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ABSTRACT: Functionalized naphthalene diimides (NDIs) are
attractive candidates as small molecule acceptors for various
molecular electronic applications due to their reversible two-step
one-electron reductions at relatively low potentials. Here, we
utilize low-temperature scanning tunneling microscopy (STM) to
study the spatial extent and the electronic structure of 2,7-dibenzyl
1,4,5,8-naphthalenetetracarboxylic diimide (BNTCDI) adsorbed
on the Pt(111) surface. We succeeded to map in real space the
electronic structure of this three-dimensional (3D) molecule with
orbital resolution, and thus were able to image an in-plane 7-nodal

plane located at the benzyl side arms. Furthermore, on the basis of

the comparison of voltage dependent STM images and ab initio

density functional theory simulations, we are able to explain the STM features of BNTCDI in terms of a convolution between its
3D shape and electronic structure. Importantly, for this weakly coupled molecule on the Pt(111) substrate, the intramolecular
N---H—C hydrogen bonds (i) stabilize the protruding 7-systems of the benzyl groups perpendicular to the flat NDI core and (ii)

open an effective transport path around Fermi energy.

B INTRODUCTION

Naphthalene diimides (NDIs) have received considerable
interest in recent years as functional small molecule acceptors"*
for various molecule based electronics applications, such as
nonfullerene acceptors in organic photovoltaics,*™® as n-type
semiconductors,””” in donor—acceptor conjugates,lo_
electrochemical sensors.'”'* Particularly interesting are their
Nernstian reversible two-step one-electron reductions at
relatively low potentials, which also can be adjusted by core
substitutions in a broad range.15 With this regard, LUMO
energies of 3.7 eV can be readily achieved. In addition, the ease
of preparation of symmetrically and unsymmetrically sub-
stituted NDIs by imidation of commercially available 1,4,5,8-
naphthalenetetracarboxylic dianhydride by primary amines is
very attractive for accessing functionalized NDI with fine-tuned
properties.

In order to investigate molecular orbital structures and
transport properties in detail, low-temperature ultrahigh
vacuum scanning tunneling microscopy (LT-UHV-STM) is a
powerful technique that provides real space images of surface
structures with local atomic resolution and, thus, triggered
seminal developments in surface science. Using this technique,
the tunneling current between a sharp metal tip, placed in close
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proximity to a sample (<1 nm), and the sample surface is
measured while a small bias voltage is applied and the tip is
scanning the surface. Thereby, the local electron density of
states (LDOS) between the tip and a conducting substrate is
detected. If a molecule is placed between the tip and the
substrate, the modulation of the LDOS by the molecule is
recorded.'®™"” In the case of planar, weakly coupled molecules,
such as pentacene and other aromatic hydrocarbons, high-
resolution images of the molecular orbital structure can be
obtained, especially if a very thin electronic decoupling layer of
NaCl is placed between the metallic substrate and the
molecule.” Applying this method, it is possible to image the
frontier orbitals of molecules on substrates that resemble the
molecular orbitals of the free molecule in the gas phase. Besides
NaCl, other materials, such as graphene, hexagonal boron
nitride, transition metal dichalcogenides, or oxides, may serve as
an electronic decoupling layer enabling the direct imaging of
molecular orbitals of planar molecules.”’ > However, if a 7-
conjugated planar molecule is chemisorbed onto a metal
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Scheme 1. Synthesis of BNTCDI
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substrate, it is difficult to obtain molecular orbital resolution
with STM due to the direct coupling of molecular states with
the electronic states of the metal.”” Access to the geometrical
structure of planar molecules is obtained by scanning tunneling
hydrogen microscopy”® or tuning-fork-based noncontact
atomic force microscopy.””***' Thus, molecular structure,
bond order, and even intermolecular features in molecular
networks could be characterized. If, in addition, electronic
molecular properties should be investigated, a combined STM
and NC-AFM study is useful for two-dimensional (2D)
molecules.

However, the detailed STM characterization of the molecular
conformation and the electronic structure of a three-dimen-
sional (3D) molecule adsorbed on a metallic surface is very
challenging. Generally speaking, the STM images are a rather
complicated convolution of the sample geometry and the
probed electronic structure. As compared to 2D molecular
structures, in the case of 3D molecules, this situation gets even
more complicated, since the tunneling current scales
exponentially with the tip—sample distance, and thus, height
differences within a molecule cause considerable variations of
the current signal and, thereby, lead to a decreased resolution.
Consequently, it is even more important for a 3D molecule to
be electronically decoupled from the metallic surface in order to
enable orbital resolution. However, if a functional molecule
should be characterized in device geometry or at least in
contact with the same metal surface as in a device, another
approach has to be adopted. Recently, the introduction of
spatially demanding substituents has been employed to
decouple molecules from a metal surface.””** These sub-
stituents induce a steric hindrance, leading to a measurable
increase in the molecule—substrate distance and, thus, to an
electronic decoupling. This method bears the advantage that
the degree of decoupling can be steered by the size of the
substituent.

Here, we apply a minor steric decoupling to study the hybrid
interface formed by 2,7-dibenzyl 1,4,5,8-naphthalenetetracar-
boxylic diimide (BNTCDI) adsorbed on Pt(111). More
precisely, the anchoring part of our molecule, the NDI
backbone, contains four oxygen atoms known to weakly
chemisorb a molecular planar structure on metallic surfa-
ces.> >335 Therefore, two kinks represented by the methylene
groups of the benzyl side arms are introduced at both sides of
the NDI core to provide a steric hindrance so that the molecule
is slightly lifted from the surface. As a consequence, the benzyl
side arms of BNTCDI are expected to protrude from the plane
of the molecular core, causing a non-planarity of the
molecule.”'" In this study, we provide a detailed insight into
the adsorption geometry and electronic structure of this 3D
molecule adsorbed on Pt(111), as revealed by LT-UHV-STM
and density functional theory (DFT) simulations.

B EXPERIMENTAL METHODS

Chemical Synthesis and Analysis. 1,4,5,8-Naphthalene-
tetracarboxylic dianhydride (1.34 g, 5.00 mmol) and benzyl-
amine (1.17 g, 10.9 mmol) were dlssolved in DMF (20 mL)
and stirred at RT for 2 h (Scheme 1).>° The reaction mixture
was then stirred at 100 °C for 2 h and at 140 °C for another 30
min. The resulting suspension was poured into cold water, and
the precipitate was filtered and dried under vacuum.
Purification was performed by recrystallization from dichloro-
methane to give 2,7-dibenzyl 1,4,5,8-naphthalenetetracarboxylic
diimide as a cream-colored solid (1.82 g, 81%), Mp > 257 °C
(dec).

'H NMR (300 MHz, CDCL,): 6 5.39 (s, 4 H), 7.23—7.35 (m,
6 H), 7.52—7.56 (m, 4 H), 8.76 (s, 4 H). *C NMR (75 MHz,
CDCL,): 6 44.1 (CH,), 126.8 (C,,y,), 128:0 (CH), 128.7 (CH),
129.2 (CH), 131.3 (CH), 136.6 (C )y 1629 (Couan)-

El + MS (m/z (%)): 447 (30), 446( 1 103 341 (11),
340 ([M - C,H,NT*, 42), 312 (30), 91 (22)

FT-IR: & [em™] = 630 (s), 669 (s), 711 (m), 737 (w), 745
(m), 770 (s), 810 (w), 881 (w), 899 (w), 918 (w), 930 (w),
957 (w), 970 (w), 984 (w), 995 (m), 1028 (w), 1074 (m),
1103 (w), 1142 (w), 1180 (m), 1217 (w), 1242 (s), 1288 (w),
1302 (m), 1333 (s), 1368 (m), 1393 (w), 1418 (w), 1450 (m),
1495 (w), 1558 (w), 1580 (m), 1607 (w), 1649 (m), 1661 (s),
1703 (m).

Anal. Caled for C,H gN,0, (446.5): C 75.33, H 4.06, N
6.27; Found: C 75.17, H 4.12, N 6.19.

UV/vis (A [nm] (¢ [L mol™ em™])): 343 (13000), 361
(20200), 381 (27700).

The cyclic voltammogram was recorded in CH,Cl, at 293 K
with a Pt working electrode, Pt counter electrode, Ag/AgCl
reference electrode, v = 100 mV/s, standard decamethyl
ferrocene, electrolyte 0.1 M [Bu,N][PF]. El/zo/_l =—-0.580V,
and E,,7"72 = —0.998 V.

Scanning Tunneling Microscopy Details. A commercial
Createc STM (Germany) was used to perform all low-
temperature scanning tunneling microscopy (LT-STM) and
spectroscopy (STS) experiments under ultrahigh vacuum
(UHV) with a base pressure of 1 X 107'° mbar. The UHV-
LT-STM is composed of three parts, ie., a load-lock, a
preparation chamber equipped with LEED, and a measurement
chamber. The system is operated at 4.2 or 77 K using custom-
made electrochemically etched tungsten tips. All STM images
were recorded in constant-current mode with the bias voltage
applied to the sample. The data are plotted after applying plane
correction and optional noise filtering by a slight Fourier filter
using SPIP. Molecular heights given in images correspond to
averaged apparent heights obtained from height profiles. The
given lengths correspond to the full width half maxima of the
structures. Differential conductance (dI/dV) spectra were
recorded after switching-off the feedback loop using lock-in
detection to record the tunneling current while the bias voltage
was modulated. The spectroscopic data were obtained on
several molecules spread over the samples and usually averaged
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over five curves. The measurement parameters are given
directly in the respective captions of the STM/STS measure-
ments.

The substrate used in STM measurements was a polished
Pt(111) single crystal (purity 99.999%), which was purchased
from MaTeck (Germany). It was cleaned by several cycles of
Ne*-ion sputtering (1 kV, 30 min, 2.5 yA), baking (600 °C, 1 X
107 mbar of O, partial pressure), and subsequent thermal
annealing (900 °C, 20 min). The cleanliness of the Pt(111)
surface was checked by STM inspection and LEED measure-
ments. The cleaning procedure was pursued until large clean
terraces with a diameter up to several 100 nm in STM and
sharp spots with a hexagonal symmetry in LEED appeared.

BNTCDI molecules were outgassed and subsequently
deposited onto the clean Pt(111) crystal by sublimation at
120—150 °C using a Knudsen cell. During the submonolayer
deposition, the background pressure was kept in the 10™'* mbar
range and the substrate surface at room temperature (RT).

Computational Details. The tunneling electron transport
calculations are carried out employing the scattering wave
function code juTRANS®” based on the Lippmann—Schwinger
equation formalism.*® Within the framework of the density
functional theory, in the present simulations, we used the
projector-augmented-plane wave method®” and the local
density approximation*” for the exchange-correlation potential.
The electron transmission spectra were taken by means of the
Landauer—Biittiker formulism.*'

B RESULTS AND DISCUSSION

Synthesis and Electrochemical Characterization. The
NDI derivative BNTCDI was prepared by condensation of
1,4,5,8-naphthalenetetracarboxylic dianhydride with benzyl
amine in DMF at 100 and 140 °C in 81% yield, as shown in
Scheme 1.*° The molecular structure was unambiguously
assigned by 'H and '*C NMR spectroscopy and mass
spectrometry, and the elemental composition was confirmed
by combustion analysis.

Furthermore, thermogravimetric (TG) and differential
thermal (DT) analysis were performed to elucidate the thermal
behavior of BNTCDI in a temperature range from room
temperature to 650 °C (see Figure S1 in the Supporting
Information). Preceding a sharp melting point at 271 °C, a
minor endothermic peak indicates a phase change. BNTCDI is
thermally stable up to 300 °C, where an endothermic
decomposition begins as indicated by a steady mass loss.

The UV/vis absorption of BNTCDI was determined in
dichloromethane solutions showing three absorption maxima at
343, 361, and 381 nm with molar extinction coefficients of
13000, 20200, and 27700 L mol ™" cm™, respectively (Figure S2
in the Supporting Information). Cyclic voltammetry gives the
first and second Nernstian reversible one-electron reductions at
El/zo/_l =—0.58 Vand El/z_l/_2 = —1.00 V as referenced to the
NHE (normal hydrogen electrode, Figure S3 in the Supporting
Information). These values are in good agreement with
literature data of N,N-dialkyl NDIs."®

Adsorption Geometry and Electronic Structure of
BNTCDI. BNTCDI can be sublimed under ultrahigh vacuum
conditions from powder samples onto Pt(111) substrates in a
highly reproducible manner concerning the resulting molecule
coverage. LT-UHV-STM investigations reveal elongated
features with an apparent height of 90—120 pm, which can
be assigned to single BNTCDI molecules (Figure 1). Besides
BNTCDI, some adsorbates characteristic for Pt(111) with an

Figure 1. STM image showing BNTCDI (white encircled), dimers
(blue and red encircled, see text), and some molecular fragments (U,
=0.1V, I, = 200 pA, T = 4.2 K). The three directions adopted by the
elongated molecules are indicated by white lines. The inset shows a
close-up of the molecules.

apparent height up to 100 pm, like residual oxygen or hydrogen
atoms, and a few molecular fragments are observable. A
molecular length of 1.9 nm and a width of 0.7 nm were
obtained from the STM images and are in accordance with
theoretically deduced molecule dimensions. BNTCDI on
Pt(111) adsorbs along three directions spanning an angle of
60 or 120° with respect to each other. Hence, there is a 3-fold
degenerated bonding site of BNTCDI on the hexagonal
Pt(111) surface and commensurability can be assumed.
Furthermore, dimer formation can be observed, even though
a submonolayer deposition was aspired in order to receive
isolated molecules on the surface (Figure 1). It is known for
unsubstituted and monosubstituted NDI compounds that they
are able to self-assemble through N—H---O=C and C—H:-
O=C hydrogen bonds generating supramolecular net-
works.****™** In the case of disubstituted NDI compounds,
like BNTCDI, only the weak intermolecular C—H--O=C
hydrogen bonds are available. However, these might lead to
dimers or, at higher coverage, brickwork structures like those
reported for dialkyl substituted NDI derivatives.*>** BNTCDI
dimers adsorbed on a surface may adopt at least two
intermolecular geometries defined by the displacements along
the long and short axes within the NDI plane that allow
reduction of the C—H---H—C repulsion and the formation of
two C—H:--O=C bonds (blue and red encircled dimers in
Figure 1). These intermolecular interactions, the molecule—
surface interactions, and the low coverage are responsible for
the formation of the different dimer geometries observed here.
The high-resolution STM image of a single BNTCDI
molecule on Pt(111) (Figure 2) reveals that the molecules
exhibit C,, symmetry, ie, show two mirror planes, which
intersect the molecule center and are perpendicular to each
other. All molecules without exception (see Figure 1) exhibit
this appearance, pointing to a local energy minimum of this
conformation. This molecular appearance can be explained
straightforwardly by the adsorption of the NDI part flat on the
Pt(111) substrate, while the phenyl groups on both sides stand
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Figure 2. Sketch of BNTCDI: (a) side view; (b) top view with
indicated mirror planes. One hydrogen bond between an N atom of
the naphthoic diimide core and the next H atom of the phenyl ring
(N-+-H distance 0.262 nm) is indicated by a dashed blue line in the
side view () and an ellipsoid in the top view (b). (c) High resolution
UHV-STM image of a single BNTCDI molecule; the mirror planes are
indicated (U, = +0.5 V, I = 510 pA, T = 4.2 K). The unfiltered
STM image and the apparent height profile are given in Figure S4 in
the Supporting Information. (d) Contrast enhanced illustration of
BNTCDI.

upright, as shown in the schemes given in Figure 2ab. If the
phenyl groups would adsorb flat on the substrate, as suggested
by the molecular chemical structure depicted in Scheme 1, the
STM images of the BNTCDI would have an unsymmetrical
appearance. In addition, we can exclude a fast transformation
from one unsymmetrical conformation into the corresponding
opposite unsymmetrical conformation by rotation of benzyl
groups, resulting in a timely weighted average and, thus, in a
symmetrical conformation. Rotations of molecular groups, such
as benzyl or phenyl groups, require activation energies in the

range from 100 to 400 me 748 and are frozen at 4.2 K.

Consequently, the STM images reflect the molecular orbital
structure of BNTCDI with phenyl rings standing upright at
both sides, resulting in a three-dimensional molecule.

The observed upright configuration of the phenyl groups in
BNTCDI is unaffected by the direction of the STM tip
scanning across the molecule or varying set points in the range
of =2 < Uy,/V < 2. We attribute this conformational stability
to the introduced methylene linker between the NDI part and
the phenyl groups in addition to N---H—C hydrogen bonds. By
performing theoretical calculations on BNTCDI in the gas
phase, we could identify a close distance of only 0.262 nm
between the nitrogens of the NDI core and hydrogen atoms
located at the phenyl rings on both sides of the molecule
resembling weak N-+H—C hydrogen bonds (see Figure 2a
indicated by a blue line). The N---H distance is smaller than the
sum of the van der Waals radii and smaller than the distance
found for the hydrogen bond between 5pyricline and methyl
fluoride which amounts to 0.267 nm.*”*" Consequently, the
presence of the N-H hydrogen bonds determines (i) the
upright configuration of the phenyl groups and (ii) the
orientation of the methylene groups with their hydrogen
atoms pointing toward the substrate, leading to a considerable
decoupling of the phenyl groups from the metal as well as from
the NDI z-electron system.

As depicted in Figure 2c¢, at the molecular site, we identify
characteristic topographic features with intramolecular reso-
lution that indicate a weak electronic coupling between
BNTCDI and the substrate due to the decoupling mechanism
related to the built-in steric hindrance. Surprisingly, although
BNTCDI exhibits a significant 3D geometrical corrugation (see
Figure 2a,b), a closer look at the LT-UHV-STM image given in
Figure 2c reveals a spatial resolution of the electron density
located at the planar upright phenyl arms as well as at the flat
lying NDI core resembling molecular orbital features of the free
molecule, as will be discussed later in comparison with DFT
calculations.

In order to get further insights into the molecular-like orbital
structure of the adsorbed BNTCDI, we performed thorough
voltage dependent imaging. By convention, at the molecular
site, the electronic states corresponding to unoccupied
molecular-like orbitals are measured with positive bias voltages,
while the occupied molecular-like orbitals are obtained at
negative values of the applied bias voltage. Figure 3 depicts
representative high resolution UHV-STM images obtained for
single BNTCDI molecules on Pt(111). First, we note that,
from a structural point of view, the absolute length and width of

(d)
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Figure 3. Voltage dependent STM images of BNTCDI on Pt(111) with submolecular resolution: (a) Up;ys = —1.5V, (b) Upiy = +0.25 V, (c) Upips =
+1.0V, (d) Uyps = +2.0 V (I, = 700 pA). (e) Apparent height profiles along the long molecule axis in (a) black, (b) blue, (c) red, and (d) orange
(curves shifted by 0.025 nm for clarity). Raw data together with additional height profiles are given in Figures S5 and S6 in the Supporting

Information.
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Figure 4. Real space plots (units: nm) of the charge density plots on a logarithmic scale (units: e/bohr’) for the last two occupied (HOMO-1,
HOMO) and first two unoccupied (LUMO, LUMO+1) frontier molecular orbitals obtained for the BNTCDI molecule in the gas phase. The top
views are cuts through a parallel plane above the naphthoic diimide core at 1 nm (a, d, g, j) and 0.2 nm (b, e, h, k). The side views (c, f, i, 1) represent

cuts along the white lines indicated in the corresponding top views.

the BNTCDI molecule remain constant at 1.90 and 0.74 nm
with a variance of +0.03 nm, respectively, independent of the
applied bias voltage. In addition, all STM images show two
characteristic bright spots, presumably located above the
nitrogen atoms of the NDI backbone, with a constant distance
of about 0.8 nm. It is also important to note that in all STM
images the topographic features are given in a direction
perpendicular to the Pt(111) surface, ie, in a direction
perpendicular to the NDI plane and in a direction parallel to
the phenyl planes.

The occupied electronic states recorded at —1.5 V are
depicted in Figure 3a. They show the highest apparent height
difference between the bright spots attributed to N atoms and
the center of the NDI as compared to the STM images
obtained at other voltages (Figure 3e). In addition, the phenyl
rings at the periphery of the BNTCDI appear clearly higher
than the molecular center (e.g, the NDI core) and show a
tapered shape with a total width of 0.48 nm at this voltage.

At a bias voltage of 025 V, a considerably different
appearance of the molecular-like orbitals can be observed, as
given in Figure 3b. The characteristic bright spots located above
the N atoms are less dominant at this bias voltage as compared
to those imaged at —1.5 V, allowing the identification of other
subtle features indicating a submolecular resolution. One such
remarkable feature is the high electron density at the periphery
of the NDI backbone compared to its center. Moreover, in a
direction perpendicular to the phenyl arms, a depression of 7
pm at the phenyl atomic plane can be determined. Note that
such an intramolecular resolution is similar to that observed for
physisorbed molecules,””** suggesting a weak molecule/
Pt(111) interaction. On the other hand, such submolecular
features are less present for the STM images measured at bias
voltages of 1 and 2 V.

Figure 3e presents the line profiles corresponding to the
STM images illustrated in Figure 3a—d. BNTCDI shows the
highest corrugation at —1.5 V with a relative low electronic

density on the phenyl groups and the center of the molecule.
The absolute values of the apparent height of the blue (+0.25
V), red (+1.0 V), and orange (+2.0 V) line profiles are larger
than those of the black curve (—1.5 V) at the site of the NDI
core and the phenyl groups. Consequently, a lower apparent
height difference between the two bright spots (above nitrogen
atoms) and the center of the molecule results. As the apparent
height profiles indicate, these STM images show less
distinguishable features with increasing voltage.

Identification of Molecular-Like Orbitals. In order to
unravel the mechanism of the submolecular resolution observed
in the STM images that suggest a weak molecule—substrate
interaction,”*** we performed first principle simulations for the
BNTCDI (i) in the gas phase and (ii) in the STM
configuration. More precisely, in a first step, we investigated
the BNI molecule in the gas phase considering several
molecular conformers using density functional theory (DFT).
For the relaxed geometry reported in Figure 2a,b, the distance
between the center of the phenyl rings is similar to the one
measured in the STM images shown in Figures 2¢ and 3.

By comparing the voltage dependent STM images (see
Figure 3) with the charge density distribution of the last two
occupied (HOMO—1, HOMO) and first two unoccupied
(LUMO, LUMO+1) frontier molecular orbitals (Figure 4) of
the BNTCDI molecule in the gas phase, we can identify
specific common features for the NDI core and the phenyl
rings. More precisely, while at the NDI core the nodal planes
are always between different atoms, the top view images of the
n-like orbitals located at the phenyl rings (Figure 4a,d,g) reveal
the presence of an atomic driven nodal plane for both occupied
and unoccupied molecular orbitals. This nodal plane separates
the lobes of the p_-atomic-like orbitals that form the 7-orbitals
located at the phenyl group. Such a nodal plane is clearly
observed in our STM measurements, as shown in Figures 2¢
and 3b. This represents the visualization of an in-plane 7-nodal
plane present at the C atomic positions of an aromatic ring

DOI: 10.1021/acs.jpcc.7b09911
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within a STM experiment. To the best of our knowledge, this
has been reported up to now only for a small molecule,
nitrosobenzene, chemisorbed on Ge(100).”" Note that, in the
case of flat two-dimensional molecules such as pentacene,”” the
STM measurements revealed the presence of out-of-plane nodal
planes between different carbon atoms.

The side views of the charge density plots corresponding to
the calculated molecular orbitals shown in Figure 4cfil
indicate that close to the BNTCDI molecule the charge
density isolines exhibit a corrugation similar to that of the line
profiles reported in Figure 3e. In particular, the corrugation
depicted in these side views is more pronounced for HOMO—-1
and HOMO (see Figure 4cf) and smaller for LUMO and
LUMO+1 (Figure 4il). This is in qualitative agreement with
the experimental apparent height profiles (see Figure 3e)
showing a higher corrugation for the occupied electronic states
measured at negative bias voltages as compared to unoccupied
states measured at positive bias voltages.

Transport Properties of BNTCDI. In a second step, we
investigated the transport properties of the physisorbed
BNTCDI molecule on Pt(111). We considered a molecule—
surface system within a simple model; ie., the molecule is
adsorbed at 0.3 nm above a jellium electrode, while the STM
tip is modeled as a W apex atom attached to the upper jellium
electrode at a distance of 0.1 nm. We evaluated the electron
tunneling transport for two distances between the tip and the
highest H atom of the molecule (0.5 and 0.8 nm) and four tip
positions, as shown in the inset of Figure S (i.e., the tip atom is
located above the molecular center, the nitrogen atom, and the
two topmost hydrogen atoms of the BNTCDI molecule).

jellium
one atom tip W B B
P
Q p ; . T
| \.';J.“\ 1 i /'3—&/ T T
L { 8o ) o-g§ \ 4
1E-s[ | @ ¢ : R, B
B-a L ed
¢ Bp-oS-TITTCO-g
Z 1E-6[ r—
= jellium
©
= ]
© 1E-7
(=%
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& 1E-8
E
-
5 Tip position B
= 1E-9 —i- molecular center
—@- nitrogen
—&— inner hydrogen 4
1E-10 —¥— outer hydrogen
L

1510 05 00 05 10 15 20 25 3.0
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Figure S. Electron transmission spectra for a tip—molecule distance of
0.8 nm with respect to the topmost hydrogen atom of the phenyl ring.
Inset: Cartoon of the geometry used in the simulations.

As can be seen from Figure S, even at zero bias (Eg), the
calculated transmission probability varies significantly for
different tip positions above the molecule. More precisely, the
conductance is much lower when the tip is above the NDI core
with respect to that obtained above phenyl rings. This
observation clearly emphasizes that the 3D structure of the
molecules is reflected in the constant current STM images. This
implies that even around the Fermi energy the STM tip will
approach the NDI core and will be withdrawn above phenyl
rings. In addition, for the tip position above the NDI plane and

above the highest H atom of the phenyl arm, the difference in
transmission probabilities is larger for negative bias values than
for positive ones. This again is in a qualitative agreement with
the experimental apparent height profiles (Figure 3e) and the
corrugation of charge density isolines plotted in Figure 4c¢fjil.

Furthermore, we performed a scanning tunneling spectros-
copy (STS) analysis and acquired conductivity curves above the
center and the periphery of BNTCDI adsorbed on Pt(111)
(see Figure 6). However, they do not show a distinct HOMO—

04 -02 0.0 0.2 0.4
Sample Bias [V]

difdV [nANV]
FS

0 T T T
Sample Bias [V]

Figure 6. STS measurements on the Pt(111) substrate (gray
background), the center of BNTCDI (red), the bright spots (orange),
and the outer part of BNTCDI (blue).

LUMO gap (HLG) as in the case of physisorbed z-molecular
systems.” More specifically, around the Fermi energy, the
conductivity spectra taken above the BNTCDI molecule have a
magnitude similar to that of the metallic Pt(111) substrate. The
best compliance is found between the dI/dV curve taken above
a bright spot, located near the N atoms of BNTCDI (orange
curve in Figure 6), and the one above the Pt(111) substrate,
indicating a locally increased interaction. This behavior
indicates that BNTCDI is not physisorbed but rather weakly
chemisorbed on Pt(111).

It has been observed recently that the introduction of
functional groups with acceptor character into planar aromatic
hydrocarbons facilitates the hybridization of the molecular
orbitals with metallic surface states.*”>* Thus, an increased
coupling of these molecules to the substrate compared to
unsubstituted perylenes results. Accordingly, the adsorption of
NDI on Si(111) induces significant charge redistribution in
order to form a chemical bond with the surface.’’ As a
consequence, the LUMO states shift toward lower energies
upon adsorption, as reported for PTCDA and TCNQ,
belonging to the class of functionalized planar aromatic
hydrocarbons with acceptor character.®> The extent of the
shift depends on the interaction strength with the respective
substrate.

In the case of BNTCDI adsorbed on Pt(111), we find that
the STM images obtained around the Fermi energy for
occupied as well as unoccupied molecule—surface electronic
states exhibit specific features that are characteristic for the
LUMO of BNTCDI in the gas phase (see Figures 4g,h and 7).
In detail, these are the two regions of decreased charge density
marked by dashed blue lines at the NDI core, the four spots
showing the p_-like orbitals forming the z-orbitals at the phenyl
rings (emphasized by light blue ellipses), and the nodal plane in
between these features. Due to the molecular 3D structure, the
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Figure 7. Schematic depiction of the interaction between the Pt d-
states and the LUMO of the BNTCDI molecule (b). STM images
obtained for a bias voltage of +0.25 V (a) and —0.25 V (c). Light blue
markers emphasize the s-orbitals at the phenyl rings, black circles
correspond to charge densities above N atoms, and the blue dashed
lines show the regions of decreased charge density at the NDI core.

STM image acquired above the phenyl rings resembles the
LUMO features shown in Figure 4g,ie, at a height of 1 nm
above the NDI core, while the STM image obtained on top of
the NDI core is similar to the LUMO features shown in Figure
4h, ie, at a height of 0.2 nm above the NDI core. The
observation of LUMO features near the Fermi energy confirms
the interaction between the Pt d-states and the LUMO of
BNTCDI that leads to bonding and antibonding states of the
molecule—surface system. As a consequence, the top views of
both bonding and antibonding molecule—surface states will
have a similar appearance, as indeed experimentally observed in
Figure 7a and c.'”

Besides this, as already mentioned, all STM experimental
images indicate the presence of two bright spots (see black
dashed marked regions in Figure 7a,c) at approximately 0.86
nm apart from each other. These two features are not present
in the molecular orbital pictures obtained for BNTCDI in the
gas phase, ie., assuming that it is physisorbed on the Pt(111)
substrate. They can be located near the N atoms within the
molecule according to geometrical analysis. One reason for the
increased charge density at these sites is the charge
redistribution due to chemical interactions of the functional
molecular groups with the substrate discussed above. Another
point is the charge density associated with the two hydrogen
bonds formed between N atoms and the neighboring H atoms
of the phenyl ring (see Figure 2b) also located at the site of the
N atoms (top view). Therefore, we assume that these bright
spots originate from weak local Pt--N---H—C chemical
interactions®” that lead to an opening of tunneling channels
around the Fermi energy. They represent the most efficient

transport paths, like also suggested by the electron transmission
spectra (Figure S), for electrons tunneling from the tip to the
Pt(111) substrate through the BNTCDI molecule and vice

versa.

B CONCLUSION

To summarize, in this combined experimental and theoretical
study, we investigated the geometrical and electronic structure
of a 3D molecule such as 2,7-dibenzyl 1,4,5,8-naphthalenete-
tracarboxylic diimide (BNTCDI) weakly chemisorbed on
Pt(111). Importantly, the STM experiments performed for
this system revealed a submolecular resolution for BNTCDI
corresponding to 7-conjugated systems oriented perpendicular
to each other. This implies that we visualize via STM an in-
plane m-nodal plane (ie., that separates the lobes of the p,-
atomic-like orbitals) present at the C atomic positions of the
phenyl rings. This is a challenging achievement noticing that in
such STM experiments the current signal varies significantly
due to the height differences within a 3D molecule, leading
overall to a decreased resolution. Indeed, in our first principle
calculations, we demonstrated that the convolution between the
3D shape of BNTCDI and its electronic structure plays a
crucial role in the STM imaging process. Thereby, the
presentation of the charge density plots at different heights
above the planar backbone of the molecule has been proved to
be a useful tool to identify STM features resulting from
molecular-like orbitals measured in constant current mode.

In particular, our STM measurements in combination with
DFT calculations indicate the presence of hybrid BNTCDI/Pt
d-states around the Fermi energy and local N---H—C hydrogen
bonds that open an effective transport path around the Fermi
energy. Hence, we expect that such a methodology based on
STM and DFT can be successfully applied for other adsorbed
m-conjugated molecules whose 3D geometrical shapes lead to
large height differences due to protruding molecular groups.
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