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ABSTRACT: meso-Dibenzoporphycene molecules adsorbed on the Ag(111)
surface and on 2-monolayer-thick NaCl films were studied using submolecular
resolution atomic force microscopy (AFM), scanning tunneling microscopy
(STM), and first-principles calculations to clarify their stability and tautomeriza-
tion behavior. We have found that the bonding of the molecules with the surface is
determined by the interplay of different contributions, including the interaction of
the π-aromatic orbitals of the benzene rings and the metal-coordination bond of
the lone-pair electrons of the imine nitrogen atoms with the metal atoms (Ag, Na)
on each substrate. The strength of the latter ultimately governs the molecular
adsorption configuration and determines the nature and energy barriers for
tautomerization. On Ag(111), the interaction of the imine nitrogen atoms with the
Ag atoms deforms the macrocycle of porphycene, leading to a distinct AFM
contrast that allows a clear identification of the molecule in its cis tautomeric form.
In contrast, on NaCl films, the weaker interaction with the Na atoms leads to a flatter geometry and very similar adsorption
configurations for the cis- and trans-forms, which cannot be distinguished in AFM experiments. Although weak, the dominant role of
this local N−Na interaction, compared to the essentially nondirectional dispersive interactions, results in a new type of
tautomerization process. In this case, the transfer of hydrogen atoms within the porphycene cavity is accompanied by a significant
displacement of the whole molecule to a new site to reach a new minimum energy adsorption configuration. Our theoretical
calculations indicate that this lateral translation, rather than the intramolecular H transfer, dominates the activation energy on NaCl.
This novel tautomerization behavior, which we have identified on a rather inert ionic surface, might also be present on other weakly
interacting substrates.

■ INTRODUCTION

Tautomerization reactions, where hydrogen (H) atoms are
transferred within the molecule have been proposed as a
potential molecular switch. Porphyrin and phthalocyanine
derivatives are prototypical molecular systems to study
tautomerization reactions. H migration within the central
cavity of porphyrin and phthalocyanine molecules can be
monitored at a single molecular level using scanning tunneling
microscopy (STM).1−5 The tautomerization behavior of
porphycene (Pc)a constitutional isomer of porphyrin
differs from the case of porphyrin and phthalocyanine due to a
symmetry break provided by the rectangular shape of its
central cavity.6 The H-bonds between the hydrogen of amine
NH and imine N on the other side in the cavity of Pc are
stronger than those of porphyrin because of the shorter
distances between N atoms, which reduce the activation barrier
to accelerate the H transfer reaction.7,8 Several STM studies
have revealed the structure, stability of tautomers, and stimuli-
induced tautomerization reactions of Pc adsorbed on noble
metal surfaces.8−16 Although, the trans-form is, in general,

more stable than the cis-form in the gas phase, the potential
energy landscape for the tautomerization reaction can be
altered by the presence of the substrate, favoring the cis-form
for some adsorption configurations. For example, the cis
tautomeric form of Pc was found to be more stable than the
trans-form on the Cu(110) and Ag(110) surfaces due to the
strong binding of nitrogen (N) lone-pair electrons in the Pc
cavity to metallic atoms, leading to a nonplanar configuration
with the deformation of the macrocycle.8,9,16 On the Cu(111)
and Ag(111) surfaces, the trans-form is thermodynamically
stable, but trans to trans tautomerization is not observed,15,17

which is a different behavior from the porphyrin and
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phthalocyanine families.1−5 On the Au(111) surface, a weaker
Pc−Au interaction leads to either a rapid tautomerization rate
or to a very similar character of the molecular orbitals of both
forms, which hampers the discrimination between the cis and
trans tautomers.15 Based on these experimental results, the
strength of the molecule−substrate interaction is expected to
govern the energetics of tautomerization. Recent theoretical
analysis using dispersion-inclusive density functional theory
(DFT) calculations also demonstrated that as the adsorption
energy of Pc on metals increased from Ag to Cu, Pd, and Pt,
the barrier for the tautomerization also increased in this
order.18

Slight differences in the molecular structure may also
generate different adsorption configurations, and thus it is of
great interest to study derivatives of a mother molecule.
Various Pc derivatives have been reported,19,20 but among
them meso-dibenzoporphycene (mDBPc) produced by fusing
two benzene moieties at the ethylene-bridged positions of Pc is
of particular interest.21 The main characteristics of mDBPc is a
further delocalization of the π-electrons than in the case of Pc,
resulting in light absorption in the infrared region.20,21 The cis-
form of this molecule becomes the ground state even in the gas
phase, in contrast to other porphyrin and phthalocyanine
derivatives that exhibit the trans-form as the most stable
tautomer.19,22 The trans and cis-forms of the mDBPc molecule
are shown in Figure 1a,b (see also Figure S1). The central Pc
cavity contains four N atoms (each in a pyrrole ring), two of
them saturated with H atoms (amine N’s) and the other two
unsaturated (imine N’s). When mDBPc molecules are
adsorbed on a solid surface, the two additional benzene
moieties should provide a stronger attractive interaction with
the substrate than a normal Pc, via a π-orbital overlap or a van
der Waals (VDW) interaction. Depending on the balance
between the bonding strength at the imine N’s and the
dispersion force acting at the benzene moieties, the adsorption
configuration and the resulting tautomerization behavior may
significantly differ from those of normal Pc.
Here, we report a study on the adsorption behavior of

mDBPc molecules on the Ag(111) surface and on a 2-
monolayer (ML)-thick sodium chloride (NaCl) film/Ag(111)
using submolecular resolution atomic force microscopy (AFM)
and STM. The presence of a 2-ML-thick NaCl film between
the molecule and the metal surface gives rise to an even weaker
molecule-surface interaction than in the case of a Au(111)
substrate, and reduces the orbital hybridization with metal
electronic states as well as the charge transfer between the
molecule and metal. This decoupling from the metallic surface
is evidenced by the similarity of the spatial distribution of the
frontier orbitals of molecules adsorbed on the NaCl film and
those in the gas phase.2,23 We found that while the binding
mechanism of the cis tautomeric form of mDBPc on Ag(111)
is quite similar to those of Pc on noble metal surfaces, on the
NaCl film it differs significantly: we observed two distinct
appearances of mDBPc on NaCl, which are related to their
adsorption orientation with respect to the NaCl lattice rather
than to the tautomeric forms. Our first-principles calculations
reveal that, due to the difference in the interaction strength, the
activation barriers for the tautomerization on NaCl are smaller
than those on the metallic substrates and closer to those found
in the gas phase. The difference from the free molecule case
can be traced back to the distinct nature of the molecule−
substrate interaction on NaCl that tends to accommodate the
lone pair of imine N atoms on top of Na atoms. Upon a H

transfer, this interaction, although weak, is strong enough to
induce a lateral translation of the entire molecule. This
translation yields the dominant contribution to the tautome-
rization barrier rather than the intramolecular H transfer.

■ METHODS
Experiment. A home-built ultrahigh vacuum (UHV)

cryogenic scanning probe microscope (SPM) and a commer-
cial SPM controller (Nanonis SPM Control Systems, SPECS,
Germany) were used for the experiments. We used the
KolibriSensor for the simultaneous detection of the tunneling

Figure 1. (a and b) Chemical structures of the trans (a) and cis (b)-
forms of the mDBPc molecule. (c−e) STM and atomic force
microscopy (AFM) images of the mDBPc molecule adsorbed on the
Ag(111) surface. (c and d) Constant-height tunneling current (It)
images before (c) and after (d) a flip over the long molecular axis
induced by a voltage pulse. The flip was accompanied by a lateral
translation along the [110] direction of the Ag(111) surface. (e)
Constant-height frequency shift (Δf) image of an mDBPc molecule
on Ag(111). The left part of the image was recorded scanning closer
to the surface to atomically resolve the Ag lattice. The right part of the
image was obtained with the probe lifted from the surface by 400 pm
to image the mDBPc with submolecular resolution. The insets in the
images show the corresponding molecular model. The color code for
the ball-and-stick model is blue for nitrogen atoms, gray for carbon
atoms, and white for hydrogen atoms. The scanned areas were (2.5
nm × 2.5 nm) for (c) and (d) and (4 nm × 2 nm) for (e). The
sample bias values were Vs = 100 mV for (c) and (d) and Vs = 1 mV
and 5 mV for the left (Ag area) and the right (mDBPc area),
respectively, in (e). The It color scale was from 2.2 (dark blue) to 10.7
pA (yellow-white). The Δf gray scale in the Ag lattice region was from
−0.34 (black) to −0.14 Hz (white) and in the mDBPc region from
−0.38 (black) to +0.50 Hz (white).
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current (It) and probe-surface interaction forces. The bias
voltage (Vs) was applied to the sample. An AFM was operated
in frequency modulation detection mode,24 keeping the
oscillation amplitude constant. Measurements were performed
at 4.8 K. Prior to measurements, the probe of the
KolibriSensor was sharpened to a typical apex radius of ∼15
nm using an ex situ focused ion beam and further conditioned
for atomic resolution imaging in situ on the clean area of the
Ag(111) surface. The probe was functionalized with a carbon
monoxide (CO) molecule using similar techniques as reported
elsewhere25,26 and used for submolecular resolution imaging.
A single crystal Ag(111) was cleaned by repeated cycles of

Ar+ ion sputtering at 1 kV for 10 min and annealing at 770 K
for 10 min in UHV. NaCl was evaporated in situ on the clean
Ag(111) surface at submonolayer coverage at room temper-
ature, resulting in the formation of 2−3-monolayer (ML)-thick
NaCl islands. The sample was then transferred to the
microscope stage and cooled down to 4.8 K. The mDBPc
molecules were synthesized according to the recipe reported
elsewhere.21 Their powder was further purified by degassing in
a homemade Knudsen cell installed in a UHV chamber.
mDBPc was evaporated by heating the cell to 570−600 K
while keeping the Ag(111) crystal below 30 K temperature at
the microscope stage. The deposition at such a low
temperature suppressed molecular diffusion, so some of the
mDBPc molecules could be found on the NaCl islands. CO
molecules were deposited on the surface while keeping the
Ag(111) crystal below 16 K temperature by back filling the
microscope chamber with CO gas and opening the shutters of
the radiation shield at the cryostat. When CO molecules were
found near the mDBPc molecules, we used lateral manipu-
lation techniques27 to move the CO molecules away to obtain
isolated single mDBPc molecules. We examined and
performed experiments on mDBPc molecules adsorbed on
the Ag(111) surface as well as on the 2-ML-thick NaCl islands.
Theory. Our simulations are based on density functional

theory calculations following the implementation provided in
the VASP code.28 An energy cutoff for the plane-wave basis set
of 400 eV was used in combination with pseudopotentials
constructed after the PAW method.28,29 The Perdew−Burke−
Ernzerhof functional30 was chosen to reproduce the electronic
exchange and correlation, supplemented by the D3 semi-
empirical correction31 to account for the dispersion
interactions. The adsorption of the mDBPc molecules was
studied on both Ag(111) and NaCl(100) to compare with
experimental results. The Climbing Image Nudged Elastic
Band (CI-NEB) method32 has been used to find the minimum
energy paths for the on-surface tautomerization processes. The
zero-point energy (ZPE) correction to the transition state
energy has been taken into account. We have considered the
vibrational energies of the normal modes associated with the
amine groups in the mDBPc molecule, following the procedure
detailed in the previous work.12,16 From the input from the
DFT calculations described above, we used our recently
developed method to simulate the AFM images.33 This
approach merges different ideas presented in previous studies
to describe the different interactions and retains DFT accuracy
with just two fitting parameters. Moreover, our model
describes both the electrostatic (ES) and short-range (SR)
interactions in terms of two physical observables: the total
charge densities of the sample and the functionalized probe,
which are obtained from independent ab initio calculations. A
detailed description of this method and its performance can be

found in our previous studies.33−35 Further details of the
computational methods used in this work can be found in the
Supporting Information.

■ RESULTS AND DISCUSSION
mDBPc molecules stably adsorb on the Ag(111) surface. In
STM images, they appear as elongated ovals, asymmetric with
respect to the long axis of the molecule, with one side brighter
than the other, as it is shown in Figures 1c and S2a. The
molecule central part appears as a dark hollow. Two bright
areas at the ends of the long molecular axis are attributed to
the benzene moieties fused to the meso positions of the central
Pc framework. A high-resolution AFM image of the same
molecule further reveals details about its structure (Figure
S2c). The two pyrrole rings located at the bright side of the
STM image are clearly visible in the AFM signal, whereas the
other two rings at the opposite side present a faint AFM
contrast. To determine the adsorption site of the mDBPc
molecule, we measured a constant-height AFM image acquired
at two different probe-surface separations exhibiting both
atomic resolution on the Ag(111) surface and molecular
contrast over the mDBPc (Figure 1e). The superposition of an
atomic lattice over the Ag(111) region allowed us to find that
the long molecular axis is parallel to the [110] direction, and
that the two N atoms at the faint pyrrole rings seem to be
located close to two adjacent Ag atoms (Figure S3). This
strategy allows us to infer the position of these N atoms, which
cannot be resolved in the AFM images, with respect to the
substrate. This adsorption site is quite similar to the one
exhibited by the cis-form of a normal Pc adsorbed on the
Cu(110), Cu(111), and Ag(111) surfaces.8−10,15 The
interatomic distances along the <110> directions on these
three surfaces are 255 pm for Cu(110) and Cu(111), and 289
pm for Ag(111). On these substrates, the lone-pair electrons at
the two imine N’s interact with the adjacent metal atoms
underneath, resulting in a slight difference in height between
the imine and amine sides, and leading to the asymmetric
appearance of the cis-form of Pc.8,15 The same interpretation
can be applied to the adsorption of mDBPc on the Ag(111)
surface: the asymmetric appearance can be attributed to the
cis-form, where the imine side of the central Pc cavity is
located closer to the substrate than the amine side. Note that
the distance between two N atoms in the mDBPc crystal is 294
pm, and calculated values in the gas phase are 290−294 pm,21

which match well with the interatomic distances of Ag on the
substrate.
We can induce the movement of the mDBPc molecules on

the Ag(111) surface by applying bias voltage pulses. The
molecule hops in the direction of the long molecular axis when
a pulse is applied on one of the fused benzene rings. It is also
possible to induce the flip of the molecular appearance along
the long molecular axis, i.e., the bright and dim sides of the
STM image exchange by applying a voltage pulse at the
brighter side of the central Pc cavity. This event can be
attributed to a cis- to cis- tautomerization with the transfer of
two H atoms in the Pc cavity from one side to the other. The
STM images in Figures 1d and S2b show the same mDBPc
molecule as the one in Figures 1c and S2a, but after inducing
this cis- to cis- tautomerization. The corresponding AFM
images are also displayed in Figure S2d. The reaction is always
accompanied with a small lateral displacement along the long
molecular axis (<110> direction), with the new adsorption site
equivalent to the previous one. These induced flips are quite

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c07726
J. Phys. Chem. C 2020, 124, 26759−26768

26761

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07726/suppl_file/jp0c07726_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07726/suppl_file/jp0c07726_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07726/suppl_file/jp0c07726_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07726/suppl_file/jp0c07726_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07726/suppl_file/jp0c07726_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07726/suppl_file/jp0c07726_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07726/suppl_file/jp0c07726_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07726/suppl_file/jp0c07726_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07726?ref=pdf


similar to those of Pc adsorbed on the Cu(110) surface,8 but
different from Pc on the Ag(111) surfaces; in the latter, both
the cis and trans-forms are present and the energy required to
induce a cis- to cis- tautomerization is very low.15 This
difference is considered to arise from a stronger adsorption
energy for the mDBPc than for the Pc due to the additional
interaction of the two benzene moieties with the surface.
The adsorption energy for the mDBPc on Ag(111) is 3.70

eV, calculated with DFT first-principles calculations as
implemented in the VASP package,28 using plane waves with
an energy cutoff of 400 eV, PBE + D330,31 as the exchange
correlation functional and PAW pseudopotentials29,36 (see
Methods for more details). This value is not far from but larger
than the one of Pc on Ag(111).15 The theoretically obtained
adsorption configuration with the height variations of atoms of
the cis-mDBPc upon adsorption is shown in Figure 2a. In the
cis-form, the two imine N’s are located closer to the Ag
substrate than the amine N’s by ∼36 pm, in good agreement
with the experimental observations. The adsorption config-
uration of the trans-mDBPc is shown in Figure 2b. Although
the adsorption site of the trans-form is almost identical to that
of the cis-form, the trans-form is energetically less favorable by
40 meV, leading to a flatter geometry, as it is shown by the
color variation. Simulated force maps of both cis- and trans-
forms (Figure 2c,d, respectively) also support the assignment
of the experimental images to the cis-form. In the cis-form, the
amine side of the Pc cavity appears brighter than the imine
side, whereas that of the trans-form shows a slightly more
symmetric shape. Because the dominant contribution to
submolecular resolution AFM imaging is the short-range
force exerted at the probe apex, the main features in the AFM
images resemble the charge density maps of the molecule
(Figure 2e,f) with minor contributions from the electrostatic
potential, which are reflected in the electric field maps (Figure
2g,h).33,35,37,38

Notice that the charge density at the height range explored
by the CO-probe has significant contributions not only from
the topmost atoms in the adsorption configuration but also
from those atoms contributing to molecular orbitals that decay
slowly into the vacuum. The interplay of these two features
ultimately controls the contrast observed in the AFM image, as
discussed below.
In contrast to the adsorption on the Ag(111) surface, two

types of appearances of the mDBPc molecules are observed on
the 2-ML-thick NaCl films. We found that these two different
appearances are not related to the two tautomeric forms but to
distinct orientations of the molecule on the surface. Figure 3a
is an AFM image of the mDBPc molecule adsorbed with its
long axis parallel to the [110] direction of the NaCl lattice, as
highlighted in Figure S4a, by the superposition of a lattice grid
over the NaCl atomic positions, (hereafter we use the notation
“configuration A” to describe this adsorption configuration).
The other orientation (“configuration B”) is rotated by 45°:
the long molecular axis is aligned with the [100] direction of
the NaCl lattice, as it is shown in Figures 3b and S4b. While
configuration A appears asymmetric with respect to the long
molecular axis, configuration B displays a symmetric shape
with four pentagonal pyrrole rings visible in the Pc frame
which could imply that the four N atoms in the Pc cavity are
equivalent in terms of height and chemical state. The
adsorption site of the molecule in configuration B is such
that the center of the molecule is located on top of a Na atom.
Reversible transformations between asymmetric configuration
A and symmetric configuration B are achieved by applying
voltage pulses that simultaneously induce the rotation and
lateral displacement of the molecule.
One might expect that configuration A on the NaCl surface

would resemble the adsorption configuration on the Ag(111)
surface. The calculated adsorption energy on NaCl is, however,
much smaller than that on Ag(111) (2.14 eV on NaCl; 3.70 eV
on Ag(111)). The adsorption site is so as to minimize the Pauli

Figure 2. (a and b) Most stable structures for the cis and trans-forms of the mDBPc molecule adsorbed on the Ag(111) surface obtained from first-
principles simulations. The color scale of the molecule represents the height of the atoms upon adsorption on the surface. 0 pm is set to the
position of the atom closest to the substrate, and the white color in the color bar is associated with the surface−molecule distance at the mean plane
(defined as the average of the z coordinates of all of the atoms in the molecule), The mean planes for (a) and (b) are 297 pm and 305 pm,
respectively. (c and d) Calculated constant-height force maps for the cis (c) and trans (d) forms of the mDBPc molecule on Ag(111). The probe
height is 3.1 Å from the average molecular plane. The black-to-white color codes for the force range are from −74 to 90 pN for the cis-form and
−71−95 pN for the trans-form. (e and f) Calculated charge density maps, at 3 Å from the average molecular plane, of the cis and trans-forms of
mDBPc adsorbed on Ag(111), respectively. The highest charge density is expressed in yellow and the lowest charge density in black. (g and h)
Simulated vertical component of the electric field, at 3 Å from the molecular plane, created by the cis and trans-forms of mDBPc adsorbed on
Ag(111), respectively. The highest positive value (electron attraction) is expressed in blue and the lowest (electron repulsion) in red. In (e, f, g, h),
the small dots represent the positions of atoms within the molecule: black for C, blue for N, and gray for H.
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repulsion between the π-orbitals of the two benzene moieties
and the Cl ions underneath as well as to maximize the
attraction with the imine groups. The adsorption energy of the
trans-form on the same adsorption site is slightly smaller than
that of the cis-form: 2.11 eV. Notice that, in this case, only one
nonsaturated N atom of imine interacts with a Na atom of the
substrate.
The strength of the molecule−substrate interaction

influences the adsorption configuration and therefore the
force sensed by the probe. Figures S5−S7 illustrate the
dependence of the frequency shift (Δf) signal with the probe-
sample separation measured over an mDBPc molecule
adsorbed on Ag(111), as well as over molecules in
configuration A and configuration B on a 2-ML-thick NaCl
island, respectively. As the probe approaches toward the
molecule on the Ag(111) surface, it first senses the benzene
moieties, and then the pyrrole rings of the amine side followed
by the imine side. In contrast, for the molecule in configuration
A on the NaCl surface, the probe feels the outer part of the
faint pyrrole rings (imine side) first, and later those of the
amine side and benzene moieties. The imine side appears the
brightest for the NaCl cases, at the distance where
submolecular contrast starts to appear. This is opposite to
the case of Ag(111), where the amine side is always brighter
than the imine one. Configuration B on NaCl also differs from
the other two cases. The probe starts to feel a repulsive
interaction with one of the benzene moieties even at relatively
far separations. The interaction at the four pyrrole rings is very
similar, though there are some small variations probably due to
slight asymmetry at the apex of the probe. The force-induced
tautomerization reactions reported for the case of porphycene
on Cu(110)15 were not observed during the spectroscopy
measurements we have done on the mDBPc molecules with
the AFM. This is probably because we were using a CO-
functionalized probe in these experiments, which renders the
apex chemically inert.

The calculated constant-height force maps (Figure 4e,f)
obtained from the optimized adsorption geometries for the cis
and trans-forms (Figure 4a,b, respectively) of the mDBPc
molecule in configuration A on NaCl(001) confirm that it is
quite challenging to distinguish between the two tautomeric
forms using AFM. The simulated images of both tautomers
resemble the experimental ones: the outer part of the two
pyrrole rings at the imine side is the brightest; the two pyrrole
rings of the amine side are clearly visible; and, the two benzene
moieties also show a high contrast, more pronounced at the
amine side. Furthermore, the variation with respect to the
probe-sample separation also shows a good agreement with the
experiments, see for example the cis-form in Figure S8. The
calculated charge density maps of cis- and trans-forms (Figure
4i,j), which are closely related to the short-range force detected
in the experiments, do not show significant differences. The
maps of the vertical component of the electric field (Figure
4m,n) reflect the H-atom positions and thus the two
tautomeric forms appear different. The contribution of this
electrostatic potential to the total force acting at the probe is,
however, practically undetectable. The spatial distribution of
the total force (TOT) as well as the short-range (SR),
electrostatic (ES), and van der Waals (VDW) force
components were also simulated, as shown in Figure S9; in
all of these images, the positions of the H-atoms are not clearly
discerned. Taking into account the full relaxation of the CO
molecule at the probe apex (Figure 4e,f, and TOT Rel in
Figure S9b), the calculated force image shows a smoothening
of the molecular features and a sharpening of the lines between
the atomic positions, but it does not improve the detection of
the H atoms within the Pc cavity.
The distinction between the two tautomers is also

challenging when the mDBPc molecule is in configuration B.
As it is shown in Figure 4g,h, the calculated force maps for the
cis- and trans-forms obtained for the optimized structures
shown in Figure 4c.d are again quite similar. Upon inspecting
the different contributions to the calculated force maps, the
total (TOT) and short-range force (SR) images show the
amine N sites slightly brighter than the imine N sites, but this
distinction blurs out when the relaxation of the CO molecule
at the probe apex is taken into account. As discussed above, the
AFM image contrast is not only controlled by the topmost
atoms of the molecule in the adsorbed configuration, but it has
a significant contribution from the relatively slow decay of
filled orbitals close to the Fermi level.29 There are no
remarkable differences between the cis and the corresponding
trans conformers. This finding supports the experimental
images showing 4-fold symmetry around the central Pc cavity
(Figures 3b and S7).
Similar to the Ag(111) case, it is also possible to induce a

flipping in the appearance of the mDBPc molecule in
configuration A on the NaCl surface. The flip occurs by
setting a bias voltage of a magnitude above 100 meV. In Figure
5, a comparison between experimental AFM images of an
mDBPc molecule obtained by scanning at the constant-height
with sample bias values of +10 mV (Figure 5a,b), −300 mV
(Figure 5c,d), and +500 mV (Figure 5g,h) are shown. The
asymmetric shape of the molecule is preserved at a lower bias
voltage (Figure 5a,b). On the contrary, the molecular shape
becomes symmetric, displaying four equivalent pyrrole rings,
when the images are acquired at higher bias voltages (Figure
5c,d,g,h). This delusive symmetry is due to the constant
flipping of molecule’s appearance over the long molecular axis

Figure 3. (a and b) Constant-height Δf images of an mDBPc
molecule adsorbed on a bilayer thick NaCl island before (a) and after
(b) a displacement induced by a voltage pulse. The lower part of the
image was scanned at a closer distance toward the surface to reveal
the atomic lattice of NaCl. The probe was then slightly lifted up from
the surface to resolve the mDBPc with submolecular resolution. The
protrusions in the NaCl lattice corresponds to the Cl ions. The two
orientations of the mDBPc molecule are referred to in the text as
configuration A for (a) and configuration B for (b). The scanned area
was (3 nm × 4 nm). The sample bias values were Vs = 150 mV for (a)
and Vs = 100 mV for (b). The Δf gray scale in both images was from
−0.3 (black) to +0.5 Hz (white).
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when the probe passes across certain points on the mDBPc
molecule, so that always two pyrrole rings at the amine side are
imaged. This flip is accompanied by a significant (∼0.2 nm)
lateral displacement of the entire molecule along the short
molecular axis. A careful observation of the AFM images
(Figure 5c,d,g,h) and simultaneously obtained STM images
(Figure 5e,f,i,j) enables finding the locations where the probe
induces the flip. Images in Figure 5c,e,g,i are obtained by
scanning from the left to the right, and those in Figure 5d,f,h,j
are recorded from the right to the left. Instabilities under the
probe appear as shaggy lines in these images, and their location
depends on the scanning direction when the sample bias is set
to negative values (Figure 5c−f). A high density of spikes and

stripes in the AFM and STM signals appear close to the
position where the two hydrogen atoms of the amine are
located. When the sample bias is set to positive values (+500
mV in the case of Figure 5g−j) instabilities appear over the
entire molecule. In the AFM images they are more visible at
the edges of the molecule, and in the STM images,
independent of the scan direction, a high density of instabilities
is detected at the center of the molecule, extending over the
long axis.
According to the theoretical calculations, H atom transfer

within the Pc cavity of the mDBPc in configuration A should
involve a lateral displacement of the entire molecule by 170 pm
along the [11̅0] direction. This agrees well with the value

Figure 4. (a−d) Most stable structures for the cis (a, c) and trans (c, d) forms of the mDBPc molecule in configuration A (a, b) and configuration
B (c, d) adsorbed on a NaCl surface, obtained from first-principles simulations. The color scale of the molecule represents the height of the atoms
upon adsorption on the surface. 0 pm is set to the position of the atom closest to the substrate, and the white color in the color bar is associated
with the surface−molecule distance at the mean plane (defined as the average of the z coordinates of all of the atoms in the molecule), The mean
planes for (a), (b), (c), and (d) are 331, 331, 332, and 333 pm, respectively. The color code for the ball-and-stick model of the NaCl lattice is dark
green for Cl and dark purple for Na. (e−h) Calculated constant-height force maps for the cis and trans-forms of the mDBPc molecule in
configuration A (e, f) and configuration B (g, h), at a probe height of 3.1 Å from the average molecular plane. The black-to-white force scales are
from −72 to 77 pN for (e), from −72 to 73 pN for (f), from −66 to 56 pN for (g), and from −61 to 52 pN for (h). (i−l) Calculated charge density
maps, at 3 Å from the average molecular plane, for the cis and trans-forms of the mDBPc in configuration A (i, j) and configuration B (k, l),
respectively. The highest charge density is expressed in yellow, and the lowest charge density is represented in black. (m−p) Simulated vertical
component of the electric field, at 3 Å from the molecular plane, created by the cis and trans-forms of the mDBPc in configuration A (m, n) and
configuration B (o, p), respectively. The highest positive value (electron attraction) is presented in blue and the lowest (electron repulsion) is
displayed in red. In (i−p) the small dots represent the positions of atoms within the molecule: black for C, blue for N, and gray for H.
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experimentally found (∼0.2 nm), as well as with the fact that
the mDBPc molecule appears widened when constant flips are
induced by scanning as relatively high bias voltage values
(Figure 5c,j). The calculated energy barrier for the H transfer
with a lateral molecular displacement is 63 meV (Figure 6a).
Note that this value is not significantly altered by the zero-
point energy. We have performed dynamic calculations to

account for the zero-point energy to correct the transition state
energy by following the method provided in earlier
reports12,16,18 and confirmed that the barrier is lowered only
by 7 meV. A small influence of the zero-point energy is mainly
due to a weaker interaction of the mDBPc molecule with the
NaCl substrate, compared to that with the metallic substrate. A
previous theoretical study reported that the stronger the

Figure 5. Hydrogen transfer within an mDBPc molecule in configuration A adsorbed on a bilayer thick NaCl island. (a and b) Constant-height Δf
images of the same mDBPc molecule obtained with a sample bias of Vs = 10 mV, before (a) and after (b) inducing the H transfer within the
molecule by a voltage pulse. At low bias voltages, no H-transfer during imaging acquisition is detected. (c and d) Constant-height Δf images of the
same molecule but acquired at Vs = −300 mV. (e and f) Tunneling current (It) images simultaneously recorded with (c) and (d), respectively. (g
and h) Constant-height Δf images of the same molecule but obtained with Vs = + 500 mV. (i and j) Tunneling current (It) images recorded
simultaneously with (g) and (h), respectively. The scan directions of the images are indicated by white arrows. The scanned area is (2 nm × 2 nm).
The Δf gray scale in (a−d) is from −0.6 (black) to 0.1 Hz (white). The It blue-yellow scale in (e, f) is from 0 (dark blue) to 4 pA (yellow-white).
The Δf gray scale in (g, h) is from −0.86 (black) to −0.51 Hz (white). The It blue-yellow scale in (i, j) is from 1.5 (dark blue) to 11.5 pA (yellow-
white).

Figure 6. Calculated energy barriers for the tautomerization process, and adsorption configurations of the cis and trans-forms for the two
adsorption geometries detected for an mDBPc molecule adsorbed on a NaCl bilayer. (a) Energy barrier between trans1 (c) and cis2 (d) for an
mDBPc molecule in configuration A. (b−d) Adsorption geometries of cis1 (b), trans1 (c), and cis2 (d) for an mDBPc molecule in configuration A.
Dotted white lines are drawn for an eye-guiding purpose to highlight the translation of the molecule during the process. (e) Energy barrier between
trans and cis-forms of an mDBPc molecule in configuration B. (f−h) Adsorption configurations of cis1 (f), trans (g), and cis2 (g), for an mDBPc
molecule in configuration B. The color code for the atomic species is dark green for Cl, dark purple for Na, gray for C, blue for N, and white for H.
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interaction of Pc with the metallic substrate, the higher the
barrier energy correction by the zero-point energy becomes.18

The calculated adsorption configurations before and after
the H transfer reaction, as shown in Figure 6b,d, confirm that
the experimentally observed flips can be attributed to a
tautomerization reaction with the lateral displacement of the
entire molecule. Although two tautomeric forms on the same
adsorption site, cis1 and trans1 (Figure 6b,c, respectively), are
revealed in the process, they are indistinguishable in the
experiments because of the similar appearance of their AFM
and STM images. Here, we assume that the double H-transfer
reaction occurs via a stepwise mechanism rather than in a
concerted manner; that is, to achieve cis to cis tautomerization,
the molecule should go through one of the trans config-
urations. Although both stepwise and concerted mechanisms
compete in the gas phase,39 the stepwise path was found to be
more favorable for the Pc adsorbed on metallic surfaces.15,16,18

Molecular dynamics simulations have also suggested that out-
of-plane vibrational motions significantly decrease the
contribution of the concerted proton transfer mechanism,39

which may be relevant to the molecule considered in this
study. Indeed, the calculated barrier for the concerted double
H-transfer for the cis to cis tautomerization of mDBPc in
configuration A on NaCl is 107 meV, which is much higher
than the value for the stepwise mechanism from trans1 to cis2,
63 meV, as shown in Figure 6a. The barrier from cis1 to trans1
is even smaller, 40 meV.
The other adsorption orientation of the mDBPc molecule

found on NaCl, the one with a symmetric appearance
(configuration B), is oriented along the <100> direction.
The calculated adsorption energies for its cis- and trans-forms
only differ by 10 meV: the obtained values are 2.09 and 2.10
eV for cis and trans-forms, respectively. In contrast to
configuration A, the tautomerization for configuration B does
not involve any lateral displacement of the molecule, as shown
in Figure 6f,h, and thus the energy barrier for the H-transfer
within the Pc cavity is as low as ∼40 meV (Figure 6e), which is
close to the value in the gas phase. Because of the weak
molecule−substrate interaction, the zero-point energy correc-
tion in configuration B is negligible, less than 0.5 meV.

■ CONCLUSIONS
We have investigated the adsorption behavior of mDBPc
molecules on Ag(111) and on 2-ML-thick NaCl films using
submolecular resolution AFM and STM. On the Ag(111)
surface, the adsorption site and bonding nature are quite
similar to those of the Pc molecule. The mDBPc exists in the
cis tautomeric form with its two nonsaturated N atoms
interacting with the Ag atoms of the substrate, giving rise to a
height variation that causes an asymmetric appearance in the
STM and AFM images. On NaCl, in contrast, two types of
adsorption configurations are observed, which are due to a
different orientation of the molecule with respect to the
substrate lattice rather than to the tautomeric forms.
Distinction between the cis and trans-forms was unattainable
for both orientations on NaCl, but based on the comparison
between experimental AFM images and simulated images, we
found that the interaction with NaCl leads to very similar
adsorption energies and a probe-molecule interaction force for
both tautomers. The energy barrier between the cis and trans-
forms on the same adsorption site is negligible, and thus the
tautomerization reaction can be recognized only when it is
accompanied by a lateral displacement of the molecule. Our

results show the limitations of powerful imaging techniques
like STM and AFM, where the symmetry of the molecules in
the images is not, in general, directly correlated with the
tautomeric forms. On the other hand, they prove that
tautomerization reactions on rather inert ionic surfaces like
NaCl are distinct from both those on metals and in the gas
phase, revealing a new process that involves a global molecular
translation upon H transfer. This novel tautomerization
behavior might also be present on other weakly interacting
substrates.
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