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Abstract

The controlled modification of electronic and photophysical properties of polycyclic aromatic hydrocarbons by chemical functio-
nalization, adsorption on solid supports, and supramolecular organization is the key to optimize the application of these compounds
in (opto)electronic devices. Here, we present a multimethod study comprehensively characterizing a family of pyridin-4-ylethynyl-
functionalized pyrene derivatives in different environments. UV-vis measurements in toluene solutions revealed absorption at
wavelengths consistent with density functional theory (DFT) calculations, while emission experiments showed a high fluorescence
quantum yield. Scanning tunneling microscopy (STM) and spectroscopy (STS) measurements of the pyrene derivatives adsorbed
on a Cu(111)-supported hexagonal boron nitride (#BN) decoupling layer provided access to spatially and energetically resolved
molecular electronic states. We demonstrate that the pyrene electronic gap is reduced with an increasing number of substituents.
Furthermore, we discuss the influence of template-induced gating and supramolecular organization on the energies of distinct mo-
lecular orbitals. The selection of the number and positioning of the pyridyl termini in tetrasubstituted, trans- and cis-like-disubsti-
tuted derivatives governed the self-assembly of the pyrenyl core on the nanostructured #BN support, affording dense-packed arrays

and intricate porous networks featuring a kagome lattice.
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Introduction

Atomic-level control of molecular materials at interfaces is
crucial to fully exploit the materials’ potential in electronic,
optoelectronic, spintronic, and sensing applications [1,2].
Specifically, the effects of adsorption, conformation, and supra-
molecular organization on the resulting electronic and optical
properties of molecular tectons and the respective assemblies
must be comprehensively characterized [3-6]. Diverse self-
assembly protocols have been extensively explored on metal
substrates, and organic—metal interfaces have been analyzed in
great detail [7,8]. In many cases, molecule—metal interactions
can adversely affect the intrinsic electronic characteristics of
molecular adsorbates and quench the optical properties [9-13].
Consequently, recent studies aiming to characterize the relation
of adsorption, supramolecular organization, and electronic and
optical properties in organic layers relied on bulk insulator
supports [14-16]. As a promising alternative to bulk insulators,
ultrathin dielectric films can act as decoupling layers but main-
tain the possibility to perform STM and STS measurements
[17]. Atomically-thin #BN sheets attracted considerable interest
as such spacer layers [18] and can promote site-dependent
decoupling and adsorption [19,20], yielding access to optical
transitions [21] as well as allowing for orbital-resolved STM
imaging [19,21-23]. For instance, ABN/Cu(111) [24-27] fea-
tures a work function template with a moiré superstructure:
Depending on the registry of the layer and substrate atoms, the
surface is divided in areas of low and high local work function,
denoted as “pores” and “wires”, respectively [28-31]. In recent
years, our group and others used ABN/Cu(111) to guide the self-
assembly of porphyrins [28,32,33], decouple perylenetetracar-
boxylic dianhydride (PTCDA) aggregates [34], study interfa-
cial charge transfer in binary phthalocyanine arrays [35], probe
vibronic conductance in oligophenylenes [36], and control the
charge state of F;4CoPc [37]. Studies focusing on the prepara-
tion of coordination networks [38], wires of polycyclic aromat-
ic hydrocarbons [39], and graphene patches [40,41] were also
performed on ABN/Cu(111). However, advanced supramolecu-
lar architectures, such as organic porous networks, have not
been reported on either ABN/Cu(111) or other metal-supported
hBN monolayers so far, in contrast to graphene [42-44] or bulk
hBN [14,45,46].

Pyrene derivatives are excellent candidates to study the inter-
play of functionalization and supramolecular organization as the
planar polycyclic aromatic core provides an extended m-system
that can be readily substituted at distinct positions [47-54]. With
prominent fluorescence properties, pyrene is often considered
the "fruitfly of photochemists", and several materials have been
prepared for applications in optoelectronic devices and organic
electronics [47]. On metal surfaces under ultrahigh vacuum

(UHV), unsubstituted [55] as well as functionalized pyrene de-
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rivatives [9,48,56-64] were employed as versatile tectons to
engineer supramolecular [9,48,55-59,61-64] and covalent archi-
tectures [56,58-60,64]. On two-dimensional materials, pyrene
serves as an anchor for noncovalent functionalization, e.g., to
develop graphene platforms to be used in sensing applications
[65-67] and to employ #BN monolayers for capturing aromatic
organic pollutants [68]. On bulk insulators, it was, for instance,
demonstrated how the optical properties of an adsorbed
bispyrene derivative relate to the structural order of the assem-
blies [15].

In this paper, we address the effects of chemical substituents on
the electronic and self-assembly properties of pyrene deriva-
tives on a ABN/Cu(111) substrate. To this end, pyrenyl deriva-
tives bearing four and two pyridin-4-ylethynyl substituents have
been used to steer and control the self-assembly on
hBN/Cu(111), including the formation of dense-packed arrays
and intricate kagome networks. The resulting structures deviate
in part from the assemblies previously studied on Ag(111) [48].
Additionally, the ABN decoupling layer allows the determina-
tion of the electronic properties of the pyrene adsorbates by
STM and STS", and the comparison with the gaps estimated by
theoretical simulations in vacuum and by UV-vis spectrosco-
pies in solution. Remarkably, the electronic states of the pyrene
adsorbates near the Fermi level, probed at the submolecular
level via STM and STS, e.g., reveal to be close to the gas-
phase-like frontier orbitals.

The electronic landscape of the ABN/Cu(111) template induces
a periodic modulation of the electronic structure of the pyrene
films at the single digit nanometer scale. The on-surface STM/
STS experiments, the photophysical characterization in solu-
tion, and the DFT modeling (in vacuum and with toluene solva-
tion) evidence a reduction of the molecular gap when procee-
ding from di- to tetrasubstituted pyrene derivatives, but with
effects that are different depending on the chemical surround-

ing.

Results
Structural and electronic properties in
vacuum

The pyrenyl derivatives studied in this work are shown in
Figure 1a and have been prepared following previous
synthetic protocols [48]. The highest molecular symmetry is
given by the tetrasubstituted species 1, namely 1,3,6,8-
tetrakis(pyridin-4-ylethynyl)pyrene. Reducing the number of
substituents to two reduces the molecular symmetry, and con-
comitantly introduces interesting new properties, leading to

prochiral frans-like-substituted 1,6-bis(pyridin-4-
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Figure 1: Functionalized pyrene derivatives investigated in this work (DF T-optimized geometries in the gas phase). a) Structure of 1,3,6,8-
tetrakis(pyridin-4-ylethynyl)pyrene (1, tetra), 1,6-bis(pyridin-4-ylethynyl)pyrene (2, trans-like), and 1,8-bis(pyridine-4-ylethynyl)pyrene (3, cis-like).
Element colors: N (blue), C (grey), H (white). b) Schematic drawing of the frontier Kohn—Sham orbitals for the tetra-, trans-like-, and cis-like-
pyridyl—ethynyl-substituted pyrene derivatives 1, 2, and 3, together with an orbital correlation diagram in comparison to the molecular orbitals (MOs)

for pyrene itself, at the B3LYP/6-31G** level of theory.

ylethynyl)pyrene (2) and polar cis-like-substituted 1,8-
bis(pyridin-4-ylethynyl)pyrene (3).

To evaluate the effect of the substitution on the electronic prop-
erties of the pyrene core, DFT calculations were performed
(B3LYP/6-31G** level of theory, in vacuum). The frontier
Kohn-Sham orbitals of pyrene and the di- and tetrasubstituted
(pyridin-4-ylethynyl)pyrenes 1, 2, and 3 are shown in Figure 1b
(see also Figures S1-SS5, Supporting Information File 1). The
computations revealed that the pyrenes have large orbital coeffi-
cients at the 1-, 3-, 6-, and 8-positions, with the nodal plane
going through the 2- and 7-positions (Figure 1) [69-74]. As a
consequence of this spatial distribution, the orbital interactions
between the pyrene and the pyridin-4-ylethynyl MOs had a
stabilizing effect on the highest occupied (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels. While the
HOMO stabilization played only a small part, it was the consid-
erable lowering of the LUMO energy levels that governed the

shrinking of the HOMO-LUMO gap upon the derivatization
with pyridin-4-ylethynyl groups. The picture of the orbital inter-
actions was similar in the di- and tetrapyrenyl derivatives, with
the HOMO-LUMO gap being influenced mostly by the num-
ber of substituents. The molecular gap of the tetrasubstituted
pyrene 1 (2.54 eV) became narrower than that of the disubsti-
tuted pyrenes 2 and 3 (2.95 eV and 2.94 eV, respectively). This
was in accordance with our experimental findings (vide infra)
and previous literature reports [70,71,74].

Molecular self-assembly on hBN/Cu(111)
Tetrasubstituted pyrene

Depositing the tetrapyridylpyrene derivate 1 onto ABN/Cu(111)
at room temperature and subsequent cooling to 6 K gave rise to
the formation of extended well-ordered islands even in the
submonolayer regime (Figure 2). Imaging these islands at spe-
cific sample bias voltages simultaneously showed two patterns

with distinct periodicities and symmetries. The rectangular
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Figure 2: Self-assembly of 1,3,6,8-tetrakis(pyridin-4-ylethynyl)pyrene
(1, tetra) on hBN/Cu(111), as imaged by STM. a) Overview image
(2.0 V, 0.1 nA). The moiré pattern of the underlying hBN/Cu(111)
caused site-selective gating, as reflected in the hexagonal superlattice
in the image (dotted rhombus). b) High-resolution image (0.1 V,

0.2 nA), partially overlaid by structural models. The black tetragon
marks the unit cell (lattice vectors a and b) and the white square high-
lights the intermolecular interactions (see inset).

lattice of the X-shaped units corresponded to a densely-packed
molecular array (black tetragon in Figure 2), with every unit
representing one molecule. The quasihexagonal pattern with
larger periodicity (dotted rhombus in Figure 2a) reflected a
modulation of the molecular electronic structure imposed by the
electronically corrugated ZBN/Cu(111) support, as discussed in
detail below [18,28,37,38]. The high-resolution STM data in
Figure 2b gives a closer look at the intramolecular features.
Along with the pyrene core, imaged as a large, elongated
protrusion, four additional lobes contributed to the X-shaped
appearance of the molecular units of 1. Each of these peripheral
protrusions was attributed to one pyridin-4-ylethynyl substitu-
ent. Atomistic models (see overlays in Figure 2b), reflecting the
gas-phase optimized molecular structure, matched the submo-
lecular contrast in the STM images, and thus supported this as-
signment. Based on this comparison, we ruled out strong
adsorption-induced deformations of the molecule and con-
cluded that the pyrene core adsorbed mostly flat, i.e., the
m-conjugated core aligned parallel to the ABN sheet. This
assembly could be described by a nearly rectangular unit cell in-
cluding one molecule (see black tetragon in Figure 2b,
Aorrg = 1.63 nm + 0.05 nm, byppq = 1.50 nm + 0.05 nm, and

Qtetra = 92° + 2°). Accordingly, the surface molecular density
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Pretra/iBN Of molecule 1 amounted to 0.41 molecules/nm2. The
molecules interdigitated in both the a4, and by, directions,
with two distinct interdigitation arrangements, inducing organi-
zational chirality of the achiral pyrene units [48]. Based on the
model of the assembly depicted in Figure 2b, the array was
stabilized by intermolecular noncovalent interactions, including
N---H bonds. Distinct organizational motifs could be discrimi-
nated (see inset of Figure 2b). The terminal N atom of one mol-
ecule could either establish H-bonding with a hydrogen atom of
an adjacent pyridyl moiety of a neighboring molecule (link
labeled d; in Figure 2b, projected N--H bond length
0.29 nm + 0.05 nm) or was positioned in the hydrophobic
pocket between the pyridyl group and the pyrene core of an
adjacent molecule (see dj and d3).

trans-like-disubstituted pyrene

Figure 3 shows the STM images of the surface after the deposi-
tion of the trans-like-disubstituted pyrene derivative 2 on
hBN/Cu(111). The molecules form open porous networks,
featuring a kagome lattice architecture with cavities of two
distinct sizes and shapes [42,48,75,76]. At the bias voltage used
in Figure 3, the substrate-induced contrast modulation (see
below Figure 5c) was not observed. The pyrene 2, being
prochiral, becomes chiral upon surface adsorption [61,77,78],
and two stereoisomers can equally be formed on the surface.

Figure 3: Self-assembly of 1,6-bis(pyridin-4-ylethynyl)pyrene (2, trans-
like) on hBN/Cu(111). a) Overview image (1.0 V, 0.1 nA). Two
homochiral domains (&) with an open porous kagome structure are
connected by a narrow transition region (7). b) High-resolution STM
image (1.0 V, 0.1 nA), partially overlaid by structural models. The grey
rhombus shows the unit cell and the white square highlights the inter-
molecular interactions, represented by the distances d in the inset.
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Each enantiomer segregates into homochiral domains (a and a‘,
see Figure 3 and Figure S6, Supporting Information File 1). The
lateral extension of the regular, defect-free arrays is usually
rather limited (<30 nm), with the narrow transition regions T
representing dislocations (Figure 3a) or mirror domain bound-
aries (Figure S6, Supporting Information File 1). STM images
resolving individual molecules (Figure 3b) revealed a bright
protrusion, attributed to the pyrene core, centered between two
peripheral lobes, assigned to the pyridin-4-ylethynyl substitu-
ents (see structural models in Figure 3b). The unit cell of the
kagome lattice is visualized by the grey rhombus in Figure 3b
(atrans = brans = 3.0 nm = 0.07 nm, O4raps = 60° = 2°) and
contains three molecules. The molecular surface density
amounted to about 0.38 molecules/nmz, and thus was lower
than that of the derivative 1. The formation of this kagome
network was mediated by the formation of intermolecular
H-bonds between the pyridyl ligands and the adjacent pyrene
cores, with a projected N---H bond length of 0.21 nm % 0.05 nm
(labeled as d in Figure 3b). For each chirality, six distinct rota-
tional orientations of the trans-like molecule 2, separated by
30°, were observed on ZBN/Cu(111) (not shown). Although
rare, coexisting densely packed arrays could be detected near
the step edges (see Figure S7, Supporting Information File 1).

cis-like-disubstituted pyrene

The deposition of the cis-like-disubstituted pyrene derivative 3
on h/BN/Cu(111) at submonolayer coverage yielded extended,
densely packed islands featuring straight edges. Figure 4a
shows an STM image recorded at a bias voltage where both the
molecular lattice and the substrate-induced long-range modula-
tion of the electronic structure are resolved (compare to
Figure 2a). High-resolution data (Figure 4b) allowed us to
discern individual molecules with submolecular features. Each
molecule was characterized by three protrusions, which corre-
sponded to the central pyrene and the two peripheral pyridin-4-
ylethynyl substituents, respectively. Two oppositely oriented
molecules formed an interdigitated dimeric motif (highlighted
by the yellow outlines in Figure 4b) that involved N---H interac-
tions between the pyridyl moieties (d> = 0.30 nm + 0.05 nm,
inset of Figure 4b). These dimers formed rows, where one N
atom of each unit was oriented towards the pyrene core of a
neighboring dimer. This noncovalent interaction was described
by the distance d; (0.28 = 0.05 nm, inset of Figure 4b). Multiple
rows, aligned in parallel, with a well-defined registry, consti-
tuted the extended islands. As no pyridinic N atom was directly
involved in the interrow interaction, the stabilization of the
islands was attributed to van der Waals forces. The straight
edges reflected the row structure of the islands (see Figure 4a).
The unit cell of the assembly (grey rectangle in Figure 4b,
acis = 2.27 nm % 0.07 nm, bz = 1.57 nm % 0.05 nm, a5 =

90° £ 2°) contained two molecules, resulting in a molecular sur-
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face density of 0.56 molecules/nm2. The dimer of species 3
occured in two interdigitation arrangements [48], giving rise to
mirror domains, reflecting organizational chirality. Overall, six
distinct rotational orientations of the cis-like pyrene molecule 3,
separated by 60°, were observed on ABN/Cu(111) (not shown).

—_—
10 nm

Figure 4: Self-assembly of 1,8-bis(pyridin-4-ylethynyl)pyrene (3, cis-
like) on hBN/Cu(111). a) Overview image (1.38 V, 0.024 nA). Regular
islands were formed after rt deposition. Several rows, each containing
molecules in two opposite orientations, formed a ribbon-like assembly.
The hexagonal moiré pattern of the underlying hBN/Cu(111) was visu-
alized by site-selective gating. b) High-resolution image (1.0 V,

0.27 nA) partially overlaid with the corresponding structural models.
The grey rectangle shows the unit cell and the white square highlights
the intermolecular bonding of the substituents, schematically repre-
sented in the inset. A dimeric motif is marked by the yellow outline,
with a dimer row shaded in yellow.

Binary assemblies

The combination of different pyrene derivatives opens path-
ways to distinct multicomponent assemblies on ZBN/Cu(111).
For example, the sequential deposition of the cis-like derivative
3 and the frans-like pyrene 2 afforded binary architectures, in-
cluding regular densely packed arrays and kagome networks
hosting the species 3 in the large cavities (Figure S8, Support-
ing Information File 1).

Scanning tunneling spectroscopic

measurements

Next, the electronic structure of the functionalized pyrene deriv-
atives 1-3 on ABN/Cu(111) was addressed. Specifically, we
performed bias-dependent STM imaging and dI/dV spectrosco-
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py to probe the influence of the substitution, in conjunction with
the distinct assemblies, on the molecular electronic states. Addi-
tionally, the role of the electronic landscape of the
hBN/Cu(111) support, inducing a periodic modulation of the
pyrene electronic structure via site-selective gating, is high-
lighted. Figure 5 shows a series of dI/dV spectra recorded above
the molecular centers of the pyrene derivative 1 (Figure 5b), 2
(Figure 5d), and 3 (Figure 5f) at different adsorption positions
on hBN/Cu(111), as indicated by grey markers in the corre-
sponding STM images in Figure 5a, 5c, and Se, respectively.
The spectra of all three compounds revealed well-defined fea-
tures in the occupied (negative sample bias) and unoccupied
(positive sample bias) spectral regions. Tentatively, the charac-
teristic signatures were assigned to the HOMO, LUMO, and
LUMO+I.

b_

El tetra1

LS
5’&\___‘
%'_‘\; P I

-3000 -2000 -1000 0 _ 1000 2000

: ' d N T T T T T 1
. " ' PR trans-like 2

5 SN j

3 s \

P

-3000 -2000 -1000 0 1000 2000

/1
o |

K cis-like 3

P

-3000 -2000 -1000 O 1000 2000
sample bias/mV

Figure 5: dl/dV signatures of the pyrenes 1-3 on hBN/Cu(111) and
template-induced gating. a), c), and e) STM images of the tetra, trans-
like, and cis-like pyrenes on hBN, taken at a sample bias at the onset
of an unoccupied MO (a: 1V, 0.04 nA;c: 1.6 V,0.2nA;ande: 1.5V,
0.1 nA). The bright areas represent the pore regions of the
hBN/Cu(111) support. b), d), and f) dl/dV spectra recorded on the
center of molecules at the position of the grey dots in a), ¢), and ).
The darker the color of the dot and the corresponding spectrum, the
larger the lateral distance to the hBN pore. HOMO, LUMO, and
LUMO+1 are indicated by blue, yellow, and light yellow boxes, respec-
tively. Black vertical lines reflect the sample bias voltage of the corre-
sponding STM image (tip stabilization parameters—b: 0.8 V, 0.25 nA;
d:2.7V,0.2nA;and f: 2.5V, 0.2 nA).

The colored bars in Figure 5 highlight the energy positions of

these frontier orbitals (determined as the bias voltage at the
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half maximum of the MO leading edge). The observation of
well-defined, narrow molecular resonances and large
HOMO-LUMO gaps evidenced a reduction of the electronic
molecule—support interactions by the #BN spacer layer, as pre-
viously reported for adsorbates on ZBN/Cu(111) [28,35-38] and
other ABN/metal supports [18-20,79,80]. The dI/dV modula-
tions observed within the gap were attributed to the
hBN/Cu(111) support and tip states, respectively (vide infra).

A closer look at the dI/dV spectra in Figure 5b, 5d, and 5f
revealed a site-dependent shift of the molecular resonances
(MOs), an effect attributed to site-selective gating by the under-
lying hBN/Cu(111) support. This template featured a moiré
pattern with areas of low local work function (pores, P) and
high local work function (wires, W) [25,29,30], which was re-
flected by the molecular level alignment, as measured by dI/dV
spectroscopy [28,35-37]. On pore areas, the MOs were shifted
downwards (i.e., towards the Fermi level (Ef) for unoccupied
states, and away from Ef for occupied states) compared to the
wire areas. The grayscale of the spectra in Figure 5 reflect the
proximity to a pore, with light grey indicating adsorption on
pore areas and dark grey reflecting adsorption on (or near) wire
areas. Accordingly, the periodic modulation of the pyrene elec-
tronic structure induced by the moiré pattern of the underlying
hBN/Cu(111) could directly be visualized in STM images re-
corded at suitable sample bias voltages (see Figure 2a,
Figure 4a and Figure Sa, Sc, 5d, as well as Figures S9 and S10,
and the movie in Supporting Information File 2). At bias volt-
ages (see vertical black lines in Figure 5b, 5d, and 5f) where a
specific MO could only contribute to the tunneling current in
the pore areas, a contrast between the pore and the wire areas
emerged in the STM images, with the molecules on the pores
featuring an increased apparent height and a modified submo-

lecular contrast (vide infra).

Next, the dI/dV signature of the tetrasubstituted pyrene deriva-
tive 1 (Figure 5b) was in the focus. A site-dependent shift was
evident for all MOs: The LUMO energy ranged from about
0.89 V (P) to 1.11 V (W), revealing a shift of ~0.22 V, as high-
lighted by the width of the yellow box in Figure 5b. A similar
shift (=0.23 V) was observed for the LUMO+1. The HOMOs
were observed at voltages between —2.54 V (W) and -2.66 V
(P, width of the blue box ~ 0.13 V). Thus, for the species 1, the
spectra revealed STM-derived HOMO-LUMO gaps of 3.64 eV
(in the pore areas) and 3.56 eV (in the wire areas). The wire
spectrum for the molecule 1 was recorded at a larger distance
from the real wire position, as compared to 2 and 3 (see
Figure 5a, 5c, and 5e). The voltage-dependent STM contrast
and the site-dependent variation of spectral features described
above for the derivative 1 was analogously observed for the de-

rivatives 2 and 3 (see blue and yellow boxes in the Figure 5(d
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and f). However, the MOs occurred at energies characteristic
for the three different pyrene species, yielding distinct STS

gaps, as summarized in Figure 6a.

Figure 7 shows the high-resolution STM images of the pyrene
derivatives 1 and 3 recorded at bias voltages where the MOs
were accessible. In contrast to imaging at bias voltages within
the HOMO-LUMO gap, where the STM images essentially
reflect the molecular shape (Figure 2b, Figure 3b, and
Figure 4b) [17], distinct intramolecular features of electronic
origin emerged (see also Figure S12, Supporting Information
File 1). A comparison to the Kohn—Sham orbitals (see Figure 1)
and to the frontier orbitals calculated in the EHT scheme (see
insets in Figure 7) revealed striking similarities. For example,
the number of antinodes as well as the nodal planes between the

experimental images and the calculations were in agreement,
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strongly suggesting that the STM contrast indeed reflected the
MO contributions, corroborating the assignment of spectral fea-
tures to the HOMOs and the LUMOs. Furthermore, the agree-
ment between the gas-phase calculations and STM data indicat-
ed that no charging occurred upon pyrene adsorption on
hBN/Cu(111) [37].

To complement the on-surface investigations, we measured the
optical gap by means of UV—vis spectroscopic characterization
in solution (toluene) of the rrans-like and tetrasubstituted
pyrenyl derivatives (Figure 8a and Figure 8b). The cis-substi-
tuted pyrene 3 showed a lower solubility in solvents such as tol-
uene, and therefore the optical properties could not be
measured, although (TD)DFT calculations indicated a simi-
larity to the trans-like isomer (Figure S3 and Tables S1-S3,
Supporting Information File 1). The absorption spectrum of the

tetra1 W trans-like 2 W . cis-like 3 W o tetra 1 trans-like 2 cis-like 3
Ey tetra1 P trans-like 2 P cis-like 3 P
3
LUMO+1—3—2.35 .
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Figure 6: Diagrams summarizing the spectroscopic values determined for the pyrene derivatives 1-3. a) STS data for hBN/Cu(111), sketching the
1). b) Time-dependent DFT (TDDFT)-calculated excitation energy in
Tables S1-S3). The units are in Volt. P: pore area, W: wire area.

energy level alignment (compare to Figure S11, Supporting Information File
explicit solvent reflecting the UV—-vis measurements in toluene solution (see

Figure 7: High-resolution STM images revealing the bias-dependent intramolecular contrast of the pyrene derivatives 1 and 3 on hBN/Cu(111), re-
corded with a tip of unknown termination. a) Array of the tetrasubstituted species 1 imaged at a bias voltage of —2.87 V (0.06 nA) and b) at 1.4 V
(0.04 nA). c) Assembly of the cis-like derivative 3, imaged at 1.5 V (0.27 nA). The dashed contours highlight the individual molecules. The insets show

the EHT-calculated MOs corresponding to the HOMO (a) and the LUMO (b

and c) of the free molecule (compare to Figure 2).
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Figure 8: Optical characterization. a) and b) UV-vis absorption (solid line) and emission spectra (dotted line) of the trans-like (a, orange line) and
tetrasubstituted (b, red line) pyrenyl derivatives in toluene (c = 1.0 x 10-8 M) at rt. Insets: photographs of toluene solutions in daylight and upon irradi-
ation with a hand-held UV lamp (Aex = 365 nm). c) and d) Calculated transitions (blue and purple lines), transition dipole moments (beg), and oscillator
strengths (f), as determined by TDDFT (CAM-B3LYP, 6-31G**, explicit solvent: toluene).

trans-substituted pyrene 2 showed two main absorption peaks
centered at 416 and 394 nm (2.98 and 3.15 eV, respectively),
with another lower-absorption transition at a higher energy (300
nm, 4.13 eV). The selective excitation of the low-energy
absorption peak lead to a strong emission at 433 and 458 nm
(2.86 and 2.71 eV), with a quantum yield of 96% (determined
using coumarin 153 in an EtOH solution as a reference). As ex-
pected, the tetrasubstituted pyrene 1 showed electronic transi-
tions that were bathochromically shifted to higher wavelengths,
with two main bands observed at 463 and 438 nm (2.68 and
2.83 eV) and one at a higher energy at 338 nm (3.67 eV). The
excitation of the lowest-energy bands also led to a strong emis-
sive band, centered at 481 and 513 nm (2.58 and 2.42 eV), with
a quantum yield of 84%. The same optical transitions seemed to
be involved in both the absorption and emission processes, as
confirmed by a mirror symmetry of the fluorescent spectral

envelope compared to the lowest-energy absorption transitions.

Moreover, the small Stokes shifts (17 and 18 nm for the trans-
and tetrasubstituted pyrene derivatives, respectively) confirmed
the fact that for both structures, the ground and excited states
were similar, while the matching excitation and absorption
spectra pointed at an efficient radiative deactivation of the

excited state (Figure S13, Supporting Information File 1) [71].

TDDEFT calculations (CAM-B3LYP/6-31G**, toluene CPCM
solvation) [69,73] were further performed, and the results are
summarized in Figure 8c, Figure 8d, and Tables S1-S3. The
main transitions for the trans-pyrene seemed to originate from
the HOMO—LUMO transition (estimated at A = 411 nm
(3.02 eV), f = 1.82) and the HOMO-1-LUMO/
HOMO—-LUMO+2 transitions (estimated at A = 273 nm
(4.54 eV), f = 1.10), with the transition dipole moments aligned
along the 1- and 6-positions (towards the pyridin-4-ylethynyl

termini) and the short molecular axes of the central pyrene core.
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On the other hand, the tetrapyrenyl transition dipole moments
were aligned along the long and short molecular axes of the
pyrene core, with the two main transitions having
HOMO—-LUMO (estimated at A =472 nm (2.63 eV), f = 1.60)
and HOMO-1-LUMO/HOMO —-»LUMO+1 contributions
(estimated at A = 323 nm (3.84 eV), f = 2.84).

Discussion

Self-assembly

In this section, we will put forward a comparative discussion of
the self-assembly of pyridin-4-ylethynyl-functionalized pyrenes
on ABN/Cu(111) and on Ag(111) [48]. The molecular density of
tetrapyridylpyrene 1 in arrays on ZBN/Cu(111) was higher com-
pared to Ag(111) (Pretra/maN = 0.41 molecules/nm? vs Ptetra/Ag =
0.37 molecules/nm?). Accordingly, distinct differences were ob-
served in the unit cell dimensions and the intermolecular align-
ment, even though the N---H interactions contributed to the self-
assembly in both cases. At the same time, the intermolecular
distance along the unit cell vector b was similar on
hBN/Cu(111) and Ag(111), the separation along the unit cell
vector a was clearly reduced on ABN, reflecting the minimum
energy interdigitation configuration, determined by basic mo-
lecular mechanics modeling for two modules of 1 in the gas
phase. Thus, we tentatively assigned the higher packing density
on #BN to the reduced site-specific molecule—support interac-
tions. Indeed, distinct registries of the derivative 1 on the
Ag(111) atomic lattice were reported [48]. However, additional
effects potentially perturbing the intermolecular alignment, such
as subtle differences in the pyridine tilt angle (out of the sur-
face plane), could not be excluded based on our experimental
observations. The kagome-like porous network architectures
formed by the trans-like-disubstituted pyrene derivative 2 on
hBN/Cu(111) and Ag(111) matched within the experimental
precision. Accordingly, in contrast to the derivative 1, no effect
of a reduced site-specific molecule—support interaction was
discernible for the derivative 2. Thus, we speculate that the unit
cell of an unsupported supramolecular structure, being close to
the one observed on ABN, can be accommodated on the
Ag(111) atomic lattice, where a commensurate structure was re-
ported [48].

The assembly of densely packed islands of the cis-like-disubsti-
tuted pyrene derivative 3 on ABN/Cu(111) at a low coverage
was in stark contrast to the formation of extended chains and
disordered two-dimensional agglomerates on Ag(111) [48]. The
prominent head-to-head coupling motif on Ag(111) was not ob-
served on ABN. This corroborated previous assumptions about
interactions of the pyridyl termini with Ag surface atoms medi-
ating the chain formation [48]. The interdigitated dimeric motif
and the row-like island structure observed on ZABN/Cu(111),

however, matched the findings in the monolayer regime on
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Ag(111). Accordingly, as for the trans-like pyrene 2, the
support played a minor role in the intralayer structure of the ex-

tended molecular arrays.

Nonetheless, the results for the pyrenes 1-3 on ABN/Cu(111)
clearly demonstrated that the support did affect the rotational
alignment of molecules and assemblies. As discussed for the
cis- and trans-like isomers, the molecules were oriented along
specific directions, separated by 60 or 30°, respectively. This
suggested that the ethynyl-functionalized pyrene cores were
aligned with the high-symmetry directions of the ABN/Cu(111)
support, and thus yielded only distinct orientations of the supra-
molecular architectures. Indeed, DFT calculations have pre-
dicted the adsorption of the pyrene with the aromatic rings
centered above the N-positions of a free-standing ZBN sheet
[81]. Preferred alignments have also been reported for low
coverages of PTCDA and MnPc on the strongly corrugated
hBN/Rh(111) support [21,22,80], with computational modeling
showing PTCDA rings positioned above the N sites of a BN
flake [14]. In contrast, no preferred orientations have been iden-
tified for a hydrocarbon lander molecule (i.e., DBP) on
hBN/Pt(111) [19].

The formation of extended domains for the pyrene derivatives
1-3 on ABN/Cu(111) even at a submonolayer coverage was
reminiscent of findings for carbonitrile-functionalized porphy-
rins [38] and quaterphenylenes [36] but contrasted the site-
selective adsorption on pore areas reported for TCNQ,
porphines, and fluorinated phthalocyanines [28,33,37]. Taken
all together, these observations demonstrated that distinct
tectons with peripheral recognition moieties can afford the
assembly of extended supramolecular architectures also on elec-

tronically superstructured ABN platforms.

Spectroscopic investigations and

determination of the molecular gap

Both the STS studies addressing the adsorbed species on the
single-molecule level and the optical spectroscopy in solution
confirmed the gap reduction upon increasing the number of
pyridin-4-ylethynyl substituents, as predicted by DFT calcula-
tions (Figure 6). Within the experimental uncertainty, the STM-
derived HOMO-LUMO gap of the disubstituted species 2 and 3
was the same. Interestingly, however, the spectra of the cis-like
derivative showed a rigid energy shift of =0.2 V for all MOs
(the LUMO was shifted towards Ep and the HOMO away from
Eg), compared to the trans-like species. Such a rigid shift can
be caused by charges in the molecular layer (biasing nearby
molecules) and by local modifications of the work function
affecting the interfacial level alignment [9,35,82,83]. As the
STM/STS experiments provided no indication of charging, we

ruled out a dominating contribution of the former effect.
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Instead, we tentatively assigned the rigid MO shift to the differ-
ences in the self-assembled structures, namely a densely packed
arrangement for the derivative 3 and the porous structure for the
derivative 2. With the ABN/Cu(111) work function being modi-
fied upon molecular adsorption (Figure S11, Supporting Infor-
mation File 1), open-porous structures would feature a smaller
work function shift compared to densely packed molecular
films. In the absence of charge transfer, the work function was
assumed to decrease upon the adsorption of pyrenes on
hBN/Cu(111) [84]. Accordingly, the derivate 3 would experi-
ence a lower average local work function than the derivate 2, re-
sulting in a downward shift of the MOs, as observed in the ex-
periment (Figure 5 and Figure 6). Indeed, the molecular packing
effect was corroborated by comparing the MO signatures of the
molecule 2 in the porous and densely packed assemblies, re-
spectively. In the latter, the MOs were centered at lower ener-
gies, similar to those observed for the densely packed islands of
the species 3. The HOMO-LUMO gap (=4.1 V) was not
considerably affected by the different molecular organization
(see Figure S7d, Supporting Information File 1). In contrast to
recent reports on FigCoPc/ABN/Cu(111) [37] and PTCDA/
NaCl/Ag(111) [83], an additional effect of the molecular aggre-
gation and packing density, namely the screening by neigh-
boring molecules, yielding a reduction of the STS-derived
HOMO-LUMO gap, did not seem to play a dominant role here.
The packing might have also influenced the adsorption geome-
try (registry, subtle conformational adaption) without manifes-

tation in the experiments.

For all three pyrene derivatives, the calculated energy differ-
ence between the HOMO and the LUMO (Figure 1 and Figure
S2, Supporting Information File 1) was considerably smaller
than the one measured by STS (Figure 6a). This discrepancy
was tentatively assigned to an underestimation of the gap by the
applied DFT scheme. The energy difference between the calcu-
lated ionization potential (IP) and the electron affinity (EA) on
the other hand exceeded the STS gap. The STS-derived separa-
tion between the LUMO and the LUMO+1 was reduced for the
disubstituted species compared to the tetrasubstituted pyrene 1
(see Figure 6). This trend matched the DFT prediction
(Figure 1) and was assigned to the stabilization of the LUMO
for tetrasubstitution.

The template-induced gating by the electronic landscape of the
hBN/Cu(111) similarly affected all three pyrene derivatives.
The energy shift of the LUMO between the pore and wire areas
(0.21 V for 1, 0. 37 V for 2, and 0.39 V for 3, see Figure 6)
agree well with the previously reported MO shifts on
hBN/Cu(111) (ranging from 0.25 to 0.4 V [28,35-37]) and
reflect the local work function variation across the moiré pattern
[25,29,30]. In a recent study on FjgCoPc/ABN/Cu(111), we
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demonstrated that the local work function difference between
the pore and wire regions was preserved upon molecular
adsorption [37]. Note, that the smaller shift for the molecule 1
was attributed to the larger distance of the respective wire spec-
trum from the real wire position (vide supra). The shrinking of
the HOMO-LUMO gap in the pore areas, consistently ob-
served for the species 1-3, was attributed to the increased mole-
cule—support interactions in the pores [28], where the ZBN was
located closer to the Cu(111) support [29]. Accordingly, no
rigid shift of the occupied and unoccupied molecular electronic
states occurred, as reflected in the HOMO energy shifts (e.g.,
0.25 V for 3), falling below the LUMO shifts (see Figure 6).
Dissimilar responses of distinct MOs to work function varia-
tions were previously discussed, e.g., for pentacene on dielec-

tric decoupling layers [23].

The assignment of the dI/dV signature to the MOs was corrobo-
rated by resolving the submolecular features in high-resolution
STM images at these bias voltages, reflecting the frontier
orbitals of the free pyrenes (Figure 7 and Figure S12, Support-
ing Information File 1). Nonetheless, with additional features
observed in the gap of the dI/dV spectra (see Figure 5b, 5d, and
5f), the unambiguity of such an identification needs to be
addressed. The step-like increase in the dI/dV signal at
~—350 meV (Figure 5b) reflected the electronic interface state
of hBN/Cu(111) [25]. The support also accounted for the
steadily increasing background contribution at negative bias

voltages exceeding —2V (apparent in all spectra) [28,31,41].

A comparison between the values of the HOMO-LUMO gaps
and the excitation energy obtained by STS and UV-vis absorp-
tion (see Figure 6) revealed that the optical gap seemed to be
smaller than the electronic gap. This was expected due to the
intrinsic differences in the measurement process of these gaps
[85]. However, studies comparing orbital-resolved STM/STS
data to optical gaps are scarce [86]. In addition to this effect, the
adsorption and supramolecular organization on #ZBN could
sensitively affect the optical transitions [14,16,21]. For exam-
ple, the fluorescence peak energy of perylene derivatives was
reduced considerably (0.3-0.4 eV) upon the adsorption on bulk-
like ABN [14]. Accordingly, the gaps and excitation energy
compiled in Figure 6 did not allow for a direct comparative
assessment of the interaction of the pyrene derivatives with the
environment on hBN or in solution.

Conclusion

In summary, we characterized the electronic and photophysical
properties as well as the self-assembly abilities of a family of
functionalized pyrenes bearing four and two pyridin-4-ylethynyl
substituents. Specifically, UV—vis spectroscopic investigations

in toluene solution and the dI/dV measurements at the vacuum/
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solid interface showed that the electronic and optical gaps could
be engineered by the number of substituents. This agrees with
the DFT computations predicting a gap reduction when procee-
ding from unsubstituted pyrene cores to di- and tetrasubstituted
derivatives. Applying an atomically thin #BN sheet as decou-
pling layer, the electronic structure of the pyrene derivatives
was probed at the submolecular level, visualizing an MO-like
contrast and evidencing effects of supramolecular organization.
Importantly, three distinct molecular resonances could be
detected, and the response to template-induced gating revealed
weak molecule—support interactions. The STM data showed an
electronic patterning of the pyrene films with periodicities in
the single digit nanometer range. Furthermore, we provide a
first case study for the self-assembly of advanced porous struc-
tures on ABN monolayers, introducing a chiral kagome-like
architecture. These results gave unprecedented information on
the spatially and energetically resolved molecular states of a
photoactive polycyclic aromatic hydrocarbon on a solid support
and highlight the potential to engineer interfacial electronic and
optoelectronic properties by molecular design and surface orga-

nization.

Experimental
STM and STS

All scanning-probe experiments were performed in a custom-
designed UHV system hosting a CreaTec low-temperature STM
(CreaTec Fischer & Co. GmbH, createc.de) and providing a
base pressure below 1 x 10~ mbar. The monocrystalline
Cu(111) substrate was cleaned by repeated Ar* sputtering
cycles at an energy of 800—1000 eV, followed by annealing at
1070 K. Monolayer ABN was grown via chemical vapor deposi-
tion using borazine ((HBNH)j, Katchem spol s.r.o,
www.katchem.cz), following a protocol described previously
[25]. Subsequently, a submonolayer coverage of the pyrene
modules was deposited by organic molecular beam epitaxy
from thoroughly degassed quartz crucibles held at 450-500 K.
During deposition, the Cu(111) surface was kept at rt, and the
pressure remained below 2 x 10~ mbar. The STM images were
acquired in constant current mode, with the sample being held
at ~6 K using electrochemically etched W tips. In the figure
captions, voltages refer to the bias voltage applied to the sam-
ple. Differential conductance (dI/dV) spectra were recorded
using the lock-in technique (f = 969 Hz, V.= 18 mV).
Reducing the tip-sample distance by increasing the current by a
factor of five for the pyrene derivative 1 had no significant
effect on the measured gap. Very broad spectral features (e.g.,
the peaks around —1.43 V in Figure 5d and —1.65 V in
Figure 5f) that did not shift considerably with the lateral posi-
tion of the spectrum were attributed to the tip states and not to

the pyrene-related molecular resonances.
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Photophysical investigations

The toluene solutions of the frans- and tetrasubstituted pyrenes
(ACS spectroscopic grade, Sigma-Aldrich) were subjected to
sonication and heating cycles, and then left to cool to rt before
recording the absorption and emission spectra. Absorption spec-
tra were recorded using air-equilibrated solutions at rt, with an
Agilent Cary 5000 UV-vis spectrophotometer using quartz cells
with a path length of 1.0 cm. Emission spectra were recorded on
an Agilent Cary Eclipse fluorescence spectrofluorometer. Emis-
sion lifetime measurements were performed on a JobinYvon-
Horiba FluoroHub single-photon-counting module, using nano-
LED-pulsed sources at 295 or 372 nm. The quantum yield mea-
surements were performed using the relative determination,
with coumarin 153 (C153, ¢ = 0.53 in ethanol) as the standard
(st) [87]. The fluorescence quantum yields were then calculated
according to Equation 1:

=
N|><N

I
by = by = (1)
! [st

n

1<l
<

Therein, / is the measured integrated fluorescence emission in-
tensity, n is the refractive index of the solvent, and ¢ is the
quantum Yyield.

Computational methods

DFT calculations were performed using the Gaussian 09 (Revi-
sion D.01) program package [88]. The starting geometries were
obtained from molecular mechanics or semiempirical models,
followed by DFT geometry optimizations on unconstrained Cy
symmetry. Geometry optimizations were followed by frequen-
cy calculations on the optimized structures, which confirmed
the existence of minima. DFT calculations were performed
using the hybrid functional B3LYP [89-91], with the
6-31G(d,p) basis set. Electronic transitions (up to 10 states)
were calculated by means of TDDFT [92] using the CAM-
B3LYP [93] functional in combination with the 6-31G(d,p)
basis set [73]. The conductor-like polarizable continuum model
(CPCM) was used to introduce nonspecific solvation effects.
The spectra were generated either with GaussView 5 [94] or
GaussSum [95], assuming a half-width of 0.15 eV for proper
simulation. The IP and EA were determined as the vertical
energy difference between the neutral molecule and the cation/
anionic forms, respectively, following Equation 2 and
Equation 3 [96]:

IP = E yiion = Eneutral 2
E4= Eneutral - Eanion 3
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The resulting values (in eV) were: tetrasubstituted pyrene 1:
IP = 6.49, EA = 2.14; trans-like pyrene 2: IP = 6.58, EA = 1.50;
and cis-like pyrene 3: IP = 6.58, EA = 1.48.

Supporting Information

Supporting Information File 1

Additional computational results (including electronic
transitions, electrostatic potential, Cartesian coordinates of
optimized structures) and additional STM data (including
bias-dependent imaging series and bicomponent
assemblies).
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-130-S1.pdf]

Supporting Information File 2

STM image sequence with increasing bias voltage covering
the LUMO and LUMO+1 spectral regions.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-130-S2.mp4]

Acknowledgements

We thank Alexander Riss for fruitful discussions.

Funding

This work was supported by the European Research Council
(ERC) Consolidator Grant NanoSurfs (No. 615233). D. B.
gratefully acknowledges the EU through the ERC Starting
Grant “COLORLANDS” and MC-RISE “INFUSION” projects,
the MIUR through the FIRB (“SUPRACARBON”), and the
School of Chemistry at Cardiff University for financial support.
W. A. acknowledges funding by the Deutsche Forschungs-
gemeinschaft (DFG) via a Heisenberg professorship.

ORCID® iDs

Knud Seufert - https://orcid.org/0000-0002-4111-0965
Luka Bordevi¢ - https://orcid.org/0000-0002-8346-7110
Tobias Hoh - https://orcid.org/0000-0002-1391-6347
Davide Bonifazi - https://orcid.org/0000-0001-5717-0121
Willi Auwérter - https://orcid.org/0000-0001-9452-4662

References

1. Girill, L.; Hecht, S. Nat. Chem. 2020, 12, 115-130.
doi:10.1038/s41557-019-0392-9

2. Cinchetti, M.; Dediu, V. A.; Hueso, L. E. Nat. Mater. 2017, 16,
507-515. doi:10.1038/nmat4902

3. Bonifazi, D.; Mohnani, S.; Llanes-Pallas, A. Chem. — Eur. J. 2009, 15,
7004-7025. doi:10.1002/chem.200900900

4. Carloni, L.-E.; Bezzu, C. G.; Bonifazi, D. Chem. — Eur. J. 2019, 25,
16179-16200. doi:10.1002/chem.201902576

5.

10.

1

—_

12.

1

w

1

S

15.

1

o

17.

18.

19.

20.

2

=

22.

23.

24,

25.

Beilstein J. Nanotechnol. 2020, 11, 1470-1483.

Goronzy, D. P.; Ebrahimi, M.; Rosei, F.; Arramel; Fang, Y.;

De Feyter, S.; Tait, S. L.; Wang, C.; Beton, P. H.; Wee, A. T. S;
Weiss, P. S.; Perepichka, D. F. ACS Nano 2018, 12, 7445-7481.
doi:10.1021/acsnano.8b03513

. Hollerer, M.; Liftner, D.; Hurdax, P.; Ules, T.; Soubatch, S.;

Tautz, F. S.; Koller, G.; Puschnig, P.; Sterrer, M.; Ramsey, M. G.
ACS Nano 2017, 11, 6252—-6260. doi:10.1021/acsnano.7b02449

. Barth, J. V. Annu. Rev. Phys. Chem. 2007, 58, 375-407.

doi:10.1146/annurev.physchem.56.092503.141259

. Cahen, D.; Kahn, A.; Umbach, E. Mater. Today 2005, 8, 32—41.

doi:10.1016/s1369-7021(05)70985-8

. Della Pia, A.; Riello, M.; Floris, A.; Stassen, D.; Jones, T. S.;

Bonifazi, D.; De Vita, A.; Costantini, G. ACS Nano 2014, 8,
12356-12364. doi:10.1021/nn505063w

Gebauer, W.; Langner, A.; Schneider, M.; Sokolowski, M.; Umbach, E.
Phys. Rev. B 2004, 69, 155431. doi:10.1103/physrevb.69.155431

.Forker, R.; Kasemann, D.; Dienel, T.; Wagner, C.; Franke, R.;

Mllen, K.; Fritz, T. Adv. Mater. (Weinheim, Ger.) 2008, 20,
4450-4454. doi:10.1002/adma.200801112

Dienel, T.; Proehl, H.; Forker, R.; Leo, K.; Fritz, T. J. Phys. Chem. C
2008, 7712, 9056—9060. doi:10.1021/jp709718t

.Zamborlini, G.; Liftner, D.; Feng, Z.; Kollmann, B.; Puschnig, P.;

Dri, C.; Panighel, M.; Di Santo, G.; Goldoni, A.; Comelli, G.;
Jugovac, M.; Feyer, V.; Schneider, C. M. Nat. Commun. 2017, 8, 1949.
doi:10.1038/s41467-017-01480-w

.Kerfoot, J.; Korolkov, V. V.; Nizovtsev, A. S.; Jones, R.; Taniguchi, T.;

Watanabe, K.; Lesanovsky, I.; Olmos, B.; Besley, N. A.; Besley, E.;
Beton, P. H. J. Chem. Phys. 2018, 149, 054701.
doi:10.1063/1.5041418

Bocquet, F.; Nony, L.; Para, F.; Luangprasert, P.; Naubron, J.-V.;
Loppacher, C.; Leoni, T.; Thomas, A.; Ranguis, A.; d'Aléo, A.;
Fages, F.; Becker, C. Phys. Rev. B 2018, 97, 235434.
doi:10.1103/physrevb.97.235434

. Alkhamisi, M.; Korolkov, V. V.; Nizovtsev, A. S.; Kerfoot, J.;

Taniguchi, T.; Watanabe, K.; Besley, N. A.; Besley, E.; Beton, P. H.
Chem. Commun. 2018, 54, 12021—-12024. doi:10.1039/c8cc06304d
Repp, J.; Meyer, G.; Stojkovi¢, S. M.; Gourdon, A.; Joachim, C.

Phys. Rev. Lett. 2005, 94, 026803. doi:10.1103/physrevlett.94.026803
Auwarter, W. Surf. Sci. Rep. 2019, 74, 1-95.
doi:10.1016/j.surfrep.2018.10.001

Mehler, A.; Néel, N.; Kréger, J. J. Vac. Sci. Technol., A 2019, 37,
061404. doi:10.1116/1.5125486

Schulz, F.; Drost, R.; Hdmaléinen, S. K.; Liljeroth, P. ACS Nano 2013,
7, 11121-11128. doi:10.1021/nn404840h

.Forker, R.; Dienel, T.; Krause, A.; Gruenewald, M.; Meissner, M.;

Kirchhuebel, T.; Groéning, O.; Fritz, T. Phys. Rev. B 2016, 93, 165426.
doi:10.1103/physrevb.93.165426

lannuzzi, M.; Tran, F.; Widmer, R.; Dienel, T.; Radican, K.; Ding, Y.;
Hutter, J.; Groéning, O. Phys. Chem. Chem. Phys. 2014, 16,
12374-12384. doi:10.1039/c4cp01466a

Koslowski, S.; Rosenblatt, D.; Kabakchiev, A.; Kuhnke, K.; Kern, K;
Schlickum, U. Beilstein J. Nanotechnol. 2017, 8, 1388—1395.
doi:10.3762/bjnano.8.140

Preobrajenski, A. B.; Vinogradov, A. S.; Martensson, N. Surf. Sci. 2005,
582, 21-30. doi:10.1016/j.susc.2005.02.047

Joshi, S.; Ecija, D.; Koitz, R.; lannuzzi, M.; Seitsonen, A. P.; Hutter, J.;
Sachdev, H.; Vijayaraghavan, S.; Bischoff, F.; Seufert, K.; Barth, J. V;
Auwarter, W. Nano Lett. 2012, 12, 5821-5828. doi:10.1021/nI303170m

1481


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-11-130-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-11-130-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-11-130-S2.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-11-130-S2.mp4
https://orcid.org/0000-0002-4111-0965
https://orcid.org/0000-0002-8346-7110
https://orcid.org/0000-0002-1391-6347
https://orcid.org/0000-0001-5717-0121
https://orcid.org/0000-0001-9452-4662
https://doi.org/10.1038%2Fs41557-019-0392-9
https://doi.org/10.1038%2Fnmat4902
https://doi.org/10.1002%2Fchem.200900900
https://doi.org/10.1002%2Fchem.201902576
https://doi.org/10.1021%2Facsnano.8b03513
https://doi.org/10.1021%2Facsnano.7b02449
https://doi.org/10.1146%2Fannurev.physchem.56.092503.141259
https://doi.org/10.1016%2Fs1369-7021%2805%2970985-8
https://doi.org/10.1021%2Fnn505063w
https://doi.org/10.1103%2Fphysrevb.69.155431
https://doi.org/10.1002%2Fadma.200801112
https://doi.org/10.1021%2Fjp709718t
https://doi.org/10.1038%2Fs41467-017-01480-w
https://doi.org/10.1063%2F1.5041418
https://doi.org/10.1103%2Fphysrevb.97.235434
https://doi.org/10.1039%2Fc8cc06304d
https://doi.org/10.1103%2Fphysrevlett.94.026803
https://doi.org/10.1016%2Fj.surfrep.2018.10.001
https://doi.org/10.1116%2F1.5125486
https://doi.org/10.1021%2Fnn404840h
https://doi.org/10.1103%2Fphysrevb.93.165426
https://doi.org/10.1039%2Fc4cp01466a
https://doi.org/10.3762%2Fbjnano.8.140
https://doi.org/10.1016%2Fj.susc.2005.02.047
https://doi.org/10.1021%2Fnl303170m

26.Brllke, C.; Heepenstrick, T.; Humberg, N.; Krieger, I.; Sokolowski, M.;
WeiB, S.; Tautz, F. S.; Soubatch, S. J. Phys. Chem. C 2017, 121,
23964-23973. doi:10.1021/acs.jpcc.7b06107

27.Hwang, B.; Kwon, J.; Lee, M.; Lim, S. J.; Jeon, S.; Kim, S.; Ham, U.;
Song, Y. J.; Kuk, Y. Curr. Appl. Phys. 2013, 13, 1365—-1369.
doi:10.1016/j.cap.2013.04.018

28.Joshi, S.; Bischoff, F.; Koitz, R.; Ecija, D.; Seufert, K.; Seitsonen, A. P.;
Hutter, J.; Diller, K.; Urgel, J. |.; Sachdev, H.; Barth, J. V.; Auwarter, W.
ACS Nano 2014, 8, 430—-442. doi:10.1021/nn406024m

29.Schwarz, M.; Riss, A.; Garnica, M.; Ducke, J.; Deimel, P. S.;
Duncan, D. A.; Thakur, P. K.; Lee, T.-L.; Seitsonen, A. P.; Barth, J. V.;
Allegretti, F.; Auwarter, W. ACS Nano 2017, 11, 9151-9161.
doi:10.1021/acsnano.7b04022

30.Zhang, Q.; Yu, J.; Ebert, P.; Zhang, C.; Pan, C.-R.; Chou, M.-Y_;
Shih, C.-K.; Zeng, C.; Yuan, S. ACS Nano 2018, 12, 9355-9362.
doi:10.1021/acsnano.8b04444

31.Li, Q.; Zou, X.; Liu, M.; Sun, J.; Gao, Y.; Qi, Y.; Zhou, X;

Yakobson, B. I.; Zhang, Y.; Liu, Z. Nano Lett. 2015, 15, 5804-5810.
doi:10.1021/acs.nanolett.5b01852

32.Ducke, J.; Riss, A.; Pérez Paz, A.; Seufert, K.; Schwarz, M.;

Garnica, M.; Rubio, A.; Auwarter, W. ACS Nano 2018, 12, 2677—2684.
doi:10.1021/acsnano.7b08887

33.Schwarz, M.; Duncan, D. A.; Garnica, M.; Ducke, J.; Deimel, P. S.;
Thakur, P. K.; Lee, T.-L.; Allegretti, F.; Auwarter, W. Nanoscale 2018,
10, 21971-21977. doi:10.1039/c8nr06387g

34.Brilke, C.; Heepenstrick, T.; Krieger, I.; Wolff, B.; Yang, X.;
Shamsaddinlou, A.; Wei3, S.; Bocquet, F. C.; Tautz, F. S ;

Soubatch, S.; Sokolowski, M. Phys. Rev. B 2019, 99, 121404.
doi:10.1103/physrevb.99.121404

35.Tan, A,; Zhang, P. P. Phys. Chem. Chem. Phys. 2019, 21,
26146-26153. doi:10.1039/c9cp04853g

36.Palma, C.-A.; Joshi, S.; Hoh, T.; Ecija, D.; Barth, J. V.; Auwarter, W.
Nano Lett. 2015, 15, 2242—-2248. doi:10.1021/nl1503956p

37.Portner, M.; Wei, Y.; Riss, A.; Seufert, K.; Garnica, M.; Barth, J. V.;
Seitsonen, A. P.; Diekhoner, L.; Auwarter, W. Adv. Mater. Interfaces
2020, 7, 2000080. doi:10.1002/admi.202000080

38. Urgel, J. I.; Schwarz, M.; Garnica, M.; Stassen, D.; Bonifazi, D.;
Ecija, D.; Barth, J. V.; Auwarter, W. J. Am. Chem. Soc. 2015, 137,
2420-2423. doi:10.1021/ja511611r

39.Riss, A.; Richter, M.; Paz, A. P.; Wang, X.-Y.; Raju, R.; He, Y.;
Ducke, J.; Corral, E.; Wuttke, M.; Seufert, K.; Garnica, M.; Rubio, A.;
Barth, J. V.; Narita, A.; Millen, K.; Berger, R.; Feng, X.; Palma, C.-A;
Auwarter, W. Nat. Commun. 2020, 11, 1490.
doi:10.1038/s41467-020-15210-2

40.Hwang, B.; Hwang, J.; Yoon, J. K.; Lim, S.; Kim, S.; Lee, M.;

Kwon, J. H.; Baek, H.; Sung, D.; Kim, G.; Hong, S.; Ihm, J.;

Stroscio, J. A.; Kuk, Y. Sci. Rep. 2016, 6, 31160.

doi:10.1038/srep31160

.Roth, S.; Matsui, F.; Greber, T.; Osterwalder, J. Nano Lett. 2013, 13,

2668-2675. doi:10.1021/nl400815w

42.Mao, J.; Zhang, H.; Jiang, Y.; Pan, Y.; Gao, M.; Xiao, W.; Gao, H.-J.
J. Am. Chem. Soc. 2009, 131, 14136—14137. doi:10.1021/ja904907z

43. Maccariello, D.; Garnica, M.; Nifio, M. A.; Navio, C.; Perna, P.;

Barja, S.; Vazquez de Parga, A. L.; Miranda, R. Chem. Mater. 2014,
26, 2883-2890. doi:10.1021/cm5005467

44.Kumar, A.; Banerjee, K.; Lilieroth, P. Nanotechnology 2017, 28,

082001. doi:10.1088/1361-6528/aa564f

4

jury

Beilstein J. Nanotechnol. 2020, 11, 1470-1483.

45.Korolkov, V. V.; Svatek, S. A.; Allen, S.; Roberts, C. J.;

Tendler, S. J. B.; Taniguchi, T.; Watanabe, K.; Champness, N. R.;

Beton, P. H. Chem. Commun. 2014, 50, 8882—8885.

doi:10.1039/c4cc03720k

.Korolkov, V. V.; Baldoni, M.; Watanabe, K.; Taniguchi, T.; Besley, E.;

Beton, P. H. Nat. Chem. 2017, 9, 1191-1197. doi:10.1038/nchem.2824

47.Figueira-Duarte, T. M.; Millen, K. Chem. Rev. 2011, 111, 7260-7314.
doi:10.1021/cr100428a

48.Kaposi, T.; Joshi, S.; Hoh, T.; Wiengarten, A.; Seufert, K.;
Paszkiewicz, M.; Klappenberger, F.; Ecija, D.; Dordevi¢, L.;
Marangoni, T.; Bonifazi, D.; Barth, J. V.; Auwarter, W. ACS Nano 2016,
10, 7665-7674. doi:10.1021/acsnano.6b02989

49. Casas-Solvas, J. M.; Howgego, J. D.; Davis, A. P. Org. Biomol. Chem.
2014, 12, 212-232. doi:10.1039/c30b41993b

50. Cirera, B.; Dordevi¢, L.; Otero, R.; Gallego, J. M.; Bonifazi, D.;

Miranda, R.; Ecija, D. Chem. Commun. 2016, 52, 11227-11230.

doi:10.1039/c6cc04874a

.Dordevi¢, L.; Valentini, C.; Demitri, N.; Méziére, C.; Allain, M.; Sallé, M.;

Folli, A.; Murphy, D.; Mafas-Valero, S.; Coronado, E.; Bonifazi, D.

Angew. Chem., Int. Ed. 2020, 59, 4106-4114.

doi:10.1002/anie.201914025

.Dordevi¢, L.; Marangoni, T.; Liu, M.; De Zorzi, R.; Geremia, S.;

Minoia, A.; Lazzaroni, R.; Ishida, Y.; Bonifazi, D. ChemPlusChem

2019, 84, 1270-1278. doi:10.1002/cplu.201800623

53. Llanes-Pallas, A.; Palma, C.-A.; Piot, L.; Belbakra, A.; Listorti, A.;
Prato, M.; Samori, P.; Armaroli, N.; Bonifazi, D. J. Am. Chem. Soc.
2009, 731, 509-520. doi:10.1021/ja807530m

54. Gonzalez-Rodriguez, E.; Abdo, M. A.; dos Passos Gomes, G.;
Ayad, S.; White, F. D.; Tsvetkov, N. P.; Hanson, K.; Alabugin, I. V.
J. Am. Chem. Soc. 2020, 142, 8352—-8366. doi:10.1021/jacs.0c01856

55. Schleicher, S.; Borca, B.; Rawson, J.; Matthes, F.; Blrgler, D. E.;
Koégerler, P.; Schneider, C. M. Phys. Status Solidi B 2018, 255,
1800235. doi:10.1002/pssb.201800235

56.Liu, X.; Du, Y.; Timmer, A.; Monig, H.; Wan, X.; Huang, X.; Ji, Q.;
Kan, E.; Ariga, K.; Hill, J. P.; Fuchs, H.; Kong, H. J. Phys. Chem. C
2019, 723, 16281-16287. doi:10.1021/acs.jpcc.9b04060

57.Lischka, M.; Fritton, M.; Eichhorn, J.; Vyas, V. S.; Strunskus, T.;
Lotsch, B. V.; Bjork, J.; Heckl, W. M.; Lackinger, M. J. Phys. Chem. C
2018, 122, 5967-5977. doi:10.1021/acs.jpcc.7b10403

58.Jiang, L.; Papageorgiou, A. C.; Oh, S. C.; Saglam, O.; Reichert, J.;
Duncan, D. A.; Zhang, Y.-Q.; Klappenberger, F.; Guo, Y.; Allegretti, F.;
More, S.; Bhosale, R.; Mateo-Alonso, A.; Barth, J. V. ACS Nano 2016,
10, 1033—-1041. doi:10.1021/acsnano.5b06340

59.Hu, J.; Hu, J.; Zhang, Z.; Shen, K.; Liang, Z.; Zhang, H.; Tian, Q.;
Wang, P.; Jiang, Z.; Huang, H.; Wells, J. W.; Song, F. Appl. Surf. Sci.
2020, 5713, 145797. doi:10.1016/j.apsusc.2020.145797

60.Sun, Q.; Gréning, O.; Overbeck, J.; Braun, O.; Perrin, M. L.;

Borin Barin, G.; El Abbassi, M.; Eimre, K.; Ditler, E.; Daniels, C.;

Meunier, V.; Pignedoli, C. A.; Calame, M.; Fasel, R.; Ruffieux, P.

Adv. Mater. (Weinheim, Ger.) 2020, 32, 1906054.

doi:10.1002/adma.201906054

.France, C. B.; Parkinson, B. A. J. Am. Chem. Soc. 2003, 125,

12712-12713. doi:10.1021/ja0370560

62.Pham, T. A,; Song, F.; Nguyen, M.-T.; Stéhr, M. Chem. Commun.
2014, 50, 14089-14092. doi:10.1039/c4cc02753a

63.Zhao, H.; Zhang, S.; Li, S.; Song, X.; Liu, W.; Liu, B.; Dong, M.
RSC Adv. 2015, 5, 103316—103320. doi:10.1039/c5ra20316¢c

64.Pham, T. A,; Song, F.; Nguyen, M.-T.; Li, Z.; Studener, F.; Stéhr, M.
Chem. — Eur. J. 2016, 22, 5937-5944. doi:10.1002/chem.201504946

4

[}

5

pur'y

5

N

6

=

1482


https://doi.org/10.1021%2Facs.jpcc.7b06107
https://doi.org/10.1016%2Fj.cap.2013.04.018
https://doi.org/10.1021%2Fnn406024m
https://doi.org/10.1021%2Facsnano.7b04022
https://doi.org/10.1021%2Facsnano.8b04444
https://doi.org/10.1021%2Facs.nanolett.5b01852
https://doi.org/10.1021%2Facsnano.7b08887
https://doi.org/10.1039%2Fc8nr06387g
https://doi.org/10.1103%2Fphysrevb.99.121404
https://doi.org/10.1039%2Fc9cp04853g
https://doi.org/10.1021%2Fnl503956p
https://doi.org/10.1002%2Fadmi.202000080
https://doi.org/10.1021%2Fja511611r
https://doi.org/10.1038%2Fs41467-020-15210-2
https://doi.org/10.1038%2Fsrep31160
https://doi.org/10.1021%2Fnl400815w
https://doi.org/10.1021%2Fja904907z
https://doi.org/10.1021%2Fcm5005467
https://doi.org/10.1088%2F1361-6528%2Faa564f
https://doi.org/10.1039%2Fc4cc03720k
https://doi.org/10.1038%2Fnchem.2824
https://doi.org/10.1021%2Fcr100428a
https://doi.org/10.1021%2Facsnano.6b02989
https://doi.org/10.1039%2Fc3ob41993b
https://doi.org/10.1039%2Fc6cc04874a
https://doi.org/10.1002%2Fanie.201914025
https://doi.org/10.1002%2Fcplu.201800623
https://doi.org/10.1021%2Fja807530m
https://doi.org/10.1021%2Fjacs.0c01856
https://doi.org/10.1002%2Fpssb.201800235
https://doi.org/10.1021%2Facs.jpcc.9b04060
https://doi.org/10.1021%2Facs.jpcc.7b10403
https://doi.org/10.1021%2Facsnano.5b06340
https://doi.org/10.1016%2Fj.apsusc.2020.145797
https://doi.org/10.1002%2Fadma.201906054
https://doi.org/10.1021%2Fja037056o
https://doi.org/10.1039%2Fc4cc02753a
https://doi.org/10.1039%2Fc5ra20316c
https://doi.org/10.1002%2Fchem.201504946

65.Xu, Y.; Bai, H.; Lu, G.; Li, C.; Shi, G. J. Am. Chem. Soc. 2008, 130,
5856-5857. doi:10.1021/ja800745y

66.Han, Y.; Li, H.; Jafri, S. H. M.; Ossipov, D.; Hilborn, J.; Leifer, K.
Appl. Surf. Sci. 2020, 510, 145409. doi:10.1016/j.apsusc.2020.145409

67.Singh, M.; Holzinger, M.; Tabrizian, M.; Winters, S.; Berner, N. C.;
Cosnier, S.; Duesberg, G. S. J. Am. Chem. Soc. 2015, 137,
2800-2803. doi:10.1021/ja511512m

68.Chen, X.; Jia, S.; Ding, N.; Shi, J.; Wang, Z. Environ. Sci.: Nano 2016,
3, 1493-1503. doi:10.1039/c6en00378h

69. Kurata, R.; Ito, A.; Gon, M.; Tanaka, K.; Chujo, Y. J. Org. Chem. 2017,
82, 5111-5121. doi:10.1021/acs.joc.7b00315

70.Maeda, H.; Maeda, T.; Mizuno, K.; Fujimoto, K.; Shimizu, H.;
Inouye, M. Chem. — Eur. J. 2006, 12, 824—831.
doi:10.1002/chem.200500638

71.Diring, S.; Camerel, F.; Donnio, B.; Dintzer, T.; Toffanin, S.; Capelli, R.;
Muccini, M.; Ziessel, R. J. Am. Chem. Soc. 2009, 131, 18177—18185.
doi:10.1021/ja908061q

72.Crawford, A. G.; Dwyer, A. D.; Liu, Z.; Steffen, A.; Beeby, A,;
Palsson, L.-O.; Tozer, D. J.; Marder, T. B. J. Am. Chem. Soc. 2011,
133, 13349-13362. doi:10.1021/ja2006862

73.Ji, L.; Edkins, R. M.; Lorbach, A.; Krummenacher, |.; Briickner, C.;
Eichhorn, A.; Braunschweig, H.; Engels, B.; Low, P. J.; Marder, T. B.
J. Am. Chem. Soc. 2015, 137, 6750-6753. doi:10.1021/jacs.5b03805

74.Lee, Y. O.; Pradhan, T.; Yoo, S.; Kim, T. H.; Kim, J.; Kim, J. S.
J. Org. Chem. 2012, 77, 11007-11013. doi:10.1021/jo3010974

75.Furukawa, S.; Uji-i, H.; Tahara, K.; Ichikawa, T.; Sonoda, M.;
De Schryver, F. C.; Tobe, Y.; De Feyter, S. J. Am. Chem. Soc. 2006,
128, 3502-3503. doi:10.1021/ja0583362

76. Schlickum, U.; Decker, R.; Klappenberger, F.; Zoppellaro, G.;
Klyatskaya, S.; Auwarter, W.; Neppl, S.; Kern, K.; Brune, H.;
Ruben, M.; Barth, J. V. J. Am. Chem. Soc. 2008, 130, 11778-11782.
doi:10.1021/ja8028119

77.Ermst, K.-H. Phys. Status Solidi B 2012, 249, 2057—2088.
doi:10.1002/pssb.201248188

78.Zaera, F. Chem. Soc. Rev. 2017, 46, 7374-7398.
doi:10.1039/c7cs00367f

79. Erler, P.; Schmitt, P.; Barth, N.; Irmler, A.; Bouvron, S.; Huhn, T.;
Groth, U.; Pauly, F.; Gragnaniello, L.; Fonin, M. Nano Lett. 2015, 15,
4546-4552. doi:10.1021/acs.nanolett.5b01120

80. Liu, L.; Dienel, T.; Widmer, R.; Groning, O. ACS Nano 2015, 9,

10125-10132. doi:10.1021/acsnano.5b03741

.Dappe, Y. J.; Andersen, M.; Balog, R.; Hornekeer, L.; Bouju, X.

Phys. Rev. B 2015, 91, 045427. doi:10.1103/physrevb.91.045427

82.Borghetti, P.; EI-Sayed, A.; Goiri, E.; Rogero, C.; Lobo-Checa, J.;
Floreano, L.; Ortega, J. E.; de Oteyza, D. G. ACS Nano 2014, 8,
12786-12795. doi:10.1021/nn5060333

83. Cochrane, K. A.; Schiffrin, A.; Roussy, T. S.; Capsoni, M.; Burke, S. A.
Nat. Commun. 2015, 6, 8312. doi:10.1038/ncomms9312

84.Bokdam, M.; Khomyakov, P. A.; Brocks, G.; Zhong, Z.; Kelly, P. J.
Nano Lett. 2011, 11, 4631-4635. doi:10.1021/nl202131q

85. Kirchhuebel, T.; Monti, O. L. A.; Munakata, T.; Kera, S.; Forker, R.;
Fritz, T. Phys. Chem. Chem. Phys. 2019, 21, 12730-12747.
doi:10.1039/c8cp07318j

86.Sanning, J.; Ewen, P. R.; Stegemann, L.; Schmidt, J.; Daniliuc, C. G.;
Koch, T.; Doltsinis, N. L.; Wegner, D.; Strassert, C. A.
Angew. Chem., Int. Ed. 2015, 54, 786—791.
doi:10.1002/anie.201407439

87.Warth, C.; Grabolle, M.; Pauli, J.; Spieles, M.; Resch-Genger, U.
Nat. Protoc. 2013, 8, 1535—-1550. doi:10.1038/nprot.2013.087

88. Gaussian 09, Revision D.01; Gaussian, Inc.: Wallingford, CT, 2016.

8

=

Beilstein J. Nanotechnol. 2020, 11, 1470-1483.

89.Becke, A. D. Phys. Rev. A 1988, 38, 3098-3100.
doi:10.1103/physreva.38.3098

90.Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.
doi:10.1103/physrevb.37.785

91.Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.
doi:10.1063/1.464913

92. Adamo, C.; Jacquemin, D. Chem. Soc. Rev. 2013, 42, 845-856.
doi:10.1039/c2cs35394f

93.Yanai, T.; Tew, D. P.; Handy, N. C. Chem. Phys. Lett. 2004, 393,
51-57. doi:10.1016/j.cplett.2004.06.011

94. GaussView, Version 5; Gaussian, Inc.: Wallingford, CT, 2016.

95.O'boyle, N. M.; Tenderholt, A. L.; Langner, K. M. J. Comput. Chem.
2008, 29, 839-845. doi:10.1002/jcc.20823

96.Zhao, X.; Xiong, Y.; Ma, J.; Yuan, Z. J. Phys. Chem. A 2016, 120,
7554-7560. doi:10.1021/acs.jpca.6b07552

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:

(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.11.130

1483


https://doi.org/10.1021%2Fja800745y
https://doi.org/10.1016%2Fj.apsusc.2020.145409
https://doi.org/10.1021%2Fja511512m
https://doi.org/10.1039%2Fc6en00378h
https://doi.org/10.1021%2Facs.joc.7b00315
https://doi.org/10.1002%2Fchem.200500638
https://doi.org/10.1021%2Fja908061q
https://doi.org/10.1021%2Fja2006862
https://doi.org/10.1021%2Fjacs.5b03805
https://doi.org/10.1021%2Fjo3010974
https://doi.org/10.1021%2Fja0583362
https://doi.org/10.1021%2Fja8028119
https://doi.org/10.1002%2Fpssb.201248188
https://doi.org/10.1039%2Fc7cs00367f
https://doi.org/10.1021%2Facs.nanolett.5b01120
https://doi.org/10.1021%2Facsnano.5b03741
https://doi.org/10.1103%2Fphysrevb.91.045427
https://doi.org/10.1021%2Fnn5060333
https://doi.org/10.1038%2Fncomms9312
https://doi.org/10.1021%2Fnl202131q
https://doi.org/10.1039%2Fc8cp07318j
https://doi.org/10.1002%2Fanie.201407439
https://doi.org/10.1038%2Fnprot.2013.087
https://doi.org/10.1103%2Fphysreva.38.3098
https://doi.org/10.1103%2Fphysrevb.37.785
https://doi.org/10.1063%2F1.464913
https://doi.org/10.1039%2Fc2cs35394f
https://doi.org/10.1016%2Fj.cplett.2004.06.011
https://doi.org/10.1002%2Fjcc.20823
https://doi.org/10.1021%2Facs.jpca.6b07552
https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762/bjnano.11.130

	Abstract
	Introduction
	Results
	Structural and electronic properties in vacuum
	Molecular self-assembly on hBN/Cu(111)
	Tetrasubstituted pyrene
	trans-like-disubstituted pyrene
	cis-like-disubstituted pyrene
	Binary assemblies

	Scanning tunneling spectroscopic measurements

	Discussion
	Self-assembly
	Spectroscopic investigations and determination of the molecular gap

	Conclusion
	Experimental
	STM and STS
	Photophysical investigations
	Computational methods

	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	References

