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18 Abstract: It is well proven that the properties of organic/metal interfaces play an upmost role in the
19 performance of the organic devices. Here we present a study on structural and electronic
20 properties of high quality 1,4,5,8-naphthalene tetracarboxylic dianhydrid (NTCDA) films grown on
21 an Ag(110) surface. High-resolution scanning tunnelling microscopy (STM) and low energy
22 electron diffraction (LEED) show the presence of two molecular domains. Density functional
23 theory (DFT) calculations indicate that the most stable location of NTCDA corresponds to
24 anhydride Oxygen attached to the Ag atoms along the [110] direction. Photoemission results of the
;2 Cls and Ols core levels demonstrate a strong interfacial bonding, inducing a charge transfer from
27 the Ag metal to the molecular monolayer. An angular dependent study of the C K-edge near edge
28 X-ray fine structure (NEXAFS) spectra provides detailed information concerning the evolution in
29 the NTCDA orientation with the film thickness.

30

31 Keywords: Carbon; NTCDA, self-assembly, photoemission, STM, DFT, organic/metal interface

32

33

34 1. Introduction

35

36 Molecular architecture on metal surfaces represents an important issue in the exploration of nano-
2573 devices!, where self-organization of organic molecules in well-defined geometries plays an
39 essential role>® A fundamental aspect is the interaction at the metal-organic interface that
40 significantly influences the self-assembly properties and thus determines the overall performance
2; of the devices. Therefore, an understanding of this interaction is of paramount importance for
43 optimizing the effectiveness of the organic components.* In other words, the performance of many
44 electronic devices based on organic films such as organic field effect transistors (OFETs), organic
45

46 light emitting devices (OLEDs) and Solar cells>® depends on the bonding of the organic molecules
47 to the metal surface'® and this is why great attention has been paid to studying the properties of
jg organic/metal interfaces by various experimental and theoretical tools.!''* Due to their planar
50 structure, large m-conjugated aromatic organic molecules have the advantage to favor the self-
51 assembly phenomenon on metal surfaces. In addition, such self-organized structures can induce
gg overlapping between aromatic n-orbitals of adjacent molecules leading to delocalization of valence
54 electrons within the molecular film.'>!7 In this context, a large number of studies of n-conjugated
55 molecules like NTCDA,'82! PTCDA,?>? NTCDI? PTCDI*® and Pentacene?* reveal a strong
g? covalent hybridization between the molecules and the reactive metals, resulting in changes in the
58 characteristics of the organic molecular orbitals. Such changes can substantially affect the physical
59 properties of the film, like the electron mobility. In the present work, we have studied 1,4,5,8-
60

naphthalene tetracarboxylic dianhydride (NTCDA) monolayer (ML) deposited on Ag(110)
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substrate. The NTCDA molecule has D2h symmetry along the axis and consists of a naphthalene
core with carboxyl and anhydride end groups. In the literature, it was reported that the core and
the end groups participate both in the bonding of the molecule with the metal surfaces and play an
essential role in determining the assembly of the molecules over the surface.!® According to
literature, NTCDA in the first ML lies flat with respect to the surface plane, mainly because of the
strong interaction with the metal. However, in the case of multi-layer the NTCDA molecules tend
to be inclined and give rise to a lamellar structure as that found in the bulk crystal structure.
Similar results could be obtained when NTCDA was adsorbed on inert surfaces like sulfide,
graphite, or pre-passivated substrates, where the intermolecular interaction exceeds molecule-
substrate interaction.?! On the other hand, it was observed that the NTCDA molecules are bonded
to the metal surface via the carboxylic head-group due to the high electronegativity of the O atoms.
An electron is transferred from the metal surface to fill the LUMO of the molecule, leaving a
positive local state in the metal. This behavior leads to enhancing the chemical bonding between
the oxygen and metal atoms and induces a bending of the NTCDA molecules with carboxylic
head-group lying closer to the surface.’>?® In the present paper, the properties of high-quality
NTCDA films on Ag(110) surface were systematically analyzed using various techniques. We have
chosen the NTCDA molecule because of its successful and promising applications in electronic
devices, such as increasing the conversion efficiency of organic solar cells* and improving the
electron mobility of OLEDs and of OFETs.3> We extended our study to the Ag(110) substrate,
which represents a reactive template for growing NTCDA film.* Our aim was in fact to revise the
structure of the NTCDA monolayer system. In particular, low temperature scanning tunneling
microscopy (LT-STM) was utilized to identify the two molecular domains as suggested from the
low energy electron diffraction (LEED) patterns. Photoemission spectra of the core levels and of the
valence band are presented in combination with near edge X-ray fine structure (NEXAFS) data to
understand the chemical properties at the interface. In addition, the angular dependence of the

NEXAFS spectrum provides information on the orientation characteristics of the NTCDA films.

2. Materials and Methods

2.1. Experiment

The photoemission experiments were carried out using a hemispherical Scienta SES 2002 electron
energy analyzer at the TEMPO beamline of Synchrotron SOLEIL, France. The energy resolution of
the analyzer depends on the pass energy (PE) and is estimated to be about 50 meV at high PE and 5
meV at low PE. Photoemission of the core levels and the valence band, together with NEXAFS
measurements were performed using synchrotron radiation where the suitable photon energy can
be chosen. Core level spectra of Ols and Cls were taken after deposition of NTCDA layer with
different thicknesses. All the spectra were calibrated with Au4f;, at a binding energy of 84 eV on a
clean Au substrate. The valence band data were taken at hv=60 eV and calibrated with respect to
the Fermi level. The NEXAFS spectra were carried out at the Cls and Ols K-edges by varying the
angle O of the incoming beam with respect to the surface plane. The angle was varied from ©=90°
(with the electric field vector of the light parallel to the surface plane) to ©=15° (nearly
perpendicular to it). The NEXAFS spectra were also normalized with a reference adsorption
spectrum measured on carbon-free and clean Au(111) surface under the same experimental

conditions. Such a procedure permits to eliminate the effect of the carbon contamination present on
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the optical mirrors of the beamline. All the photoemission experiments were conducted at room
temperature. The STM and LEED measurements were performed using Omicron high resolution
STM system. Both low and room temperature STM measurements have been carried out. The
corresponding bias and tunnel current are indicated in the images, respectively. All measurements
were performed under ultra-high vacuum of 10-1° mbar and the STM images were calibrated due to
possible thermal drift during the scanning.

The NTCDA was purchased from Sigma-Aldrich without further purification. An Ag(110) single
crystal was prepared with several cycles of standard sputtering with Ar* and annealing at high
temperature until getting a good surface quality. The cleanliness was checked by core level
photoemission and by analyzing the surface state band. Low energy electron diffraction (LEED)
permitted to probe the surface crystallographic structure. The deposition of NTCDA was
performed using a homemade evaporator, which has been degassed for several hours before the
evaporation. The deposition flux was monitored by a quartz balance and the rate was estimated to
about 1A/min. The preparation was conducted in an UHV chamber with base vacuum of 1x101°
mbar.

The fitting procedure of the photoemission spectra was made after a proper Shirley background
subtraction. We have used voigt peaks for the fitting of the photoemission spectra and the binding

energy values are listed in Table 1.

2.1. Theory

The density functional theory (DFT) calculations have been carried out within the slab-supercell
approach by using the Vienna ab initio simulation program (VASP).3”3% The one-electron Kohn-
Sham orbitals are expanded in a plane-wave basis set and electron-ion interactions are described
through the PAW_PBE pseudo-potentials.®4° Exchange and correlation (XC) are described within
the van der Waals density functional (vdW- DF)* with optB86b as exchange functional.*> The
sampling of the Brillouin zone is carried out according to the Monkhorst-Pack method.*> The
chosen cut-off energy is 400 eV, electron smearing is introduced following the Methfessel-Paxton
technique* with o = 0.2 eV and all the energies are extrapolated to 0 K. The convergence of the
energy is kept always on the order of 10 eV. For each configuration we performed a full
relaxation, except for the two bottom layer, while the forces are assured to be lower than 10
eV/nm.

For bulk Ag, by using a cut-off energy of 400 eV and a 16x16x16 k-point mesh we obtained a lattice
parameter a4, of 4.097 A. This result is in excellent agreement with the experimental value of 4.08 A
at room temperature. To obtain the single molecule geometrical configuration we calculated a full
relaxation of all atom coordinates in a unit cell of 20 x 20x 20 A3 using a 1 x 1 x 1 k-point mesh. The
monolayer of NTCDA molecules adsorbed onto a Ag(110) surface was studied considering a slab
of six layers of Ag(110) in a unit cell with lattice parameters b, = (12.2914, 0.0, 0.00) Aandb, =
(4.097, 8.691, 0.00) A ( Ibl=9,608 A), using a 5 x 7 x 1 k-point mesh. The vacuum layer region
between consecutive slabs is 17.8 A, thick enough to ensure negligible interactions between

periodic images normal to the surface when we include the layer.

The adsorption energy per molecule was calculated as:
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E.qs = —E(NTCDA/Ag(110)) + E(NTCDA) + E(Ag(110))
Where E(NTCDA/Ag(110)), E(INTCDA) and E(Ag(110)) are the total energy for NTCDA/Ag(110),
NTCDA and Ag(110) respectively.

We use the Bader method to calculate the charge around the atoms.*> The Bader analysis has been
done considering the total charge density (core plus valence charge density). The STM images were
simulated within the Tersoff-Hamann approach*® where the partial charge density is proportional
to the tunneling current at the position of the STM tip. The simulated images correspond to
constant current mode, using the same bias voltage than the experimental one, and an isodensity of

2.5x105 EIECtI'OI’IS/z&P’.

3. Results and discussion

3.1. STM and LEED investigations

Although the NTCDA/Ag(110) system has been already studied in the past by other techniques,
one can however notice that STM imaging of its surface structure is still missing, whereas it exists
for other substrates* and for analogue systems such as PTCDA on Ag(110).>° Therefore, we
would like here to discuss the structure of the NTCDA monolayer on Ag(110) through a
combination of high-resolution STM images and low energy electron diffraction patterns.

Figure 1a,1b show room temperature STM images, in which large areas of two domains can be
observed. The domains are clearly separated by molecular boundaries. All molecules in each
domain are aligned in a row-like arrangement. STM image of one domain is displayed in Figure 1c,
where the lattice of the Ag(110) surface is also observed, thanks to the good atomic resolution. Note
that we observe different shapes of the molecules depending on the applied voltage, which is likely
due to the fact that we probe different molecular orbitals. To gain a better understanding of the
molecular arrangement, we extracted from the STM image both the base lattice of the Ag(110)
substrate (Figure 1d) and that of the molecular monolayer. Some bright spots are also seen, which
may be due to the diffusion of some NTCDA molecules, as observed in our previous work.* A
comparison between the two lattices permitted to determine the angle between the molecular
domains and the [1 -1 0] direction of Ag substrate to be about 28°.

The crystalline structure of the NTCDA monolayer on Ag(110) can be further analyzed by looking
to the LEED pattern taken at 35eV shown in Figure le. The diffraction pattern confirms the
existence of the two domains on the surface of one monolayer. Moreover, from the LEED pattern
we obtained a superstructure matrix M=(3 0, 1 3) with respect to the Ag(110) unit cell with vectors
laj|=aag, layl=ay, N2, in perfect agreement with the simulation pattern shown in Figure 1f. The
pattern was rotated by 20° to have a good comparison with the LEED image. It is worth noting that
in the unit cell only one molecule was included, which is quite different from the one on Ag(100)'2
and Ag(111)!3 substrates. The unit cell obtained from the simulated pattern correspond to b1=12.6A,,
b2=8.7A and an angle ©=76.7°. This unit cell area of 106.4 A2 is the same than the one reported in
ref.!2. However, the unit cell we obtain is different than the one reported in Figure 6¢ of ref.!? and
Fig. 1b of 5.
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39 Figure 1: (a,b) Room temperature STM image of the NTCDA monolayer on Ag(110) surface at
different scan conditions, (a) V=-0.24V, I=0.22nA and (b) V=-0.35V, 1=0.22nA. (c) Reduced-scale
42 image of one domain not completely covered where the atomic arrangement of the Ag(110) surface
43 lattice is observed, V=0.55V, I=0.22nA. This lattice is marked in red in image (d). (e, f) LEED pattern
and the corresponding simulation pattern that gives a structure described by the matrix M. In the
46 simulation pattern, the red, blue and white dots refer to the diffraction spots by the surface lattices of
the two molecular domains characterizing the NTCDA monolayer. The white dots represent an
49 overlap of the red and blue dots. The white dots highlighted by circles refer also to the Ag(110)

50 reciprocal lattice.
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We performed DFT optimizations of a monolayer of NTCDA on Ag(110) for these two unit cells.
Figure 2 show the two relaxed configurations: panel (a) correspond to the unit cell proposed here
which have an adsorption energy of 2.89eV, while panel (b) corresponds to the unit cell of refs 12
and °! which has an adsorption energy of 2.65 eV. We show also in Figure 2 the comparison, for
each case, between the simulated LEED with the experimental one. We can see that the DFT
calculations favour our proposed configuration, and the LEED comparison clearly rules out the

previously proposed unit cell.
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Figure 2: Optimized geometrical configurations of NTCDA/AQ(110), and the corresponding
comparison of simulated and experimental LEED patterns: (a) this work unit cell. (b) unit cell
previously proposed in Refs.’? and °1. In the simulation pattern, the red, blue and pink dots refer to
the diffraction spots by the surface lattices of the two molecular domains characterizing the NTCDA
monolayer. The pink dots represent an overlap of the red and blue dots. The pink dots highlighted by
circles refer to the Ag(110) reciprocal lattice.

ACS Paragon Plus Environment

Page 6 of 18



Page 7 of 18 The Journal of Physical Chemistry

7 of 18

To obtain a more detailed description of the structural properties, high resolution low temperature
STM images were taken and are shown in Figure 3(a,b). In panel (c) of Figure 3 we show the
simulated STM images corresponding to the NTCDA monolayer on Ag(110) with V= 0.4V for the

oNOYTULT D WN =

configuration described in Figure 2. From the STM images, it seems that the molecules in both
9 domains are positioned with the same orientation and are aligned along the same direction as of
the Ag(110) surface. For a better interpretation of the image, the NTCDA molecule has been
12 superimposed on an enlarged experimental and simulated STM images (Figure 3d). This allows to
13 determine the way how the molecules arrange within the rows with respect to the Ag(110)

substrate.

47 Figure 3: (a) Large scale of high resolution LT-STM of NTCDA monolayer on Ag(110). (V= 0.4V,
48 I= 0.3nA). (b) Enlarged domain. (c) Simulated STM at voltage V=0.4V and at a distance between
the tip and the molecule atoms of about 4A. (d) Main features comparison between experimental

51 and simulated images, and molecular arrangement with respect to STM image.
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3.2. Core level photoemission

The XPS C1s and Ols core level spectra are displayed in Figure 4. The photon energy used was 360
eV for carbon and 700 eV for oxygen. No clear angular dependence was observed for neither C nor
O, indicating the absence of out-of-plane orientation of the molecule in the monolayer regime. For
a quantitative description of the different spectroscopic features, detailed de-convolution of the Cls
and Ols features was given. The fitting procedure was conducted after a proper Shirley
background subtraction. Strong constraint was applied to minimize the free parameters as has

been mentioned in the experimental section.

multilayers

PES intensity (arb. units)
PES intensity (arb. units)

1ML

1ML

292 290 288 286 284 282 538 536 534 532 530 528
Binding energy(eV) Binding energy(eV)

Figure 4: The deconvolution of the C1s (a) and O1s (b) core level spectra after a Shirley
background subtraction. The beam energy was 360eV for C1s and 700eV for O1s measurements.
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Due to the existence of four distinguishable C atoms in a single NTCDA molecule (see insert of
Figure 4) and also considering the satellite effect, it is not surprising to see a complicated fitting
spectrum containing various components. The fitting results are presented in Table 1. Starting from
the monolayer spectrum for Cls, the high energy resolution offered at TEMPO beamline allows us

to discriminate between the different spectroscopic components.

Figure 5 shows the experimental (top) and the theoretical (bottom) core level energies for each O and
C component. Although the absolute value of the experimental and theoretical core level energies
cannot be compared, the comparison of its relative position allows to identify the components of
the experimental spectra.

The features at 284.9eV, 283.95eV and 284.15eV could be assigned to carbon atoms C2-C4 within
the naphthalene core, and the small peaks at 285.47eV, 285.15eV and 285.45eV correspond to their
shake-up satellites, respectively. The peak at 286.97eV is associated with the anhydride carbon and
its satellites are located at higher energy in the range of 287-290eV. The spectrum is rather different
for the multilayer system, in which only two predominant peaks at 285.6eV and 289.35eV prevail.
The former could be reasonably fitted with three components (color marked lines) corresponding
to the C2-C4 atoms of the naphthalene core, while the latter is related to the anhydride carbon. The
2ML spectrum was given as an intermediate state. It contains two C1 atom signals coexisting at
289.25eV and 287.0eV, corresponding to the C1 atoms of the multilayer phase and of the monolayer
system, respectively. Similarly, the C2-C4 signals are presented in the fitting results with marked
lines (multilayer) and solid lines (monolayer). The voigt line-width used for the fitting was 0.5 eV
in the monolayer spectrum and 0.7 eV in the multilayer. These two values were also applied in the
intermediate phase spectrum (2ML). Some points worth noting in the intermediate phase are: first,
compared to the multilayer case, the C2-C4 components from the second monolayer show a tiny
shift of less than 0.1eV in binding energy, which could result from the band bending effect that
acting on the variation of the work function. Second, the splitting between the C1 and C2-C4 peak
becomes larger from 2.82eV in the monolayer to the value of 3.75eV in the multilayer. This
significant difference, of almost 1 eV, clearly indicates a strong covalent bonding between the
anhydride groups and the substrate, rather than the bonding between the naphthalene core and the
Ag substrate. Interestingly, the 2ML system, presents a splitting of also 3.7eV for the second
monolayer and 2.83eV for the first monolayer. This reveals that the second monolayer presents

already similar characteristics as the multilayer case.
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Table 1: Core level energy positions from the fitting at different coverages

Binding Binding
Carbon energy Oxygen energy
(eV) (eV)
C1 286.97 o1 530.85
. c2 284.90 02 533.20
First
ML C3 283.95 S1 531.99
C4 284.15 52 534.14
S1 287.37
S2 285.85
S3 285.15
S4 285.45
C1 289.25 01 532.20
c2 285.70 02 533.55
C3 285.10 S 534.45
Second C4 285.55
ML S1 290.80
52 288.50
S3 287.50
54 288.10
C1 289.35 01 532.40
c2 285.80 02 533.95
C3 285.15 S 534.55
Thick C4 285.60
Layer S1 291.35
52 288.55
S3 287.50
54 288.15

The fitting of the Ols spectrum is given as complementary information. Considering the fact that
there are only two different oxygen atoms, the fitting would be reasonably straightforward. For the
monolayer system, the spectrum can be fitted with two main components O1 and O2 at 530.85 eV
and 533.20 eV, corresponding to the two different oxygen atoms. Two other satellite structures
were added at 532 eV and 534.14 eV to well simulate the fitting of the spectrum. The multilayer
spectrum has a similar shape and can be fitted with two predominant peaks at 532.4 eV, 533.95 eV
corresponding to the different oxygen species and with another peak at 534.55 eV, which is

associated with a shake-up satellite. For the 2 ML system, one observes similar behavior as for the
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i C1s. One should put two different sets of components to well reproduce the 2 ML spectrum. The
5 two sets of components correspond to the one monolayer and the multilayer peaks.

6
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31

gg Figure 5: Experimental (bottom) and theoretical (top) energy of the O1s (left) and Cls (right)
34 core level. The NTCDA scheme describes the atom numbering.

35

36

37

38 3.3. Valence band

39

40 UPS measurements have been conducted to investigate the electronic properties close to the Fermi
41 level. Figure 6a shows valence band data obtained on NTCDA films at different thicknesses taken
2; at low photon energy of 60 eV. The Ag(110) valence band is also shown for the comparison.

44 One can see a predominant intensity in the 4-8 eV range, which originates from the Ag 4d-bands.
45 Upon deposition of NTCDA, the intensity of such bands is significantly reduced, in particular after
j? deposition of a thick layer. At higher binding energies, several resonances develop and become
48 predominant at the multilayer coverage, referring to the orbitals localized within the NTCDA
49 molecules. Additional features occur in the lower binding energy part, close to the Fermi level.
?1) These structures are well seen in Figure 6b. Unlike the Cu(100) case where the Cu 3d-bands overlap
52 with the molecular orbital structures, for the present system one observes the appearance of three
53 new features.

54

55

56 The calculated total density of states DOS (Figure 6c) shows the same features experimentally
57 observed. In this figure it is well seen that the structures observed around the Fermi energy come
58

59 from molecular states. A Bader analysis shows a charge transfer of 1.23 electrons from the surface
60 to the molecule resulting in a partial occupied LUMO, appearing in the spectra as the feature

located at around 0.5 eV, which is cut by the Fermi level. The larger width of the LUMO with

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Page 120f 18

12 0f 18

respect to the other lower energy structures is due to a higher hybridization with the surface. The
other two structures located at around 3.4 eV and 2.5 eV correspond to the HOMO-1, and HOMO
of the NTCDA molecules and the projected DOS (Figure 6d) shows that these structures have
mainly sp? and p, character respectively. Such features have also been observed for NTCDA on

other metal surfaces®> and also for the case of PTCDA/metal systems.>*

||||||||||||||||||||||||||

Multilayer

multilayer

PES intensity (arb. units)

1ML
clean Ag
U (FRTETTTETI FETRATTRTY ARTRURETY ARRRURTINY AAUTY|
4 3 2 1 0
Binding energy(eV)
60 T T T T T T T T
(c) (d)
18+
12+ .
30+ i
0 0 1 =, 1L‘-/\/1\
4 -3 2 1 0 -4 -3 -2 -1 0
Energy - E,, . [eV] E-E..[eV]

Figure 6: (a) UPS spectra of the NTCDA films at different thicknesses on Ag(110) taken at 60eV beam energy;
(b) zoom of the valence band in the range between 0-4eV, showing the HOMO-1, HOMO and F-LUMO. The
clean Ag spectrum is also given for comparison. (c) Calculating DOS: total for NTCDA/Ag(110) (black line);
projected on Ag atoms (red line), and projected on NTCDA molecule (green fill contour); (d) Projected DOS of
NTCDA/Ag(110) on NTCDA: total (black line); pz character (green fill contour) and sp2 character (grey line).
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3.4. NEXAFS analysis

NEXAFS measurements have been performed here to probe the molecular orientation at different
NTCDA thicknesses. Figure 7a depicts the C K-edge adsorption spectrum, which consists of m*
resonances in the 284-292 eV range and a ¢* resonance at higher photon energy.>® The ©* orbital,
which lies perpendicular to the molecular plane, is probed through the excitation of Cls electrons
into the LUMO (LUMO+1) final state. By varying the angle of the incident beam, the n* resonance

shows a clear angular dependence behavior, indicating an ordered arrangement of the NTCDA

monolayer.
Illll|||||||||||||||| I]II]III[II[IIIIIIIIIIIII
(a) C K-edge — 6=20° (b) O K-edge — P
— 0=00° —H=90°
@ Multilayer Multilayer
=
o)
g
2z
2
2
g | 2ML 2ML
1ML IML
I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 11 1 1 ] 11 1 | I 11 1 1 | 11 1 1 I 11 1 1 l
282 284 286 288 290 292 530 535 540 545 550
Photon energy(eV) Photon energy(eV)

Figure 7: (1) Angular dependence of the C K-edge NEXAFS of NTCDA at different coverages. The
Spectra show the 1* resonance in the range of 282-292eV. (b) O K-edge NEXAFS at the corresponding
coverage. The angle @ in the spectra refers to the angle of the in-coming beam with respect to the surface

plane.

We start from the multilayer spectrum as it has a better resolution with predominant resonances
compared to the others. The multilayer spectrum consists of resonances located at 284.1 eV, 285.6
eV, 287.9 eV, and 288.8 eV. The first two resonances correspond to the excitation of Cls electron to
the LUMO and LUMO+1 within the naphthalene core and the other two relate to the anhydride
ones®. While in the 2 ML and 1 ML spectra, the four resonances are less resolved due to the strong
influence from the Ag coupling (mainly because the m* orbitals of the aromatic ring are involved in
the bonding to the Ag substrate). What we would like to highlight here is the angular dependence
behavior of the NEXAFS spectra. For the 1ML system, one can notice that at normal incidence of

the beam, the adsorption resonances are strongly reduced while at grazing incidence, the intensity
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reached the maximum. The O K-edge adsorption spectra given in Figure 7b show the same
behavior. Considering that the photon beam is 100% linearly polarized, one reaches the conclusion
that at 1 ML coverage the NTCDA molecules are lying down on the surface. At thick layer, an
opposite effect is observed indicating that the molecules are standing-up. For the 2 ML system, a
quantitative analysis of the C K-edge spectrum at grazing configuration (6=20°) is shown in Figure
8. The spectrum is fitted as I(E) = a * [§"h00 +5 * I§5500. Tt reveals a large NEXAFS signal (grey
area) originating from molecules of the first monolayer (a = 0.6), while the rest stems from weakly
bonded molecules in the second monolayer (f =0.4), since the corresponding NEXAFS curve
(green area) resembles much to the one of thick layer, but with molecules lying flat because the
measurements were made at grazing incidence. This signifies that most of the molecules in the
second monolayer are flat-lying and have a weak interaction with the substrate. On the other hand,
one observes some weak resonances at the normal incidence configuration (Figure 7a, 2ML, 6=90°),
which means that there are also NTCDA molecules with standing-up orientation. All this indicates
that within the 2ML films, the first monolayer is lying down while the second monolayer presents

a mixed molecule orientation; flat-lying and standing-up.

| BRI LI L L I L I O LB L L B

first ML second ML

0.6 *1 .04 *|

NEXAFS intensity (arb. units)

2ML
NTCDA/Ag(110)

[ iniini
282 284 286 288 290 292
Photon energy(eV)

Figure 8: Quantitative analysis of the C K-edge NEXAFS spectrum taken at
grazing incidence configuration on 2 ML of NTCDA on Ag(110).

5. Conclusion

In this study a combination of LT-STM, LEED, and photoemission measurements with DFT
calculations was made to investigate the structural and chemical properties of NTCDA layers
deposited on Ag(110). The unit cell with respect to the Ag(110) lattice was inferred from the LEED;
and a molecular arrangement was proposed with the molecule axis parallel to the [001] substrate
direction. High resolution LT-STM results further confirmed the existence of two domains with a
clear boundary line and where the orbitals within the naphthalene core are well resolved. A

detailed description of the molecular orientation within each domain was derived from DFT
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calculations, obtaining a good agreement between simulated and experimental STM images. This
allowed a better insight of the molecular arrangement. Using photoemission, we have analysed the
Cls core level spectra and identified the different chemical environments of the carbon atoms
within the molecules. The interface interaction was probed by UPS, which shows the presence of a
partially filled LUMO feature induced by a charge transfer process from the Ag substrate into the
LUMO of the molecule. Finally, NEXAFS shows a clear angular dependence, indicating a well
ordered monolayer with a lying-down structure. The less resolved features in the NEXAFS spectra
compared to the gas phase molecules can be a hint of strong coupling between the Ag electronic
states and the NTCDA molecular orbitals. To confirm this new theoretical description of the
NTCDA/Ag(110) monolayer configuration we also describe the XPS, UPS experimental with

theoretical results.
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