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The structure and vibrational properties of the metal—organic interface of 1,4,5,8-naphthalene-tetracarboxylic
dianhydride (NTCDA) on Ag(111) were analysed using Fourier-transform infrared absorption spectroscopy in
Mode
assignments and polarizations as well as molecular distortions were determined for four adsorption geometries
of NTCDA on top and bridge sites aligned either parallel or perpendicular to the Ag rows and compared to
accurate calculations of the free molecule. This enables an in-depth understanding of surface effects on the
computed and experimental vibrational spectra of the adsorbed NTCDA molecule. The molecule—substrate

conjunction with density functional theory calculations including dispersion forces (PBE-D3).

interaction comprises two major and equally important contributions: non-directional van der Waals forces
between molecule and surface, and covalent bonding of the acyl oxygen atoms with underlying Ag atoms,
which is quantified by charge-transfer analysis. Furthermore, adsorption energy calculations showed that the
molecular axis of flat-lying NTCDA is oriented preferably in parallel to the Ag rows. The molecule is subject to
particular distortions from the planar gas phase structure with covalent bonding leading to downward bending

Received 30th October 2015, of the acyl oxygen atoms and Pauli repulsion to upward bending of the carbon core. In parallel, strong

Accepted 26th January 2016 buckling of the silver surface was identified. As found in previous studies, the lowest unoccupied molecular
orbital (LUMO) of the molecule slips below the Fermi level and becomes partially populated upon adsorption.

Excitation of totally symmetric vibrational modes then leads to substantial interfacial dynamical charge transfer,
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Introduction

Metal-organic interfaces represent key elements of optoelectronic
devices like light emitting diodes or field effect transistors as the
macroscopic device performance is often affected by structural and
electronic properties at the atomic scale. The understanding of
complex interfaces is, however, still limited and model systems
are needed for further advancement of methods, which can
subsequently be applied to more realistic interfaces. In general,
the quality of organic films critically depends on the properties of
the metal-organic interface and a comprehensive characterization
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which is convincingly reproduced in the calculated IR spectra.

of the first organic layer on the metal substrate (contact primer
layer) is of vital importance for an improved understanding of the
growth kinetics of organic layers with well-defined properties.
A profound understanding of internal interfaces may therefore be
attained by analysing the first monolayer in detail. Preferentially,
such studies are conducted using techniques which are likewise
applicable to internal interfaces, such as infrared absorption
spectroscopy (IRAS).

The interaction of large organic molecules with solid substrates
at metal-organic interfaces comprises different contributions.?
Firstly, covalent bonds can be formed which are directional and
closely related to the electronic structure of the molecule and the
substrate, with particular emphasis on molecular orbitals located
at or near the Fermi level of the substrate. Secondly, isotropic
dispersion interactions are non-directional and site-insensitive
and depend only on distance and polarizability of the atoms
involved. In addition, characteristics of the molecular structure
as well as the atomic arrangement and relaxations of the substrate
atoms need to be taken into account.’ Aside from the molecule-
substrate interactions, lateral forces among adsorbates come
into play when lateral ordering and phase transformations are
considered.
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Scheme 1 1,4,5,8-naphthalene-tetracarboxylic dianhydride (NTCDA) with
nomenclature. The ‘long’ axis (x) connects the two anhydride oxygen atoms.
The short axis (y) is aligned perpendicular to it. Coordinate system is chosen
according to convention for surface science (z-axis perpendicular to surface/
molecular plane of parallel oriented NTCDA).

As a model system for a moderately strong molecule-substrate
coupling, we have chosen 1,4,5,8-naphthalene-tetracarboxylic
dianhydride (NTCDA) molecules deposited onto a Ag(111) sur-
face.*™ NTCDA is a planar molecule with D,, symmetry
(Scheme 1) thus exhibiting a short and a long molecular axis.
NTCDA features two functionalities for bonding interactions
with the surface: (i) The extended n-electron system associated
with the naphthalene core and (ii) the acyl groups at the long
ends of the molecule as part of the acid anhydride moieties.
The suitability of NTCDA as a model system thereby stems from
the possibility to employ these two functionalities, leading to a
substrate-dependent delicate balance between covalent and
dispersive bonding contributions. Modifications of the covalent
bonds in the molecule, symmetry reduction upon adsorption,
or localized bonding interactions with surface atoms may then
be directly reflected in the vibrational spectrum and associated
displacement patterns of normal modes. A detailed analysis of
the IRAS spectra can therefore be used to test possible bonding
configurations and obtain relevant information. In particular,
changes in adsorption geometries could be identified as such, even
in cases where the relative adsorbate-surface arrangement changes
only marginally. These different adsorption geometries can have a
crucial influence for the growth of the organic layer. Convenient
features of IRAS thereby are its non-destructiveness and the ability
to obtain information on mode polarizations and molecular
symmetries by applying dipole and metal-surface selection rules.

We note that even though vibrational spectra inherently
contain a multitude of specific information, especially related
to the bonding configuration, an in-depth discussion usually
requires comparison to computational modelling. The method of
choice in the surface and materials sciences is density-functional
theory (DFT). The main reason is the ability of DFT to treat realistic
system sizes with good accuracy,""'> especially for the case of
organic molecules on metal surfaces,"® although major challenges
for DFT have also been proposed recently.'* An important devel-
opment in recent years was tackling the problem of missing
description of dispersion interactions in most exchange-correlation
functionals. Several groups work actively on solving this issue.">*°
Semi-empirical atomic pairwise approaches (e.g. DFT-D3) have
demonstrated to work reliably for molecular as well as periodic
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20726 Other methods are also in use for this

systems in the past.
methodological challenge. For PTCDA on different metal sub-
strates, Ruiz et al. could show good agreement with experimental
structures by an extended DFT-vdW approach.?” A recent study
also found the DFT-D3 approach being accurate for this system.?

In such a combined approach, several challenges need to be
addressed on both, the experimental and theoretical sides. Due to
the large unit cells encountered in organic monolayer systems, the
feasibility of accurate calculations represents a serious concern.
This is aggravated by the large number of vibrational modes,
which often cannot be attributed to localized functional groups
but instead must be designated skeletal vibrations involving most
atoms of the ring.***° The approach we are pursuing in this study
is to develop a detailed understanding of the vibrational spectrum
of the free molecule and - in a second step - analyse the changes
in the spectrum upon adsorption on the metal surface. By
combining the molecular with the periodic approach, we retrieve
the best of both worlds, namely, the possibility to benchmark our
DFT data in the molecular approach, while designating mode
symmetry to all vibrations together with the consideration of the
metallic environment in the periodic approach of the adsorbed
molecule. This allows a quantification of the substrate’s influence
on the vibrational spectrum.

On the experimental side, the major difficulty concerns
detection sensitivity, especially in conjunction with identifying
weak modes with distinct polarizations being indicative of a
possible reduction in adsorption site symmetry. In previous
work we have demonstrated our capabilities to reproducibly
prepare well defined organic monolayer films.*"*> Besides spot
profile analysis low energy electron diffraction (SPA-LEED) and
thermal desorption spectroscopy (TDS), IRAS has been established
as a powerful technique to characterize organic monolayer films in
terms of their vibrational properties.*”

The system studied here has served as a model system before,
in particular regarding structural and electronic properties.”°
NTCDA on Ag(111) forms two long range ordered phases, a
commensurate (relaxed) and an incommensurate (compressed)
monolayer phase.*?"**> Whereas the former is readily produced
by annealing a thicker layer to 400 K, the latter requires some
more refined processing.®’ In both cases a planar adsorption
geometry prevails according to near edge X-ray absorption
fine structure data.*® Despite this parallel orientation, in-plane
vibrational modes are found to display substantial dynamic
dipole moments perpendicular to the surface, which is attributed
to a pronounced NTCDA-Ag(111) interfacial dynamical charge
transfer (IDCT),*" very much alike PTCDA/Ag(111) which displays
a similar signature of vibrational bands.*** This process has been
associated with a partially filled molecular orbital at the Fermi
energy &r subject to variations in energetic position, depending on
vibrational motion.*® Indeed, the NTCDA lowest unoccupied mole-
cular orbital (LUMO) is found to shift down in energy upon
adsorption and is located slightly below ¢z, based on ultraviolet
photoemission spectroscopy (UPS). In our study this experimental
finding is confirmed by DFT computations.®®

From normal incidence X-ray standing wave (NIXSW) experi-
ments, the vertical positions of carbon and oxygen atoms with
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respect to bulk Ag atom positions were determined.”'® These
represent key parameters to be compared with structural data
derived from our calculations and will be discussed in-depth below.

In this study, we will present a detailed computational
investigation of the structure and vibrational modes of free and
adsorbed NTCDA molecules and compare these to the experimental
IRAS measurements.

Methods

Experimental details

The IRAS experiments were carried out in a UHV chamber at a
base pressure of 5 x 10~'* mbar. The Fourier-transform infrared
spectrometer (FTIR) was a Bruker IFS 66v/S with evacuable optics.
The spectra were recorded using a liquid N,-cooled Mercury-
Cadmium-Telluride detector (spectral range 600-5000 cm ™). We
used polarized light throughout and selected a spectral resolution
of 2 em™'. IRAS measurements were obtained at a sample
temperature of 28 K. Temperature measurements used a K-type
thermocouple welded to the edge of the Ag(111) sample. The
Ag(111) crystal was cleaned by Ar' sputtering (30 min at Uiy, =
700 eV, Lion = 3 pA, and Tgampie = 373 K) followed by annealing to
773 K for 5 min. NTCDA was evaporated from a home-
made thermal evaporator at Typcpa = 390 K (deposition rate of
0.2 ML min~") controlled by a Pt1000 temperature sensor.
During evaporation, the background pressure typically increases
by Ap =1 x 107 '° mbar.

Computational details

(a) Non-periodic calculations. Geometry optimizations using
the known point-group symmetry of free NTCDA (D,y,) have
been carried out using the Gaussian09 optimizer (standard
convergence criteria)’” with Turbomole®® (version 6.4) energies
(convergence criterion 10~ ° a.u.) and gradients with the functional
and basis set combination PBE**/def2-TZVPP* considering disper-
sion effects by applying the DFT-D3 method"' with an improved
damping function®” for the sake of consistency with the periodic
calculations. This level of approximation is denoted by PBE-D3/TZ in
the following. Further calculations have been carried out with the
MP2 method as implemented in Gaussian09 with the same basis
set (MP2/TZ). Stationary points were characterized as minima by
calculating the Hessian matrix analytically, additionally providing
the vibrational spectrum.*® The resolution of the identity method
has been applied for the PBE calculations to approximate four-
center integrals.*!

(b) Periodic calculations. The interaction of NTCDA with the
Ag(111) surface was studied by means of DFT calculations
employing the Vienna Ab Initio Simulation Package (VASP 5.2),*
which uses periodic boundary conditions (indicated by subscript
“PBC” in this work). The generalized gradient approximation
(GGA) using the exchange-correlation functional proposed by
Perdew, Burke and Ernzerhof (PBE)*® was used in combination
with a plane-wave basis set. The projector-augmented wave
(PAW) method*>*” was applied and enabled a truncation of
the plane-wave basis set at a kinetic energy of 350 eV. This value
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was found to be sufficiently accurate for metal-organic inter-
faces in the past.*®™°

The projection operators for the non-local part of the
pseudopotentials were evaluated in real space with the exception
of the linear response calculations. The Brillouin zone for the
adsorption studies was sampled by a I'-centred 3 x 3 x 1 k-point
mesh generated via the Monkhorst-Pack method.>" The Ag bulk
structure was optimized with E.uoir = 350 eV and a I'-centred
25 x 25 x 25 k-mesh. All calculations employed the precision
parameter setting “accurate”.

Structural optimization was performed starting from different
initial structures by means of a conjugate-gradient or quasi-Newton
algorithm for ionic positions and cell parameters until the forces
converged to 1 x 1072 eV A™" and the energy during SCF cycles
converged to 10~ €V. Vibrational frequencies at the I'-point of the
periodic cell were calculated through building up the force constant
matrix either via a density-functional perturbation theory (DFPT)**>*
and alternatively via a finite difference approach. IR intensities were
calculated in a dynamic dipole-derivative ansatz considering only the
component of the dipole moment change normal to the surface
plane upon displacement. The vibrational frequencies have been
determined from a partial hessian obtained by displacing only the
NTCDA-atoms. A test with inclusion of the top-most Ag-layer in the
force-constant calculation did not show a significant change of
the frequencies (Av = —0.05 cm ™).

The adsorption energies were calculated by subtracting
the energy of the surface-adsorbate complex from the total
energies of the relaxed Ag(111) substrate layers and the relaxed
adsorbate molecule. Dispersion effects have been considered
by the semi-empirical correction scheme proposed by Grimme
in the D3 formulation® (with “Becke-Johnson’-type damping
function)** in an implementation by Méllmann and Grimme.??
This methodology is abbreviated PBE-D3ppc in the following.
For comparison, some values were derived with the older DFT-D2
version as well (PBE-D2pgc).>> All vibrational calculations were
carried out in the harmonic approximation and representations
of IR-spectra used a Lorentzian broadening with a 5 ecm™" full
width at half maximum (FWHM). The intensities of IR-active
modes are normalized to the most intense mode.

AIM atomic charges have been computed with a grid-based
algorithm.”® The density of states (DOS) was obtained with the
lobster 2.0.0 code®”>° by projection to a local basis set.®®

(c) validation of computational methods - Ag bulk and
Ag(111) surface. Initially, the silver bulk phase was optimized
starting from the experimental lattice constant. Results were
derived with (D2, D3) and without dispersion correction scheme
to the PBE energies (Table S1, ESIT). As it turns out, the inclusion of
dispersion corrections improves the agreement with experimental
parameters (lattice constant and bulk modulus) although dis-
persion forces are not expected to make large contributions to
bulk metals. While the (old) D2 correction scheme provides
fixed Ce-parameters, the more recent D3 scheme considers the
environment of the atoms in the calculation of the dispersion
energy. As the improvement toward experimental parameters
suggests, this seems to allow the description of what has been
termed ‘“‘screening” in studies with other dispersion correction
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schemes at least in a local environment.®* Thus, in the following
we used the lattice parameters optimized with the PBE-D3
scheme for the surface adsorption part of the study.

Regarding the Ag(111) surface, relaxation effects are to be
expected relative to the bulk positions. The four-layer slab
model employed here (two bottom layers fixed) gives the correct
relaxation sign and magnitude for the change of the first
(Ady,/dy, = —0.9%) and the second interlayer spacing (Adys/dp, =
—0.3%) relative to the bulk spacing (d), when compared to
LEED®* and X-ray scattering studies.®® Note that the LEED study
showed that the third interlayer spacing is the same as the bulk
interlayer spacing thus legitimating our four-layer slab approach.
More refined results would need the consideration of finite-
temperature effects which have been discussed in the past but
are not the aim of this study.®*

Results and discussion

Computational results

NTCDA is known to adsorb reversibly onto Ag(111) with
desorption temperatures of about 430 K (low-coverage limit).
The interaction of the molecules with the substrate thereby
comprises two contributions, (i) the ubiquitous van der Waals
interaction and (ii) a covalent binding component stemming
from the interaction of the acyl groups at both ends of the

View Article Online
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molecule with Ag substrate atoms. The strength of the latter
interaction is underlined by a pronounced out-of-plane displa-
cement of the acyl oxygen atoms towards the surface, which is
accompanied by an opposite vertical shift of the anhydride
oxygen atoms.>'® Specifically, the NIXSW experiments found
an overall distance of 2.997 A for the naphthalene core, a value
much smaller than expected for van der Waals interactions
alone. These observations are very similar to the findings of
PTCDA, the perylene equivalent of NTCDA.®>®® We stress that
the NIXSW measurements used an averaged C,s signal for all
carbon atoms of NTCDA, therefore comprising not only the
naphthalene core but also the anhydride carbon atoms.®”
Therefore, we will discuss values for the naphthalene core
(Cring in Scheme 1) as well as averaged values for all carbon
atoms (Cay).

In IR spectra, the donor-acceptor bonds between Ag and the
acyl groups are reflected in a bold red shift of v-—¢ frequencies
from the gas phase values, as proclaimed in a very recent study
of ours.”® In the present study, a theoretical analysis of NTCDA
structure and vibrations, both of the free molecule and
adsorbed on Ag(111) will be presented. The arrangements of
NTCDA on Ag(111) which have been investigated computation-
ally are displayed in Fig. 1. The chosen setup has two advan-
tages: (i) there will be only one type of adsorption site for
NTCDA (as opposed to the relaxed NTCDA/Ag(111) monolayer
with two inequivalent sites), which reduces the calculation

a) bridge;
E.gs = 202 kJ mol?

w

d) top,
Eadgs = 170 kJ mol?

b) bridge:
E.gs = 168 kJ mol?
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e) (3x3) supercell for bridge;-sites

Fig. 1 Adsorption sites of NTCDA on Ag(111), together with adsorption energies in kJ mol ™ (a—d), and supercell for bridge; -site adsorption of NTCDA (e),

visualising the surface arrangement as calculated using DFT (PBE-D3pgc). Nomenclature analogous to Alkauskas et a

1.8 referring to the position of

the C-C bond relative to the topmost Ag-layer. Bridge; and top; adsorption geometries have the molecular axis parallel to the Ag rows, while for bridge, and

top, configurations the axis is perpendicular to Ag rows.
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effort substantially and simplifies the derived vibrational spectra.
(ii) Lateral interactions between neighbouring NTCDA molecules,
especially H-bonding, can be neglected. In the experiment, these
conditions have been met by sub-monolayer deposition of NTCDA
onto Ag(111) at low temperature (T =~ 28 K). In the following, we
will first discuss the structure and molecular distortion of adsorbed
NTCDA and then present our vibrational mode analysis. Based on
calculations of single (gas phase) NTCDA molecules, the effect of
bonding to Ag(111) is derived.

(a) Structure of free NTCDA and NTCDA adsorbed on
Ag(111). In a first step, the free NTCDA molecule was optimized
with non-periodic ab initio methods with results summarized in
Fig. 2. DFT calculations (PBE-D3/TZ) are compared to wave
function-based results (MP2/TZ). While PBE-D3/TZ leads to
slightly longer bonds, the overall agreement is very good and
deviations are below 0.01 A. The derived values also compare well
to results from an X-ray diffraction study of the molecular crystal by
Born and Heywang® included in Fig. 2. This comparison in
particular confirms that both methods are suitable for reproducing
the NTCDA molecular structure with high accuracy.

The next step in the computations comprises the investigation
of NTCDA adsorption on the Ag(111) surface. In the course of the
structural optimization, the NTCDA molecular structure and the
coordination with respect to Ag(111) was allowed to relax. Our use
of dispersion corrected DFT ensures a constraints-free structural
optimization to reach the energetic minimum. In order to account
for the elasticity of the Ag(111) surface, the upper two layers were
allowed to relax as well, while the two bottom layers have been kept
at (calculated) bulk positions. For further discussion of the bulk
and surface computations, see the computational details section.

Several possible adsorption sites were tested in the calculations
as shown in Fig. 1. Adsorption energies (PBE-D3ppc) are also
included in Fig. 1 and will be discussed below. It can be deduced
from these data that an adsorption geometry with the central C—=C
bond located above a bridge site of Ag(111) and with the (long) O-O
axis aligned along Ag atom rows is most stable (E,qs = 202 k] mol %,
Fig. 1a, bridge,). We identified an alternative adsorption geometry

Fig. 2 Structural parameters of NTCDA (top view) with the LUMO overlaid
(isosurface with contour value 0.03). Calculated bond lengths of the free
molecule (MP2/TZ and PBE-D3/TZ in italics, D,y) and the adsorbed
molecule (PBE-D3pgc in bold, C,,) are given together with data from
X-ray diffraction®® (underlined) of the NTCDA molecular crystal (C)).

6320 | Phys. Chem. Chem. Phys., 2016, 18, 6316-6328
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with the central C-C bond located above an Ag atom and with the
O-O0 axis again aligned along Ag atom rows (Fig. 1c, top,) showing a
marginally lower adsorption energy (E.qs = 196 k] mol ). Substan-
tially weaker bonding, on the other hand, is found for both of
these two sites but with a 90° rotated azimuthal orientation
(Eags = 168 k] mol " (bridge,), 170 kJ mol ™" (top,)).

Upon adsorption of the NTCDA molecule on the Ag(111)
surface, the bonds within the molecule are distorted as
depicted in Fig. 2 for the most stable adsorption geometry. In
order to explain the distortion pattern it is instructional to
recall the (partial) filling of the LUMO of the free molecule
upon surface adsorption. This experimental observation””° is
confirmed by our calculations (see below). Therefore, we have
overlaid the isosurface plot of the LUMO of NTCDA with the
molecular structure (Fig. 2). The filling of the molecular LUMO
orbital upon adsorption leads to an increase in bond strength
(and thereby a shortening) of those bonds where additional
electron density is accumulated. Accordingly, all bonds at
nodes of this orbital become elongated with respect to the free
molecule. The comparison of PBE-D3ppc values for the free
(computed with PBC in a large box) and adsorbed molecule in
Fig. 2 fully supports this hypothesis.

In addition to the in-plane distortion, the NTCDA molecule
significantly bends towards the surface (Fig. 3). This reduces
the (local) molecular symmetry from D,}, to (approximately) Cyy.
Minor deviations from the exact C,, symmetry are for example
differences of the vertical distances for the C-H groups from Ag
surface atoms amounting to Az ~ 0.002 A, i.e. the variation is
less than 0.1%. This could be due to the inequivalent threefold
hollow sites below the two carbon rings of the naphthalene core
(Fig. 3b) which would reduce the molecular symmetry to Cs.
The side view (Fig. 3c) clearly describes the downward bending
of the acyl groups. The distortions in z-direction are reproduced
in more detail in Fig. 3a and b. While the carbon and oxygen
atoms of the acyl groups are significantly bent toward the
surface, the anhydridic oxygen atoms experience an opposite
bending with respect to the neighbouring C-atoms. Due to an
overall warping of the molecular plane, these are nonetheless
located below the plane, defined by the average height of
carbon atoms forming the naphthalene core (Cging). This is in
accordance with previous experimental and theoretical studies
related to NTCDA and PTCDA monolayers.>® 108656671 More-
over, the carbon skeleton displays strong distortions as well.
Besides the downward bending of the acyl group it is in
particular the inner C=C bond being bent upward relative to
the above-defined molecular plane (atom positions 4 and 5 in
Fig. 3a).

The surface itself also warrants attention. In Fig. 4 we have
visualized the local vertical relaxations of the Ag(111) surface
covered by NTCDA in a similar way as Bauer et al. did for
PTCDA on Ag(111).? In the course of the adsorption process, the
Ag(111) surface is found to display considerable buckling,
indicative of directional adsorbate-substrate bonds beyond
pure van der Waals interactions. Specifically, the covalent
bonds of acyl oxygen atoms cause a protrusion of nearby Ag
atoms which is nevertheless surprisingly small (Az &~ 0.005 A).
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Fig. 3 Calculated (PBE-D3pgc) vertical distances of the various atoms of
adsorbed NTCDA/Ag(111) in bridge; mode. Shown are cuts through the
molecule (a) connecting the O,y and O4nn atoms, and (b) connecting the
hydrogen atoms together with (c) the most important vertical computed
distances compared to NIXSW experiments.’® All vertical distance values
refer to the bulk-extrapolated Ag surface atom positions.

Ag atoms below the central C-C backbone, on the other hand,
experience a significant repulsion, pushing those Ag atoms
below the average Ag surface plane (Ah ~ —0.074 A). The
overall corrugation of the Ag surface is included in Table 1:
we find a pronounced buckling of 0.134 A for the topmost layer
and 0.025 A for the second layer for NTCDA occupying the
bridge, adsorption site; for the top, site these numbers trans-
form to 0.208 A and 0.076 A, respectively.

In accordance with similar observation for PTCDA on
Ag(111)® we conclude that the attraction of the molecule
towards the surface by the acyl oxygen atoms leads to increased
Pauli repulsion between the m-electrons of the naphthalene core
and the Ag atoms underneath. Interestingly, Ag atoms below the
HC=CH subunits display a particularly severe up-shift. This is
most probably an effect to counterbalance the downward motion
of the Ag atoms underneath the molecule’s centre. The surface
corrugation due to electronic effects in the molecule-substrate

This journal is © the Owner Societies 2016
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Fig. 4 Corrugation of the Ag(111) surface stemming from PBE-D3pgc
computations with vertical positions of Ag atoms displayed in different
shades of blue according to the colour bar. The numbers underneath of
the colour scale bar refer to the distance in A from the bottom layer of our
four-layer Ag slab. The average vertical position of the Ag(111) surface layer
(7.026 A) is denoted by an asterisk (*). This value is used as a reference for
the upper scale. The arrangement of the NTCDA molecules is overlaid in
light grey. The layer spacing of the Ag bulk in our calculation was Adyyy =
2.352 A, which compares favourably with the experimental value of 2.349 A.

Table 1 Compilation of calculated (PBE-D3pgc) and experimental
(NIXSW) vertical distances d(A-B) for NTCDA on the Ag(111) surface. The
choice of reference layer (zrer = 0) enables direct comparison to experi-
ment (Agpuy in Fig. 3). All values are given in A

PBE-D3pg, dilute layer®

Experiment,
A-B Bridge, site Top, site dense layer
Oueyi-Ag 2.577 & 0.004 2.622 + 0.003  2.747(25)
Oann—Ag 2.806 £ 0.001 2.798 £ 0.001 3.004(15)
Car-Ag’ 2.905 + 0.145 2.890 + 0.090  2.997(16)
Cring=Ag" 2.946 % 0.068 2.925 + 0.051
Ouaey1=Cring —0.369 £ 0.070  —0.307 + 0.052  —0.25(3)
Oanh~Cring —0.140 + 0.068  —0.134 + 0.051  ~0¢
Oanh=Oacyl 0.230 + 0.004 0.173 + 0.005  0.26(4)
OZng-ng” 0.134 0.208
OZagisub-ngisub 0.025 0.076

% Given are averaged values for equivalent atoms and the maximum
deviation from this average. ? Position of all carbon atoms averaged.
¢ Position of ring carbon atoms averaged (Ciing) — see Scheme 1. ¢ The
difference is smaller than the uncertainty in the measurements. ¢ Dif-
ference in z-coordinates of Ag atoms (corrugation) of the topmost layer.
/ Difference in z-coordinates of Ag atoms (corrugation) of the sub-
surface layer.

interaction is quite pronounced and deserves further analysis for
similar systems in the future.

The derived structural data for the most stable adsorption
configuration (bridge,) allows a direct comparison to NIXSW
measurements obtained for NTCDA/Ag(111).>'° We note
beforehand that the NIXSW data have been obtained from
dense layers with H-bonding among neighbouring NTCDA
molecules. The competition of such interactions with covalent
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bonding of Ogcy to Ag should weaken the Ag-O,., bond and
most likely lead to a reduced downward bending of the acyl-oxygens.
This hypothesis is based on NIXSW results by Kilian et al.”* referring
to PTCDA/Ag(111).

Both, experimental and the (averaged) computational adsorbate-
surface distances are compiled in Table 1 (for data on all adsorption
geometries investigated see Table S2 in the ESI{). Since the NIXSW
experiment did not distinguish between the various inequivalent
C-atoms we introduced the values Cyj; and Cgipng to quantify the
average vertical distances of carbon entities defined in Scheme 1.
In order to allow a proper comparison to experimental NIXSW
data we have introduced a hypothetical Ag surface plane Ag*
which corresponds to the extrapolated positions of Ag bulk
atoms. The difference with respect to the true averaged Ag
surface layer (A% = 0.028 A) corresponds to the Ag(111) surface
relaxation (surface interlayer distance shorter than bulk value).

First of all, the PBE-D3 values provided in this study agree
formidably with the experimental values. Note that a structural
optimization without dispersion correction (PBE) gives unrea-
sonably long surface-adsorbate distances, d(Cring—Ag) = 3.534 A
(further details in Table S2 in the ESIt). Thus, we confirm the
finding that pure GGA functionals are not able to describe weak
adsorbate-surface complexes correctly.”> The computed dis-
tance for the best binding site (bridge;) Cay = 2.905 A for
NTCDA/Ag(111) using PBE-D3pp is in accord with the experi-
mentally found value of 2.997 A. Both, experiment and theory
confirm that the acyl oxygens are located substantially below
the carbon plane as outlined above. The computed averaged
Ag-O,y distance is 2.577(3) A while the Ag-O,,;, distance is
2.806(1) A. The difference (0.229 A) is comparable to NIXSW
results (0.257 A). Similar values are found for the energetically
close-lying top, adsorption geometry. The Ag-O,.y, distance is
thereby at the upper end of the range for typical distances in
molecular complexes of silver 2.4-2.6 A.”® No reference data are
available for Ag—O,,n-bonds in the solid state.

Actually, the calculations predict a notably stronger down-
ward bending of the oxygen atoms as compared to the experi-
ment. In addition, the anhydride oxygen atoms are located
distinctly below the carbon plane while they are found above
the carbon plane in the NIXSW data. These discrepancies are
attributed to a severe overall bending of the entire NTCDA
molecule. As our calculated numbers refer to NTCDA separated
by at least one Ag atom row, they correspond to layers with
negligible direct lateral interactions; experimental NIXSW data,
on the other hand, were obtained from dense NTCDA-layers with
substantial H-bonding between neighbouring molecules.®*°

According to our findings, the warping of the molecular
plane is substantially stronger for the less densely packed
arrangement of NTCDA molecules in our calculation. Unfortu-
nately, low-coverage NIXSW data (isolated NTCDA adsorbates)
which would compare directly with our theoretical values are
not available. We therefore also investigated the relaxed mono-
layer phase of NTCDA on Ag(111) with distances between
oxygen and hydrogen atoms of neighbouring NTCDA molecules
amounting to 2-2.5 A, ie. with H-bonding contributions.
This corresponds to the most recently found structure for the
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relaxed monolayer.*” For such dense layers the overall distance
to the Ag(111) surface increases by 0.05-0.10 A, in line with a
weaker Ag-NTCDA interaction in this complex. Moreover, the
warping of the molecular plane and the downward bending of
the acyl oxygens is reduced notably.

Additional confirmation for our hypothesis of a more severe
bending of adsorbed NTCDA in the absence of H-bonding
(isolated adsorbed molecules) comes from previous studies
on PTCDA/Ag(111) data.®®®®”" Specifically, two NIXSW data
sets comprising dense as well as dilute layers exist and they
have been used to estimate trends related to the effect of
intermolecular interactions within well-ordered layers, as com-
pared to less dense, disordered agglomerates of adsorbed
molecules. These findings suggest that a dilute species is
interacting more strongly with Ag(111) and experiences more
severe distortions. When comparing our calculated structure
data to NIXSW results (obtained for a dense relaxed NTCDA
monolayer on Ag(111)) the influence of lateral interactions
should therefore be kept in mind.

According to Stadler et al., the NIXSW data of NTCDA on
Ag(111) show a rather small coherent fraction for the C;, signal,
indicative of a relatively large spread in vertical distances of the
individual C-atoms.'® This finding is in perfect agreement
with the substantial warping of the NTCDA carbon skeleton
according to our calculations. Recently, such a warping has also
been suggested for PTCDA on various Ag surfaces based on
dispersion-corrected DFT calculations.?

The adsorption energies for the arrangements studied in
this work (see Fig. 1) are derived from PBE-D3pgc structural
optimizations. Positive energies thereby represent stable sur-
face-adsorbate complexes. The most favourable adsorption site
is the bridge; site aligned with the long axis along Ag atom rows
(adsorption energy equals 202 k] mol™ ). Only slightly less
stable is the equally aligned top; site (196 k] mol~") while the
other two sites investigated (bridge, and top,, both aligned
perpendicular to Ag atoms rows) are far less stable. Thus the
computational data suggest that NTCDA adsorbs either on a
bridge; or a top;-site. In a test calculation without dispersion
correction (PBE), the adsorption energy even turns negative
with —2.7 kJ mol ™, in accordance with the unreasonably large
adsorbate-surface distance Cring-Ag = 3.534 A (see above) and
similar findings for PTCDA/Ag(111) using a comparable theo-
retical approach.”

A closer look at the relative positions of the O, atoms and
the topmost layer of the silver slab reveals that in these two
geometries, all four doubly-bonded oxygen atoms are located
on top of Ag atoms, while they are displaced in the other two
arrangements. This is another indication that the Ag-Ogey
interaction is decisive for the site preference of adsorbed
NTCDA. Experimentally, an estimate of the adsorption energy is
available from temperature programmed desorption (TPD) investi-
gations of a dilute monolayer giving a value of 112 & 10 k] mol *
(1.14 eV)." This value reported by Stahl et al., however, appears much
too low. In our opinion, the very gradual initial slope in the
measurements presented points toward a heterogeneous sur-
face layer or a mixture of different phases. As a consequence of
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the shallow initial slope of the desorption signal an unusually
low prefactor of about 10"* s™* is deduced. As our submonolayer
TD spectra show this long tail towards the low temperature side
as well, we decided to take the well-shaped TD spectra of the
likewise parallel oriented NTCDA bilayer to obtain a lower bound
for the adsorption energy of the NTCDA/Ag(111) monolayer
species. Analysing the initial slope of the bilayer desorption
signal yields an adsorption energy of 121 + 10 kJ mol*
(1.26 eV per molecule) and a prefactor of 1.5 x 10" s* (such
high prefactors are quite common for large molecules desorbing
from metal surfaces’>””). According to the higher desorption
temperatures of monolayer NTCDA and assuming a similar
prefactor, we estimate the adsorption energy of monolayer
NTCDA/Ag(111) to equal about 150 k] mol " (1.56 eV per molecule)
which is much closer to the calculated values.

It was already discussed in previous publications regarding
NTCDA and PTCDA on various metal substrate surfaces that the
LUMO of the free molecule may become partially occupied
upon adsorption.*”*®7%’* In our study such behaviour is
clearly confirmed as indicated by the partially occupied band
(occupation 1.42 e, band located 0.04 eV below Ege;p,;) shown in
Fig. 5 exhibiting mainly LUMO (NTCDA) - character. This can
also be seen in the partial density of states (pDOS) shown in
Fig. 5c, which exhibits significant NTCDA-character of the
states around the Fermi level (Epermi)-

To quantify this partial filling of the LUMO and the net
charge transfer between surface and adsorbate, we derived
partial charges in the framework of the atoms-in-molecules
(AIM) theory. The AIM results suggest a negatively charged
NTCDA molecule with a charge of Ag = —0.94 e. This can be
compared to the estimate of —0.35 e by charge summation”®
and the value of —1.00 e for PTCDA on Ag(111) derived by a
similar AIM approach as followed here.? It can be concluded

(c)

Total DOS ——
pDOS(NTCDA)

(p)DOS / arb. u.

5 -4 3 2 4 0 1 2
E-Eromi/ &V

Fig. 5 Band at the I'-point mainly consisting of the former LUMO (0.04 eV
below Erermi, indicated by black arrow in DOS plot) of NTCDA on
Ag(111), which becomes partially occupied (1.42 e) upon adsorption on
Ag(111) in side (a) and top (b) view together with (c) total density of
states (DOS) of the complete system (black line) and partial DOS of the
adsorbate (yellow).
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that NTCDA shows a similar charge transfer compared to PTCDA
and thus differs considerably from a purely physisorbed state.

The accurate reproduction of experimental structural data of
NTCDA adsorbed on the Ag(111) surface underlines the importance
and accuracy of dispersion correction methods in DFT-based
calculations to arrive at a trustworthy description of adsorbed large
organic molecules. In addition to the NIXSW experiments,'® the
calculations can then help in identifying subtle details of the
adsorption geometry which are not (yet) resolved in the experi-
mental studies, such as the corrugation of the Ag surface or of the
carbon skeleton of adsorbed NTCDA.

In conclusion, we applied the DFT-D3 method to obtain a
very good description of the adsorption structure of NTCDA on
the Ag(111) surface in comparison to experimental data. The
environment-dependent dispersion coefficients in the DFT-D3
scheme seem to capture the main features of dispersion inter-
actions in these systems.

(b) Vibrational analysis. On the basis of the excellent agree-
ment of derived structural parameters with NIXSW experi-
mental data,'® we have conducted a vibrational normal mode
analysis for the structures obtained. In particular, such an
analysis represents a direct link to the experiment. In order to
obtain reference values for the various NTCDA normal modes,
the structure and vibrations of free molecules (gas phase) were
determined as well. For the latter system, investigations at the
DFT level (PBE-D3pgc) could be compared to ab initio data from
MP2/TZ calculations to evaluate the accuracy of the computa-
tions. The comparison of vibrational mode energies (Table 2)
confirms the good agreement of the PBE-D3pp results with the
more accurate MP2 data. The RMS value for all frequencies in
the range of 600-3200 cm™ ' is 41 cm™ ' without applying any
scaling of the computed frequencies. This lends confidence to
the usage of PBE-D3ppc for the computation of the vibrational
modes for NTCDA adsorbed on Ag(111), where a MP2 calcula-
tion is at the current stage not computationally feasible.

In Table 2 the individual vibrational modes of free and
adsorbed NTCDA (bridge,) are listed. Also included are the
irreducible representations of the various modes referring to
free NTCDA (D,n, see Scheme 1 for choice of coordinate
system). We note that for the adsorbed molecule the symmetry
can be C,, at most, i.e. for NTCDA occupying a high symmetry
site. Various influences (effect of subsurface Ag-layer; lateral
translations/rotations) may further reduce the symmetry to Cs,
C,, or even C;. According to Fig. 2, the deviations from C,,
symmetry are minor.

In Table 2 the ordering and labelling of the individual
modes has been taken from the free molecule. As interaction
with the Ag(111) substrate affects the various modes differently,
mode-crossings occur in a few cases which have been taken into
account; from the inspection of individual displacement patterns of
the molecular vibrations a direct correlation of modes for free and
adsorbed NTCDA is easily obtained, though. All vibrational frequen-
cies relevant to our experiment (600-3200 cm ™) are displayed - the
full list of modes is available in Table S3 in the ESIt (Table $4 for all
adsorption geometries investigated). Some of the vibrational modes
are mainly located at specific functional groups. Due to their distinct
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Table 2 Computed vibrational modes (>600 cm™) for molecular (free) NTCDA (MP2/TZ and PBE-D3pgc) and comparison to values obtained for
NTCDA adsorbed on Ag(111) (PBE-D3pgc, bridge; site). Given are vibrational frequencies (v, in cm™Y) and IR-intensities (/, normalized to the most intense
band). The mode character is specified for selected modes only. A complete list of modes including the respective PBE-D3/TZ values is provided in the

ESI (Table S3)

Free NTCDA molecule

NTCDA/Ag(111) (bridge,)

Mode® MP2/TZ PBE-D3psc PBE-D3psc

# Symmetry v I v I 174 f r Vinin — Vmax AV Mode character
23 biu 599.1 0.00 592.0 0.14 606.3 605.3 0.000 4.5 13.3

24 b3g 600.5 0.00 593.5 0.00 602.8 603.1 0.000 3.9 9.6

25 ag 664.4 0.00 652.2 0.00 648.9 648.1 0.004 2.9 —4.2

26 b,y 696.9 0.04 681.7 0.04 673.8 673.8 0.000 2.3 —-7.9

27 g 727.6 0.00 686.9 0.00 665.4 665.4 0.000 7.1 —21.5

28 blg 732.1 0.00 713.9 0.00 688.8 689.5 0.000 6.7 —24.4

29 bsu 747.7 0.09 747.1 0.09 734.0 717.9 0.058 6.7 —29.2

30 ay 751.5 0.00 753.9 0.00 720.7 720.8 0.000 6.5 —33.1

31 biu 752.2 0.00 745.3 0.07 750.7 748.8 0.000 4.8 3.5

32 3g 806.7 0.00 787.7 0.00 789.2 789.2 0.000 3.9 1.5

33 b1y 828.6 0.00 812.4 0.05 796.0 813.6 0.000 4.6 1.2

34 b1g 880.7 0.00 874.4 0.00 804.4 808.0 0.000 6.6 —66.5

35 bsu 881.9 0.05 874.6 0.04 815.8 813.0 0.002 5.4 —61.6

36 Ay 947.0 0.00 982.1 0.00 933.8 937.8 0.000 6.4 —44.3

37 b,y 954.0 0.02 934.0 0.05 915.3 916.3 0.000 8.7 —17.7

38 g 961.4 0.00 982.3 0.00 939.1 943.3 0.000 7.0 —39.0

39 ag 1014.6 0.00 990.3 0.00 986.6 987.0 0.002 6.0 —-3.4

40 b3g 1049.1 0.00 986.7 0.00 957.2 958.6 0.000 15.2 —28.1 C-Oy4nnh stretch

41 boy 1068.5 0.88 1011.6 0.79 958.0 959.5 0.000 11.6 —52.1 C-O,np Stretch

42 ag 1125.0 0.00 1101.0 0.00 1101.0 1104.2 0.021 8.1 3.2

43 biu 1135.2 0.35 1108.1 0.11 1088.1 1084.5 0.000 8.3 —23.6

44 b3g 1164.7 0.00 1139.9 0.00 1122.2 1123.9 0.000 7.2 —16.0

45 b,y 1187.4 0.21 1156.5 0.13 1152.7 1155.8 0.000 7.2 —-0.7

46 bgg 1235.8 0.00 1198.5 0.00 1207.2 1208.2 0.000 6.2 9.8

47 bsu 1280.9 0.27 1239.4 0.19 1210.4 1211.1 0.000 7.2 —28.3

48 ag 1285.2 0.00 1248.2 0.00 1255.5 1256.9 0.038 6.7 8.7

49 biu 1316.9 0.48 1283.9 0.50 1282.4 1282.5 0.000 7.1 —1.3

50 g 1392.2 0.00 1357.9 0.00 1344.5 1345.5 0.581 9.0 —12.4

51 biu 1475.3 0.04 1432.6 0.09 1437.8 1435.8 0.000 8.2 3.1

52 ag 1492.6 0.00 1429.0 0.00 1403.6 1404.8 0.133 13.7 —24.1

53 b3g 1498.6 0.00 1462.5 0.00 1419.5 1419.8 0.000 7.5 —42.7

54 b,y 1527.5 0.00 1392.7 0.01 1429.2 1430.4 0.000 12.6 37.7

55 bou 1559.9 0.01 1519.5 0.02 1509.1 1509.8 0.000 9.7 —9.7

56 biu 1614.0 0.04 1575.8 0.07 1493.1 1493.6 0.000 12.5 —82.2

57 ag 1628.6 0.00 1594.0 0.00 1564.7 1565.6 1.000 7.8 —28.3

58 b3g 1669.3 0.00 1617.8 0.00 1542.3 1541.2 0.000 12.5 —76.6

59 b,y 1788.6 1.00 1733.1 1.00 1579.3 1580.9 0.000 21.6 —152.2 C=0/C=0-Ag
60 3g 1791.7 0.00 1734.0 0.00 1591.4 1593.0 0.000 29.2 —141.0 C—=0/C=0-Ag
61 Ag 1819.9 0.00 1770.6 0.25 1625.3 1625.7 0.264 22.1 —144.9 C:O/C:O—Ag
62 biu 1824.1 0.73 1802.5 0.00 1655.7 1628.9 0.024 17.0 —173.8 C=0/C=0-Ag
63 biu 3230.5 0.00 3114.3 0.00 3108.7 3112.2 0.000 5.1 —2.1 C-H stretch

64 b3g 3230.7 0.00 3114.0 0.00 3109.1 3113.8 0.000 6.0 —0.2 C-H stretch

65 b,y 3242.4 0.01 3125.2 0.01 3120.9 3122.9 0.000 3.8 —2.3 C-H stretch

66 a, 3242.5 0.00 3125.1 0.00 3121.0 3126.5 0.000 6.5 1.5 C-H stretch

g

“ The sorting of modes and the symmetry assignment refers to the MP2/TZ data (D,;, symmetry). Matching of the vibrational modes for the
different levels of approximation has been carried out by visual inspection of the displacement pattern and comparison to MP2/TZ. ? Vibrational
frequencies of adsorbed NTCDA computed with DFPT approach. ¢ Vibrational frequencies and IR intensities of adsorbed NTCDA computed with
dynamical dipole approach.  Spread of vibrational mode frequencies when considering all adsorption configurations for NTCDA/Ag. ¢ Change in

vibrational frequency upon adsorption (relative to dynamical dipole-derived frequencies).

displacement patterns the four C-H stretch modes, four C=0
stretch and two C-O,yp, stretch modes, and four C-H bending
modes can be readily assigned. For the most part, however, a
clear assignment to a localized bond, or molecular sub-unit is
not possible and the oscillation comprises characteristic
motions (e.g. ring-breathing, ring-puckering) of the entire
molecule. Detailed inspection identifies various deformation
modes with specific polarizations, i.e. motion along the long or
short axis of NTCDA, or perpendicular to the molecular plane.

6324 | Phys. Chem. Chem. Phys., 2016, 18, 6316-6328

The strongest shift in vibrational frequencies in going from the
free to the adsorbed molecule (Av) can be found for the C—=0
stretch modes due to the interaction with the Ag atoms at the
surface. This shift in the range of 150 cm ' is a strong
indication for a directional interaction of the acyl oxygen atoms
with Ag-atoms at the surface and in line with the conclusions
drawn from the structural and charge-transfer data.

Another point to consider in the computation of the spectra
is the possibility of the NTCDA molecule to occupy different
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binding sites on the Ag(111) surface as shown in Fig. 1. The
simulation of infrared spectra for all binding geometries con-
sidered here leads to a range of frequencies for every normal
mode given in Table 2 (Vmin — Vmax)- While the low frequency
and the C-H stretch modes display only small variations
in vibrational frequencies, especially the modes connected to
C-O,pn and C=0O stretching vibrations exhibit a spread of up to
30 cm ™. This is a clear indication that the directional inter-
action to the surface is somewhat dependent on the adsorption
site occupied by NTCDA while the overall spectrum is only
mildly influenced by the particular bonding configuration.

Comparison of calculated molecular vibrations with experi-
mental IRAS data has to consider dipole selection rules. For
molecules adsorbed on a flat metal substrate electric field
components parallel to the surface plane are negligible and
only vibrations with dynamic dipole moments perpendicular to
the surface can be excited. For flat-lying, planar molecules
(such as NTCDA on Ag(111)) the surface plane is not a symme-
try plane anymore and D,;, symmetry reduces to C,, as outlined
above. This means that, in addition to the bz, modes, all a,
modes become dipole allowed as well. Further lowering of the
adsorption site symmetry renders additional modes dipole
active so that from an analysis of the IR spectra conclusions
as to the local adsorption geometry can be drawn.

The computations of IR intensities for surface-adsorbed
NTCDA were based upon a dynamical dipole approach con-
sidering the change of the dipole moment in z-direction only
(see Fig. S1 in the ESIt). Attempts to derive these intensities via
the DFPT approach were not successful (results were strongly
dependent on very minor changes in the adsorption geometry).
As can be seen from Table 2, the vibrational frequencies derived
with both approaches (denoted ” and 1) are very similar. With
exception of a few modes the differences are below 5 cm ™"
(RMS = 1.5 cm™ ).

Experimental spectra

In this section, the mode energies and IR intensities given in
Table 2 are compared with the experimental spectrum. We note
beforehand that NTCDA frequencies for the various adsorption
configurations (Table S4 in the ESIt) differ only slightly so that
it is difficult to discriminate between different NTCDA sites.
In Fig. 6 the vibrational spectrum of a dilute layer of NTCDA/
Ag(111) is displayed. Specifically, 0.15 ML NTCDA has been
deposited at 28 K and infrared absorption spectra taken right
after transfer to our IR measurement cell. We note that thermal
annealing (Fig. 6a) lead to slight but clearly discernible spectral
changes which we attribute to lateral interactions among
neighboring NTCDA. Initially, isolated NTCDA most likely
occupying different sites should prevail. Upon successive
annealing (T — 50 K — 80 K), NTCDA is expected to first
transform into islands without long range order; eventually
(T — 350 K) islands exhibiting a distinct long range order
(relaxed monolayer phase, see also Fig. S2 in the ESIT) will
form. These changes, however, will not be discussed in-depth
here. The purpose to show these data is to prove that config-
urational alterations within the layer are in fact reflected in the
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Fig. 6 IRAS spectra of 0.15 ML NTCDA adsorbed on Ag(111) at 28 K.
(a) Frequency range 630-900 cm™, emphasizing the prominent out-of-
plane mode at about 730 cm™. In panel (a) the thermal evolution of this
mode is displayed; the spectra refer to the layer after annealing to the
indicated temperatures. (b) Frequency range 620-1800 cm™?, featuring
predominantly in-plane (ip) modes of NTCDA at > 900 cm™™ The
calculated line positions (PBE-D3ppc, dynamic dipole approach) are indi-
cated by vertical lines and labelled according to their vibrational frequen-
cies. Modes of different symmetry properties are grouped in separate
rows: bz, and ag (black); by, and byg (red); by, and by (blue). The two bars
for each set of modes refer to values of NTCDA occupying bridge; and
top sites. All spectra were obtained at 28 K and 2 cm™! spectral resolution.

observed vibrational spectra and can be traced sensitively. Most
relevant for our comparison to the calculated spectra is that the
low NTCDA coverage (0.15 ML) ensures that isolated NTCDA are
present and intermolecular interactions are negligible. This
assumption is corroborated by similar data sets obtained at
0.1 and 0.3 ML (not shown). Specifically, virtually identical
modes are observed at 0.1 ML, while at coverages of 0.3 ML
intermolecular interactions start becoming relevant. We note
that the spectrum displayed in Fig. 6b represents the sum of
several consecutively taken spectra and within this series no
alterations in vibrational peak positions and intensities have
been found.

In Fig. 6b we have included the calculated PBE-D3ppc line
positions of the various modes (dynamical dipole approach)
and sorted them according to their symmetry. In order to avoid
ambiguities, we kept the original nomenclature of the Dy,
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symmetry group. The bottom row (black) contains modes
which should be dipole active even if a high symmetry site
(C,y symmetry) is occupied, e.g. modes belonging to the bz, and
a, irreducible representations of the D,;, symmetry group. In
case that the molecule is laterally displaced in the O-O direc-
tion by, and b, type of modes become dipole active as well
(symmetry reduces to Cs); similarly, the inequality of fcc and
hep hollow sites (or some other symmetry-breaking element in
the y-direction) would lead to Cs symmetry at most so that by,
as well as b, type of modes should display some intensity in IR
spectra. The additional modes expected in the IR spectra are
listed in the top and middle rows of Fig. 6b, respectively. Yet
another type of displacement from a high symmetry site would
be an azimuthal rotation or warping of the molecular plane
(rendering b;, and a, type of modes dipole active), but based on
the computed adsorption energies, these displacements are
energetically unfavourable.

We will now turn to the 700-1200 cm ™" region and analyse
whether the observed spectral features are in line with a
symmetry-reduced adsorption geometry. From a brief inspec-
tion of the spectrum in Fig. 6b the b;, and a, modes are readily
identified. As the observed spectrum contains no significant
additional modes we conclude that deviations from the local
C,, symmetry are only weak. In particular, the absence of
modes at 915, 960 and 1085 cm™ ' lead us to conclude that
such a symmetry-breaking element is missing (or its effect is
negligible). On the other hand, we clearly observe a band at
1149 cm ! which cannot be associated with ag, bzy, b1y, Or
b,e modes.

According to the fine structure of modes at 720-735, 1103,
1242/1251, 1533-1546, 1612-1630 cm ™' we invoke that more
than just a single adsorption site is occupied. Moreover,
structural disorder resulting from the low NTCDA deposition
temperature may contribute to the heterogeneous line shapes
or the presence of weak extra bands. The spectral regions
around 1290 cm ™' and 1550 cm ' are particularly crowded
and, even though tiny details of the respective broad absorption
bands are highly reproducible, their detailed assignment
remains vague at present; we will merely list some ideas as
to their origin: (i) thermally excited low frequency modes
(e.g. translations/rotations parallel to the surface) lead to broad-
ening of vibrational modes by means of anharmonic coupling.
(ii) In addition to existing fundamental modes of adsorbed
NTCDA, combination bands additionally contribute; by means
of Fermi resonance coupling to spectrally close fundamental
modes,**”® these weak bands could gain substantial in inten-
sity. (iii) Breaking of the local adsorption site symmetry adds
new modes. (iv) Finally, a factor contributing to heterogeneity
in vibrational spectra refers to slight line shifts due to naturally
abundant "*C (1.1%) located at random positions within the
carbon skeleton of NTCDA.

According to Fig. 6, vibrational bands which appear well
suited for a detailed analysis are the C-O stretch modes of the
acyl group at 1600-1800 cm ™', besides the spectral region at
700-1200 cm ™. The C-H stretching modes at 3000-3200 cm ™,
on the other hand, are too weak to be detected and are therefore
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omitted in Fig. 6. In addition to their generally small dynamic
dipole moments, the parallel orientation of adsorbed NTCDA
further aggravates their detection. At 1612 and 1630 cm ' we
observe two distinct acyl C-O stretch modes. Due to their high
frequencies and the low density of modes in this spectral region
there is little doubt regarding their assignment. At 1600-1650 cm ™"
the acyl group modes appear at substantially lower frequencies as
compared to gas phase or bulk NTCDA for which 150-200 cm ™"
higher frequencies are found (Table 2). We conclude that the
oxygen atoms interact strongly with underlying Ag substrate atoms.
As a consequence of this chemical interaction, a weakening of the
C-O bond as well as a bending of the CO unit towards the surface
occurs. This is in line with the outcome of our theoretical analysis
and NIXSW findings.**°

For NTCDA adsorbed on a high symmetry site (C,, symme-
try) only one C—O stretch mode is expected which can be
ascribed to the symmetric stretching of the C-O bonds (az) of
isolated NTCDA on Ag(111). The question therefore arises as to
the origin of the second mode. Three explanations appear
reasonable: (i) two different high symmetry sites are occupied
and the low sample temperature prevents migration from
the less strongly bound to the energetically preferred site.
(ii) NTCDA occupies a single site only which, however, is not
a high symmetry site, e.g. the molecule is laterally displaced or
rotated. (iii) the 1630 cm ™" band may indicate the formation of
NTCDA dimers or small aggregates; in this respect we mention
that for a dense layer the acyl band displays a notable blue shift
leading to a broad band at 1625-1675 cm ™" (see Fig. S2, ESIT).

Conclusions

By combining ab initio computations with high-resolution IRAS
measurements an in-depth understanding of molecular layers
on metal surfaces has been attained for the model system
NTCDA on Ag(111). From the excellent agreement between
calculated and experimentally found molecular structure data,
as well as molecular vibrations, we conclude that DFT including
dispersion forces is ideally suited to characterize organic
(mono)layer films involving large molecules. For these systems
van der Waals interactions and chemical bonding are equally
important and omitting either one leads to erroneous results.
Common flaws, such as much too weak bonding or an incorrect
molecular structure are effectively precluded. In general, the
reproduction of structural parameters as derived from NIXSW
experiments is very good, especially regarding the overall
bonding distance and a downward bending of the acyl groups.
Slight deviations between calculated and experimental struc-
tural data are attributed to the effect of lateral interactions
among neighbouring NTCDA molecules.

We find a directional interaction between the acyl oxygen
atoms of NTCDA and specific Ag atoms of the Ag(111) surface.
This is supported by a notable corrugation of the Ag surface,
the dependence of adsorption energies on the local adsorption
configurations (e.g. with and without short Ag-O,, distances),
specific frequency shifts upon adsorption and structural changes
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in the NTCDA molecule. As to the origin of these latter modifica-
tions we confirm a downshift and partial filling of the formerly
unoccupied NTCDA LUMO. While similar structural and electro-
nic changes upon adsorption have very recently been reported
for PTCDA/Ag(111),® quantitative comparison of computed and
experimental vibrational spectra is provided for the first time for
such a large organic molecule adsorbed on a metal surface. The
high accuracy of the calculation in reproducing the experimental
frequency values across the full IR frequency range, leads us to
conclude that errors should be only minor, at least in spectral
regions with low or only moderately high mode densities.
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