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In the present work, the adsorption of 1,4,5,8-naphthalene tetracarboxylic dianhydride
(NTCDA) on a (110)-oriented silver substrate is investigated with second-order Mgller-Plesset
perturbation theory (MP2). The metal surface was modeled using rigid silver clusters of finite
size, allowing to test of the convergence of the optimized adsorbate geometry as a function of
the size of the metal cluster. The geometry is converged for most of the substrate models, but
the adsorption energy depends more severely on the size of the metal cluster. The dispersion
interaction included in MP2 gives a nearly flat adsorbate geometry, whereas its lack of density
functional theory (DFT) results in a bent geometry arising from strong silver-oxygen
interactions and overlap repulsion in the central part of the molecule. Irrespective of the method
used, the carboxylic oxygens interact more strongly with the substrate than the anhydride
oxygen atoms, so that their height above the topmost substrate layer is significantly smaller.
On the largest silver clusters used, MP2 converges to a height of 2.57 A for the carbon atoms,
somewhat closer than a value of 2.68 A obtained with MP2 for the similar but larger molecule
PTCDA on the same substrate orientation.
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During the last decades, several studies have focused on
organic semiconductors due to their potentially
interesting properties for electronic and optoelectronic
applications, including organic light emitting diodes
(OLEDs) [1,2], organic field effect transistors (OFETS)
[3,4] and organic solar cells [5]. The performance of
such devices is determined by the transport properties
of the organic material and by the interface with the
contacting material. Hence, the interaction between the
metal contact and the molecules adsorbed at the metal-
organic interface plays a key role in the entire device [6-
9]. The net charge of the adsorbate multiplied by the
distance between the adsorbate and the topmost metal
layer may contribute to a substantial interface dipole,
modifying in turn the alignment between the frontier
orbitals of the molecule and the Fermi energy in the
contact. Therefore, a precise knowledge of the
adsorbate geometry becomes mandatory for a
quantitative understanding of the energetic alignment
of transport levels at the interface required for efficient
injection or extraction of charges.

For a few molecule-metal interfaces, normal-
incidence X-ray standing-wave (XSW) techniques have
been used to obtain precise information concerning the
height of the adsorbed species to the topmost substrate
layer, including reference cases like PTCDA (3,4,9,10-
perylene tetracarboxylic  dianhydride) [10-13]
deposited on Ag(111) and Ag (110) [13-16], and
NTCDA (1,4,5,8- naphthalene tetracarboxylic
dianhydride) [17] deposited on Ag(111). Both
compounds form closed monolayers with the molecular
plane oriented parallel to the substrate surface. These
good con- trolled adsorbate structures reveal interesting
microscopic information, including the activation
energy for thermal desorption [18], tunneling spectra,
and shifts of the core levels to thicker polycrystalline
films [10, 19-22]. XSW measurements of NTCDA on
Ag(111) have demonstrated that the carboxylic
oxygens are closer to the substrate than the aromatic
core, indicating the formation of rather strong chemical
bonds between the functional groups and the substrate
[17]. Possible height modulations within the carbon
backbone are more difficult to track so the evaluation
of the experimental data remains restricted to an
average height, where a reduced coherent fraction
represents destructive interference of C atoms placed at
different distances from the topmost substrate layer
[17]. In a first attempt, DFT calculations seemed to
reproduce the XSW geometry obtained for PTCDA on
Ag(111) [23], but in a revised calculation with more
extended variational orbitals, a much too shallow
potential minimum occurred at an adsorbate-substrate
distance of about 0.5 A above the experimentally

determined height [24,25]. An analysis of the density-
density response function constructed within the
random phase approximation on top of a DFT
calculation provides the dispersion interaction required
for an interaction potential resembling the experimental
situation [26]. This work demonstrates that DFT based
on the local density approximation (LDA) results in a
substantial overbinding, with an interaction potential
resembling erroneously a realistic dispersion interaction,

whereas functionals employing the well-tested
generalized  gradient ~ approximation (GGA)
underestimate  the adsorption energy. Hybrid

functionals like B3LYP cannot cure this deficiency
because both the underlying GGA functional and the
Hartree-Fock part result in similar failures of the
interaction potential.

An alternative computational approach to
dispersion interactions arises naturally from post-
Hartree-Fock  methods, including configuration
interaction (CI) or coupled cluster (CC) schemes. As
these approaches scale very steeply with the system
size, they can only be applied to rather small systems,
including, e.g., pairs of small aromatic molecules like
benzene, naphthalene, or anthracene [27-32].

Second-order Mgller-Plesset perturbation theory
(MP2) still keeps track of the leading order of the van-
der-Waals attraction arising from double excitations, and
to the more advanced schemes, its scaling with the fifth
power of the system size N remains moderate.
Therefore, for very small systems, its range of
applicability can be tested against more expensive
methods like CC techniques including single and
double excitations together with a perturbative
treatment of triple excitations (CCSD(T)) scaling as N’
[27, 28, 32] For rather large systems, MP2 emerges as
a suitable compromise including the main part of the
dispersion interactions at affordable cost. However, due
to the scaling of N®, calculations close to the basis set
limit cannot be performed for large chemisorbed
molecules, so the numerical results need to be corrected
for a substantial basis set superposition error (BSSE). It
has been shown analytically that the Boys-Bernardi
counterpoise (CP) scheme is an adequate method for
treating the BSSE in a full ClI calculation [33, 34].
Hence, the BSSE-CP method remains a valid
approximation of CI restricted to double excitations,
and MP2 contains the second-order perturbation term
of the total ground state energy arising from these
double excitations. In that respect, it was found that the
MP2 procedure combined with medium-size basis sets
can provide accurate reaction energies and relaxed
complex geometries [35, 36], and for systems
dominated by dispersion interactions, BSSE-CP
corrected interaction potentials can dramatically
improve the convergence with the size of the basis set.
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In the present work, we apply MP2 and the B3LYP
hybrid functional to an investigation of the adsorption
geometry of NTCDA on the Ag(110) surface. Figure 1
shows the molecular structure and two frontier orbitals
ofthe NTCDA molecule. The rather open (110)-oriented
silver surface was chosen because it is known that the
adsorbate unit cells of both, NTCDA and PTCDA,
contain only a single molecule, indicating that the
adsorbate-substrate interaction is much stronger than
intermolecular interactions in the adsorbate layer.
Moreover, for NTCDA, previous DFT studies have
already determined the preferential adsorption site,
allowing it to handle all numerical calculations within
the adsorbate point group Cay [37]. The rather large
intermolecular distances between adjacent chemisorbed
NTCDA molecules underpin the fact that they interact
only via electric multipoles.

carb
anh

(a) NTCD
(b) HOMO (c) LUM

Figure 1. (a) Molecular structure of NTCDA. Each index addresses
atoms in equivalent positions.

MP2 versus B3LYP

In the present study, we have applied MP2 using the
resolution-of-identity approximation for the evaluation
of two-electron integrals (RIMP2) [38], as
implemented in the TURBOMOLE software package
[39]. For comparison with a method excluding
dispersion interactions, we have applied DFT using the
hybrid functional B3LYP with an exchange-correlation
energy calculated on an integration grid of medium
density (m4).

Silver was treated with an effective core potential
based on 28 core electrons, accounting for scalar
relativistic effects (ECP-28-MWB [40]). A def-SV(P)
basis set [41] was chosen for the atoms in NTCDA.
This basis set was selected because we have previously
shown [42, 43] that an MP2 calculation of the organic
adsorbate PTCDA on a noble metal performed in a
similar SV(P) basis generates already a small
overbinding, a phenomenon expected for a sufficiently
large variational basis set due to an overestimation of
the entire dispersion interaction at the MP2 level. The
calculated adsorbate geometry was very close to a
subsequent determination of the adsorption height with
normal incidence XSW experiments [13, 44].

To obtain the relaxed structure of NTCDA
adsorbed on the Ag(110) surface, we start from a
geometry in keeping with the known adsorption site
derived from DFT calculations [37]. Since the positions
of the silver atoms on the metal surface are not expected
to change strongly due to the interaction with the
adsorbate, it is convenient to fix the position of all silver
atoms during the geometry optimization of the
adsorbate.

Substrate models

For periodic adsorbate structures, one common choice of
substrate consists of several atomic layers within a
supercell, but for non-local exchange and long-range
dispersion interactions, the infinite extension of the
periodic system becomes challenging. Alternatively, an
aperiodic metal cluster of sufficient size can be used,
so that the mathematical problems arising from
periodicity are exchanged against an unavoidable
influence of the cluster size on the computed results. As
the long-range correlation included at the MP2 level is
difficult to investigate for a periodic system, except
molecular crystals with relatively small dispersion
interactions [45-47], for our system a cluster model of
the substrate emerges as the only possible choice. For
selected systems, the use of a finite approximant for the
substrate may even give better results than a periodic
calculation.

In the present work, five different silver clusters
were used to model the Ag(110) surface (Figure 2). The
smallest cluster has 9 atoms in the first layer,
corresponding exactly to the unit cell required by
chemisorbed NTCDA on Ag(110), and 4 and 3 atoms
in the second and third layers, respectively, altogether
16 silver atoms which are denoted as Agis(9,4,3). To
speed up the calculations, we investigate only Ag(110)
clusters with C,, symmetry, coinciding with the largest
point group a Dar-symmetric molecule can realize as an
adsorbate.
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(a) Ag16(9,4,3) (b) Ag22(9,4,9)

(d) Ags2(15,16,1)

(e) Agso(25,16,9)

Figure 2. Cluster models for Ag(110) used in the present work.

Results

In the TURBOMOLE 5.7 code used, the optimization is
still subject to the BSSE. As the distance between the
adsorbate and substrate is the most important
configuration coordinate, we have used the optimized
adsorbate geometry and scanned the interaction energy
along the distance between the adsorbate and substrate
cluster. By applying the Boys-Bernardi CP scheme [48],
such a scan reveals the influence of the BSSE on the
interaction potential. For all substrate clusters, the BSSE-
CP scheme reduces the adsorption energy substantially.
Moreover, the distance dependences of the raw data
including the BSSE and the BSSE-CP corrected
potential energy surfaces (PESs) differ, so that the
position of the energetic minimum of the BSSE-CP
corrected PES is shifted to a larger distance. As an
example, Figure 3 visualizes the PES of the interaction
between NTCDA and an Agx(9, 4, 9) substrate cluster
obtained at the MP2/def-SV(P) level. The CP correction
of the BSSE produces a substantial reduction of the
adsorption energy and the minimum of the CP PES shifts
by 0.18 A to a larger distance from the substrate.
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Figure 3. MP2/def-SV(P) adsorption energy of NTCDA on
Ag22(9,4,9) along the distance between molecule and substrate,
compared to the geometry optimized without correction of the

BSSE. .: with BSSE-CP correction,33 o: without; lines without
symbols: the size of BSSE correction for the different energetic
contributions (magenta: Hartree-Fock, blue: correlation at the MP2
level, red: MP2).

Table 1. Height differences (A) between selected atoms in the
adsorbate. 0O is the difference between the heights of the
anhydride and carboxylic oxygens, and 0OC1 is the difference
between a carbon atom in one of the end groups and the average
over the naphthalene core. The bending along the long axis is
defined as Olong = zC3 - zC1, and the lateral bending as Oshort =
zC3 - zC4. For a periodic calculation with the PBE functional, it
was found that the Ag atoms below the carboxylic

2 Calculation using the B3LYP hybrid plus pairwise dispersion
interactions [49].

b Calculation using a periodic supercell and the PBE functional [37].
zc 2C(core)2C12C22C32C4 70 “O(carb)?O(anh) zu Eads Az

cluster

MP2 —1.00
Agi6(9,4,3) 263 2.64 2592.642.642.652.52 2.50 257 279 0.14
Ag(9,4,9) 265 2.65 2642.702.682.582.53 2.48 264 270 “770.18

Ag:2(15,16,1)2.60 2.62 2.562.642.612.602.46 2.42 255 2.72-1520.16
Aga(9,16,9) 257 2.57 2.562.632.582.512.45 2.39 2.57 2'6270 450.16
0.13
B3LYP
Agi6(9,4,3) 3.96 3.99 3.903.973974.013.86 3.86 3.87 4.02-0.350.03

2.782.983.042.912.60 253 | 274 2.90 0.06
2.652.872.932.862.45 2.40 | 257 2.8970290.04
2.742.973.032.872.54 246 | 271 2.86_(5,0.08
2.793.033.102.95259 252 | 274 2.90 008 0.11

Ag2(9,4,9) 291 2.96
Ags2(15,16,1)2.81  2.88
Ags4(9,16,9) 2.88 294
Ags0(25,16,9)295  3.01

B3LYP+D3?
Aga(15,16,1)2.74 2.80 2.612.802.862.772.43 238 = 254 2.782270.04
PBE® 2.62 243 240 | 250 2.62-0.92

Table 2. Height differences (A) between selected atoms in the
adsorbate. 0O is the difference between the heights of the
anhydride and carboxylic oxygens, and 0OC1 is the difference
between a carbon atom in one of the end groups and the average
over the naphthalene core. The bending along the long axis is
defined as Olong = zC3 - zC1, and the lateral bending as Oshort =
zC3 - zC4. For a periodic calculation with the PBE functional, it
was found that the Ag atoms below the carboxylic atoms are raised
out of the topmost substrate plane [37], a phenomenon ignored in

our approach based on rigid substrate clusters (last column).
cluster 8o Sc1 3long Sshort LN

MPp2 —~0.04 oot
Agi6(9,4,3) 0.07 0.00 0.04 A -~
Ag22(9,4,9) 0.16 —0.04 0.03 88?
Ags2(15,16,1) 0.14 . 0.05 I -
Ag34(9,16,9) 0.18 -0.01 0.03 0.07
B3LYP
Agi6(9,4,3) 0.00 0.06 —0.04 -
Ag22(9,4,9) 021 013 g-gg 013 _
Agu(15161) | 017 = -017 | o 007 =
Agu(@169) | 025 14 028 o1 =
Ago(5169) 02 o 0% oL -
PBE 0.10 . : 007

Effect of cluster size on the adsorption
geometry

For several substrate clusters, Figure 4 represents the
optimized geometries and Table 1 summarizes the
heights of different atoms in NTCDA to the topmost
silver layer. The distances were obtained from the
minimum of the BSSE-CP corrected PES, occurring
typically at about 0.14 to 0.18 A larger distances
compared to the optimized RIMP2 geometries without
BSSE- CP correction. During this scan, all internal
geometry parameters of the adsorbate were kept fixed.
In the B3LYP calculation, the BSSE is rather small, so
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the distance shifts obtained from the BSSE-CP
corrected potential minimum remain below 0.1 A for
most substrate models. Table 2 relates this height
information to internal deformations of the adsorbate to
a planar NTCDA molecule.

Irrespective of the computational scheme and
cluster size, the two types of oxygen atoms occur at
different heights. The height distortion o gives a direct
measure of the different strengths of the respective
interactions with the substrate. Except for the smallest
substrate cluster Agis(9,4,3) where the silver sites below
the carboxylic oxygen are rather far from the
coordination in an extended topmost monolayer (ML),
the distortion 8o has similar values on all larger model
clusters. In principle, this height difference is
accessible to XSW measurements, as demonstrated for
PTCDA and NTCDA on Ag(111) and Ag(110)
substrates [10, 11, 13, 17, 23, 44].

Other height distortions in the adsorbate are less
pronounced. For all substrate clusters, the strong
attraction between oxygen atoms and substrate bends
the carbon atoms C1 between the oxygen atoms
downwards to the core region of the adsorbate. The
overlap repulsion between the peripheral C4-H region
and the substrate increases significantly for the cluster
Ags2(15,16,1) with the largest lateral extension,
resulting in an essentially flat naphthalene core with
particularly small lateral deformation O&shorr. This
indicates that the somewhat larger lateral distortions
dshort OCCUrring on the substrate models Ag22(9,4,9) and
Ag34(9,16,9) are merely artifacts resulting from a too-
small extension of each of these clusters along the
respective direction, reducing, in turn, the attractive
dispersion interaction.

[ agesSecse ]

go-co-0%cy ooy | il
(@) (b) () Ags2(15,16,1) (d) Aga«(9,16,9)
Ag16(9.4,3) Ag22(9,4,9)
=1 e £
() ® (9) Ag=(15,16,1)
Ag16(9,4,3) Ag2(9,4,9)
B
(0] ' 0] ' (k) Ags2(15,16,1) (1) Agz4(9,16,9)
Ag16(9,4,3) Ag2(9,4,9)

Figure 3. Optimized geometries of NTCDA on different cluster
models of Ag(110) surface. Top row: B3LYP geometries. Second
row: MP2 geometries. Third row: Top views of MP2 geometries.
Fourth row: B3LYP geometry of NTCDA on Ag50(25,16,9): m) side
view and n) top v

Due to computational limitations arising from the
steep scaling of MP2 with system size, in none of our

substrate clusters, all 9 surface atoms in direct contact
with the adsorbate could be surrounded by all 7 nearest
neighbors occurring in an extended topmost ML. As
indicated in Figure 2, this would require an
Ags0(25,16,9) model cluster. The best compromise
seems to be the Agss(9,16,9) cluster, realizing 7 nearest
neighbors for the central site in the topmost ML and 6
nearest neighbors for the surrounding topmost Ag
atoms. Hence, we expect the respective adsorbate
geometry to be the most reliable for the majority of sites,
except C4 and H where the distortion 8short Should be best
represented by the substrate model Ags2(15,16,1) with
the largest lateral extension. Moreover, both for the
substrate models Ags4(9,16,9) and Ags2(15,16,1), the
large number of silver atoms in the second layer has a
significant impact on the total amount of attractive
dispersion interaction, so both of these substrate models
result in a reduced distance between adsorbate and
metal surface.

Impact of van der Waals (vdW)
interaction on adsorption geometry

The DFT calculations performed with the B3LYP
hybrid do not contain any partial compensation
between overlap repulsion and dispersion attraction. As
a result, the core region of the adsorbate is strongly
repelled to the O=C-O-C=0 functional groups,
compare to Tables Table 1 and Table 2. The smallest
Ag16(9,4,3) substrate model produces only a shallow
potential minimum at an erroneously large distance
between the adsorbate and the topmost silver layer. On
all other substrate clusters, the strength of the oxygen-
silver bonds resembles the MP2 results, so that the
oxygen atoms occur at similar heights. Nevertheless,
even in the end groups, the B3LYP calculation produces
pronounced differences to the MP2 reference: The
distortion between carboxylic and anhydride oxygens
becomes significantly larger, and the C1 atoms between
them are pulled up by the overlap repulsion between
naphthalene core and substrate. The minimization of
the overlap repulsion requires an increased distance
between the molecular core and substrate surface,
generating in turn a substantial energetic cost for the
internal strain in the bent geometry.

The adsorption geometries obtained with DFT and
MP2 on the same model clusters show substantial
discrepancies. First, in B3LYP, the average height of
NTCDA above the topmost ML Talg,3: Upper: Total
energy of NTCDA on different Ag clusters, in the
optimized geometries obtained with MP2 or B3LYP,
without BSSE-CP correction. The total MP2 energy
Ewmpz is de- composed of the Hartree-Fock contribution
Enr and the correlation energy E®™ . Lower: BSSE- CP
corrected energies in the geometry corresponding to the
potential minimum when moving the optimized
adsorbate geometry rigidly along the distance toward
the substrate cluster.
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corr
optimized geometry  EmMpP2  EHF I;:VIPZ EB3LYP ‘
—0.13
Agis(9,4,3) 287 g5 491
A92(2(9v419)) 533 —o71 462
Ags»(15,16,1 . -0.
AG(9.16.9) ~478 186 664
Agso(15,16,9) —385 136  _s522 o
BSSE-CP corrected ~1.00 297 013
Agi6(9,4,3) 1.97 035
Ag2(9,4,9) —245 —1.48 :
Agz(15,16,1) —1.52 -3.16  —0.29
Ad4(9,16,9) : 052
—-0.45 —-1.62 .
Ags:(15,16.9) L 0.05

of the substrate is much larger than in MP2. For the
largest Agz4(9,16,9) cluster we can handle with both
methods, on average B3LYP places the C atoms at a
height of 2.88 A, significantly above the respective
value of 2.57 A obtained with MP2. Second, the
adsorption geometry obtained with DFT is strongly
bent, a phenomenon occurring not just along the long
axis to reduce the energetic impact of the overlap
repulsion involving atoms in the naphthalene core, but
also along the short axis: All hydrogens are repelled
more than the carbon atom they are attached to. Fromthe
comparison of the substrate models Ags4(9,16,9) and
Ags0(15,16,9), it is clear that the repulsion of the
hydrogen atoms cannot be related to the edge of the
substrate cluster: Both substrate models result in the
same height difference of 0.15 A between H atoms and
adjacent C atoms.

In sharp contrast to these DFT results, in the MP2
geometry, the overlap repulsion is counterbalanced by
attractive dispersion interactions, resulting eventually
in a nearly flat adsorbate geometry. Hence, the
inclusion of dispersion interactions like in MP2 is a
mandatory ingredient for avoiding an adsorbate
geometry where a bent molecular core is pushed to too
large distances from the substrate, an artifact also
observed in earlier DFT calculations of organic
adsorbates on noble metals without including
dispersion interactions [37, 50, 51] The range of
applicability of DFT can be augmented by including
dispersion interactions for each pair of atoms [49, 52].
In the more recent release TURBOMOLE 6.4, these
corrections can be added to DFT calculations. As an
example, we have applied this approach to the
optimization of NTCDA on an Ags(15,16,1) model
cluster, comparing Tables Table 1 and Table 2. The
pairwise attractive dispersion interactions reduce the
distance between the core region of the adsorbate and
the substrate by about 0.06 A, with a much smaller
impact on the position of the functional groups. Overall,
the height distortions in Table 2 are reduced to the
B3LYP calculation without dispersion corrections.
However, the buckling of the adsorbate remains more
pronounced than in the MP2 geometry. For the substrate
cluster Ags2(15,16,1), it is clear that the short-range
overlap repulsion between adsorbate and substrate is

already fully developed, whereas the sum over long-
range dispersion interactions in the B3LYP+D3
calculations remains incomplete. Hence, it is very
likely that a more extended or even periodic substrate
model would reduce the adsorption height further, as
demonstrated recently for calculations of PTCDA
adsorbed to silver [44]. A comparison between MP2
and B3LYP+D3 reveals that the wave function-based
method accounts already for a larger fraction of the
total dispersion interaction, resulting in a reduced
adsorption height.

Adsorption energy

Even though the adsorbate geometries found in MP2
calculations on the larger substrate clusters seem
reasonably converged, the respective adsorption
energies do not follow any simple trend. This finding
indicates that unavoidable boundary effects arising from
the finite size of the metal clusters inhibit the definition
of converged adsorption energy. Nevertheless, the
RIMP2 calculations allow an estimate of the relative
influence of Hartree-Fock energy and dispersion
interactions on the total energy.

In Table 3, we analyze the Hartree-Fock
contribution and the dispersion interaction on different
substrate models. For all Ag clusters except Ag22(9,4,9),
the Hartree-Fock energy Ewr is strongly repulsive in the
distance range of interest. After moving to the minimum
of the BSSE-CP corrected MP2 potential, this repulsion
is slightly reduced, a combined effect of a larger
distance towards the substrate and the subtraction of a
small but positive BSSE. Interestingly, also for the
B3LYP optimized geometries, the Ag22(9,4,9) shows
particularly favorable total energy, revealing that this
specific cluster has rather different electronic properties
than the other substrate models.

The MP2 correlation energy E®" depends mainly
on the number of Ag atoms in the topmost layer: Only
for the Ags2(15,16,1) cluster with the largest number of
Ag atoms at the metal-organic interface, the dispersion
contribution to the correlation energy is increased
substantially. However, after the BSSE-CP correction,
the quite different BSSE occurring for different
substrate models spoils the apparent systematic trend
observed when the BSSE was still included, so that the
total MP2 energy Ewmpz = Ewnr + E®T shows no
systematic dependence on cluster size, apart from the
fact that the interaction of NTCDA with Ag22(9,4,9)
remains particularly favorable. As opposed to the small
BSSE occurring for the Hartree-Fock energy, the long-
range dispersion interaction included in E®" is subject
to a substantial BSSE. When combined with the
distance shift obtained from the minimum of the CP-
corrected PES, the attractive correlation energy is
reduced substantially by 1.94 eV on Ag:s(9,4,3) up to
3.6 eV on Ags4(9,16,9).
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The short-range correlation energy included in
B3LYP shows a relatively small BSSE. For all substrate
models except for the smallest cluster, the interaction
energy at the CP-corrected distance remains attractive,
but the resulting binding energy is significantly below
a previous estimate of —0.92 eV deduced from an

extended substrate model [37]. Due to the short-range
nature of exchange and correlation included at the
B3LYP level, the scatter of the interaction energy
between different substrate models remains much
smaller than in the MP2 results, but the complete lack of
dispersion interactions in B3LYP generates unreliable
bent adsorbate geometries.

Bonding mechanism

The chemical interactions involved in the adsorption of
NTCDA on Ag(110) can be better understood from a
careful investigation of the molecular orbitals (MOs)
involved. Although the adsorption geometry obtained
with MP2 should be more reliable than the respective
B3LYP result, MP2 is not able to provide reasonable
MOs since the electronic eigenstates are simply obtained
from a Hartree- Fock calculation. Therefore, for an
analysis of a given geometry, the short-range
correlations included in DFT should improve the
reliability of the MOs obtained. In the following, we
shall use the adsorption geometry obtained at the MP2
level, but the discussion of electronic orbitals will be
based on the B3LYP functional. Scanning the relaxed
MP2 geometry of NTCDA along different heights
above the substrate, we can investigate the dependence
of the orbital energies along that coordinate.

Figure 5 shows the energies of the 50 highest
occupied MOs of NTCDA/Ags2(15,16,1) calculated
with B3LYP/def-SV(P) as a function of height, defined
to the geometry optimized at the MP2/def-SV(P) level.
Most eigenstates resemble MOs of the free molecule or
the free metal cluster, but their energies have a different
slope as a function of the distance between adsorbate
and substrate: The energy of molecular states increases
with distance, but the energy of metallic states
decreases with distance. Both slopes arise from the
surprising fact that the charge of the molecule becomes
more negative with increasing distance. The reason for
this counterintuitive distance dependence is the
breaking of Ag-O bonds: The O atoms donate
electronic charge into the substrate so that the large
negative excess charge coming from the double
occupancy of the former molecular LUMO is strongly
reduced. For the intermediate distance range shown,
this doubly occupied LUMO remains below the Fermi
energy of the entire system, but at a much larger
distance, eventually, the electronic configuration with
neutral subunits becomes more favorable, so that the
LUMO of NTCDA will be emptied again.

The well-known cushion effect arising from the
overlap between molecular orbitals and substate
orbitals reduces the tails of metal states extending into

the vacuum, defining, in turn, a substantial contribution
to the change of the vacuum level.

Relatively few orbitals are strongly hybridized
between adsorbate and substrate, including in particular
the ones responsible for the chemical interaction
between the carboxylic oxygens and the topmost metal
layer. As discussed previously for PTCDA adsorbed to
Ag(110), the former LUMO of the adsorbate is doubly
occupied [43, 44], with rather little hybridization with
metal orbitals, compare to Figure 5 b and ¢. The Kohn-
Sham energy of the LUMO of free NTCDA molecule is
-4.08 eV, significantly below the HOMO of the Ag
cluster at -3.87 eV, so that two electrons can be
transferred from the metal into the molecular LUMO.
Angular  resolved  photoemission  spectroscopy
(ARPES) from this state proves unambiguously that the
angular dependence of electron emission is compatible
with a Fourier transform of the molecular LUMO, plus
small additional features arising from the hybridization
with substrate states [15].
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Figure 5. Top view of naphthalene and NTCDA on Ag22 cluster
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One of the challenging questions arising from the
interaction of NTCDA and similar molecules such as
PTCDA with the metal surface is which parts (aromatic
core or carboxylic groups) have the main effect in the
interactions with the surface. NTCDA is a combination
of a naphthalene core with two anhydride groups. One
way to study the effect of functional groups on the
adsorption energy and geometry of NTCDA /Ag(110) is
to study the adsorption of naphthalene on the Ag
substrate. Here, we put the naphthalene molecule
exactly in the position of the naphthalene core in the
structure of NTCDA/AQ22, which was obtained from
the MP2 calculation (Figure 6). This naphthalene/Ag2.
structure was optimized using both MP2 and DFT as
discussed previously. At the DFT level, the average
vertical distance of carbons is 4.48 A and Eags = 0 €V.
These values are 3.23 A and 1.87 eV at the MP2 level
of theory, respectively. These indicate that DFT rep-
resents no bonding between naphthalene and Ag(110)
whereas MP2 gives strong bonding. On the other hand,
the interaction between naphthalene and Ag surface is
only vdW interaction which is not included in DFT
schemes. We can now find the approximate value of
adsorption energy which is due to the anhydride
functional group of the NTCDA molecule by
subtracting the adsorption energies of NTCDA and
naphthalene on the Ag(110) which is 0.57 eV. This
value is even larger than the DFT Eags for NTCDA on
Ag2, (0.35 eV). Therefore, our MP2 calculations
demonstrate that the attractive interaction between
NTCDA and Ag(110) arises mainly from dispersion
interactions between the substrate and naphthalene core.
This is in agreement with experimental findings for
PTCDA/Ag(110) revealing an attractive interaction
between perylene core and silver [16].

ray photoelectron spectroscopy (XPS) was used to
study the binding energy of the 1s core levels in
carboxylic oxygen O(carb), anhydride oxygen O(anh),
and the different carbon sites, both for NTCDA
multilayers (thickness 20 MLs) and a single ML on an
Ag(111) surface [21, 22]. The experimental and
calculated binding energies are summarized in Table 4.
The carbon atoms C1 between the oxygen atoms carry
a reduced amount of electronic charge, increasing in
turn the binding energy of their core levels. For
multilayer films, calculated and observed core levels
differ by about 6 eV for C atoms and by about 11 eV for
O atoms, but after scaling all calculated orbital binding
energies by a factor of 1.0235, the deviation reduces to
about +1 eV. Moreover, differences between positively

charged C1 sites and essentially neutral carbon atoms
in the core region are qualitatively reproduced, and the

difference between carboxylic and anhydride oxygens
even quantitatively.

In a single adsorbed ML on Ag(111), the negative
charge of the adsorbate reduces the binding energies of
all core levels [21, 22]. The difference between the
carbon core levels on the C1 site and the central
naphthalene region was shown to decrease, whereas the
difference between the two types of oxygen sites
increases [21, 22]. Our calculated core levels deduced
from the MP2 geometry of NTCDA adsorbed on the
(110)-oriented Ags4(9,16,9) cluster reproduce all of
these trends, indicating that changes of the net charges
of the various sites show a similar behavior on both
substrate orientations.

In this work, we have applied MP2 and DFT
calculations to study the adsorption of NTCDA on a
(110)-oriented silver surface. To model the adsorbate
geometry, we have used rigid Ag clusters of different
sizes. Silver clusters consisting of at least 22 atoms
gave MP2 adsorbate geometries agreeing within height
variations of less than 0.09 A between different
substrate models. Rather strong bonds between
carboxylic oxygens and the substrate atoms underneath
define the preferential adsorption site and induce
specific height variations within the functional groups.
In the central naphthalene region, our calculation
accounting for a partial compensation between overlap
repulsion and attractive dispersion interaction predicts
an essentially flat adsorption geometry, whereas the
lack of dispersion interaction in DFT results in a bent
adsorbate geometry where the central part of the
molecule is repelled from the substrate. Dispersion-
corrected DFT accounting for pairwise interatomic
dispersion potentials still gives a significantly bent
adsorbate geometry. From the present results and
previous studies of PTCDA adsorbates, we consider
wave function-based dispersion interactions included at
the MP2 level to be the most adequate approach for
investigations of aromatic adsorbates on noble metals

Table 3. Binding energy of the core levels in NTCDA: multilayer,
monolayer chemisorbed on Ag(111), and monolayer chemisorbed
on Ag(110). All calculations are performed with B3LYP/def-SV(P).
The geometry of the free molecule is optimized with B3LYP/def-
SV(P), and NTCDA chemisorbed to Ag(110) corresponds to the
MP2 geometry on Ags4(9,16,9), scanned to the minimum of the
BSSE-CP corrected PES. O1 and O2 represent carboxylic and

anhydride oxygens. * Scaled calculated values are obtained using
a scaling factor of 1.0235.

multilayer Ag(111) Ag(110)

exp.?! calc. scaled* exp.?? calc. scaled*
C1l 289.67 281.92 28855 286.97 281.21 287.82
Cc2 286.00 279.21 285.77 284.77 278.20 284.74
C3 285.38 279.31 285.87 284.11 279.00 285.56
C4 285.80 278.95 28551 283.88 278.46 285.00
01 532.63 521.42 533.67 530.80 520.96 533.20
02 534.27 523.03 535.32 533.20 522.86 535.15
C1-C3 429 261 2.67 286 221 2.26
C1-C(core) 3.87 279 2.86 269 275 2.81

O(nh)-O(carb) 164 161 165 240 190 1.94
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