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ABSTRACT: Intercalation of molecules into layered materials is actively researched
in materials science, chemistry, and nanotechnology, holding promise for the
synthesis of van der Waals heterostructures and encapsulated nanoreactors. However,
the intercalation of organic molecules that exhibit physical or chemical functionality
remains a key challenge to date. In this work, we present the synthesis of
heterostructures consisting of porphines sandwiched between a Cu(111) substrate
and an insulating hexagonal boron nitride (h-BN) monolayer. We investigated the
energetics of the intercalation, as well as the inﬂuence of the capping h-BN layer on the behavior of the intercalated
molecules using scanning probe microscopy and density functional theory calculations. While the self-assembly of the
molecules is altered upon intercalation, we show that the intrinsic functionalities, such as switching between diﬀerent
porphine tautomers, are preserved. Such insulator/molecule/metal structures provide opportunities to protect organic
materials from deleterious eﬀects of atmospheric environment, can be used to control chemical reactions through spatial
conﬁnement, and give access to layered materials based on the ample availability of synthesis protocols provided by organic
chemistry.
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functional molecules and its impact on the intrinsic properties
of intercalated molecules. For such purposes, porphyrins are a
particularly interesting class of organic molecules, which have
attracted much attention due to their widespread occurrence in
biological systems and their potential application in solar
energy harvesting and organic electronics.24,25 The physicochemical behavior of porphyrins can be tuned via modiﬁcation
of their macrocycle with metal or hydrogen atoms or their
programmable substituents.26
Here we show the fabrication of layered architectures
through the intercalation of molecules, demonstrated for
unsubstituted porphyrins, i.e., porphines at the h-BN/Cu(111)
interface. We investigated the eﬀect of the h-BN layer on the
collective (i.e. self assembly) and intrinsic (e.g. tautomerization)

promising approach for the fabrication of materials
with tailored physical and chemical properties is to
synthesize hybrid materials by combining diﬀerent
material classes such as two-dimensional (2D) layers and
organic molecular materials at the nanoscale.1−3 h-BN is one of
the prominent building blocks for such architectures due to its
insulating behavior, high thermal conductivity, and chemical
and thermal stability.1,4−6 Intercalation of atoms and small
molecules has been studied for h-BN monolayers7,8 and other
2D materials like graphene,9,10 as well as for multilayer
materials,11,12 as a way to modify the materials’ properties
and to fabricate heterostructures that are not accessible via
conventional delamination and transfer processes of 2D
materials.13−20 Furthermore, reactions of small intercalated
molecules, e.g., CO and ethylene, have been reported.21−23 To
date, only very few studies have addressed imaging intercalated
molecular entities such as C60 underneath graphene.17,19,20
However, none of these reports investigated the intercalation of
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properties of the intercalated porphines in real space with
submolecular resolution. The system was characterized using
scanning probe microscopy, in which noncontact atomic force
microscopy (nc-AFM) yields detailed structural information on
the capping h-BN layer and scanning tunneling microscopy
(STM) allows imaging and manipulating the intercalated
molecules due to the electronic transparency27 of the h-BN
layer. We found that the presence of the capping h-BN layer
leads to the formation of a close-packed assembly of the
intercalated molecules. Furthermore, we show that the intrinsic
functionality of hydrogen tautomerization of the porphines is
preserved upon intercalation: reversible conductance switching
can be triggered electronically via the STM tip. Density
functional theory (DFT) calculations elucidate the energetics
and the driving forces of the intercalation process. Our results
show that the intercalation and self-assembly of intercalated
molecules can be triggered at relatively low temperatures. The
presented synthesis procedure is a promising route for largescale bottom-up fabrication of protected functional nanoarchitectures, providing alternative synthesis protocols toward
vertically stacked layered materials.

RESULTS AND DISCUSSION
Scanning Probe Measurements of Intercalated Porphines. The deposition of free-base porphines (2H-P, left
structure in Figure 1a) onto a h-BN-covered Cu(111) sample27
held at 470 K leads to molecular assemblies with diﬀerent
appearances (Figure 1b,c). Molecular islands with apparent
heights of 0.04 nm (highlighted in yellow in Figure 1b; VS =
0.56 V) are observed in the vicinity of triangular-shaped holes29
in the h-BN layer (marked by red arrows in Figure 1b). Such
holes expose porphine-covered Cu(111).30 These molecules
are intercalated, i.e., situated between the Cu(111) surface and
the h-BN layer, as described below. Additionally, brighter
molecular units are found in Figure 1b with apparent heights of
0.09 nm corresponding to 2H-Ps adsorbed on h-BN.28 These
molecules typically occupy positions close to defects, such as
wrinkles in the h-BN layer.
For samples with lower h-BN coverage, i.e., with larger
exposed Cu(111) areas, three diﬀerent regions were observed
(Figure 1c): (i) Pristine h-BN on Cu(111). (ii) Cu-P on
Cu(111), where the exposed Cu(111) surface is covered with
molecules, which exhibit an irregular arrangement with average
neighbor distances of 1.27 ± 0.05 nm. The molecules miss the
typical depression observed in free-base species;30 instead they
show a bright protrusion in their centers indicative of metalated
copper porphines (Cu-P, right structure in Figure 1a). Indeed,
self-metalation of porphyrins typically takes place at temperatures below the annealing temperature of 470 K used
here31−33. Additionally, individual porphines adsorbed in the
second molecular layer, i.e., on the Cu-P, are imaged as bright
species in this region. (iii) Intercalated Cu-P units selfassembled into a 2D lattice with a nearest neighbor (NN)
distance of 1.11 ± 0.05 nm (see Figure 1c and areas highlighted
in yellow in Figure 1b). Analysis of the STM data reveals a
superstructure matrix of 25 −33 for intercalated Cu-Ps with
respect to the underlying Cu(111) substrate. The direction of
one porphine axis along opposite N atoms in the macrocycle is
closely aligned with a dense-packed high-symmetry direction of
the Cu(111) surface (see structural models in Figure 4). The
molecules in this region show substantially lower apparent
corrugation (0.03 nm) compared to the Cu-Ps on bare

(

Figure 1. STM measurements of intercalated porphines at the hBN/Cu(111) interface. (a) Structural models of free-base porphine
(2H-P) and copper porphine (Cu-P). (b) STM image with high hBN coverage showing pristine h-BN/Cu(111) regions, intercalated
molecules (highlighted in yellow) in the vicinity of triangular
openings (marked with red arrows) in the h-BN layer and
molecules adsorbed on h-BN (VS = 0.56 V, I = 77 pA). (c) STM
image of a sample with h-BN grown at submonolayer coverage
showing three regions: (i) h-BN/Cu(111), (ii) Cu(111) covered by
porphines that underwent self-metalation with Cu adatoms, and
(iii) an intercalated, self-assembled, metalated porphine array.
Lines in the top right indicate the dense-packed high-symmetry
directions of the Cu(111) substrate (VS = 0.34 V, I = 330 pA).

Cu(111) (0.08 nm) and 2H-Ps on h-BN/Cu(111) (0.09 nm)
(see Figure S1 in the Supporting Information).
Combined STM/nc-AFM measurements give direct evidence that the self-assembled porphine arrays are intercalated
between Cu(111) and h-BN. The STM image in Figure 2a
shows an h-BN/Cu-P/Cu(111) region (top left) and an h-BN/
Cu(111) region (bottom right). The molecules are imaged as
circular features exhibiting ordered packing. Four local height
maxima representing Cu-P centers are marked with yellow dots
in Figure 2a, and their equivalent positions, taking into account
sample drift, are plotted in Figure 2b−d. The nc-AFM
measurement in Figure 2b displays the frequency shift Δf at
constant tip height of the same area showing atomic resolution
of the h-BN layer on Cu-P/Cu(111) (lattice constant of ah‑BN =
0.25 nm27,34), conﬁrming that the molecules are situated
underneath the h-BN layer. A slight variation of the frequency
shift (∼4 Hz) at the length scale of nanometers can be

)
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measurements gives direct evidence for the intercalation of
molecules below a continuous h-BN sheet.
Electronic Structure of Co-Porphines. We performed
dI/dV spectroscopy to investigate the inﬂuence of the
adsorption position on the electronic structure of the
molecules. For these experiments, we used cobalt porphines
(Co-Ps), because the resonances associated with the Co atoms
in the dI/dV spectra contain information about the electronic
coupling of the molecules to the metal support.36,37 The Co-Ps
were deposited and intercalated following the same procedure
described above for the 2H-Ps. The inset in Figure 3 shows an

Figure 3. dI/dV spectroscopy of Co-Ps in diﬀerent environments.
The spectrum of Co-P on h-BN/Cu(111) (gray dotted trace)
exhibits a characteristic peak attributed to Co states.33,38 The
spectrum of Co-P on Cu(111) (red dashed trace) shows no sharp
features arising from molecular resonances. Similarly, the spectrum
of intercalated Co-P (blue solid trace) also only shows a smooth
increase of the dI/dV signal above 0.7 V. The spectra are
normalized by their respective values at VS = −2.2 V and vertically
oﬀset for clarity. The inset shows an STM image with spectroscopy
positions for Co-P on h-BN (gray dot) and intercalated Co-P (blue
dot). The tip was positioned above the molecular centers in all
cases.

Figure 2. High-resolution STM/nc-AFM measurements of
porphine intercalated h-BN/Cu(111). (a) h-BN/Cu-P/Cu(111)
imaged in constant-current STM mode (VS = 1 V, I = 15 pA)
showing ordered arrangement of intercalated molecules (yellow
dots mark positions of four Cu-P centers). The ﬂat region in the
bottom right shows pristine h-BN/Cu(111). (b) Constant-height
AFM measurement (VS = 0 V) of the same area showing atomic
resolution of the h-BN lattice on h-BN/Cu-P/Cu(111). (c)
Constant-Δf measurement (VS = 0 V, Δf = −20 Hz) showing an
apparent height diﬀerence of Δhh‑BN = 0.21 nm between the h-BN/
Cu-P/Cu(111) and h-BN/Cu(111). A height proﬁle along the
dashed line is shown in the inset (position x = 0 nm is deﬁned as
the center of the Cu-P highlighted with a yellow dot). (d) Two-pass
AFM measurement (height oﬀset of −0.090 nm with respect to (c))
showing the atomically resolved h-BN lattice across both regions.
The yellow circle marks the uncertainty of the positions of the
molecular centers due to sample drift.

STM image with Co-Ps on h-BN (linearly arranged) and an
island of intercalated molecules (on the right side). The
spectrum of Co-P on h-BN/Cu(111) (gray dotted trace)
exhibits a pronounced peak at VS = 1.1 V, which is attributed to
Co states,33,38 as well as a resonance at VS = −2.2 V, which is
attributed to the porphine highest occupied molecular orbital.
The relatively sharp peaks, as well as the negative diﬀerential
resistance (NDR) at sample biases VS > 1.3 V, are indicative of
an eﬃcient electronic decoupling of the molecules from the
metal surface.36 The spectrum for Co-P on Cu(111) (red
dashed trace) shows an increase of the local density of states for
higher positive biases (VS > 0.7 V), but no sharp features in the
investigated voltage range. This is likely caused by broadening
due to electronic coupling with the metal surface.39 Similarly,
the spectrum of the intercalated Co-P (blue solid trace) exhibits
only a smooth dI/dV signature indicating electronic interaction
with the metallic support.
Switching of Intercalated Free-Base Porphines. As dI/
dV spectroscopy indicates that the electronic structure of the
porphines on Cu(111) is not signiﬁcantly altered by the
capping h-BN layer, the next step was to investigate
electronically induced tautomerization reactions.40−42 As outlined above, elevated temperatures that promote the
intercalation process also lead to self-metalation of the
molecules. Thus, in most of our experiments Cu-Ps are the
predominant species. However, by reducing the time during

observed. Due to the signiﬁcantly larger tip-sample distance in
the h-BN/Cu(111) region, the frequency shift is higher due to
lower attractive forces, showing no atomic-scale contrast (white
area in Figure 2b). To investigate the change of the h-BN
height due to the intercalation, we conducted a constant-Δf
AFM experiment (i.e., a feedback loop adjusts z to keep the
frequency shift set point of Δf = −20 Hz), which is shown in
Figure 2c. The applied voltage was set to VS = 0 V (see Section
S2 in the Supporting Information for voltage-dependent
measurements). In the inset of Figure 2c a height proﬁle
along the dashed line in Figure 2c is depicted. Measurements
on diﬀerent islands yield an average apparent height diﬀerence
of Δhh‑BN = 0.21 ± 0.02 nm between h-BN/Cu-P/Cu(111) and
h-BN/Cu(111). Atomic resolution over the whole h-BN layer
can be achieved in a two-pass AFM experiment35 (Figure 2d).
Here the tip follows the height proﬁle of Figure 2c with an
additional height oﬀset of Δz = −0.090 nm and Δf is recorded
with the z-feedback switched oﬀ. This way, the h-BN lattice can
be resolved across the whole range of the image (see Section S3
in the Supporting Information for a discussion of the varying
contrast). Thus, this combination of nc-AFM and STM
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Figure 4. Tautomerization of an intercalated free-base porphine. (a) The 2-fold symmetry of the intercalated 2H-P (dashed black circle) can
be resolved in STM measurements (VS = 0.5 V, I = 200 pA for (a)−(c)). (b) STM image of the same area as in (a) reveals the other trans
tautomer after applying a voltage pulse of 1.6 V. (c) A subsequent voltage pulse with the same parameter reverts the 2H-P conﬁguration back
to the initial state. White arrows in (a)−(c) indicate the orientation of the central hydrogen pair. (d, f) DFT-optimized structures of the two
possible trans tautomers of 2H-P adsorbed on Cu(111) (Cu: brown, N: blue, C: black, H: white). (e, g) STM simulations (VS = 0.5 V) for the
two tautomers. (h) Current vs time trace recorded with the tip positioned above the molecule marked by the dashed black circle in (a)−(c)
reveals switching between two distinct conductance levels (VS = 1.6 V, t = 15 s).

we have not observed tip-induced lateral movement of the
intercalated molecules, suggesting a high barrier for translation
and rotation of the intercalated molecules. Another change of
the adsorption conﬁguration of the 2H-P cannot be ruled out
entirely, but the symmetry of the molecular appearance in STM
(Figure 4a−c) and the presence of two distinct conductance
states (Figure 4h) suggest that tunneling-facilitated hydrogen
tautomerization takes place.44,45 We thus conclude that the
intrinsic functionality of porphine switching is preserved upon
intercalation, i.e., underneath a capping monolayer of h-BN.
Mechanism and Energetics of the Intercalation. The
mechanism of the intercalation involves delamination of the of
h-BN starting at the edges of the weakly bonded layer from the
Cu(111) substrate,46 such that intercalated islands can be
formed through molecular diﬀusion. Thus, the intercalated
molecular islands, consisting of 2H-P, Cu-P, or Co-P, are
observed close to h-BN edges, which can occur at holes in the
h-BN layer that are usually found at domain boundaries or
which terminate submonolayer h-BN islands. No clear
preference for intercalation at island edges, “hole edges”, or
distinct h-BN domains was found (see Figure S6 in the
Supporting Information).
The size of most of the intercalated islands is signiﬁcantly
smaller than 1000 nm2, which hints at a diﬀusion-limited
process, as opposed to edge-delamination being the limiting
step.10 It is possible that the intercalation process is in some
cases assisted with pre- or co-intercalation of small atomic or
molecular species that can diﬀuse underneath the h-BN without
inducing substantial geometric distortions15 (see Figure S1 in
the Supporting Information). The activation energy associated
with the delamination of the h-BN layer is reﬂected in the onset
temperature of the intercalation process of about 420 K.
Furthermore, our measurements show that eﬃcient porphine
intercalation is hampered at temperatures above 470 K, which
can be explained by facile desorption of molecules at elevated
temperatures.
To investigate the energetics and driving forces of the
intercalation process in detail, we performed DFT calculations
including long-range van der Waals (vdW) interactions.47 The

which the sample temperature is kept above the metalation
temperature, some 2H-Ps can be preserved and identiﬁed in
STM scans of the intercalated islands. The dashed black circle
in Figure 4a−c marks such an intercalated 2H-P with its
characteristic 2-fold symmetry and a depression in the center
(in contrast to the neighboring spherically symmetric Cu-Ps
with bright centers).33 Applying a voltage pulse (VS = 1.6 V, t =
15 s, I = 2−5 nA) with the STM tip positioned close to the
center of the intercalated molecule induces an apparent
rotation of the intramolecular features by 90° (compare Figure
4a and b), indicating a transformation to the other trans
tautomer of 2H-P. A subsequent voltage pulse with the same
parameters can be used to restore the original orientation
(Figure 4c). A typical current vs time trace with the tip held at
constant height above the intercalated molecule shows
switching between two distinct conductance levels (Figure
4h). Simulated STM images of the two trans tautomers of 2H-P
on Cu(111) (Figure 4e and g) resemble the experimental
images that were obtained in the switching experiments (Figure
4a−c). Both tautomers exhibit 2-fold symmetry, but our
experimental together with theoretical data show that one of
the tautomers (Figure 4a,c,e) exhibits brighter features along
the N−H bond direction. This is likely caused by a diﬀerent
alignment of the amino hydrogen atoms with respect to the Cu
surface: while the tautomer in Figure 4d has the two amino N−
H bonds aligned along the short bridge sites of the Cu(111)
surface,43 the amino bonds of the other tautomer are aligned
along the long bridge sites (Figure 4f, the most stable
adsorption mode of 2H-P on Cu(111), compare Figure S4 in
the Supporting Information), with the H atoms adsorbed on
the hollow sites. According to our DFT calculations, both 2H-P
tautomers are nearly isoenergetic with a small energy diﬀerence
of 0.1 eV. Switching between the two forms can be triggered by
tunneling-induced vibrational excitations of the molecule41,42
and corresponds to a change of the positions of the central
amino hydrogen atoms. A 90° rotation of the whole 2H-P
could in principle yield similar results; however, such a rotation
is unlikely, as neighboring molecules inhibit the rotation (see
also Section S5 in the Supporting Information). Furthermore,
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the Cu-P on Cu(111), as calculated by DFT. The h-BN plays
almost no role in the charge transfer but slightly reduces the
vertical separation between the porphine molecule and the
Cu(111) topmost layer (∼0.005 nm). In contrast, for the 2H-P
on h-BN/Cu(111) only a very small charge transfer of 0.06 e−
is predicted (at the adsorption height of 0.334 nm above hBN). The adsorption energies were calculated with respect to
the separate constituents, consisting of an isolated porphine
and the h-BN/Cu(111) or the Cu(111) surface, respectively:

optimized geometries for the three experimentally observed
adsorption arrangements are shown in Figure 5 along with their

ΔE1 = E(Cu‐P/Cu(111)) − [E(Cu‐P) + E(Cu(111))]

ΔE2 = E(2H‐P/h‐BN/Cu(111))
− [E(2H‐P) + E(h‐BN/Cu(111))]

ΔE3 = E(h‐BN/Cu‐P/Cu(111))
− [E(Cu‐P) + E(h‐BN/Cu(111))]

where E(x) is the calculated energy of the relaxed structure x.
Please note that the metalation energy is not included in these
calculations; that is, we assume that for the formation of
intercalated Cu-Ps metalation precedes the intercalation. This is
in line with temperature-dependent experiments indicating that
the activation energy for metalation is lower than the activation
energy for intercalation (see also Section S7 in the Supporting
Information for a discussion of the metalation energy).
The intercalation is driven by the large adsorption energy of
the molecules on Cu(111), ΔE1 = −4.63 eV. However, as the
vdW interaction between h-BN and Cu(111) weakens when
Cu-P intercalates, a smaller intercalation energy gain of ΔE3 =
−1.18 eV results, with new vdW contacts formed between the
intercalated Cu-Ps and h-BN.
It should be noted that all three adsorption processes (Figure
5) are thermodynamically favorable. This is in agreement with
our experiments, in which we observe all three adsorption
arrangements. Based on the calculated adsorption energies, the
simulations predict that the porphines preferably adsorb on
Cu(111), followed by adsorption on h-BN/Cu(111) and
intercalation. The intercalated Cu-Ps are therefore predicted
to exist in the smallest quantity. In fact, we observe in the
experiments that intercalation takes place only when the
exposed Cu(111) surface is completely covered by molecules.
However, we typically observe a higher abundance of
intercalated molecules compared to the number of molecules
adsorbed on h-BN/Cu(111). For instance, Figure 1b shows
that only very few molecules are adsorbed on h-BN/Cu(111),
most of which are located close to defect sites, such as wrinkles
in the h-BN. This discrepancy between experiment and theory
can be explained by several factors: (i) Overbinding between hBN and Cu(111) can occur in the theoretical modeling caused
by the overestimation of C6 coeﬃcients in the vdW correction
used,46,50 which (ii) can be particularly relevant for the
modeled h-BN/Cu(111) registry (N atoms on top of Cu
atoms), representing the strongest interaction within the moiré
lattice27 (see also Section S8 in the Supporting Information).
(iii) Also, the inﬂuence of diﬀerent surface diﬀusion barriers
might play a role in the experiments, i.e., porphine migration is
readily possible from h-BN/Cu(111) toward Cu(111), but not
in the opposite direction. (iv) Furthermore, porphine
desorption from h-BN, which occurs at elevated temperatures
during sample preparation, is hindered for the intercalated
molecules. (v) The calculations clearly show the eﬀect of the
density of the intercalated porphines on the energy gain ΔE3:

Figure 5. DFT-optimized structures and respective adsorption
energies for the experimentally observed porphine arrangements:
(a) Cu-P on Cu(111), (b) 2H-P on h-BN/Cu(111), and (c)
intercalated Cu-P. The side views of calculated structures for 5 × 5
× 4 Cu(111) slabs are shown (Cu: brown, N: blue, B: green, C:
black, H: white). Calculated vertical heights of porphine center of
mass with respect to the average of the Cu(111) top layer (or the hBN layer, respectively) are given.

corresponding calculated adsorption energies ΔE: (a) Cu-P on
Cu(111) with ΔE1 = −4.63 eV, (b) 2H-P on h-BN/Cu(111)
with ΔE2 = −2.58 eV, (c) intercalated Cu-P with ΔE3 = −1.18
eV. In the calculations we used a 5 × 5 × 4 slab comprising four
layers of copper atoms (25 atoms per layer), a total of 25 B and
25 N atoms in the h-BN layer, and one porphine. In this small
supercell, the h-BN structure is rather ﬂat. The separation
between neighboring Cu-Ps is 1.28 nm, which is close to the
experimentally observed NN distance of a = 1.11 ± 0.05 nm for
intercalated molecules. In calculations, the vertical separation
between h-BN and the top layer of Cu(111) without
intercalated molecules, hh‑BN/Cu(111) = 0.315 nm, agrees quite
well with refs 27, 46, 48, and 49. Upon intercalation, the
calculated vertical distance between h-BN and the top layer of
Cu(111) increases to hh‑BN/Cu−P/Cu(111) = 0.567 nm. Therefore,
the diﬀerence between these two heights is Δhh‑BN = 0.252 nm.
This is slightly larger than the height diﬀerence that was
determined from nc-AFM experiments averaged over diﬀerent
molecular islands (Δhh‑BN = 0.21 ± 0.02 nm). This apparent
discrepancy between theory and experiment can be caused by a
variation in the long-range forces (such as electrostatic forces)
on h-BN/Cu(111) and h-BN/Cu−P/Cu(111). This also
explains the reduced atomic contrast of the h-BN/Cu(111)
areas in Figure 2d in which a larger tip−sample distance in this
area leads to a reduced contrast. The adsorption height with
respect to the molecular center of mass of intercalated Cu-P
was calculated to be h = 0.230 nm, which is slightly reduced
compared to h = 0.235 nm for Cu-P on Cu(111). Both systems
show signiﬁcant Bader charge transfer from the metal surface to
the molecule: 1.45 e− for the intercalated Cu-P and 1.29 e− for
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The reduction of the NN distance from a = 2.05 nm (8 × 8 × 4
slab) to a = 1.28 nm (5 × 5 × 4 slab) results in the intercalation
energy changing its sign from a thermodynamically unfavorable
situation with +4.8 eV to a favorable case with −1.18 eV.
Higher densities (or smaller unit cells) thus yield a higher
energy gain as the decrease of vdW interaction energy between
h-BN and Cu(111) is smaller per intercalated molecule.
According to this trend, the energy gain due to intercalation
will further increase for the experimentally observed NN
distance of 1.11 ± 0.05 nm and thus explain the higher
prevalence of intercalated species observed in experiment. This
coverage eﬀect is also likely the cause for the dense selfassembly of the intercalated molecules.

on Cu(111). The B−N distance in h-BN (0.1482 nm) was stretched
slightly (<3%) with respect to its experimental value (0.1446 nm) so as
to achieve commensurate unit cells with the underlying Cu(111)
surface.58 The adsorption of h-BN on Cu(111) is dominated by vdW
interactions, and we use a model that places the N atoms on top of Cu
atoms and B over face-centered cubic (fcc) sites.27,48,49 The optimal
adsorption site of a single Cu adatom on the Cu(111) surface is the 3fold fcc site according to STM experiments and DFT calculations.59
The h-BN, adsorbate, adatoms, and the top Cu layer were relaxed until
all ionic forces were below 2.5 eV/nm. These geometry optimizations
used a kinetic energy cutoﬀ of 400 eV and 3 × 3 × 1 (1 × 1 × 1) kpoint sampling for 5 × 5 × 4 (8 × 8 × 4) slabs. For accurate
energetics, single-point energy calculations were performed at a 600
eV cutoﬀ and 5 × 5 × 1 (3 × 3 × 1) k-point grid for 5 × 5 × 4 (8 × 8
× 4) slabs. Over 1.8 nm of vacuum and dipole corrections were used
to decouple the periodic images along the normal z direction. We used
spin-polarized calculations whenever necessary (Cu-P species). The
charge transfers were computed via the Bader analysis code.60 STM
images were simulated under the Tersoﬀ−Hamann approximation.61

CONCLUSIONS
In conclusion, we have synthesized hybrid inorganic−organic
heterostructures consisting of porphine molecules (2H-P, Cu-P,
or Co-P) intercalated between Cu(111) and an h-BN layer at
moderate temperatures. The intercalation process is driven by
the high adsorption energy of the molecules on the metal
surface and the formation of new vdW contacts between the
porphines and h-BN. In a close-packed molecular assembly this
energy gain can compensate the energy cost for delamination of
h-BN (i.e., reduction of vdW interaction between h-BN and
Cu(111)). The capping h-BN layer does not signiﬁcantly alter
the electronic properties of the molecules. Tautomerization can
be triggered by injecting electrons through the h-BN layer. This
work opens up potential pathways toward the use of functional
molecular architectures outside of ultra-high-vacuum environments. Furthermore, chemical reactions of intercalated
molecules21,51 could be controlled by geometric conﬁnement
and/or the selectivity of the intercalation process to diﬀerent
reactants.
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METHODS
All experiments were performed in custom-designed ultra-highvacuum chambers housing a commercial STM/nc-AFM operated at
T = 5 K (CreaTec). The base pressure during the experiments was
below 2 × 10−10 mbar. Repeated cycles of argon sputtering and
annealing up to 1070 K were used to prepare the Cu(111) single
crystal. h-BN was grown from the precursor borazine at a pressure of 7
× 10−7 mbar and a sample temperature of 1070 K.27 Subsequently,
2H-P molecules (Sigma-Aldrich, purity ≥99%) were evaporated from a
thoroughly degassed quartz crucible held at 470 K. During deposition
the sample temperature was kept at 420−470 K. All STM images were
recorded in constant-current mode using an electrochemically etched
tungsten tip. nc-AFM measurements were performed using a qPlus
sensor with a tungsten tip (resonance frequency ∼25 kHz, oscillation
amplitude 80 pm, Q value ∼79 000). dI/dV spectra were acquired at
constant height (open feedback loop) with a lock-in ampliﬁer using a
modulation frequency of 470−770 Hz and a modulation voltage of
14−35 mV (rms). Current traces I(t) were recorded at constant height
(open feedback loop).
Slab calculations were performed using the projector augmented
wave pseudopotential method52 as implemented in the VASP
code.53−56 We used the PBE exchange−correlation functional in all
calculations.57 We included long-range vdW interactions via the
Tkatchenko−Scheﬄer approach.47 The convergence threshold of the
electronic cycle was set to 10−5 eV. The Cu(111) surface was modeled
with the coordinates derived from a typical PBE lattice constant of
0.363 nm.43,49 The low (high) coverage limit was modeled via 8 × 8 ×
4 (5 × 5 × 4) slabs that feature lateral porphine separations of 2.053
(1.283) nm. The adsorption mode of 2H-P on Cu(111) of Müller et
al.,43 which places the two N−H amino (N− imino) groups of 2HP along the long (short) bridge position, agrees well with our
experimental observations and was adopted for all porphine molecules
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(39) Repp, J.; Meyer, G.; Stojković, S. M.; Gourdon, A.; Joachim, C.
Molecules on Insulating Films: Scanning-Tunneling Microscopy
Imaging of Individual Molecular Orbitals. Phys. Rev. Lett. 2005, 94,
26803.
(40) Liljeroth, P.; Repp, J.; Meyer, G. Current-Induced Hydrogen
Tautomerization and Conductance Switching of Naphthalocyanine
Molecules. Science 2007, 317, 1203−1206.
(41) Auwärter, W.; Seufert, K.; Bischoff, F.; Ecija, D.; Vijayaraghavan,
S.; Joshi, S.; Klappenberger, F.; Samudrala, N.; Barth, J. V. A SurfaceAnchored Molecular Four-Level Conductance Switch Based on Single
Proton Transfer. Nat. Nanotechnol. 2012, 7, 41−46.
(42) Kumagai, T.; Hanke, F.; Gawinkowski, S.; Sharp, J.; Kotsis, K.;
Waluk, J.; Persson, M.; Grill, L. Thermally and Vibrationally Induced
Tautomerization of Single Porphycene Molecules on a Cu(110)
Surface. Phys. Rev. Lett. 2013, 111, 246101.
(43) Müller, M.; Diller, K.; Maurer, R. J.; Reuter, K. Interfacial
Charge Rearrangement and Intermolecular Interactions: DensityFunctional Theory Study of Free-Base Porphine Adsorbed on Ag(111)
and Cu(111). J. Chem. Phys. 2016, 144, 24701.
(44) Koch, M.; Pagan, M.; Persson, M.; Gawinkowski, S.; Waluk, J.;
Kumagai, T. Direct Observation of Double Hydrogen Transfer via
Quantum Tunneling in a Single Porphycene Molecule on a Ag(110)
Surface. J. Am. Chem. Soc. 2017, 139, 12681−12687.
(45) Novko, D.; Blanco-Rey, M.; Tremblay, J. C. Intermode
Coupling Drives the Irreversible Tautomerization in Porphycene on
Copper(111) Induced by Scanning Tunnelling Microscopy. J. Phys.
Chem. Lett. 2017, 8, 1053−1059.
(46) 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.; Auwärter, W. Corrugation in the Weakly Interacting
Hexagonal-BN/Cu(111) System: Structure Determination by Combining Noncontact Atomic Force Microscopy and X-ray Standing
Waves. ACS Nano 2017, 11, 9151−9161.
(47) Tkatchenko, A.; Scheffler, M. Accurate Molecular Van Der
Waals Interactions from Ground-State Electron Density and FreeAtom Reference Data. Phys. Rev. Lett. 2009, 102, 73005.
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