adsorbed molecules. The respective charge-density
differences

$'!r" = 'tot!r" − 'ads1,substr!r" − 'ads2,substr!r" + 'substr!r" ,

!1"

with 'tot, 'adsi,substr, and 'substr being the densities of the ad-
system with two phenylglycines, of the adsystem with one
molecule, and of the clean substrate, respectively, are also
shown in Fig. 5. At some potential hydrogen donors there is
a clear electron accumulation. Based on this criterion, only
two intermolecular hydrogen bonds form NH1uO and
NH3uO for the homochiral and CH1uO and CH2uO for
the heterochiral surface, respectively. This conclusion is also
supported by analyzing the changes of the molecular CH and
NH bonds upon adsorption, see Table IV. Obviously, the
NH1 and NH3 bonds of the homochiral surface stretch upon
adsorption, while the CH1 and CH2 bond of the heterochiral
surface contract. We mention that—in contrast to the case of
NH bonds—the CH bond contraction is indicative for a
strengthening of the CH¯O hydrogen bond.20 The values of
Table IV indicate that the hydrogen bonds of the homochiral
molecular network are stronger than those of the heterochiral
surface, consistent with the trend of the adsorption energy
discussed above.

In order to separate the molecular interaction energy due
to hydrogen bonds from the adsorption energy changes re-
sulting from different adsorption positions on the substrate,

we calculate Einter=Etot−Eads1,substr−Eads2,substr+Esubstr with
Etot, Eadsi,substr, and Esubstr being the energy of the adsystem
with two phenylglycine molecules, the energy of the adsys-
tem with one admolecule, and the energy of the clean sub-
strate, respectively. It amounts to Einter,homo=−0.37 eV and
Einter,hetero=−0.09 eV. The same calculations but without the

TABLE IV. NH and CH bond lengths !in Å" of surface adsorbed
and gas-phase phenylglycine molecules, see Fig. 5 and text.

Bonding Homochiral ML Heterochiral ML In gas phase

NH1 1.050 1.038 1.040
NH2 1.043 1.038 1.040
NH3 1.045 1.040
CH1 1.107 1.113
CH2 1.106 1.113

FIG. 4. !Color online" Energy rotation profile relative to the
minimum energy of the phenyl group. Asterisks, crosses, and tri-
angles refer to data obtained for phenylglycine adsorbed copper,
gas-phase phenylglycine in the surface unit cell, and gas-phase phe-
nylglycine in a 20!20!30 Å3 supercell. The solid lines are to
guide the eye. The insets indicate the respective phenyl group
orientation.

FIG. 5. !Color online" Two phenylgycines in adsorbed in a !3
!2" surface unit cell in homochiral !a" and heterochiral !b" con-
figuration. The phenyl-group orientations and possible hydrogen
bonds !see text" are indicated with bars. There is also the total
charge-density difference plotted with regions of electron accumu-
lation !blue,("; isosurface value 0.04e /Å3.
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metallic substrate yield Einter,nosurf,homo=−0.49 eV and
Einter,nosurf,hetero=−0.40 eV. These numbers show !i" that the
homochiral monolayer is stabilized more by hydrogen bonds
than the heterochiral monolayer and !ii" the weakening of
intermolecular hydrogen bonds in the presence of the Cu
surface. While the hydrogen-bond interactions are attractive
for the formation of both homochiral and heterochiral sur-
face phases, we find a repulsive contribution due to changes
of the surface bonding site induced by the closer packing of
the molecular overlayer. The energy loss amounts to 0.19 and
0.10 eV per molecule for the homochiral and heterochiral
monolayer, respectively. However, the stronger intermolecu-
lar hydrogen bonds in the case of the homochiral surface
overcompensate this effect.

In addition to the phenyglycine adsorption models dis-
cussed above, we also probe the energetics of configurations
where hydrogen coadsorbes with phenylglycine or adsorbes
exclusively on the surface. Thereby the adsorption of hydro-
gen in a pseudothreefold site !)=1 ML" and in a long-bridge
site21 !)= 1

3 ML" is considered. Here one monolayer hydro-
gen adsorption is defined to correspond to the situation
where all second row copper atoms are covered. In order to
compare the energetics of these adsorption models, the ther-
modynamic grandcanonical potential22

*!&+ j'" = Gsurf!&nj'" − (
j

nj+ j ) Esurf!&nj'" − (
j

nj+ j ,

!2"

needs to be calculated. Here Gsurf!&nj'" is the surface free
energy which we approximate by the total surface energy
Esurf!&ni'" at zero temperature, assuming similar entropy con-
tributions for different adsorption configurations. The num-
ber of adsorbate molecules or atoms is represented by nj.
Figure 6 shows the resulting phase diagram in the depen-
dence of the chemical potentials +H and +pgl that refer to
molecular hydrogen and gas-phase phenyglycine at zero tem-
perature. As can be seen, for zero temperature and in equi-
librium with a hydrogen and phenylglycine reservoir, the ho-
mochiral ML with coadsorbed hydrogen is stable. If the
hydrogen potential decreases to about −0.6 eV, correspond-
ing to a partial pressure of about 10−12 Torr at room tempera-
ture, see Fig. 3 in Ref. 23, the H coadsorption is not favored
anymore. Compared to the monolayer phenylglycine adsorp-
tion, the stability of the half-monolayer configuration is re-
stricted to a very small region in the phase diagram.

B. Bonding mechanism

In order to analyze the bonding mechanism, we first con-
sider the electron redistribution induced by the adsorption of
single phenylglycine molecules on the Cu!110" surface. To
quantify and analyze the charge transfer between molecule
and substrate, we separate two subsystems by artificial
planes as indicated in Fig. 7. The planes are placed halfway
between the Cu and N or O atoms.

The charge-density difference of the relaxed adsorbate/
substrate system 'ads/subs with respect to the respective values
for the the adsorbate 'ads and the substrate 'subs

$'!r" = 'ads/subs!r" − 'ads!r" − 'subs!r" !3"

allows for determining the total charge transfer

QI,II = − *
I,II

dr$'!r" !4"

and its average separation

di = −
1
QI
*

I
drxi$'!r" +

1
QII
*

II
drxi$'!r" . !5"

We calculate a net electron transfer from the substrate to the
molecule of +QI,II+=0.16e. QI and QII are separated by d
= !−0.02,−0.73,4.07" Å. This gives rise to an attractive Cou-
lomb attraction of Emono-mono=−0.09 eV. Using the same
procedure as discussed above, we can calculate the adsorp-
tion induced dipoles in the subsystems I and II. They give

FIG. 6. Calculated phase diagram of the Cu!110" surface in
dependence on the chemical potentials of hydrogen and phenylgly-
cine !pgl" that are given with respect to molecular hydrogen and
gas-phase phenylglycine at zero temperature.

FIG. 7. !Color online" Dividing plane from subsystems I
and II.
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rise to an repulsive interaction of Edipole-mono+Emono-dipole
+Edipole-dipole=0.16−0.17+0.46=0.45 eV. This means that
the electrostatic polarization of adsorbate and substrate gives
a net contribution to the bonding that is repulsive and small
compared to the total adsorption energy. This is in marked
contrast to the case of adenine adsorption on Cu!110", which
was explained as determined mainly by mutual polarization
and image forces.3

We now turn to investigate possible covalent interactions
between molecule and substrate, starting with the amino-
group metal bonding. In gas phase, the amino-group nitrogen
is nearly tetrahedrally coordinated with angles ranging from
107.0° to 110.0° and one lone pair of electrons, indicative for
an approximate sp3 hybridization. This is consistent with the
wave-function analysis giving the relative s and p contribu-
tions to the N localized occupied orbitals as ,s=0.31, ,px
=0.21, ,py

=0.22, ,pz
=0.26. The situation does not change

much upon adsorption: The angles now range from 106.2° to
115.7° and the wave-function analysis yields ,s=0.32, ,px
=0.22, ,py

=0.22, ,pz
=0.24. The nitrogen lone pair of elec-

trons, which directly points to the surface, is the highest
occupied molecule orbital !HOMO", as shown in Fig. 8!a". It
is thus susceptible to covalent interactions with the substrate.
Upon adsorption of ammonia on Cu!110",24 the N lone pair
and an unoccupied molecular orbital hybridize with Cu 3d
states. This leads to electron donation from the N lone pair to
the substrate in conjunction with a back donation into an
unoccupied hybrid orbital. In addition, there is a slight po-
larization of the Cu 4s states, that also contributes to the
bonding. This picture largely holds also for the bonding be-
tween the phenylglycine amino group and the Cu surface.
This is confirmed by the calculated charge-density differ-
ence, see Fig. 9. There is an electron accumulation in the
center of the NuCu bond, as expected for a covalent bond.
In addition, there is a charge accumulation at molecular car-
bon atoms, indicative for electron back donation into unoc-
cupied molecular orbitals.

The central carbon of the molecular carboxyl group in gas
phase forms coordination angles between 111.9° and 124.8°,
indicating some amount of sp2 hybridization. This changes
only slightly upon adsorption, where phenylgycine bonds in

a deprotonated form with coordination angles ranging from
116.6° to 126.6°. Thus the oxygen p orbitals form - and
partially . bonds with carbon. In addition, we have p lone
pairs that form the HOMO of phenylglycine in bonding po-
sition, shown in Fig. 8!b". In the case of formate adsorption
on Cu!110", these O lone pairs form bonding and antibond-
ing combinations with the metal d band.1 There also occurs
an interaction between metal valence states with previously
unoccupied molecule orbitals.1 Due to their spatial separa-
tion, the O p. orbitals do not significantly contribute to the
surface bonding. This is somewhat different in the present
case of phenylglycine adsorption, where the O p. orbitals are
involved in the bonding. This becomes clear from the
charge-density difference plot in Fig. 9. The electron redis-
tribution involves oxygen p orbitals both in plane and out of
plane with the CuuO bonds. In addition to the charge ac-
cumulation in the center of the CuuO bonds, there is a gain
at the O atoms due to electron back donation from metal d to
molecular states. Similarly to the case of formate adsorp-
tion,1 there also occurs a charge accumulation at the CAuC
bond !notation according to Fig. 2".

IV. CONCLUSIONS

The adsorption of phenylglycine on Cu!110" was calcu-
lated from first principles. Despite strong covalent interac-
tions between molecule and substrate, the adsorption energy
of about Ead=−1.3 eV is moderate, due to the large strain

FIG. 8. !Color online" Charge density of the highest occupied
molecule orbital !HOMO" for the !a" gas-phase molecule Ia and for
!b" phenylglycine at the final bonding position. The isosurface
marks a charge density of 0.1e /Å3.

FIG. 9. !Color online" Total charge-density difference plot with
regions of electron accumulation !blue, (" and depletion !red, "";
isosurface value: ±0.05e /Å3.
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involved in the bond formation. In contrast to other cases of
molecular adsorption on metals, we find the electrostatic in-
teractions to be of minor importance. The comparison of
structural models for the experimentally observed, phenylg-
lycine induced !3!2" reconstruction shows a slight ener-
getic preference of the homochiral phase. This is traced back
to stronger intermolecular hydrogens bonds in comparison to
heterochiral adsorption.
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