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T
he functionalization of surfaces by
molecular architectures is a promis-
ing route toward advanced materials

with tailored topological, electronic, optical,
magnetic or catalytic properties. Inspired by
nature and supramolecular science, self-as-
sembly protocols relying on specific inter-
actions between programmed molecular
units were successfully implemented on
surfaces to achieve well-defined nano-
structures.1,2 Scanning tunneling micro-
scopy (STM) is the method of choice to
image and characterize such low-dimen-
sional architectures with submolecular re-
solution in real space. As STM relies on a
finite conductivity of the sample, the vast
majority of studies use single crystal metal
substrates. This, however, is associated with
severe limitations: Electronic interactions
with the metallic support can signif-
icantly affect the electronic, magnetic and

conformational structure of adsorbates,
thereby modifying or hampering their func-
tionality. Furthermore, homogeneous me-
tallic substrates usually prevent the for-
mation of regular arrays of nanostructures.
Molecules when adsorbed on a surface
interact with both the substrate and coad-
sorbates. Depending on the resulting bal-
ance of forces, they may experience attrac-
tive or repulsive interactions between each
other. At submonolayer coverage, the for-
mer case yields self-assembled islands or
networks1,2 while the latter situation leads
to a homogeneous distribution of individual
molecules scattered across the entire sur-
face area.3�5 The organized growth of
arrays of assemblies, highly desirable to
complement structure formation on the
nanoscale, thus calls for templated surfaces
exhibiting periodicities in the nanometer
regime. As reconstructions on metallic

* Address correspondence to
wau@tum.de.

Received for review September 5, 2013
and accepted December 2, 2013.

Published online
10.1021/nn406024m

ABSTRACT Suitable templates to steer the formation of nanostructure arrays on surfaces

are indispensable in nanoscience. Recently, atomically thin sp2-bonded layers such as

graphene or boron nitride (BN) grown on metal supports have attracted considerable interest

due to their potential geometric corrugation guiding the positioning of atoms, metallic

clusters or molecules. Here, we demonstrate three specific functions of a geometrically

smooth, but electronically corrugated, sp2/metal interface, namely, BN/Cu(111), qualifying it

as a unique nanoscale template. As functional adsorbates we employed free-base porphine (2H�P), a prototype tetrapyrrole compound, and

tetracyanoquinodimethane (TCNQ), a well-known electron acceptor. (i) The electronic moirons of the BN/Cu(111) interface trap both 2H�P and TCNQ,

steering self-organized growth of arrays with extended molecular assemblies. (ii) We report an effective decoupling of the trapped molecules from the

underlying metal support by the BN, which allows for a direct visualization of frontier orbitals by scanning tunneling microscopy (STM). (iii) The lateral

molecular positioning in the superstructured surface determines the energetic level alignment; i.e., the energy of the frontier orbitals, and the electronic

gap are tunable.

KEYWORDS: boron nitride . monolayer . moiré . scanning tunneling microscopy (STM) . scanning tunneling spectroscopy (STS) .
density functional theory (DFT) . surface potential . local work function . template . porphyrin . TCNQ . confinement . self-assembly .
molecular orbital
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substrates only provide limited possibilities regarding
periodicity and symmetry of the superstructure,6,7

ultrathin adlayers offer new perspectives.8 Here, spe-
cial interest focuses on nonmetallic or insulating spacer
layers, which reduce the electronic coupling between
adsorbate and metallic substrate but are suitable for a
characterization with STM, thus yielding information
on nearly unperturbed properties of functional adsor-
bates. The application of various ultrathin oxide,9

nitride10 and halide11,12 films grown on metal sub-
strates as supports for atoms or molecules has been
reported, but their considerable polarity, corrugation
and structural inhomogeneity might be a drawback
regarding large-scale self-assembly. As an alternative,
epitaxial graphene13�24 or boron nitride (BN)15,21,25�29

layers recently emerged as promising nanoscale tem-
plates. Nevertheless, on insulating spacer layers, in-
cluding boron nitride sheets, self-assembly protocols
for the construction of advanced molecular architec-
tures remain to date largely unexplored.
Atomically thin BN films can be grown by chemical

vapor deposition from borazine on various transition
metalswith exquisite control of the interface structure.30�36

As for isostructural graphene, the sp2 sheet can exhibit
a considerable geometric corrugation, resulting in
nanomesh structures32 or moiré patterns, or be planar
in case of a commensurate, epitaxial fit with the
substrate lattice.30 BN's diverse topographical features
on transition metals, together with its exceptional
physical and chemical properties (large band gap,
inertness, temperature stability), make it lucrative as
substrate or template to support molecules25,37 (vide
supra) or graphene.38�40 Recently, we have shown that
BN on Cu(111) exhibits a rather unique, topographi-
cally planar, but electronically corrugated structure.41

Apart from being an interesting spacer layer to electro-
nically decouple functional molecules from metal sup-
ports, BN/Cu(111) features a periodically modulated
surface potential, which is observed as contrast- in-
vertible electronic moiré pattern in STM images. These
moiré-like superstructures coexist with variable peri-
odicities, depending on the rotation of the BN domains
relative to the Cu(111) lattice. This provides a fascinating
potential landscape to study and control the adsorption
and electronic properties of complex molecules.
As exemplary functional adsorbate, we use free-base

porphine (2H�P, see model in Figure 3b), a highly
relevant prototype macrocycle representing the par-
ent compound of all porphyrins. Porphyrins are extre-
mely versatile macrocyclic species with an intriguing
variety of functional properties. They are ubiquitous in
biological systems: incorporated as prosthetic groups
in proteins, they carry respiratory gases, provide multi-
ple sensing functions in metabolic processes, catalyze
chemical transformations, and operate in photosyn-
thetic reaction pathways.42 Porphyrins are similarly
important in synthetic materials and supramolecular

chemistry. They have been tailored for sensing pur-
poses, medical applications, catalysis, dye-sensitized
solar cells and reticular design of metal�organic
frameworks.43 From a surface science perspective,
the versatile chemical termination of functionalized
porphyrins allows for the self-assembly of well-defined
architectures on metal supports. For example, two-
dimensional (2D) porphyrin arrays and porous net-
works, 1D-coordination polymers and 0D supramole-
cules were reported.44�52 To date, the free-base
porphine has received little attention. This is surprising,
as systematic studies on 2H�P could provide a refer-
ence for the entire class of porphyrins. Multimethod
studies of 2H�P on Cu(110)49 and Cu(111)4 show an
electron exchange between the substrate and the
porphine. Our recent study of 2H�P on Ag(111) re-
vealed a rather complex behavior considering the
rather inert, noble metal character of the substrate.
Charge transfer, preferred adsorption sites and dom-
inating repulsive intermolecular interactions prevent
island formation at submonolayer coverages and in-
duce phase transformations.5 In striking contrast, func-
tionalized free-base species such as 2H-TPP arrange in
well-defined assemblies even at very low coverage.53

In brief, as the porphine is drastically modified at the
molecule/metal interface, no experimental reports
on intrinsic characteristics and self-assembly proper-
ties of 2H�P on surfaces are available to date. To
complement the porphine data, we also applied tetra-
cyanoquinodimethane (TCNQ), a prototype acceptor
molecule, as adsorbate on the BN template.
In this article, we present a detailed study of 2H�P

on BN/Cu(111). Specifically, we report three character-
istics of the porphine/BN/Cu interface, which are
clearly different from adsorption on metal substrates,
thus highlighting the impact of the ultrathin BN spacer
layer. (i) The reduced electronic coupling to the metal
support results in a distinct gap of about 3.85 eV and
allows us to directly visualize the frontier orbitals of
2H�P in STM images. A comparison to Density Func-
tional Theory (DFT) and Extended Hückel Theory (EHT)
calculations of the charge density of HOMO and LUMO
of an isolated 2H�P reveals a good agreement, con-
firming the assignment of the molecular resonances
and the electronic decoupling. (ii) Porphines self-as-
semble into well-defined agglomerates with a nearest
neighbor distance of 11.3 Å. At intermediate coverage,
highly regular arrays of 2H�P islands are formed,
demonstrating the role of the BN/Cu(111) surface as
a template for the confined growth of nanostructures.
This trapping and templating mechanism yielding
ordered assemblies of unprecedented extension is
related to the spatial modulation in the surface poten-
tial of BN/Cu(111) and is equally operational for TCNQ.
(iii) The energy alignment of the molecular electronic
resonances is tuned by the lateral positioning of the
2H�P on BN/Cu(111), which also affects the electronic
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gap. For high coverage, where extended chiral porous
Kagomé network structures evolve, an electronic
superstructure is thus imprinted in the 2H�P film.

RESULTS AND DISCUSSION

The BN/Cu(111) interface, here serving as a substrate
for the adsorption of porphine and TCNQmolecules, was
comprehensively characterized in previous publications
relying on different experimental approaches and
theoretical modeling.41,54�56 Importantly, the BN layer
shows only a minute geometric corrugation, and
therefore is considered to be topographically flat.
Nevertheless, a misalignment between extended BN
domains and the supporting Cu lattice induces elec-
tronic superstructures that appear as moiré-like pat-
terns in STM images recorded at high bias voltages.
Specifically, circular protrusions, labeled “hills” (H) or
moirons were identified as low local work function
areas, which are separated by “valley” (V) and “bridge”
(B) regions characterized by a higher local work func-
tion (see Figure 1a).41,54 Here, we introduce additional
experimental insight into the electronic structure of
the BN/Cu(111) interface. Figure 1b represents a series
of 81 dI/dV spectra recorded along a line across the
surface, plotted in an energy vs distance map, where
the dI/dV intensity is color-coded. The spectral fea-
tures, appearing as bright bands in the map, reflect
field emission resonances (FERs, see Figure 1c). As the

energy of the FERs is related to the local work function
and the surface potential,57�60 we conclude that the
BN/Cu(111) interface is characterized by a smooth,

continuous lateral variation of the surface potential
and the local work function. Figure 1b reveals consid-
erable energy shifts of the FER's by ≈300 meV. In
agreement with our previous report, the low local work
function regions correspond to theH areas.41 However,
it should be noted that the energy shift of single FERs
does not directly reflect the local work function differ-
ence. Only an evaluation of several resonances yields
an estimate for this quantity.58 Consistent with our
previously published experimental values, the local
work function on the H regions is ≈300 meV lower
than that on the B or V regions. We assign all spectral
features in Figure 1 to FER's and exclude important
contributions of localized interface states as all peaks
show consistent energy shifts when changing the
tip�sample distance (see Supporting Information
Figure S1).
To characterize individual porphine molecules on

BN/Cu(111) and to study the initial phase of self-
assembly, 2H�P was prepared with low coverage at
room temperature. Figure 2c shows the site specific
trapping and formation of small porphine aggregates
on the H regions or moirons of the electronic BN/
Cu(111) superstructure at low coverage. In contrast
to porphine adsorption on Ag(111) (Figure 2a) and

Figure 1. Electronic superstructure of the BN/Cu(111) interface. (a) STM image recorded at a bias of 4.0 V revealing circular
protrusions (labeled “hills”Hormoirons) separated by dimmer regions (“valley”V and “bridge” B, respectively) (I= 50pA).The
dotted line represents thepositions of 81 dI/dV spectra taken across thismoiré-like superstructure. The coloreddotsmark two
characteristic positions (H (blue) and V (green)) to describe the local surface potential at BN/Cu(111). Corresponding dI/dV
spectra are shown in (c). (b) Energy vs distancemap of the dI/dV spectra revealing a continuous spatial modulation of surface
potential along the line plotted in (a). The bright bands represent field emission resonances (FERs), evidencing an energy
variation of about 300 meV between H and V areas. (c) dI/dV spectra showing series of FERs on the two positions (H and V)
confirm a considerable shift in energy of all resonances, consistent with a lower local work function in the H regions. The
dashed lines serve as guides to the eye to highlight the shift.
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Cu(111) (Figure 2b), where repulsive intermolecular
forces prevent the assembly of aggregates below
0.88 ML,4,5 small islands are observed on BN. The
nearest neighbor distance in these aggregates
amounts to 11.3 ( 0.5 Å. This value is very close to
the preferred lateral in-plane separation of two 2H�P
molecules calculated by simple molecular mechanics
simulations (MMþ) that do not include interactions
with the substrate. Thus intermolecular repulsion does
not play a decisive role for 2H�P/BN/Cu(111), in con-
trast to 2H�P in direct contact with a Cu(111) or
Ag(111) substrate, where charge transfer has been
reported.4,5 This is a first indication of an effective
electronic decoupling of the porphine from the me-
tallic substrate by the BN spacer layer. Nevertheless, a
considerable amount of isolated molecules is ob-
served, seemingly trapped on the moirons or H areas
of the BN/Cu(111) superstructure. Clearly, the 2H�P
molecules avoid the V and B regions. A statistical
analysis of the 2H�P locations on the moirons reveals
a preference for off-center positions (Figure 2d, top
panel). However, after normalizing the counts with
the area available for adsorption, which rises linearly
with increasing distance r from the moiron center,
a monotonous distribution is observed (Figure 2d,

bottom panel). Thus, the porphine experiences a trap-
ping on the moirons without favored ring-like adsorp-
tion sites. This observation is corroborated by molec-
ular manipulation experiments. Electron injection from
the stationary STM tip into the lowest unoccupied
molecular orbital (LUMO) induces a lateral translation
of the 2H�P on the BN moiron. Tracking a molecule
through a sequence of jumps visualizes the confine-
ment on the moiron (see Figure 2e). Color-coded dots
and lines, ranging from black to yellow, represent the
trajectory of the molecule.
The selective confinement of molecules, clusters or

atoms on specific areas of nanostructured surfaces can
be triggered by the absolute value of the local work
function,6,7 the strength of van der Waals (vdW) inter-
actions with the support,61 the magnitude of vertical
dipole moments on polar substrates,17,62 or lateral
electric fields on surfaces exhibiting a corrugated
electronic potential.19,63 In the present case, the ex-
perimentally observed distribution of individual 2H�P
molecules on the moiron is consistent with an impor-
tant role of the absolute value of the local work
function (compare Figures 1b and 2d). However, our
DFT calculations including vdW corrections show es-
sentially no difference in the binding energy of 2H�P

Figure 2. Trapping of 2H�P on the electronic BN/Cu(111) superstructure. On the metallic Ag(111) (a, Vb =�0.8 V, I = 200 pA)
and Cu(111) (b, Vb=�0.1 V, I = 200 pA) surfaces serving as reference systems, repulsive interactions prevent the assembly of
porphine aggregates at low coverage. (c) STM image showing the trapping of individual 2H�P molecules (orange squares)
and small porphine aggregates on the H areas (or moirons, light blue) of the BN/Cu substrate. The formation of 2H�P islands
on the BN is attributed to a reduced electronic coupling of themolecules to the Cu (Vb= 1 V, I = 30 pA). (d) A statistical analysis
of the radial positions of 2H�P on the moirons reveals a preference for off-center adsorption in the raw data (top panel).
Normalizing the countswith the available area, however, yields a decreasing probability of residencewith increasing distance
from the moiron center (bottom panel). The blue curve represents an apparent height profile from the center of a moiron to
the B region. (e) Jumps of a 2H�P upon injection of electrons. The color-coded dotsmark the positions of themolecule, which
is trapped on the moiron.
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on the local low- and high-work function areas corre-
sponding to the BfccNtop (Eads= 1.93 eV) and BhcpNfcc

(Eads = 1.94 eV) registries, respectively. The interaction
energy of 2H�P on the large moiré cell are also rather
uniform, ranging between 2.01 and 2.04 eV (see table
in Figure 7d). It should be noted that the latter quantity
is larger because possible relaxation of the substrate
and adsorbate are not taken into consideration.64

Irrespective of the precise mechanism, the trapping
or confinement, going hand in hand with a spatial
ordering of the molecules, is tentatively rationalized
with the periodic modulation of the surface potential
of the BN/(Cu(111) interface.
Figure 3 shows dI/dV spectra alongwith STM images

of a single molecule. A direct comparison of spectra of
2H�P on BN (blue) with reference data of bare BN (red),
2H�P on Ag(111) (green) and Cu(111) (black) is shown
in Figure 3a. The 2H�P/BN spectrum evidences pro-
nounced resonances at �2.4 and þ1.45 V, in striking
contrast to the featureless spectrum of 2H�P in direct
contact with a Ag(111) or Cu(111) surface. The unoc-
cupied spectral feature cannot be described by a single
peak but exhibits some fine structure. [The apparent
fine structure of the LUMO resonance is influenced by
the termination of the STM tip, as seen when compar-
ing Figures 3a, 6a and S4. The latter indicates a series of
side peaks, reminiscent of vibrational excitations de-
tected for molecules adsorbed on insulating layers
(see Supporting Information, Figure S4).] Conse-
quently, we use the slope to define the apparent gap
between the resonances, which amounts to about
3.5 V (dotted line in Figure 3a). Clearly, the electronic
contributions in the 2H�P gap are dominated by the
BN/Cu(111) substrate, which accounts for an electronic
interface state (red spectrum).41 The effective decou-
pling of the 2H�P from the electron-rich metal by the
BN is supported by a negative differential resistance
(NDR) regime trailing the unoccupied 2H�P reso-
nance.65 As expected from these scanning tunneling
spectroscopy data, STM images of 2H�P/BN/Cu(111)
show a pronounced bias dependent intramolecular
contrast (Figure 3b). In the gap, the molecule appears
as featureless square representing the geometric out-
line of 2H�P. At the energies of the resonances, the
appearance of the molecule is considerably modified.
The STM image representing the occupied state is
dominated by four bright protrusions; for the unoccu-
pied resonance, a two-fold symmetry prevails. This
contrast is in excellent agreement with calculated
charge density plots of the highest occupied (HOMO)
and lowest unoccupied (LUMO)molecular orbital of an
isolated 2H�P molecule. Figure 3b compares the STM
images (top panel) with the HOMO and LUMO ob-
tained from DFT calculations of an isolated 2H�P
molecule (middle panel) and the corresponding
constant charge density contours based on EHT
simulations (bottom panel).66 Based on the close

resemblance, the resonances identified in the 2H�P
spectrum on BN can be assigned to the HOMO and
LUMOorbital, respectively. Our DFT calculations yield a
value of 1.93 eV for the electronic gap of isolated
porphine, a quantity typically underestimated by
GGA methods. Indeed, recent theoretical studies fo-
cusing on a precise determination of electronic and
optical gaps in organic materials report a HOMO�
LUMO gap in isolated porphine of 5.0 or 5.2 eV and
emphasize the strong excitonic effects in optical
spectra.67,68 Our experimentally determined electronic
gap (3.85 eV peak to peak, 3.5 eV apparent gap) is still
considerably smaller than these values, evidencing
some interaction of the porphine with its support.

Figure 3. Electronic characterization of 2H�P on BN/Cu-
(111). (a) Comparative dI/dV spectra recorded on BN/Cu-
(111) (red), on the center of 2H�P on Ag(111) (green),
Cu(111) (black) and BN/Cu(111) (blue), respectively. While
contributions from the surface and interface states are
observed near the Fermi energy (sample bias = 0) in all
spectra, only the spectrum representing 2H�P/BN/Cu(111)
shows pronounced resonances at �2.4 and 1.45 V sepa-
rated by a gap. The dashed line marks the apparent
electronic gap of ≈3.5 V. The NDR region highlighted in
blue (see arrow) confirms a reduced electronic coupling of
2H�P to Cu. (b) The top panel represents the bias depen-
dent appearance of 2H�P/BN in experimental constant
current STM images, recorded in the gap or at the positions
of the (un)occupied resonances (HOMO, Vb= �2.45 V, I =
100 pA; gap, Vb= 1 V, I = 30 pA; LUMO, Vb= 1.25 V, I = 30 pA).
TheSTMimagesarewell reproducedbyconstantchargedensity
contoursbasedonextendedHückel simulations (bottompanel),
reflecting theHOMOandLUMOorbitalsas calculatedbydensity
functional theory (DFT, middle panel). A Gaussian blurring was
applied to the Hückel contours to mimic the finite resolution in
the STM experiment. See text for discussion.
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Indeed, the binding energy of the HOMO relative to the
vacuum level (∼6.4 eV) is smaller than the ionization
potential of 6.9 eV determined for gas phase 2H�P.69

[The binding energy of the HOMO relative to the vacu-
um level is estimated by adding the binding energy of
the HOMO relative to the Fermi level (2.4 eV) to the
average workfunction of BN/Cu(111) (∼4 eV).]
Free-base porphyrin systems contain two hydrogens

in the interior of the tetrapyrrole macrocycle, which can
undergo a tautomerization process.70 Our STM data of
2H�P/BN/Cu(111) indeed show the tautomerization
switching, reflected in a 90� rotation of the LUMO
symmetry,10 thus corroborating the resolution of the
LUMO (cf. Figure S2 in the Supporting Information).

With increasing molecular coverage, the average
size of the 2H�P aggregates confined to the moirons
increases. Figure 4a shows a highly ordered array of
2H�P islands at a coverage of about 0.4 monolayers
(ML) on a BN/Cu(111) domain characterized by a super-
structure periodicity of 7 nm. [The monolayer is de-
fined as the entire surface coverage by the Kagomé
network (see Figure 5g).] The templating effect of the
BN/Cu(111) substrate is clearly discernible and is also
reflected in the fast Fourier transform (FFT) of the
image (Figure 4b). The sharp hexagonal pattern at
the center represents the inter-island distances. Re-
markably, each moiron hosts an extended, self-
assembled 2H�P island. An inspection of the islands'

Figure 4. Templating functionality of BN/Cu(111) and islandmorphology. (a) STM image revealing the formation of extended
self-assembled 2H�P islands at intermediate coverage confined on the moirons (Vb= 1.0 V, I = 48 pA). The most abundant
assemblies, hexagonal 18-molecule islands featuring a central cavity, are marked by the green and red hexagons. (b) FFT
image to highlight the structural order in (a). The six inner spots (red) reflect the order of the array, i.e., the arrangement of the
assemblies. The 12 outer spots (highlighted by yellow circles) represent the order within the assemblies, i.e., the arrangement
of the molecules and the chirality (see text for details). A model of one of the chiral hexagons (green) is shown in the right
panel. (c) A zoomed and rotated segment from (a, blue rectangle) exhibits the mirror symmetric pair of chiral hexagonal
assemblies (red and green). (d) Normalized island-size distribution plot for a coverage corresponding to a), clearly showing
the dominance of the 18-molecule assemblies (corresponding to S/ÆSæ = 1.3, see text for discussion). The experimental
distribution is clearly narrower than the red random nucleation curve, confirming the templating functionality of the
electronic superstructure of the BN/Cu(111) interface. The cyan curve shows a binomial distribution representing perfect
confinement. (e) Formation of arrays of TCNQ aggregates on BN/Cu(111) after room temperature deposition (Vb= 1.6 V, I =
21pA). The right panel shows themolecular arrangementwithin one specific island and a structuralmodel of TCNQ (Vb= 0.3 V,
I = 33 pA). The solid lines (cyan) highlight the different coexisting TCNQ orientations and the relative molecular positions.
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shapes and sizes reveals repeating morphologies in-
cluding a prominent hexagonal assembly formedby 18
molecules exposing a central vacancy (examples are
marked by colored hexagons in Figure 4a). Indeed, the
island-size distribution plot based on the analysis of
160 moirons (>2200 molecules), normalized according
to scaling theory, shows a clear preference for 18-
molecule clusters (see Figure 4d). Here, NS describes
the island density, θ the coverage, S(ÆSæ) is the (average)
number of molecules per island.6,71 The strong con-
tribution for a normalized island size S/ÆSæ = 1.3 repre-
sents the 18-molecule clusters, corresponding nearly
exclusively to the porous hexagonal assemblies. The
red solid line shows the calculated size distribution
from scaling theory for random nucleation (i = 1) on an
isotropic substrate.6,71 Clearly, the experimental distri-
bution is narrower, i.e., has a higher size uniformity,
thus confirming the templating effect of the electronic
BN/Cu(111) superstructure. Assuming a perfect con-
finement of deposited 2H�P molecules on the moiron
cells, a binomial distribution of the island sizes is
expected.6 The cyan curve in Figure 2b bases on the
binomial distribution Pk = ðnkÞpkqn�k relying on the
experimental parameters (p = θ = 0.4 is the coverage,
q= 1� θ, k is the island size and n= 33 is the number of
sites in a supercell (white rhombus in Figure 4a)). The
agreement with the experimental size distribution is
reasonable, notably concerning the width. The calcu-
lated standard deviation σ = (q/np)1/2 of 0.21 compares
well with values reported for templated, self-organized
growth.6 However, the binomial distribution naturally
fails completely in describing the preference for the
18-molecule cluster. To rationalize the abundance of
these porous hexagon-shaped assemblies, all the ob-
served island sizes and shapes where analyzed regard-
ing two features: First, the average number of nearest
neighbors per molecule in an island and second the
number of peripheral molecules interacting with only

two neighbors, thus representing an “open shell”
structure. In comparison to the porous assemblies
formed by 15, 16, and 19 molecules, the porous
hexagon includes no peripheral molecules and fea-
tures the highest average number of nearest neigh-
bors, making it the favored configuration. As dis-
cernible in Figure 4, the 18-molecule clusters are chiral;
i.e., two mirror symmetric assemblies are observed on
the surface (examples aremarked by the green and red
hexagon, respectively). Figure 4b (right side) shows a
structural model of one of the two chiral assemblies
(green hexagon). Indeed, their existence is also re-
vealed in the FFT. Twelve diffuse spots are detected
at larger k values reflecting the intermolecular distance
(highlighted by circles in Figure 4b, FFT image). From
the hexagonal packing within one island, only six spots
are expected. The 12 spots emerge from the coexis-
tence of the two chiralities, which are due to the two
equivalent possibilities to arrange two aligned 2H�P
molecules relative to each other. Figure 4c shows a
zoom in on amirror symmetric chiral pair of hexagonal
assemblies, marked by red and green borders.
It should be pointed out that the above analysis

represents one specific BN/Cu(111) domain. Neverthe-
less, the conclusions about the templating function are
generally valid for all superstructure periodicities and
moiron sizes observed (see for example Figure 2 and
Figure 5). Interestingly, the central vacancy, having a
footprint of one2H�Pmolecule, is not a common feature
of all moirons: Some assemblies are dense-packed and
larger moirons can host aggregates with several indivi-
dual off-center vacancies (see Supporting Information,
Figure S3a). Although we cannot clarify in detail the
driving force for the vacancy formation, the porous
hexagonal units are the building blocks for extended
2H�P islands prevailing at higher coverage (vide infra).
The potential of BN/Cu(111) as a template is also

evident for a structurally and electronically distinctly

Figure 5. Bias and position dependent appearance of 2H�P on BN/Cu(111). (a�f) STM image sequence recorded with
increasing bias voltage. The area represented shows the coexistence of an extended network with the ordered island phase
(I = 30 pA, identical color scale). Themodified appearancewith increasing bias is assigned to electron transport via the LUMO.
The lateral contrast variation is induced by the corrugated surface potential of the BN/Cu(111) interface (see text for
discussion). (g) Extended porous 2H�P Kagomé network on BN/Cu(111) at high coverage (Vb= 1.0 V, I = 50 pA). Here, the
templating effect is overridden. The assembly includes the hexagonal 18-molecule motif (green hexagon, compare Figure 3)
and is characterized by a rhombic unit cell (highlighted in yellow).
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different adsorbate, namely TCNQ. Figure 4e evidences
the formation of arrays of TCNQ assemblies after room
temperature deposition, analogous to the 2H�P situa-
tion. STM images of individual islands (e.g., Figure 4e,
right panel) reveal the packing scheme of these ag-
gregates, reminiscent of nitronaphthalene supermole-
cules reported on a reconstructed Au surface.72

Judging from the molecular dimensions, the average
planes of the TCNQ units adsorb parallel to the surface.
Distinct molecular orientations differing by 30�, 60� or
90� coexist, representing specific intermolecular cou-
pling motifs exhibiting a nearest neighbor separation
of ≈8 Å, with a minimal N 3 3 3H distance of 3 Å. A
simultaneous expression of orthogonal (90�) and side-
by-side (0�) arrangements was observed for TCNQ/
Cu(111),73 while parallel (0�), but offset TCNQ align-
ments are reported on other coinage metal sur-
faces.74�76 These homogeneousmetal substrates how-
ever never supported the organized growth of TCNQ
arrays, but yield extended islands at submonolayer
coverage. A templated TCNQ growth was achieved
on graphene/Ru(0001), where the close match be-
tween moiron extension and molecular size results in
individual TCNQ units at low coverage.23

At coverages exceeding ≈0.4 ML, the 2H�P start to
form extended highly regular porous networks with a
rhombic unit cell (side length of 3.2 nm) including six
molecules (Figure 5g, yellow rhombus). The hexagonal
18-molecule cluster abundant at intermediate cover-
age is observed as repetitive motif in the porous net-
work (green hexagon) thus demonstrating some
hierarchy in the assembly. A close inspection of the
extended assemblies reveals their chiral Kagomé-
type structure (highlighted in cyan in Figure 5g).77 A
similar structurewas reported for phthalocyanines on a
graphene-based moiré pattern.20 Obviously, the tem-
plating effect of the BN superstructure can be over-
ridden provided the number of molecules is large
enough. This is neatly apparent in Figures 5a and S3b
(Supporting Information) showing phase boundaries
between the confined assemblies and the extended
network.
In Figure 5a�f, an image sequence recorded with

increasing positive sample bias voltage (representing
unoccupied electronic states) is shown. Clearly, the
appearance of the 2H�P depends both on the applied
voltage and the lateral position. At 0.9 V, all molecules
appear with an identical contrast. At 1.05 V, the 2H�P
near the center of the moirons exhibit an increased
apparent height. Here, the position of themoirons or H
areas in the extended network is deduced from the
positions of the individual islands. While increasing the
bias between 0.9 and 1.65 V, this brighter appearance
of the molecules gradually spreads outward, i.e., ra-
dially away from the moiron centers (Figure 5a�f).
At 1.65 V, all 2H�P appear with an identical contrast
again, which however is different from the situation

at 0.9 V. To clarify this position- and bias-dependent
contrast, dI/dV spectra were recorded above the center
of porphines located at characteristic spots of the BN/
Cu(111) superstructure. Figure 6a compares spectra on
the center of the “hill” (blue), “in-between” (green) and
the “bridge” (red), which show significant shifts of the
HOMO and LUMO resonances. Importantly, the LUMO
related peak of themolecules on the “hills” is shifted by
about 300 mV to lower energy as compared to the
“bridge”, while the spectral shape is conserved. This
explains the spatial-energy variation in appearance of
the 2H�P molecules: First, the increased apparent
height is assigned to tunneling into the LUMO of the
2H�P. Second, the radial increase in brightness with
increasing bias voltage is explained by the upshift of
the LUMO resonancewith increasing distance from the
center of the moiron.
We attribute these LUMOshifts to the smooth spatial

modulation of the local surface potential of the elec-
tronic BN/Cu(111) superstructure (compare Figure 1b),
where we observed an energy variation in the field
emission resonances of about 300 meV between the H
and V or B areas, with the lowest local work function on
the moirons. The mechanism behind the energy shifts
is consistent with a vacuum level alignment of the
LUMO, as sketched in the diagrams reproduced in
Figure 6c representing the energy level alignment for
the B (red) and H (blue) positions. The LUMO energy is
given by the electron affinity (EA) relative to the
vacuum level of the sample, which is defined by the
local work function. Assuming EA to be constant, the
reduced local work function on the moirons (ΦH, blue)
shifts the LUMO closer to the Fermi level; i.e., electrons
can tunnel into the LUMO at lower bias voltages as
compared to the V situation (ΦB, red). This vacuum
level alignment of molecular orbitals is consistent with
an efficient electronic decoupling of the 2H�P from
the metal support. Nevertheless, the voltage drop
across the BN spacer layer does not drastically affect
the level alignment. A variation of the tip�sample
distance by 2 Å shifts the LUMO resonance by less
than 50 mV, which is much smaller than the value of
300 mV reported above. A very recent study addres-
sing phthalocyanines on a graphene/BN support also
reports varying energies of molecular orbitals and
assigns this effect to an spatially dependent electronic
doping of the molecules.78 For 2H�P/BN, we do not
consider relevant charge transfer to/from the mol-
ecules as the 2H�P frontier orbitals do not contribute
significantly to the density of states at the Fermi level
(see Figure 3).
The spatially dependent energy shift is also reflected

in the HOMO resonance, which appears as a dis-
tinct step-like feature in the negative sample bias
regime (Figure 6a). It shows the same trend as the
LUMO. However, the HOMO�LUMO gap varies de-
pending on the 2H�P position on the superstructure.
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The molecules have the smallest gap on the “hills” and
the largest on the “valleys”. Figure 6b evidence a linear
dependence of the HOMO�LUMO gap on the LUMO
position and the lateral position, respectively. Thus, a
rigid band shift due to a vacuum level alignment does
not precisely describe the real situation, despite being
a reasonable approximation. We tentatively assign
the variation of the gap to subtle modulations of the
molecule�substrate interactions, i.e., to screening
effects.79,80 Compared to the high local work function
areas, the low local work function regions (H) facilitate
an electronic interactionwith the underlyingmetal and
thus enhance the screening, which is reflected in a
reduced HOMO�LUMO gap. Indeed, the confinement
of 2H�P on the moirons at low and intermediate
coverage, evidencing an increased interaction with
the support, is consistent with this interpretation.
The electronic structure of 2H�P on various posi-

tions across the moiré cell as obtained from DFT
calculations shows a similar behavior. We have pre-
viously demonstrated that the spatial variation of the
local work function can be rationalized with the mod-
ulation of the adsorption registry of BN on Cu(111).54

Here we placed the molecule on 6 positions along the
diagonal of the moiré cell where the electronic corru-
gation is strongest (Figure 7a). We plot the pz density of
states, projected on the C and N atoms at each of these
positions (Figure 7b) to elucidate the local variation of

the electronic structure. The positions of the HOMO
and LUMO are modulated depending on the place-
ment of the adsorbate. In particular, at point I (“hill” H)
the orbitals are shifted to the lowest and at point IV
(“valley” V) to the highest energies. The overall spread
of the orbital energies amounts to 100meV, noticeably
smaller thanwhat is observed in the STS. Looking at the
LUMO positions (projected onto C atoms) more closely
(Figure 7c), it becomes evident that the orbital energies
are strongly linked to the surface electrostatic potential
(ESP), and thus to the local work function at the height
of the porphine molecule. The LUMO position closely
follows the variation in the ESP, where 2H�P in posi-
tions with a low ESP shows a LUMO peak at lower
energies, while high ESP causes an upshift of the
LUMO. Qualitatively, the DFT results reproduce the
LUMO shifts measured with STS (cf. Figure 6a), while
the overall variation is smaller by a factor ∼3. This is
consistent with the underestimated magnitude of the
electronic corrugation. Also spatially the calculations
agree well with the points sampled by STS, finding the
lowest LUMO for the H area and an increase as one
moves away from the hill.

CONCLUSION

In conclusion, we presented a comprehensive STM/
STS characterization of an archetypical porphyrin com-
pound on an electronically nanostructured BN/Cu(111)

Figure 6. Position-dependent energy level alignment of 2H�P on BN/Cu(111). (a) dI/dV spectra recorded above the center of
porphinespositionedon characteristic sites of the superstructure: center of themoiron (bluemarker and spectrum), rimof the
moiron (greenmarker and spectrum), and B area (redmarker and spectrum).The energy of the LUMO varies by about 300mV
between the H and V positions. (b) Change of the HOMO�LUMO gap of 2H�P for different positions on the superstructure
(see text for discussion). (c andd)Models sketching the tip�sample interface for the high (c: H) and the low localwork function
areas (d: V, B). A vacuum level alignment of the LUMO combined with a constant electron affinity EA brings the LUMO energy
on the moiron closer to the Fermi level and thus explains the observed shifts in the dI/dV spectra as well as the spatially
inhomogeneous contrast in STM images recorded between 1 and 1.4 V (compare Figure 5) (see text for further discussion).
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support. As corroborated by complementary DFTmod-
eling, the ultrathin BN spacer layer introducesmanifold
new prospects as compared to conventional adsorp-
tion on metal supports. A reduced electronic coupling
of 2H�P to metallic states is evidenced by the open-
ing of an electronic gap, the resolution of frontier
orbitals in STS and STM, enabling the visualization of
the tautomerization-induced LUMO-switching, and the
electronic level alignment. Coverage dependent stud-
ies show a trapping and ordering of 2H�P on the low
local work function regions of BN/Cu(111). At inter-
mediate coverage, this templating effect induces the
unprecedented organized growth of ordered arrays of
molecular assemblies, both for 2H�P and distinctly
different TCNQ adsorbates. At elevated porphine cov-
erage, extended porous chiral Kagomé networks are
formed. Importantly, the lateral modulation of the

surface potential at the BN/Cu(111) interface induces
a periodic, spatial modulation of the energy of 2H�P
frontier orbitals. This opens up the opportunity to steer
the level alignment and to tune the electronic gap of
surface anchored functional molecules. Thus, as exem-
plified by the 2H�P/BN/Cu(111) model system, the
electronically corrugated BN/Cu(111) substrate intro-
duces a fascinating potential landscape, making it a
unique template to position adsorbates or fabricate
functional nanostructures.
Note added: while revising the manuscript, we be-

came aware of a recently published article81 addres-
sing properties of Co-phthalocyanine on a closely
related h-BN/Ir(111) substrate, where very similar ef-
fects have been demonstrated, corroborating the gen-
eral importance of the presently reported templating
and electronic effects.

METHODS
The experimentswere performed using a CreaTec STM (www.

lt-stm.com) operating at 6 K under ultrahigh vacuum condi-
tions. The BN spacer layer was prepared by chemical vapor
deposition (CVD) of borazine (HBNH)3 following a protocol
described in detail in previous reports.30,41,82 The 2H�P
(Frontier Scientific, purity >95%) and TCNQ (Aldrich, purified
by the Ruben group at Karlsruhe Institute of Technology)
molecules were deposited using organic molecular beam epi-
taxy (OMBE) from a quartz container held at 470 or 390 K,
respectively. During deposition, the BN/Cu/(111) substrate was
usually kept at room temperature. All STM images were re-
corded in constant current mode and the differential conduc-
tance (dI/dV) spectra or scanning tunneling spectra (STS) were

taken using a lock-in amplifier (f = 969 Hz, ΔVrms= 18 mV). The
feedback loop was closed for the field emission resonance
measurements.41 The FFT and the STM images were processed
using the WSxM software.83

Complementary DFT calculations were carried out in order to
increase our understanding of the system. Our approach uses
the Gaussian plane wave formalism as available in the Quick-
Step module in the CP2K package84 and a computational setup
that we have described in previous work.41,54,64 Double-zeta
MOLOPT basis sets85 were used for all elements, with a plane-
wave cutoff of 500 Ry for the electron density. The revPBE86

exchange-correlation functional was used together with the
DFT-D3 dispersion correction.87 Projected Density of States
(PDOS) curves are smoothed with a Gaussian convolution with

Figure 7. DFT investigation of porphine at several adsorption sites on the BN/Cu(111) moiré. (a) Location of six adsorption
positionswhere the 2H�Pmoleculewas placed, superimposed on amap of the local work function (in eV) at the approximate
height of the 2H�Pmolecule (3.3 Å above BN surface). (b) Projected density of states (pz) of porphine-C (top) and porphine-N
(bottom) atoms with 2H�P placed at various positions as indicated in (a). The PDOS of 2H�P in vacuum is plotted for
comparison (curve “P”). Insets show zooms of the framed HOMO regions, scale bar indicates 100meV. (c) Local work function
(eV, line) across the diagonal of the moiré cell and positions of the LUMO maximum (eV, points) for six positions along this
diagonal. (d) Interaction energy between molecule and substrate at the various locations of the BN/Cu(111) superstructure.
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awidth of 0.05 eV for better readability and comparability. Using
this setup, we calculated the HOMO and LUMO of an isolated
2H�P molecule and these are presented in Figure 1b. The
appearance and qualitative features of the orbitals are robust
to changes of the exchange-correlation functional and varia-
tions of the geometry. The plots were generated using the VisIt
suite, version 2.6.2.88

Two complementary approaches were used to model the
adsorption system. First, porphine was placed atop commen-
surate BN/Cu(111), with the monolayer in different registries64

(NtopBfcc, NfccBhcp) in order to model the different environments
of the moiré layer.54 Subsequently, full geometry optimizations
of these systems were carried out. Second, to probe the proper-
ties of porphine on a largemoiré cell, we used a 24� 24 rotated
BN layer on a 23 � 23 � 4 Cu(111) slab, as presented pre-
viously.55 The porphine was placed at the “optimal” height
determined from the geometry relaxation on various lateral
positions on above the monolayer (Figure 7) and energy
calculations were carried out. In all but two instances, the
residual average force on the porphine molecule was smaller
than 10�4 hartree/bohr.Where this was not the case, the vertical
distance of the porphine was rigidly adjusted by at most 0.1 Å
until the forces were below that threshold. Due to the prohibi-
tive computational cost of full geometry optimizations of such a
large system, this manual approach serves as an acceptable
substitute.
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