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ABSTRACT. We report the interface energetics of decacyclene-tri-anhydride (DTA) monolayers on
top of two distinct model surfaces, namely Au(111) and Ag(111). On the latter, combined valence band
photoemission and X-ray absorption measurements that access the occupied and unoccupied molecular
orbitals, respectively, reveal that electron transfer from substrate to surface sets in. Density functional
theory calculations confirm our experimental findings and provide an understanding, not only of the
photoemission and X-ray absorption spectral features of this promising organic semiconductor, but also

of the fingerprints associated with the interface charge transfer.
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Organic semiconducting materials hold great promise in several applications relying both on electron
accepting (n-type) and electron donating (p-type) components, such as organic light-emitting diodes,'
photovoltaics® or complementary logic circuits’. However, in spite of intensive research, n-type organic
materials typically show susceptibility to air,* which affects their transport properties. Consequently
they normally have significantly worse performance as compared to their p-type counterparts. The
search for novel electron acceptors that prevent oxidation and improve electron transport in the material
has brought to the development of novel synthetic approaches that enable addition of electron-deficient
groups to a m-conjugated core, thereby increasing its electron affinity.* Examples of such m-conjugated
cores are rylenes, such as perylene, which can amenably form perylene tetracarboxylic dianhydride
(PTCDA). PTCDA is, along with few other molecules, amongst the most popular n-type organic
semiconductors for fundamental metal-organic interfacial studies.” The success of this acceptor
molecule featuring two electron-deficient anhydride groups calls for the synthesis and characterization
of molecules with an increased number of anhydrides as promising candidates for n-type organic
semiconductors.’

Recently, we have demonstrated a facile and efficient pathway towards the synthesis of a decacyclene
molecule bearing three anhydride functional groups, decacyclene trianhydride (DTA, Figure 1a), which
holds great promise in the field of organic electronics.”® While metal/organic interfaces define the
charge carrier injection in organic optoelectronic devices, which is a key parameter for their efficiency,’
no studies have been performed yet on the electronic properties of the interfaces between DTA and
metal surfaces. Because gold is amongst the most common electrode materials in devices, we focus this
work on the characterization of the interfacial electronic properties between DTA and the Au(111)
surface. On the other hand, minimized charge carrier injection barriers from n-type semiconductors are
expected for low work function electrodes. For this reason, the same experiments have been performed
on Ag(111) and compared to those on Au(l111) in order to learn about the substrate effect on the

interfacial properties and energy level alignment.
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DTA molecular layers were prepared on Au(111) and Ag(111) by sublimation, and C and O core
levels were analyzed by x-ray photoelectron spectroscopy. Core levels are sensitive to the atom’s
chemical environment and have been further shown to allow following energy level alignment changes
from their energy shifts.'®!" The core level spectra of DTA monolayers on Au reveal two main lines for
the Cls levels (Fig. 1b), in line with previous findings on PTCDA.'? These features comprise, on the
one hand, the C atoms bonded to O, displaying a higher binding energy (288.5 eV) due to their loss of
electrons to the more electronegative O atoms. On the other hand we find the signal of the decacyclene
core C atoms grouped (within our experimental resolution) into a single and more intense peak at 284.4
eV. The Ols spectra also display two lines, corresponding to the two chemically different O atoms (Fig.
1b), namely O1 and O2. The peak assignment is done by analogy to the core levels of PTCDA'? and
NTCDA." An unexpectedly large O1/02 intensity ratio is derived from a simple two-peak fitting. Note,
however, that the Ol line sits on the inelastic background of the O2 peak and is largely affected by
satellites.'® Because our deconvolution attempts did not provide unambiguous results, a precise analysis
of the O1 peak energy and intensity is hampered and the values provided henceforth correspond to those

of a single line including the contribution of the main O1 peak convolved with the O2 satellites.
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Fig. 1. a) Molecular structure of DTA, displaying its 8 chemically non-equivalent C sites and 2 non-equivalent O sites. b) O
Is and C 1s core-level phoemission spectra (symbols) and fits (solid lines) of DTA monolayers on Ag(111) and Au(111)
surfaces (top and bottom, respectively). The assignment of the core-level fit components to the various atomic species in

DTA is displayed at the bottom of the graph.

On the more interactive Ag(111) surface, the Cls and Ols spectra both show broader and less defined
peaks. Indeed, the strongest line in the Cls spectrum presents an increased, asymmetric width and
directly requires an additional component in the fit (Fig. 1b). The Ols spectrum also shows a
remarkable increase in the peak widths (Fig. 1b), related to the shorter photo-hole lifetime upon stronger
hybridization of the molecule with the substrate. It is worth noting that in spite of the significantly
different work function of Ag(111) and Au(111) (close to 1 eV different),"* the core level binding
energies do not shift accordingly. Instead, except for the signal from C8 atoms and the new C 1s
component, the peak’s binding energies remain relatively unchanged (see Table 1 summarizing the
binding energies of all fitted components). In the case of O2 there is even a slight shift in the opposite
direction, all of it hinting toward a counterbalancing charge transfer effect as the work function

11,15,16
decreases. ™

Table 1. Core level binding energies of DTA on Au(111) and Ag(111) and energy level shift (8) between substrates.

Binding energies in eV Au(111) Ag(111) &

Cl1,C3,C4,C6,C7 284.52 0.11
Cls 284.41

C2,C5 285.31 0.9

C8 288.47  289.08 0.61
o1s 92 531.33  531.21 -0.12

01 533.05  533.12 0.07

The charge transfer is indeed corroborated by combined valence band photoemission and near edge

X-ray absorption spectroscopy (NEXAFS), used to access the occupied and unoccupied molecular
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orbitals, respectively. Valence band photoemission spectra are shown in Fig. 2a after subtraction of the
signal measured on the clean substrates. On Au(111) no signal is observed at energies above the highest
occupied molecular orbital (HOMO, centered at about 1.5 eV). On Ag(111), the HOMO level is
observed at about 0.4 higher binding energies. The concomitant reduction in electron injection barrier
aligns the lowest unoccupied molecular orbital (LUMO) with the Fermi level, an ideal situation for the
use of DTA as electron acceptor material. This is concluded from an unambiguous additional signal
appearing at low binding energies, truncated at the Fermi level. This signal is a clear signature of a

partial filling of the LUMO, as previously observed on Ag(111) also for the closely related PTCDA

12,17,18 14,19,20

as well as for other molecules.

The models describing weakly interacting interfaces fail to account for this LUMO filling.'"""> Even
under Fermi level pinning conditions, only very small charge transfer amounts are needed to create the
associated interface dipoles that keep the LUMO close to, but above, the Fermi level upon work

function reductions.'""

Instead, a scenario must be invoked beyond Fermi level pinning, in which a
significant chemical interaction with the substrate accounts for this substantial charge transfer. In the
case of its “sister molecule” PTCDA, the following interaction was proposed: a strong molecule-
substrate bonding by the O2 atoms causes a lengthening of their C=0O double bonds towards a C-O
single bond. This change is accompanied by a rehybridization of the backbone structure that increases
the aromaticity of the adsorbate. In turn, this surface-induced aromatic stabilization allows the LUMO to
lower its energy below the Fermi level in spite of competing phenomena that tend to keep the LUMO
above it.”' Based on the similarity of PTCDA and DTA, we assume a comparable scenario. This is
indeed supported by density functional theory calculations (DFT) revealing the O2 atoms to be about

0.5 A closer to the surface than the other atoms in the adsorbed molecule (see supplementary

information).
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Fig. 2. a) Valence band photoemission signal of DTA monolayers (solid lines) on Ag(111) and Au(111) surfaces together
with the respective clean substrate reference signal (dashed lines). The substrate spectra have been rescaled to account for the
overlayer attenuation and allow their subtraction from the spectra of molecular layers. At the bottom, the differential
intensity after subtraction of the respective contribution of either substrate is displayed for comparison. b) Associated
NEXAFS C K-edge spectra on the same samples measured under p-polarization (solid lines) and s-polarization (dotted lines)

conditions.

The filling of the LUMO level is observed also in the NEXAFS spectra, measured both at the C and O
K-edges. We first focus on the C K-edge spectrum on Au(111), displayed in Fig. 2b for s- and p-
polarization, that is, with the electric field vector parallel and nearly perpendicular to the surface,
respectively. Three main peaks are observed under p-polarization, namely A, B, and C. For the two
latter, side peaks are observed (labelled B’ and C’) separated 0.9 eV from the main lines. The absence of
an A’ side peak may be real or the signal may be hidden due to its superposition with peak B. However,
the origin of these side peaks remains unknown. When comparing with the spectra on Ag, we observe
various changes: (i) the resonances appear broader and worse resolved, (ii) the side peaks are not
observed any more (whether their origin disappears or they are no longer observed because of the
overall broadening, is unclear), (iii) resonance A is significantly quenched, and to a lesser extent also
resonance C. The lowest energy transition, resonance A, is expected to represent excitations into the
LUMO level. Its quenching implies a reduced availability of the empty states for transitions and thus
confirms the partial filling of the LUMO, as previously concluded from photoemission experiments.

Alternatively, changes in intensity may arise also from changes in molecular orientations. In that case,
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however, the resonance’s intensity should increase under s-polarization, while it remains absent for that
polarization on both Ag and Au substrates alike. A similar lying down molecular configuration is thus
concluded for both substrates and the possibility that the reduced intensity of A is due to changes in the
molecular orientation amongst substrates can be discarded.

Similar deductions can be drawn from the O K-edge spectra (Fig. S1). On Ag(111) the spectra also
show a significant quenching of the first resonance as compared to the spectrum on Au(111), again
without any intensity increase under s-polarization. In addition to the partial LUMO filling, this hints to
a LUMO distribution across both C and O atoms in the molecule.

The above conclusions are further supported with DFT calculations. Figure 3a and 3b show,
respectively, the energy and spatial distribution of low energy molecular orbitals in free standing
molecules, including the HOMO and the lowest unoccupied molecular orbitals. These calculations serve
our need to visualize the molecular orbitals and confirm, as expected, that the doubly degenerate LUMO
orbitals distribute across most of the molecule’s C and O atoms. However, to get further insight into the
effect of the substrate, additional calculations for DTA adsorbed on Au(111) and Ag(111) have also
been performed.” The projected density of states on the low energy molecular orbitals of the adsorbed
molecules is depicted in Fig. 3c. It reveals a shift to higher binding energies of the molecular orbitals
when changing from Au(111) to Ag(111). In addition, the orbitals broaden on Ag(111). This is observed
strongest on the originally unoccupied orbitals and is indicative of a stronger molecule-substrate
hybridization on Ag(111). As a result of the molecular shift and the broadening, the LUMO and
LUMO+1 orbitals cross the Fermi level and become partially filled. Thus, the appearance of an
occupied electronic state truncated at the Fermi level in the photoemission spectra, as well as the
broadening of the unoccupied orbitals and the decrease in the first NEXAFS resonance, are excellently

explained by our calculations.
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Figure 3. a) Calculated energies of the low energy molecular orbitals of DTA in gas phase. b) Spatial distribution of the

molecular orbitals outlined in (a). ¢) Calculated projected density of states (pDOS) of low energy molecular orbitals

evidencing the energy level alignment associated with DTA molecules at the interface to Au(l11) and Ag(111). d)

Calculated C K-edge NEXAFS spectra of DTA in gas phase for p-polarization (solid lines) and s-polarization (dashed lines).
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The three main spectral features have been labelled A, B, and C in analogy to the experimental data. The colored bars mark
the discrete transitions at low energies (those contributing to A, B and C), with their heights denoting the transition intensity
and the colors denoting the contribution of each molecular orbital to the final excited state. The originating C atom is

additionally given for each of the transitions.

Also the disparate response of the different core levels to charge transfer can be understood from our
calculations. Core levels are known to be particularly sensitive to the chemical state of the atomic
species and thus to hybridization or charge transfer across the metal-organic interface. The associated
chemical shifts of the different core-levels depend on the degree to which they are affected by the
hybridization or charge transfer, which in turn depend on the spatial distribution of the orbital(s)
involved.!' This has been nicely observed for example with the various core levels of CuPc as it is
gradually doped with Na.** Core levels of atoms with low contribution to the electron-accepting orbitals
show shifts close to that of the vacuum level. Instead, core levels of atoms with strong contribution to
the electron-accepting orbitals significantly depart from the vacuum level shift and even shift in the
opposite direction due to the additional charge.”> The same occurs with DTA on Ag(111): The atoms
with largest contribution to the electron-accepting orbitals LUMO and LUMO+1 are C1,C3,C4,C6,C7
and O2. Their core level energies thus remain unchanged with respect to the Fermi level and do not
follow the vacuum level shift associated with the change from Au(111) to Ag(111). Instead, the signal
from C8 partially follows the vacuum level and thus shows a significant shift when comparing both
substrates. The same applies to the signal of C2 and C5, which therefore separates from the main peak
and appears as a new independent component in the XPS spectra on Ag(111)."

However, because of the presence of so many chemically different carbon atoms, all acting as initial
states for X-ray absorption, the NEXAFS spectra are not as straightforward to understand. To clarify
why also resonance C in Fig. 2b decreases in intensity on Ag(111) as compared to Au(111) we have
performed additional calculations. Figure 3d displays simulated NEXAFS C K-edge spectra of free-

standing DTA molecules, evidencing under p-polarization three first resonances clearly reminiscent of
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the resonances A, B and C in Fig. 2b. Below the calculated spectrum, the various transitions
contributing to the calculated intensity of resonces A, B and C are displayed as bars. And within each
bar, the contribution of the various unoccupied orbitals to the excited state is provided by the
corresponding color code. We can thus observe that while the orbitals contributing the most to the
transitions included in resonance A are LUMO and LUMO+1, the orbitals contributing most to the
transitions included in B are higher energy orbitals. Coming to resonance C we see that, although to a
lesser extent than in A, the transitions involved include again excited states with a significant
contribution of LUMO and LUMO+1. Here, however, the initial state is the Cls level of C8, which
features a higher binding energy and therefore results in a higher excitation energy in the NEXAFS
spectrum. Because LUMO and LUMO+1 are the orbitals affected by charge transfer on Ag(111), this is
all in excellent agreement with a decrease in the C K-edge NEXAFS spectra of resonance A, a lower
decrease in resonance C, and a hardly unchanged intensity in resonance B.

Altogether, we have performed a synchrotron-based spectroscopic analysis of DTA’s electronic
properties at the interface to metallic surfaces of significantly different work function and reactivity,
namely Au(111) and Ag(111). When changing from Au to Ag, the molecular levels distinctly lower
their energies. The hole injection barrier increases by 0.4 eV and the concomitant reduction in the
electron injection barrier causes charge transfer into DTA’s empty molecular states to set in on Ag(111).
DFT calculations reveal the charge transfer to involve the LUMO and LUMO+1 levels and provide an
excellent understanding of the spectroscopic fingerprints observed both in the photoemission and X-ray
absorption measurements. This understanding is expected to be of great use for future research on this
new and highly promising n-type organic semiconductor.

METHODS

The Au(111) and Ag(111) surfaces were prepared by standard Ar' ion sputtering and annealing
cycles, and their cleanliness checked by XPS prior to molecular deposition. The molecular layers were
prepared by DTA sublimation from a resistively heated Knudsen cell onto single crystal surfaces held at

room temperature. The sample coverage was monitored by means of a quartz crystal microbalance.
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All measurements were performed at room temperature under ultrahigh vacuum (UHV) conditions at
the ALOISA beamline of the synchrotron light source ELETTRA in Trieste (Italy). The photoemission
data were collected by means of a hemispherical electron energy analyzer in normal emission (for XPS)
and at 45° off-normal emission (for the valence band) while keeping the sample at grazing incidence
(~4°), with excitation energies of 140 eV (valence band) 500 eV (Cls) and 610 eV (O 1s). The binding
energy of core-level spectra is carefully calibrated taking the substrate core-level energies as absolute
references. NEXAFS spectra were taken in partial electron yield by means of a channeltron detector.
Spectra measured at the C and O K-edges were calibrated by acquisition of the Cls-n" and Ols-n* gas
phase transitions of CO at hv=287.4 ¢V and 534.21 eV, respectively.”* The manipulator is coaxial to the
photon beam, which allows to change the orientation of the surface with respect to linear polarization of
the beam while keeping constant the grazing angle, i.e., without changing the beam footprint on the
sample. For more details about the scattering geometry, see Ref. 25.

DFT calculations were carried out by means of the Amsterdam Density Functional (ADF) code.*® All
atoms were described through basis sets of TZP quality (triple-C Slater-type orbital plus one polarization
function) given in the program database, including all of the core electrons in the calculation (i.e., with
no frozen-core approximation). The exchange-correlation energy was computed according to the
BHandHLYP hybrid functional.”® The results were checked using the local density approximation
(LDA) by means of the Vosko—Wilk—Nussair (VWN) functional *’ and generalized gradient
approximation (GGA) by means of the Perdew—Burke— Ernzerhof (PBE) functional.”® The first step of
the calculations consisted of obtaining the structure of the DTA in its ground state. The structure was
relaxed until a maximum force below 0.04 eV/A was obtained. In a second step, the NEXAFS
transitions were modeled. Taking as starting point a DFT calculation, there are several strategies to
calculate and to analyze NEXAFS spectra. Some of these methods allow calculating individual peaks of
the spectra assigning each peak to a single transition (i.e. a transition of an electron from one single core

9

level to a single unoccupied level). These approaches, e.g. A-SCF methodology *° or the transition
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potential approximation (TPA),*® make possible to analyze the NEXAFS spectra in a simple and
intuitive way, providing also, in general, accurate results. However, these approaches, although very
useful in practice, lack a fully rigorous theoretical basis. On the other hand it is possible to employ the
Time-Dependent DFT (TDDFT) method to study NEXAF spectra,”’ which has a solid theoretical
ground. The price to pay by using TDDFT is that the analysis of the single peaks becomes more
complex, involving in general more than a single transition. This happens because upon an electron
excitation, the created hole makes the electrostatic potential more attractive close to it and thus the
excited level will not be anymore the one of the molecule in its ground state, but will be polarized. In
order to describe this polarization is necessary to express the transition as combination of several
unoccupied levels. In the present work we have used the TDDFT method. As was expected, there was a
shift between the TDDFT-calculated and experimental spectra. The smallest shift (a 2 eV blueshift) was
obtained with the BHandHLYP functional and also the relative positions of the different peaks in the
spectra were better reproduced with the BHandHLYP functional. For this reason, we used the
BHandHLYP results for the peak assignment and analysis of the C 1s and O Is edges experimental

spectra.
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SUPPORTING INFORMATION. Oxygen K-edge NEXAFS spectra of DTA monolayers on Au(111)
and Ag(111) (Fig. S1), details on the DFT calculations, including description and comparison of the
various functionals used, the geometry and unit cell used in the calculations of the adsorbed molecule
(Fig. S2), and distance to substrate for each molecular atom (Table 1). Full references including the
complete author list for references with more than 10 authors. This material is available free of charge

via the Internet at http://pubs.acs.org.
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