¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

Tautomerization of single asymmetric

".) Check for updates‘
oxahemiporphycene molecules on Cu(111)f

Cite this: Phys. Chem. Chem. Phys.,

2023, 25,1096 £° Emile Durant, {2 ° Monika Schied, 22 Mats Persson,®

© Michat Kijak,“ Jacek Waluk“® and Leonhard Grill ) *?

Simon Jaekel,
Jakub Ostapko,

We have studied 22-oxahemiporphycene molecules by a combination of scanning tunneling microscopy
at low temperatures and density functional theory calculations. In contrast to other molecular switches
with typically two switching states, these molecules can in principle exist in three different tautomers,
due to their asymmetry and three inequivalent binding positions of a hydrogen atom in their
macrocycle. Different tautomers are identified from the typical appearance on the surface and tunneling
electrons can be used to tautomerize single molecules in a controllable way with the highest rates if the
STM tip is placed close to the hydrogen binding positions in the cavity. Characteristic switching
processes are explained by the different energy pathways upon adsorption on the surface. Upon
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applying higher bias voltages, deprotonation occurs instead of tautomerization, which becomes evident
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Introduction

Molecular switches' are molecules with at least two stable
states, which can be realized reversibly by an external stimulus.
They are of interest as model systems to study fundamental
chemical processes, but also for applications in responsive
molecular systems,” for instance in molecular machines,’ as
switchable catalyst,” conductance switches® or for switchable
surfaces.® The study of molecular switches at solid, well-defined
single-crystal surfaces’® is advantageous, because it allows to
use scanning tunneling microscopy (STM) for single-molecule
imaging with complete access to the molecular switching state
as well as its adsorption position and orientation with respect to
the crystalline lattice underneath. In addition, the local sur-
roundings of every single molecule can be imaged at the atomic
scale. These are important as they can affect the molecular
properties and consequently its switching behavior.>**

A prototypical class of molecular switches are based on
intramolecular proton transfer, ie. tautomerization, which
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plays an important role in the enzymatic catalysis in proteins
and nucleic acids.” Excited state tautomerization is responsi-
ble for the protecting effect in photo-stabilizers."® Experimental
studies of tautomerism allow detailed modeling of proton
transfer, which includes the role of vibrational mode-selective
tunneling.'* The family of porphines (free-base porphyrins)*? is
a prominent example for tautomerization studies as the proton
transfer occurs within the molecular cavity. Tautomerization in
such molecules adsorbed on a surface has already been studied
in porphyrins'® and (with various stimuli) in porphycenes,"*”*
where the imaging of single molecules gives access to the proton
positions within the chemical structure. Typically, these mole-
cules are adsorbed as symmetric, bistable switches on the
surface, exhibiting two equivalent states. However, realizing a
molecular switch with multiple, i.e. more than two, states on a
surface would be of great interest as such a system would offer
multiple switching options beyond binary transitions. Such a
case has been realized only once so far, but with symmetric and
thus degenerate and equivalent states.'® Additionally, this was
achieved in a deprotonated compound and thus not in the
original chemical structure, which would exhibit only two
switching states.'® Here, we have created three switching states
by using porphyrin isomers that are asymmetric in their
chemical structure of the molecular cavity, offering three inequi-
valent sites to bind the hydrogen atom.

As shown by Kumagai et al,”® introducing a source of
asymmetry to the switching system - either through the presence
of the STM tip or molecules/adatoms nearby - can influence the
switching process of porphycene molecules on Cu(110), which
exhibits two-fold rotational symmetry. Due to the adsorption
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geometry with the molecular symmetry axis parallel to the close-
packed rows of the surface, porphycene on Cu(110) has a two-
fold rotational symmetry too. This can be circumvented through
the adoption of an angle between the molecular symmetry axes
and those of the substrate by choosing a surface on which a
molecule adopts a chiral adsorption geometry — as phthalocya-
nine on Ag(100).>* Yet, this approach depends on the chosen
surface and cannot be expected to be robust for different
surfaces or adding substituents to the molecule. Hence, it is of
particular interest to find a molecule that undergoes tautomer-
ization and lacks rotational symmetry. For such a molecule, the
intramolecular proton transfer rates to neighboring binding
sites in either direction should be inequivalent for any of the
possible binding sites. Of course, maintaining (meta-)stability of
as many tautomers as possible is desirable.

One such candidate for a tautomerizing molecule without
rotational symmetry is unsubstituted hemiporphycene (HPc;
Fig. 1a).>* 1t is also a derivative of the basic porphyrin structure -
like porphycene - and has the same number (20) of carbon atoms
in the macrocycle as porphine and porphycene. Rotational asym-
metry is introduced by three different links between the pyrrole
units: two methine bridges (carbons 5 and 20, see Fig. 1a), one
direct C-C bond (between carbons 9 and 10) and one ethylene
bridge (carbons 14 and 15). The lack of rotational symmetry can
be easily understood from the presence of bridging motifs which
only appear once. This means that their position can only be
reproduced by equivalents of the non-rotated structure. Under
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this consideration, corrole (three methine bridges, one direct link)
would also be an interesting candidate for tautomerization.
Synthesis of unsubstituted corroles has been reported recently,>
but the free-base form was found to be unstable.
Tautomerization of hemiporphycene can be activated by
pulses from an STM tip - the energy landscape of the different
tautomers however appears to strongly favor one configuration.>®
This is different for 22-oxahemiporphycene molecules (referred to
as O-HPc from this point on) with a substitution of N with O at
position 22 (Fig. 1b), which is reported here for the first time
(details of its synthesis are provided in the ESIt). As a result of
the substitution, the cavity of O-HPc binds only one hydrogen
atom, which allows for three different tautomers of the molecule
(see Fig. S8, ESIt), corresponding to the three nitrogen atoms.

Methods

Experimental

O-HPc molecules were deposited in situ through sublimation
from a Knudsen cell onto a clean Cu(111) surface. The heating
power of the cell was set to 468 mW, which resulted in crucible
temperatures between 155 and 175 °C and rates of about
0.01 monolayers (ML) per minute, producing reproducible
molecular coverages. Imaging was done by low temperature-
scanning tunneling microscopy (LT-STM) in constant-current
mode, with bias voltages applied to the sample (the STM tip is

Experiment

Calculation

Fig. 1 Structure models of the unsubstituted hemiporphycene molecule (a) and the 22-oxahemiporphycene (O-HPc) molecule (b) with the pyrrole- and
furan-groups highlighted in blue and red, respectively. (c) STM image showing O-HPc molecules on Cu(111) and the surrounding standing waves of the
copper surface state, with marked preferred molecular orientations (40 x 40 nm?, 100 mV, 50 pA). The asterisk at the bottom left indicates the close-
packed atomic rows (in [110], [101] and [011] directions) of the Cu(111) surface. (d) STM image of a single O-HPc molecule, taken with increased contrast in
the top and bottom sections to image the substrate with atomic resolution (see Section 3 in the ESIT). The thus obtained Cu(111) lattice is superimposed in
blue. (e and f) STM image (both 2.55 x 2.55 nm?, 200 mV, 100 pA) of a single O-HPc molecule shown in a pure greyscale (e) and a two-color scale (f) for
enhanced intramolecular contrast. The chemical structure of the O-HPc molecule is superimposed onto the STM image in (f). (g) Calculated STM image
of a single O-HPc molecule with the corresponding adsorption geometry in (h). The molecule is oriented equally in (g and h).
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grounded), which was kept at around 5 K during imaging. All
images have been sparsely filtered.

Calculations

Calculations of equilibrium structures and minimum energy paths
(MEPs) of O-HPc on the Cu(111) surface were obtained from
periodic, plane-wave density functional theory (DFT) calculations
using the Vienna ab initio simulation program (VASP).”” The Pro-
jector Augmented Wave (PAW) method®® was used to treat the
electron-ion core interactions. The vdW-DF-cx**' version of the
van der Waals density functional was used to treat the exchange-
correlation effects. The Cu(111) surface was represented in a super-
cell by a four-layer slab with (5, 0; —3, 6) and (6 x 6) surface unit cells
with a vacuum region of 30 A. The (5, 0; —3, 6) cell was used to find
the equilibrium structure configurations and calculate the MEPs
between the different O-HPc tautomers using the climbing image
nudged elastic band (CI-NEB) method,*** whereas the larger (6 x
6) cell was used in the simulation of STM images using the Tersoff-
Hamann method at constant LDOS.>***” For all calculations, the
Brillouin zones of the (5, 0; —3, 6) and (6 x 6) cells were sampled
with k-point meshes of (8 x 8 x 1) and (12 x 12 x 1), respectively.
The plane-wave cut-off energy was 400 eV for all calculations. All
geometrical optimizations were carried out until the ionic forces
were less than 0.01 eV A~ while the bottom two layers of the Cu
slab were constrained at the calculated lattice constant of 3.579 A.
Further computational details can be found in ref. 38.

Results and discussion

The O-HPc molecules preferentially adsorb at the step edges of
the Cu(111) surface, but at sufficient coverages they also appear
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as isolated molecules on the terraces (Fig. 1c and Fig. S1, S2 in
the ESIt). The O-HPc molecule does not have any symmetry
axes (see Fig. 1b), but its appearance in STM images shows two
protrusions along the longer axis of the molecule (Fig. 1e and f),
which can be used for assigning an orientation (as indicated in
Fig. 1c). To determine the adsorption configuration, the sub-
strate lattice can be atomically resolved (Fig. S3, ESI{) and - by
modifying the tunneling parameters during scanning - it is also
possible to simultaneously image the molecule and obtain
the atomically resolved Cu(111) surface lattice in the very
same image (Fig. 1d; see Section 3 in the ESI} for details).
Consequently, the surface lattice can be superimposed over the
molecular structure (blue grid in Fig. 1d), revealing the precise
adsorption position and orientation with respect to the surface
lattice. The result shows that the molecules orient approxi-
mately along the [112] direction of the substrate. Single molecules
show a characteristic appearance in the STM image (Fig. le),
which becomes even more evident using a multicolor scale
(Fig. 1f) that also helps to separate the topography of the molecule
and the surrounding standing wave of the copper surface state. It
will be used from this point on to highlight changes to the
appearance of the molecule.

The characteristic presence of two bright lobes on the
molecule can be used in combination with calculated images
(Fig. 1g and h) to determine the orientation of the macrocycle
as well as the binding site for the single hydrogen atom in the
cavity. We find that one bright lobe corresponds to the pyrrole
to which the hydrogen is bound, analogous to porphyrins,”**°
while the other lobe corresponds to the furan ring at the oxygen
substitution. The sides between these two lobes correspond to
the two remaining pyrroles and the four bridges (see super-
imposed structure in Fig. 1f). As one of the sides has a single
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Fig. 2 STMimages (all 2.6 x 2.6 nm?) showing: (

) a single O-HPc molecule in the trans state with the tip position during voltage pulses marked with a

red cross (200 mV, 100 pA). (b) The same molecule after a voltage pulse that ended in the low-conductance state, showing the appearance of the cis
state (200 mV, 100 pA). (c) Single O-HPc molecule before the application of a voltage pulse with 2.0 V at the position indicated by the red cross (100 mV,
100 pA); (d) the deprotonated molecule after the 2.0 V pulse (100 mV, 100 pA). (e and f) Comparison of experimental and calculated STM images (both in
the same orientation) of a single O-HPc molecule in the cisg state on the Cu(111) surface.
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(a) Tunneling current as a function of time during application of increased bias voltage at the position indicated in Fig. 2a. The high-conductance

state indicates that the molecule is in the trans state, while the low-conductance represents the cis tautomer. (b) The per-electron yield of both switching
processes as a function of the bias voltages during the pulse. Typical currents during the switching events were ~ 300 pA for trans-to-cis switching
events and ~ 220 pA for cis-to-trans switching events. Yields for bias voltages of at least —800 mV are based on 100 to 500 switching events. Yields at
lower bias voltages are based on 5 to 20 switching events. (c and d) Switching rates of the cis-to-trans (c) and trans-to-cis (d) processes as a function of
tunneling currents measured for different bias voltages (color coded with black (—1.0 V), red (—1.2 V), blue (—1.4 V) and green (—1.6 V)). Data points with
the same bias voltage are fitted with a power law with a variable exponent N.

rounded corner at equal distances to both bright lobes (the
right side in Fig. 1f), this side can be interpreted as the pyrrole
linked by the two methine-bridges (which have equal length).
On the other side, there are two visible rounded corners at
irregular distances. This contrast is assigned to the remaining
pyrrole and the ethylene bridges of the molecule, which also fits
to the results of the tautomerization experiments (see below).
As the hydrogen is bound to the nitrogen position on the site
opposite to the furan ring, it will be referred to as a trans state
in this work. A detailed comparison of the experimental image
in Fig. 1d with the simulated image of the trans tautomer
(Fig. 1g and h) shows that the molecular orientation along a
[112] direction and its relative position with respect to the
underlying lattice is well-reproduced in the DFT calculations,
thus confirming our assignment of Fig. 1d to the trans state.
According to this assignment of the trans configuration, the
molecular appearance should change after tautomerization in
the following way: the feature assigned to the furan ring should
remain bright, the pyrrole ring to which the hydrogen moves
should become brighter, and the pyrrole ring from which the
hydrogen atom moved away should become darker. As shown
in Fig. 2a, voltage pulses were first applied over the lobe
identified with the initial binding position, because such a
position had resulted in the highest switching rates for por-
phycene on Cu(111).*° Applying moderately increased bias
voltages (e.g. —1.4 V) at the indicated position results in a

This journal is © the Owner Societies 2023

bistability of the tunneling current (see Fig. 3a below) during
the pulse and a noticeably changed molecule appearance
(shown in Fig. 2b) if the pulse ends while the molecule is in
the lower conductance state (the higher conductance state
corresponds to the initial ¢rans configuration). The appearance
of the switched state exactly matches expectations: the lower
lobe - which was interpreted as the pyrrole binding the hydro-
gen in the ground state — has become lower in apparent height,
a lobe on the left side of the molecule has become higher in
apparent height, and the lobe at the top - which was inter-
preted as the furan - has remained bright. Therefore, this
switched state of O-HPc is assigned to the tautomer shown in
Fig. 2f which will be referred to as the cis state in this work. The
ground state of the molecule is identified as the trans state
shown in Fig. 2e. It should be noted that in theory there are two
distinct cis states with the hydrogen bound to position 21 and
23 respectively. However, only the one shown with the binding
to position 23 was observed in our experiments.

In order to precisely determine which of the two cis tautomers
is present, we have done DFT calculations of the geometric
structures and the relative stabilities of the three tautomers of
O-HPc both in the gas-phase and adsorbed on the Cu(111)
surface. The interpretation of the topographical STM images of
the adsorbed tautomers are corroborated by our simulated
images. The optimized structures of these tautomers (shown in
Fig. S8, ESIf) show that they are all planar in the gas phase.

Phys. Chem. Chem. Phys., 2023, 25,1096-1104 | 1099
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Table1 Calculated relative total energies and N—N interatomic distances
of the O-HPc tautomers in the gas phase. The labelling of the N atoms is
defined in Fig. S8 (ESI)

Tautomer AE (eV) N-N, (&) N-Ng (A) N -Ng (A)
trans 0.00 3.11 2.92 3.99
Cisg 0.15 3.18 2.85 3.98
Cisy, 0.28 2.99 3.08 3.98

Henceforth, the two inequivalent cis tautomers are denoted by
cisy, and cisg, where the subscripts L(eft) and R(ight) reflect the
positions of the H atom relative to the O atom (see Fig. S8a,
ESIt). As shown in Table 1, the trans tautomer is the most stable
one and cisg is more stable than cis;. The relatively large stability
of the trans tautomer by 0.15 eV shows that the deposited O-HPc
molecules should predominantly be trans tautomers, which
confirms the experimental observations where all molecules
are found in the trans state after deposition.

As shown in Table 1, the interatomic distances between the
N atoms change substantially with the tautomer. A surprising
finding is the result that the N-N; (N24-N21, see Fig. 1)
distances are longer than the N-Ny (N24-N23) interatomic
distances for trans and cisg, despite the methine bridge
between the pyrrole groups of the N and Ny, atoms containing
only one atom while the ethylene bridge between the pyrrole
groups of N and Ny atoms contains two atoms (see Fig. S8a,
ESIT). These interatomic distances are both within the range of
hydrogen bonding (2.7-3.3 A), whereas the N;-Ny distance,
being essentially the same for all three tautomers, is about 1 A
larger than the other N-N distances and is outside the range of
hydrogen bonding.

The trend of the energetics over the tautomers in the gas
phase can then be rationalized in terms of the differences in
the hydrogen bonding in the cavity based on the N-N distances.
The trans is now favoured over cis;, and cisg, since hydrogen
bonds can be formed with two N acceptor atoms for trans in
contrast to the cis tautomers, where the H bond is formed by a
single N acceptor atom. The cisg is now favoured over cisy, by the
N-Ny interatomic distance being shorter than the N-N, inter-
atomic distance. The relatively small energy differences
between these tautomers reflects the energy scale of hydrogen
bonding. Furthermore, the behaviour of the N-N interatomic
distances suggests that the energy barrier for proton transfer
between trans and cisg is lower than the corresponding barrier
between trans and cis;, and that the proton transfer between cisg
and cis;, is much less favourable than for the transfer between
the trans and the cis tautomers. This suggestion is corroborated
by our calculated energy barriers in Table 3.

The calculated geometric structure of the adsorbed tauto-
mers are detailed in Fig. S10 (ESI{), whereas their energetics are
summarized in Table 2. The relative AE,4 values follow the
same trend as the relative energies of the gas phase tautomers
in Table 1. However, the energy differences between the
adsorbed tautomers are substantially reduced, but these differ-
ences are sufficiently large for trans being the thermodynami-
cally stable tautomer on the surface.

100 | Phys. Chem. Chem. Phys., 2023, 25,1096-1104
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Table 2 Calculated adsorption energies E,qs and their relative values
AE,q4s for the adsorbed tautomers shown in Fig. S9 (ESI). The values with
and without parentheses were calculated in the (5, 0; —3, 6) and (6 x 6)
unit cells, respectively. These values show that they are well converged
with system size and the k-point sampling error in all calculations was
0.02 eV38

Tautomer Eaq4s (eV) AE,q4s (eV)
trans —3.69 (—3.77) 0.00 (0.00)
cisg —3.65 (—3.73) 0.04 (0.04)
cisy —3.62 (—3.70) 0.07 (0.07)

A somewhat surprising finding is that the N-Ny distances
for the adsorbed tautomers are now longer for trans and cisg
than for the N-N;, distances of ¢trans and cis;, (Table S2, ESIt), in
contrast to the tautomers in the gas phase (Table 1). This result
would suggest, based on intramolecular H bonding, that cisy,
should be more stable than cisg and cannot rationalize that cisg
is also more stable than cis;, for the adsorbed tautomer. However,
as shown for hemiporphycene, the distance is not the only
parameter that controls the H bond strength as also the NHN
angle must be considered.>® Additionally, in the case of the
adsorbed tautomers there is also a competing contribution from
the molecule-surface bonding by, for instance, the lone-pair
bonding of the imine N atoms to the Cu surface (see Section 8 in
the ESIY).

The reverse result for the N-Nip and N-N; interatomic
distances of the adsorbed tautomers compared to the ones in
the gas phase might suggest that, in contrary to the gas phase,
the energy barrier for the trans — cisg tautomerization should
now be higher than the corresponding barrier for the trans —
cis;, tautomerization. However, the energy barriers E* in
Table 3, as obtained from the calculated minimum energy
paths (Section 11 in the ESIt), show that the trans — cisg
tautomerization has the lowest energy barrier — both in the gas
phase and on the surface. Thus, the N-N distance is not a good
descriptor of the energy barriers for H transfer. In fact, the
calculated straight path lengths ADy; for the H transfers for the
trans — cisg tautomerization is substantially shorter than for
the trans — cis;, tautomerization both in the gas phase and on
the surface as shown in Table 3. This result suggests that ADy; is
a suitable descriptor for the potential energy barrier of the
tautomerization. These path lengths are very similar for these
tautomerizations in the gas phase and on the surface.

The values for the MEPs path lengths of the H atom (Table 3)
show that these paths have some curvature. The path lengths
for the MEPs that include all atoms of the molecule show that
the tautomerizations involve distortions of the molecule. These
two effects are most pronounced for the trans — cisi tautomer-
ization on the surface and reflect the substantial increase of the
energy barrier for this tautomerization on the surface com-
pared to the gas phase. Finally, note that energy barriers for
the reverse direction of the tautomerizations, cisg — trans and
cis;, — trans, will be reduced by the relative adsorption energies
AE,qs of cisgy, and cisy, respectively. This reduction is only 0.04
and 0.07 eV (Table 2) for the cisg — trans and the cis;, — trans
tautomerizations, respectively.
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Table 3 Calculated energy barriers for the trans — cis tautomerization in
the gas phase and adsorbed on the Cu(111) surface. The potential energy
barriers are given by E* and the zero-point-energy corrected energy
barriers for the H atom are given by EJ,. The straight path length of the
H atom between the two tautomers is given by ADy, whereas the value
within the parenthesis represents the MEP length for the H atom. ADw, is
the MEP path length calculated by including all the molecular atoms but
not the substrate atoms

Final tautomer E* (€V) Ejpg (V) ADy (A) ADye (A)
Gas phase cisy, 0.87 1.7 (2.1) 3.3

cisy 0.36 1.0 (1.2) 2.1
Adsorbed  cisg, 0.86 0.71 1.6 (1.9) 3.9

CiSg 0.63 0.49 1.1 (1.5) 4.1

The calculated N-H stretch vibrational energy is about
400 meV (see Section 12 in the ESIT) and the loss of this mode
at the transition structure suggests that the zero-point-energy
(ZPE) corrections can have an important effect on the energy
barrier. Consequently, the energy barriers are reduced by about
0.14 eV. The resulting ZPE corrected energy barriers E . are
shown in Table 3 (for details see Section 12 in the ESI).

Our simulated topographical STM images (Fig. S10, ESIt)
reveal that the molecular appearance of all three tautomers is
dominated by two protrusions: One is caused by the furan ring,
containing the oxygen atom, and the other one by the pyrrole
ring that contains the amine N atom (NH), which is slightly
brighter than the pyrrole groups with imine N atoms. These
simulated images support the assignment of the experimental
images, both for the trans tautomer in Fig. 1e-h and for the cis
tautomer in Fig. 2e and f. In particular, the assignment of the
cis tautomer (being either cis;, or cisg, see Fig. S8b and c, ESIt)
becomes clear from a comparison of our experimental STM
data (in Fig. 2) with the calculated images (in Fig. S10, ESI¥).
We can therefore conclude that our switching experiments
(Fig. 2a and b) lead to tautomerization from the t¢rans to the
cisg (and not the cis;) state. This agrees with the calculated
energy barriers where the energy barrier for H transfer between
trans and cisg is lower than the corresponding barrier for trans
and cis;, (Table 3). Accordingly, the t¢rans molecule always
chooses the lower barrier to cisg upon tautomerization.

By increasing the bias voltage beyond the threshold for
tautomerization, it is also possible to dehydrogenate the adsorbed
O-HPc molecule. At bias voltages above 2.0 V, a different behavior
than from tautomerization appears: after a short time (seconds or
less) of rapid switching between two conductances (trans < cisg), a
more pronounced drop in tunneling current and no further bist-
ability is observed (Fig. S4, ESIt). This results in a topography
different from the regular switching state, as shown in Fig. 2d. This
third state is assigned to the deprotonated O-HPc molecule, as
previous experiments on tautomerization switches showed that the
bond of hydrogen atom(s) in the cavity is the first to be broken at
increased bias voltages.*® The necessary bias voltages were 2.0 V for
tetraphenylporphyrin,***! which precisely matches the threshold
voltage of 2.0 V observed here, and 3.0 V respective 2.5 V for
phthalocyanine,** which is somewhat higher but overall compar-
able. The observation of similar dehydrogenation for O-HPc here
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confirms the initial assignments of the molecular appearance and
supports the interpretation of the switching mechanism (Fig. 2).

Directly comparing the topography of the two states, as
shown in Fig. 2e and f, confirms that for the chosen pulse
position (see Fig. 2a) a high conductance identifies the trans
state and a low conductance corresponds to the cisy state. This
allows for easy collection of switching times for the ¢rans and
cisg states from the same I(¢) traces (although at different
currents) that show a characteristic bistability (Fig. 3a). To
analyze large amounts of switching data, we employed the
algorithm of Yuzhelevski et al.*? to fit the conductance data
to a two-level model. The switching rates Ry,, 5 for a given bias
voltage Upiys and tunneling current in the trans-state I were
evaluated according to

Niotal
R<Ub1as~[) = T . P

where Ny is the total number of switching events, T is the
summed duration of all switching pulses at the given para-
meters, and P is the normalized population of either
conductance state.

By testing various bias voltages during the pulses, we find
that the threshold voltage for the ¢trans — cisg tautomerization
is lower than for the cisg — trans process. By using either the
population of the ¢rans state (Pr) or the population of the cisg
state (P¢), it is possible to determine both the trans — cisg and
the cisg — trans switching rates from the evaluation of the
same voltage pulses, as long as the bias voltage is sufficiently
large to activate both processes. This was found to be the case
for voltages down to —750 mV. For smaller bias voltages (i.e.
—750 mV < U < 0 V), no switching from the trans to the cisg
state was observed. To collect data on the cisg — trans switch-
ing process for these bias voltage values, the molecule was first
brought to the cisg state with a voltage pulse of —1.2 V, and then
switched back into the trans state with the desired lower value.
The switching rates were normalized by the tunneling current
during the pulse to produce the switching yields shown in
Fig. 3b.

It is clearly visible that both directions of tautomerization
follow the same basic behavior: There is an initial threshold for
the activation through tunneling electrons at —0.75 V for the
trans — cisg and —0.4 V for the cisg — trans tautomerization.
For lower bias voltages (i.e. larger moduli) the switching yields
first reach a stable plateau before they increase by another
order of magnitude after passing a second threshold at —1.2 V
for the trans — cisg and —0.8 V for the cisg — trans direction.
About the same threshold values are found for the opposite
polarity (positive instead of negative voltages applied to the
sample, STM tip always grounded).

A detailed study of the switching rates as a function of the
tunneling current reveals a mostly linear dependence for both
the cisg — trans and the trans — cisg switching processes. By
fitting the cisg — trans switching data with rate oc current”
(with a variable exponent N) leads to a value of N ~ 1 for
various bias voltages (Fig. 3c and d), indicating a one-electron
process as the origin for molecular excitation.*
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Only for one case (trans — cisg) a non-linear dependence
(N # 1) is observed within the experimental accuracy. This is
the case for the smallest applied bias voltage (—1.0 V), which is
the only value that lies under the observed threshold (—1.2 V for
this switching direction). This suggests that the tautomeriza-
tion is activated by single inelastic tunneling electrons for all
bias voltages larger than the threshold voltage (—1.2 V for
trans — cisg and —0.8 V for cisg — trans) and multi-electron
activated for smaller bias voltages,*® similar to previous works
on porphycene tautomerization.?

These observations rule out resonant tunneling into (or out of)
molecular electronic states, which caused switching of a bistable
molecule on a Si(100) surface,*® as the origin for tautomerization
since this would not result in symmetric behavior with the bias
voltage polarity. Moreover, vibrational excitation, which was the
basis for proton transfer in porphycene,'” is most likely not
involved in the present case as the observed threshold voltages
for one-electron processes are far above typical vibrational ener-
gies (e.g. 0.38 eV for the N-H stretch vibration in porphycene®).
We therefore propose that the O-HPc tautomerization on Cu(111)
here is induced by electronic excitation of the molecule. This also
explains why the threshold voltage for the cisg — ¢rans process is
much smaller than for trans — cisg, despite the very similar total
energies that differ only by 0.04 eV (Table 2), because the potential
energy surface for tautomerization can be very different in the
excited state.

Previous experiments on the tautomerization of porphyrins
on surfaces*>*® showed that the location of the pulses influ-
enced the switching rates. For this reason, pulses (at a bias
voltage of —1.2 V) were applied at different positions over the
trans molecule, as shown in Fig. 4a. The evaluation of the data
proved difficult, because a clean two-level behavior (as shown in
Fig. 3a) in the current/time traces is evident only for some tip
positions. In many cases, the two conductance levels were
either very close in the current signal and/or the current signal
showed a strongly increased noise level. This noise could not be
attributed to the tip or the detection system, because it was
reliably found for certain tip positions, but not for others.
Although a clear assignment was not possible, we believe that
it is related to molecular motion around its adsorption position
and orientation, but does not reflect proton transfer. These two
factors rendered a clean timing of switching events very diffi-
cult. In combination with the large number of acquired data
points (ultimately at least 4500 switching events) a simpler
evaluation was therefore chosen. For each pixel the number of
identifiable switching events was counted and divided by the
sum of the durations of all pulses in this pixel. This rate was
then normalized by the baseline tunneling current during the
pulse. Fig. 4b shows the resulting map for this normalized rate,
including both the trans — cisg and cisg — trans yields. It can
be seen that the highest switching rate is centered on the
pyrrole unit that binds the hydrogen atom in the trans configu-
ration. Another peak in the switching rate is found approxi-
mately above the Ny atom of the cavity (see Fig. S8a, ESIT). In
general, our results show maxima near the two locations of the
hydrogen in the two switching states, ie. starting and end
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Fig. 4 (a) The grid used for tip position dependent switching events is
marked in blue over the STM image from Fig. 2a. Voltage pulses at —1.2 V
with a duration of 28.83 s each were applied at the different positions of a
145 pixel grid over the trans molecule as shown. The pulses were applied at
the center of the pixels with a size of 1.31 x 1.31 A2, (b) Color-coded map
of the switching activity dependent on the position of the tip over the
molecule.

position of the proton during tautomerization, with the more
pronounced maximum at the initial position. Such a preference
for the initial location is in line with previous results of
porphycene tautomerization.*® The relatively low switching rate
near the pyrrole ring, where the proton would bind in the cis;,
tautomer, agrees with our observation that the hydrogen atom
did not bind to this group.

In conclusion, two stable tautomers of O-HPc were charac-
terized on the Cu(111) surface with the most stable being the
trans state, both in the gas phase as well as upon adsorption.
The calculations show that all adsorbed tautomers manifested
bending away from the Cu(111) surface, which together with
the adsorption energetics indicates chemisorption. By applying
voltage pulses from the STM tip, single molecules can repeti-
tively be switched between the trans and cis tautomers, the
latter existing in the gas phase in two atomic arrangements (cisy,
and cisg). A detailed comparison of experimental and simulated
STM images shows that the ¢rans molecules are always switched
into the cisg state, which is explained by the lower energy
barrier for trans — cisg than trans — cis;, as revealed by
calculations. Following the dependence on the experimental
conditions, the O-HPc tautomerization on Cu(111) is likely
induced by electronic excitation of the molecule. This occurs
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in one-electron processes for various bias voltages, while multi-
electron processes seem to be involved if the energy of the
tunneling electrons is below the characteristic threshold. The
position dependence of the switching mechanism exhibits
the highest rates if the STM tip is placed in vicinity to the
two possible binding positions of the proton in the cavity and
the rate is lowest at the position where no binding of the cavity
proton occurs. Furthermore, and similar to other tautomerizing
molecules, O-HPc can be deprotonated by applying a pulse with
an elevated bias voltage of 2.0 V.
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