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ABSTRACT

Polycyclic aromatic hydrocarbons (PAH) are promising molecules for a manifold of applications in
organic electronics, spintronics or energy storage devices. Among PAHs, particular attention has
been focused on the synthesis and study of acenes and fused acenes - peri-acenes -, allowing a
tuning of the HOMO — LUMO gap with the size of the conjugated system. As a starting point for
surface synthesis of larger PAHs, we synthesized a 1,1’-bitetracene for the first time. This precursor
molecule consists of two tetracene units connected via the 1,1’-position with a torsion angle of 70°.
Interface properties of the molecule before and after annealing on a Cu (111) surface are
investigated. Using X-ray photoemission spectroscopy (XPS), angle-resolved photoelectron
spectroscopy (ARPES), low-energy electron diffraction (LEED), scanning-tunneling microscopy (STM),
it is experimentally demonstrated that the tetracene units zip up with the help of heat forming peri-
tetracene. These results and the exact adsorption geometry are in excellent agreement to
calculations using density functional theory (DFT). Moreover, the calculations enable the
identification of newly formed valence band states at the interface to Cu (111).



1. Introduction

Band gap opening and engineering of nanographenes has attracted enormous attention in the
context of the development of graphene electronics, optoelectronics, and spintronics.}* Such
nanoscale graphene fragments have a high potential as organic semiconductor materials, as they
enable tunable bandgaps.

An important class of nanographene molecules are acenes and peri-acenes (PA), which are promising
candidates for applications in organic spintronics, organic field effects transistors (OFETs), or organic
light-emitting diodes (OLEDs).}* Acenes consist of linearly fused benzene rings and have unique
electronic properties.>’ Peri-acenes exhibit a two-dimensionally enlarged m-conjugated electron
system that results from the lateral fusion of two acene molecules.?

While the smallest peri-acenes namely perylene (2-PA) and bisanthene (3-PA) were synthesized by
Scholl et al.? in 1910 and Clar in 1948, respectively, the synthesis of higher peri-acenes evokes some
challenges. The first higher PA (n > 4, with n denoting the number of benzene rings along the zigzag
axis), 5-PA, was detected as side-product by mass spectrometry only in 2005.! To circumvent the
intrinsic reactivity in solution-based synthesis, two main strategies have been established. Either, the

reactive sites are blocked sterically providing kinetic stabilization,***

or thermodynamic stabilization
is induced by heteroatom substitution.>*® Kinetically stabilized peri-tetracene (n = 4) and peri-
heptacene (n = 7) have small gaps and limited lifetime in solution.’?* The singlet-triplet energy gap
of 2.5 kcal mol™? reported?®® for a substituted peri-tetracene is much smaller than that of tetracene

(29.5 kcal mol')*® and is indicative of diradical character.* 2024

Since solution-based synthesis routes of unsubsituted peri-acenes with n > 4 have not been
successful so far, on-surface synthesis under UHV conditions is an attractive alternative. By
depositing appropriate precursor molecules, which can undergo oxidative ring-closure or
cyclodehydrogenation catalyzed by a metal substrate, peri-acenes can be prepared on the surface.
This has been shown for 4-PA,% 5-PA,*?” and recently for 7-PA?® (Figure 1a). In these works, using
scanning tunneling microscopy (STM) and non-contact atomic force microscopy (nc-AFM), the
respective atomic arrangements of peri-acenes were characterized. Scanning tunneling spectroscopy
(STS), in addition to spin-polarized density functional theory calculations revealed the electronic
structures. Due to its polyradical character peri-acenes show strong interactions with the surface,?*-%
which results in enhanced screening and a lower energy gap.3!
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Figure 1: (a) Precursor molecules (top) which undergo surface-assisted cyclodehydrogenation to n-PA (bottom).
All peri-acenes present a diradical singlet ground state. Green-filled benzene rings denote Clar sextets. (b) The
Bi4A molecule has a minimum energy at a dihedral angle of ~70° according to computations at the r?’SCAN-3c
level of theory.3? The dihedral angle between the two tetracene wings (marked in pink) was varied in steps of
1°. (c) The computed adsorption configuration after deposition of a Bi4A molecule on a clean Cu (111) crystal is
displayed.

Previous on-surface syntheses of peri-acenes were performed on Au(111) starting from
submonolayer coverages of the different precursor molecules (cf. Figure 1a).2>28 Individual molecules
were studied by STM, STS, and AFM, particularly in the presence of by-products of the
cyclodehydrogenation.

Generally, the assembly, structure, and electronic properties of monolayer films on surfaces are
responsible for the energy level alighnment or determine the growth and structure of multilayer thin
films, which is relevant for integration into optoelectronic devices. We achieve the on-surface
synthesis of peri-tetracene using 1,1’-bitetracene (Bi4A, CssH2,) as a precursor on a Cu (111) crystal.
This alternative starting material leads us to a broader set of compounds for the synthesis of
unsubstituted peri-acenes. This molecule consists of two tetracene wings at a torsion angle of around
70° (Figure 1b). The adsorption configuration of Bi4A on Cu (111) (Figure 1c) will be discussed in
context with experimental and computational results. We show that surface and temperature
assisted cyclodehydrogenation close the C-C bonds at the peri positions and thus zips up peri-
tetracene. In fact, such graphene zipping reactions are already known.33% Another example are
zipping reactions on Au(111) surface, in which the C—F and C-H activations take place.®® But a
detailed analysis of the geometric and electronic structure was not reported for any peri-acene
monolayer so far. We here close this gap and follow this on-surface reaction by core level
photoelectron spectroscopy and angle-resolved photoelectron spectroscopy (ARPES), that images
valence states. Together with additional work function measurements we were able to calculate the
ionization potential (IP) and electron affinity (EA) of Bi4A. In addition to STM measurements on a



Cu (111) crystal, we could also receive a low-energy electron diffraction (LEED) pattern of the now-
formed 4-PA.

2. Methods

The Cu (111) single crystal was cleaned by several cycles of Ar*-ion sputtering at a voltage of 1 kV for
15 min at an argon pressure of 5 - 10° mbar and subsequent annealing to 500 °C for 20 min. The
cleanliness and orientation of the crystal were checked by X-ray photoelectron spectroscopy (XPS),
ultraviolet photoelectron spectroscopy (UPS), scanning tunneling microscopy (STM) and low-energy
electron diffraction (LEED).

The Bi4A molecules were evaporated from a Knudsen cell at rates of 0.1 — 0.3 nm/min determined by
a quartz crystal microbalance (QCM). During evaporation, the single crystal was held at room
temperature. The monolayer was subsequently annealed to 250°C for 30 min to achieve
cyclodehydrogenation. All values of the film thickness were obtained by a comparison of
photoemission intensities between the substrate and the overlayer-related peaks, assuming layer-by-
layer growth. Atomic cross sections were taken from Yeh and Lindau®’ and mean free paths for
organic molecules were calculated according to Seah and Dench.3® According to the crystal structure
of the related pentacene, the molecule-to-molecule distance in vapor-deposited crystals is about
0.35 nm.*® Assuming that the molecules do not lie completely flat, the thickness of a (nominal)
monolayer (ML) was estimated to be 0.45 nm.

Photoemission (PES) measurements in the home-lab were performed in a multichamber ultrahigh
vacuum system equipped with a hemispherical energy analyzer (Phoibos 150, SPECS), an X-ray source
(Al Ka radiation, hv = 1486.7 eV) with monochromator (XR 50 M, SPECS) as well as an UV radiation
source (UVS 300, SPECS). For UPS measurements, the excitation energy of Hel (21.2 eV) and He Il
(40.8 eV) were used. The photoemission spectra were calibrated by reproducing the binding energies
(BE) of Au 4f7/; and Cu 3ps,; at 84.00 eV and 932.56 eV, respectively. Core-level spectra were fitted by
using Unifit 2018.%° A Shirley model background and a Voigt profile (convolution of Lorentzian and
Gaussian profiles) were used. The Lorentzian width for C 1s core-level was set at 0.10 eV, according
to the literature.*! The error on the absolute binding energies is estimated to be less than + 0.05 eV.
For the description of the asymmetric peak shape of C 1s core levels the Doniach-Sunjic-peakshape*?
was used.

Energy-momentum intensity maps were acquired at the PM4 beamline of the synchrotron storage
ring BESSY Il (Berlin) using the ARTOF analyzer of the LowDosePES endstation.*

STM and LEED measurements were performed in a two-chamber UHV system equipped with a
LEED/AES spectrometer (OCI Vacuum Microengineering Inc.) and a variable temperature (VT)-STM
(Omicron NanoTechnology GmbH). For the STM measurements, mechanically cut Pt/Ir tips were
used. The sample and the tip were held at room temperature, and all tunneling voltages were
referenced to the sample. On the STM images displayed in this work, no filtering or smoothing
procedure was applied. The WSxM program* was used to enhance the image contrast and the
brightness of the shown STM images. For LEED analysis, the program LEEDpat*® was used.

Quantum chemical calculations of isolated molecules were performed with the ORCA package.*®

L% in combination with the

Geometry optimizations employed the global hybrid B3LYP functiona
def2-TZVP basis set.*® The DFT calculations for the on-surface geometry optimizations were done

with the Vienna ab-initio simulation package (VASP)>®°? with an GGA-PBE>? exchange-correlation
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functional and the DFT-D3(zero) method of Grimme®* for van der Waals corrections. The projector-
augmented-wave (PAW) method was used for the description of the core electrons and a 400 eV
energy cut-off. Making use of the repeated slab approach for the interface simulation,® the
substrate was simulated by 6 layers of copper and a vacuum gap of around 20 A in z-direction was
introduced between the slabs. The calculations were performed on a 2x2x1 Monkhorst-Pack k-grid>®
using damped molecular dynamics for the structure relaxation until the forces were below 0.01 eV/A.
For the molecular orbital projected density of states (MOPDQS), the hybrid functional HSEQ6 with the
same van der Waals correction scheme and k-grid were used.

3. Results and Discussion

3.1. Synthesis and optical characterization

The synthesis of 1,1'-bitetracene (Bi4A) starts from commercially available bromoxylene (1) that was
brominated at the benzylic positions with N-bromosuccinimide (NBS) (Scheme 1). This yielded
compound 2, along with more highly brominated compounds. This mixture of benzylic brominated
compounds was transformed into the ortho-quinodimethane derivative that in turn formed the
tetracene scaffold 3 via Diels-Alder reaction with 1,4-naphtoquinone. Subsequent reduction of the
quinone with NaBH, in iso-propanol gives 1-bromotetracene (4). The synthesis of 4 thus follows that
of 2-bromotetracene reported earlier.’The cross-coupling of 4 using bis(cyclooctadiene)nickel
[Ni(COD),] provided 1,1’-bitetracene (Bi4A, 5) as an orange solid similar to tetracene (4A). Bi4A also
shows similar solubility in organic solvents as 4A, which is in stark contrast to 2,2’-bitetracene that is
essentially insoluble in organic solvents.”® It was therefore possible to fully characterize Bi4A with
solution phase NMR methods as well as with mass spectrometry.
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Scheme 1: Synthesis of 1,1'-bitetracene (Bi4A). Reagents and conditions: (i) NBS, AIBN, DCM, 50 °C, 72 h {(ii) 1,4-
naphthoquinone, Nal, DMF, 110 °C, 48 h, 37 % for i) and ii); (iii) NaBH4, i-PrOH, 75 °C, 40 h, 82 %; (iv) glovebox:
Ni(COD)2, 2,2'-bipyridine, COD, THF, RT, 20 h, 90 %.

The UV/Vis spectrum (Figure 2) of Bi4A and 4A are very similar. For Bi4A, the longest wavelength
absorption band and the maxima of the vibrational progression of the L, band according to Platt*
are at Amax = 482, 451, 424, and 400 nm. This corresponds to distances of the progression bands of
1426, 1412, and 1415 cm?, which are comparable to those of 4A, and indeed typical for acenes.®® The
UV/Vis spectrum of Bi4A is bathochromically shifted compared to that of 4A by 252 cm™? - 1370 cm*
in the wavelength range from 350 to 500 nm. In contrast, 2,2‘-bitetracene investigated by Pflaum et
al. in anthracene single crystals shows no shifts in the absorption spectrum indicating that the
tetracene chromophores retain their spectral properties in the 2,2’-dimer.>®
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Figure 2: Absorption spectra of Bi4A and 4A measured in DCM at 25 °C (c=6.8-10° mol/L).

The molar extinction coefficients of Bi4A (€4g20m = 12000 M1cm™) and 4A (&47a0m = 9300 M1cm?)
measured in DCM at 25 °C have comparable values (Table 1). For dimers consisting of electronically
non-interacting tetracenes, Bi4A would be expected to have an extinction coefficient approximately
twice that of 4A.5! Thus, the relatively similar extinction coefficients of Bi4A and 4A are an indication
of electronic coupling of the chromophores in Bi4A. The absorption spectra at the highest and lowest
concentration of tetracene and bitetracene in DCM at room temperature are shown in Figure S8.

Table 1: Maxima of the absorption bands and corresponding extinction coefficients measured in DCM at 25 °C.

UV/Vis Amax
[nm]
(e [10*Mcm™])
482 (1.18), 451 (1.04), 424 (0.53),

BidA
400 (0.24), 300 (4.20), 289 (11.80),
274 (16.81)
A 474 (0.93), 444 (0.86), 418 (0.46),

396 (0.15), 296 (2.59), 278 (27.56)
268 (8.26)

3.2. Interface properties between Bi4A and Cu (111)

The energy level alignment (ELA) was determined for Bi4A multilayers on Cu (111) using UV
photoelectron spectroscopy (UPS) (Figure 3). Various effects can affect the measured work function
of molecules on a clean metal surface, including image charge screening, chemical interaction
between substrate and adsorbate, geometry changes of the molecules, or interfacial charge
rearrangements.®2%4 Since in the case of monolayer coverages strong interactions at interfaces may
affect distinctly basic electronic parameters, especially the ionization potential,®® we take multilayer
films for the determination of the ELA. The valence band spectrum of a Bi4A multilayer of 2 nm
thickness and that of the bare Cu(111) substrate were obtained at normal emission (excitation
energy of He |, 21.2 eV). The measured work function ® of Cu (111) (Figure 3a, left side), is in good
agreement with the literature®® (also cf. Table 2). The work function is defined as the energetic
difference between the vacuum level Ey close to the surface and the Fermi level Eg.



The ELA can be directly inferred from the valence band spectra (Figure 3a). We assign the first
emission with the intensity maximum at 2.0 eV to the HOMO. Note that in this multilayer film, no
features arising from copper are visible anymore. To determine the HOMO position with respect to
the Fermi level of the substrate, the onset of the HOMO obtained by a linear extrapolation was taken
(1.40 eV). Together with the work function, we obtain the ionization potential IP = HOMOgnset + O =
5.33 eV. This corresponds to the adiabatic ionization potential since no geometric relaxation occurs
in the time scale of photoemission. Considering the bandgap of Eg,, =2.68 eV obtained from DFT
computations using the B3LYP functional with the def2-TZVP basis set for the isolated molecule, we
can derive an estimate for the electron affinity Ex of 2.52 eV. These data can be put in relation to
experimental values of a tetracene (4A) molecule on a dielectric substrate (En = 2.56 eV, IP =
5.2 eV).”’
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Figure 3: (a) UPS valence band spectra of Bi4A multilayer coverage on Cu (111) and the bare substrate (b)
Energy level alignment of Bi4A multilayer on Cu (111) as obtained from UPS (black values) and DFT (orange
values). All values are given in eV.

Table 2: Experimentally determined work functions for a multilayer deposition and computed work function
changes for the hollow-hcp adsorption site with 0° rotation for a monolayer deposition Bi4A on Cu (111).

calculation experiment

[eV] [eV]
beu(ina) 4.76 4.78
bsian 3.94 3.93
Ad -0.82 -0.85
Adond -0.74 -
Advend -0.04 ;
Adsurt -0.01 _

Table 2 lists the individual contributions to the total work function change A¢ computed using DFT.
The most significant part of the work function change is due to charge rearrangements (Adpong) UpoOn
adsorption. Additional small amounts are attributed to bending/distortion of the molecule (Adbend)
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and to small rearrangements of the metal atoms (Adsurf) upon adsorption. The DFT derived overall
changes in the work function were found to be in very good agreement with the experimental result.
Note, that the experimental values were derived from multilayer coverage Bi4A, while the calculated
values are for a monolayer deposition. This can be compared, if the interface dipole is essentially
formed after monolayer deposition and a vacuum level alignment occurs for subsequent layers.
Additional experimental data for 2 layers of Bi4A deposited on Cu (111) suggest that this is indeed
the case (Figure S13, Supporting Information) as the deviation is about 0.03 eV.

The bond dipole contains contributions of both the competing Pauli push-back effect (negative) and interfacial
charge transfer (positive in the case of an electron transfer to the molecule). For a related system (heptacene
on Cu (100)),%8 it was demonstrated that the size of the push-back may even exceed the charge transfer
contribution. Thus, the sign of the bond dipole in Table 2 is no indication for the direction of the electron
transfer.

3.3. Monolayer coverages of Bi4A on Cu (111) and the effect of annealing

3.3.1. Spectroscopic characterization
The interaction of m-conjugated molecules with coinage metal surfaces like copper may change the
electronic structure distinctly because of charge transfer and chemisorption.®®’2 In some cases even

chemical reactions were observed.”74

Valence-band spectra of monolayer coverages were taken from integrated energy-momentum angle-
resolved photoemission spectra (ARPES) at an excitation energy of 40 eV. This excitation energy was
chosen to optimize the ratio of photoemission cross sections of C 1s and Cu 3p core levels, and the
surface sensitivity. Since the intensity of valence band features is angular dependent, the sample was
rotated by 30° with respect to normal emission (polar angle 8=30°). This affects the wave vector k|,
which is a function of 8 at constant kinetic energy Ex, of the free photoelectrons.” Choosing 6=30°,
regions with maximal HOMO intensities for related m-conjugated molecules are covered (cf., e.g.
Ref.’®). The enlarged view of the low-binding-energy region of angular integrated valence band
spectra of a monolayer Bi4A on Cu (111) before and after annealing (Figure 4a) shows characteristic
features, which we assigned with the help of calculations. In particular, according to the molecular
orbital projected density of states (MOPDOS), the features between 1.6 and 1.3 eV for the Bi4A
monolayer spectrum before annealing (Figure 4a, top panel) can be attributed to the highest
occupied molecular orbital HOMO and HOMO-1 of Bi4A. The broad emission at lower binding
energies can be assigned to the (former) lowest unoccupied molecular orbital (LUMO) in the free
molecule, which becomes occupied at the interface.

After annealing of a Bi4A monolayer to 250 °C, the intensity distribution in the valence band region
changes drastically (Figure 4a, bottom panel): The features around 1.45 eV disappear, and a new,
intense feature peaked at 0.9 eV with a tail towards lower binding energies develops. According to
MOPDOS calculations, this state cannot be attributed to Bi4A anymore, but is in excellent agreement
to the expected energetic positions and intensities of the HOMO and filled LUMO of 4-PA on
Cu (111), with the LUMO and HOMO centered at 0.75 eV and 0.9 eV, respectively. Corresponding
energy-momentum ARPES intensity maps of a monolayer deposition Bi4A on Cu (111) before and
after annealing (Figure $12) clearly show some additional intensity at a wave vector of 1.5 A’ and a
binding energy of 0.9 eV. The MOPDOS calculations confirm that a charge transfer from the substrate
to the newly formed 4-PA molecule occurs, resulting in the occupation of the 4-PA LUMO. In contrast
to that, the surface dipole is significantly reduced due to the Pauli pushback effect, which in turn

leads to a reduction in the work function compared to the clean Cu (111) surface (Figure 4b).
9



However, annealing leads to an increase of the work function by almost 0.3 eV compared to the
unheated layer. The Cls binding energy is simultaneously reduced by 0.7 eV with respect to Er (see
below). This reduces the binding energy with respect to the vacuum level or the Cls ionization
energy by about 0.4 eV, which indicates a chemical modification.

VB spectra & MOPDOS
) of (heated)Bi4A on Cu(111) b) work function
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Figure 4: Integrated energy-momentum ARPES spectra (hv = 40 eV) (lines) and calculated molecular orbital
projected density of states (MOPDOS) (filled areas) of a monolayer coverage Bi4A on Cu (111) before (top) and
after (bottom) annealing. The experimental spectra are compared to the MOPDOS of Bi4A (before annealing)
and 4-PA (after annealing) (a). Measured work functions of the clean Cu (111) surface, 2 ML of Bi4A, and an
ann. ML Bi4A on the Cu (111) substrate obtained at normal emission and an excitation energy of He |, 21.2 eV)

(b).

Energy-momentum intensity maps for the clean Cu (111) surface and a ML coverage of Bi4A (before
and after annealing) on the Cu (111) are shown in Figure 5. To enhance the relative intensity of
substrate-related features, a higher excitation energy of 75 eV was chosen than in Figure 4a (cf.
photoionization cross sections, Ref.3’). The clean Cu (111) surface exhibits the characteristic
Shockley-state (red arrow in Figure 5a), which arises due the termination of the Cu single crystal that
affects the electronic structure at the surface. The Shockley state disappears almost after deposition
of Bi4A and is also hardly visible for the Bi4A monolayer on Cu (111) (Figure 5b,c). The almost
complete disappearance indicates that the electronic structure of the Cu (111) surface has been
changed upon the adsorption of Bi4A. Thus, this observation supports the scenario of a charge
transfer from Cu to the (annealed) Bi4A monolayer, as concluded from valence band spectra (cf.
Figure 4a, the LUMO is filled in both cases).

10



0.0

0.5

1.0

Binding Energy (eV)
Binding Energy (eV)
Binding Energy (eV)

15

20
10 -05 00 05 10
k(@A)

Figure 5: Energy-momentum ARPES intensity maps (obtained at normal emission) of a clean Cu (111) surface
with a pronounced Shockley-state (red arrow) (a), a ML Bi4A/Cu (111) (b) and an annealed ML Bi4A/Cu (111) (c)
at an excitation energy of hv = 75 eV. The strongly suppressed Shockley-state in b) and c) indicates a strong
electronic coupling of the molecules with the copper surface.

Further evidence for strong interactions or even chemical reactions can be obtained from core level
photoelectron spectroscopy. C 1s core level spectra of a monolayer of Bi4A on Cu (111) before and
after annealing show a distinct shoulder at the low binding energy side, which is typical for larger
acenes on copper surfaces’’ (Figure 6). The core level spectra can essentially be described by two
components, assigned to C-C and C-H species. In agreement with further reports on acenes’®”® and
graphene nanoribbons,®° the C-H components appear at a lower binding energy compared to the C-C
components. An asymmetric Doniach-Sunjic peak shape has to be applied, which indicates strong
electronic coupling with the metallic substrate.*? Further XAS spectra (Supporting Information, Figure
$14) point to a planarization of the Bi4A molecule already before annealing which is in good
agreement with the DFT-optimized adsorption structure of Bi4A / Cu (111) (Figure 1c).

In addition, the peak fit in Figure 6 reveals that the relative intensity of the low binding energy
component decreases distinctly upon annealing. This implies that the number of C-H atoms is
decreased as expected for a gradual progress of a chemical reaction from Bi4A to 4-PA. Moreover, a
significant peak shift is visible: The binding energy of the main component decreases from 284.8 eV
before to 284.1 eV after annealing. A possible reason is the chemical reaction and a filling of the
LUMO of 4-PA, as already discussed in commenting the valence band spectra.
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Figure 6: C 1s core-level spectra fitted with two different components (carbon bond to carbon (CC) and carbon
bond to hydrogen (CH)) according to DFT calculations of a monolayer Bi4A before (a) and after (b) annealing to
250 °C.

In summary, photoelectron spectroscopic measurements indicate that upon annealing a
cyclodehydrogenation of Bi4A occurs and most probably 4-PA is formed. Its formation is further
substantiated by additional investigations discussed in the following sections.

3.3.2. Confirmation of the surface-assisted formation of 4-PA by STM and LEED

To confirm a possible surface-assisted cyclodehydrogenation of Bi4A to 4-PA on copper surfaces,
STM and LEED measurements were performed for the monolayer annealed to 250 °C (Figures 7 and
8). The STM image of a large surface area (Figure 7a) clearly shows the formation of regions with a
high ordering (dark rectangles). Within these regions the molecules arrange in three different
directions, which are related to the threefold crystal symmetry. This is discussed in detail together
with the LEED images below (Figure 8). The STM image in Figure 7b shows a smaller area in a
particular well-ordered region. In this region only a single domain is observed; the molecules are
arranged along the [110] direction of the substrate. A closer inspection of the arrangement by a line
profile (black line in Figure 7b) confirms the already observed periodicity. The apparent height of the
molecules is about 60 pm, distinctly less than expected for a flat lying molecule, which may indicate
that the separation between the molecules is small and thus the correct distance to the substrate
surface is not imaged. Most importantly, the distance between two valleys in the line profile of
Figure 7c, drawn in the direction of the shorter molecular axis, is significantly larger than expected
for a single acene molecule. In addition, the molecules appear comparably planar and not twisted as
expected for Bi4A (see above). A high disorder of the molecules is probably responsible for the fact,
that no structures could be recognized in the STM (cf. Figure S9).

Rather, the distance between the valleys in Figure 7c is in good agreement with the expected width
of a peri-tetracene (4-PA) molecule (Figure 7d) which was calculated for the isolated 4-PA using the
global hybrid B3LYP functional, in combination with the def2-TZVP basis set. Thus, the experimental
STM data provide further evidence that a surface reaction turns Bi4A into 4-PA. Temperature
dependent STM studies suggest that at a temperature of 250 °C largest regions of highly ordered
molecules were formed (Supporting Information, Figure S9).
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Figure 7: STM images of the annealed Bi4A monolayer/Cu (111): (a) annealed Bi4A islands of different domains
(U=-0.2V, I =1 nA, measured at room temperature); (b) annealed monolayer coverage (U=-0.2V, | =1nA,
measured at room temperature); (c) topological profile; (d) calculated dimensions of 4-PA molecule; (e) zoom-
in STM image of an annealed monolayer coverage Bi4A (U=-0.2V, | =1 nA, measured at room temperature);
(f) simulated STM image; (g) structural model of the ideal adsorption place of 4-PA on Cu (111) from above
(top) and aside (middle and bottom).

The adsorption geometry and proposed surface reaction is further supported by LEED, which probes
larger, highly ordered surface areas. The experimental LEED pattern (Figure 8a) was recorded at a
beam voltage of 18.5 eV at normal incidence of the electron beam. At this low beam energy, the
spots represent the ordered molecular layer. A flower-like pattern of sharp LEED spots is clearly
visible, indicating the formation of a highly ordered superstructure. The unit cell derived from the
LEED pattern (Figure 8b) and calculations point to a 4-PA superstructure. The LEED pattern can be

), as derived with the help of LEEDpat.®!

described in matrix notation by (_63 5



Figure 8: LEED image of an annealed Bi4A monolayer on Cu (111) at a beam energy of 18.5 eV (a), simulated
lattice with unit cell defined by a; =142 A, a,=11.1A, a =105.54° (b) and corresponding simulated LEED
pattern of a 4-PA molecule on a Cu (111) surface (c).

Due to the symmetry of the Cu(111) substrate there exist three rotational domains plus their
inversion caused by the displacement of the molecule by one copper row at a time. These six
rotational domains are indicated by different colors (Figure 8c). Due to the layer growth along the
different domains, island formation on (111) surfaces is a well-known phenomenon. Complex LEED
patterns on (111) surfaces with three rotational domains were also found for tetracene on Ag (111)%*
8 and Si (111).2* While the LEED pattern of tetracene has a hexagonal shape, our pattern appears
more like a six-petaled flower. The more square the unit cell becomes (and so the molecule), the
more the LEED pattern changes from hexagonal to six-petaled.®’

The experimental STM and LEED results are in excellent agreement with theoretical predictions. We
calculated the adsorption geometry and electronic structure of Bi4A and 4-PA on Cu (111) at the level
of density functional theory employing the repeated slab approach.>’

For Bi4A / Cu (111) various starting geometries were tested. The optimal adsorption site is the
7 -1
-3 6
der-Waals interactions with the Cu (111) surface lead to a partial planarization of the molecule upon

hollow-hcp site with an ( ) overlayer structure. It is important to note that the strong van-

adsorption, however, the steric repulsion of the hydrogen atoms on neighboring arms of the
molecule prevents the molecule from adsorbing in a completely flat configuration (see Figure 1c and
Figure S11). The average adsorption distances of the carbon and hydrogen atoms are dc = 2.95 + 0.54
Aand dy=2.98+0.67A, respectively, where we have defined the uncertainties in these numbers as
standard deviations of individual atomic adsorption distances. Another measure for the non-planarity
of the adsorption configuration of Bi4A / Cu (111) is given by the maximum out-of-plane
displacement of the carbon atoms, Ad = d¢ max — demin, for which we obtain a value of 1.81 A.

The adsorption configuration of 4-PA / Cu (111), on the other hand, is computed to be almost
entirely flat. Four adsorption sites on Cu (111) were tested as initial configuration, namely the top,
bridge, hollow-fcc and hollow-hcp site. By calculating the adsorption energies of these four
adsorption configurations, we determined the most favorable one, showing that 4-PA adsorbs in an
almost flat configuration at the hollow-hcp site (see Figure 7g). The most-favorable adsorption

geometry results in a ( 6 ) surface unit cell, in nice agreement with experimental LEED data.

-3 5
To ensure the system is not in a local minimum, additional calculations for 5° rotated molecules have



been performed, confirming the hollow-hcp site and the azimuthal orientation shown in Figure 7g as
the most favorable adsorption configuration. Here, the average adsorption distances are dc = 2.66 +
0.06 A for C atoms and dy = 2.64 + 0.05 A for the H atoms, where the small standard deviations
reflect the planar adsorption configuration. On close inspection, we identify a slight overall bending
of the molecule along the armchair-edged axis which we quantify to be Ad = 0.22 A defined in the
same way as above. Based on the relaxed geometry, we simulated the STM using the Tersoff-Haman

8687 hy assuming and a voltage of -1.0 eV. The resulting image (Figure 7f) is in excellent

approximation
agreement with the experimental STM data (Figure 7e), confirming the formation of the planar 4-PA

on Cu (111) upon annealing of Bi4A.

4. Conclusion

The molecule 1,1’-bitetracene (Bi4A) was synthesized for the first time and characterized by different
spectroscopic techniques. The interface properties between Bi4A and Cu (111) was thoroughly
studied by UPS, XPS, STM, LEED and DFT calculations. UPS and XPS measurements, together with DFT
calculations, reveal a strong interaction with the copper surface of Bi4A and the annealed Bi4A (4-
PA), which leads towards a planar geometry adsorption and a filled LUMO. The results reveal that
Bi4A undergoes a cyclodehydrogenation to peri-tetracene (4-PA) on Cu (111) after annealing to
250 °C. 4-PA adsorbs along three rotational domains along the [110]-direction of the copper surface
which results in an island formation. Thus, Bi4A can be regarded as a new precursor molecule for an
on-surface reaction to 4-PA.
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