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ABSTRACT: Changing abruptly the potential between a
scanning tunneling microscope tip and a graphite substrate
induces “high-conductance” spots at the molecular level in
a monolayer formed by a manganese chloride—porphyrin
molecule. These events are attributed to the pulse-induced
formation of p-oxo-porphyrin dimers. The pulse voltage
must pass a certain threshold for dimer formation, and
pulse polarity determines the yield.

S canning tunneling microscopy (STM) has proven to be a
powerful technique to obtain spatial information at the
atomic level and can be used to investigate dynamics and
chemical phenomena on surfaces,'”” which is essential to
explore the details of interfacial reaction processes involving
single molecules.*” The STM tips can also be used to initiate
local reactions.'® " For instance, one-dimensional chain
polymerization has been initiated by a voltage pulse applied
to an STM tip during scanning."'® It was also demonstrated
that the polymerization of Cgy into ring-like features can be
induced."” The dissociation of molecules adsorbed on metal
surfaces can be initiated as well, originating from a voltage pulse
applied to the STM tip."*"? In addition, metal atomic
manipulations on surfaces induced by a voltage pulse have
been studied by STM, where the diffusion of the metal atoms
was attributed to a lower activation energy caused by the
voltage pulse.”**" Furthermore, voltage pulses can also provoke
reversible single-molecule switching>** and conformational
changes of the absorbed molecules on surfaces.”**

Most of these tip-induced reactions have been carried out
under ultra-high-vacuum conditions. Liquid/solid interfaces are
more complex, as reactions are not, by definition, confined to
molecules adsorbed on the surface. While this could be
considered a drawback, it also opens new possibilities for
reactivity. Here, we report a localized STM-tip-induced reaction
of a manganese chloride—porphyrin (Mn(III)-PP, Figure 1la)
monolayer upon applying a voltage pulse at the liquid/solid
interface between 1-octanoic acid and graphite, and reveal the
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Figure 1. Molecular structure of Mn(III)-PP and its self-assembly
pattern on graphite. (a) Chemical structure of Mn(III)-PP. (b) STM
constant-current image (tunneling current I = 0.05 nA, sample bias V;
= —0.8 V) of a Mn(III)-PP monolayer self-assembled at a 1-octanoic
acid/HOPG interface. Rows of porphyrin molecules do not run
parallel to a main graphite axis but deviate by f# = —21 + 2° from this
reference axis. Both the unit cell parameters (a = 1.9 + 0.1 nm, b = 4.0
+ 0.1 nm, a = 83 + 2°) and chiral expression are similar to those of
the free base analogue of Mn(III)-PP.*®

importance of pulse height, polarity, and the presence of
oxygen in the atmosphere on the outcome of the reaction.
Mn(III)-porphyrins are well-known as catalysts in a wide
range of oxidation reactions.”” We have recently succeeded in
detecting with STM different oxidation states of individual
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manganese porphyrins during their reaction with oxygen at a
solid/liquid interface.”®> When a solution of Mn(III)-PP in 1-
octanoic acid (10™° M) was drop-cast at room temperature on
the basal plane of highly oriented pyrolytic graphite (HOPG), a
well-organized physisorbed monolayer was formed, as revealed
by STM imaging in the liquid (Figure 1b). Similar to its free
base porphyrin analogue, Mn(III)-PP arranges in rows in which
the alkyl chains interdigitate into a densely packed structure.”®

Upon applyication of several voltage pulses (pulse height P,
= —4.5 'V, pulse width P,, = 100 us) to the STM tip at different
locations of the scanning area, many spots much brighter than
those of the as-deposited compound are seen to emerge clearly
in the monolayer (Figure 2a). The bright spots were observed
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Figure 2. (a) STM image (108 nm X 108 nm) of a monolayer of
Mn(III)-PP at the Il-octanoic acid/HOPG interface obtained after
application of several pulses (P, = —4.5 V). Many high-conductance
spots appear. (b) Line profile along the blue line in (a). (c) STM
image with bright spots, resulting from a single pulse. The pulse
position is indicated by the green cross. The yellow line indicates the
area affected, i.e, the area where bright spots are observed, after one
single pulse. Scanning conditions: I = 0.05 nA, V; = —0.8 V, P, = —4.5
V, P,, = 100 ps, retract distance of the STM tip before pulsing = 15 A.

exactly at the position of the Mn(III)-PP core in the
monolayers (Figure 2a) and measured to be ~0.8 nm in
height (Figure 2b). One should note that the apparent height of
the bright spot varies significantly between experiments (see
Supporting Information (SI), Figure S1). In our previous work,
the bright spot is measured to be 500 pm in height at a lower
set-point, 10 pA.”® In Figure 2c, the result of a single-pulse
experiment is shown. The yellow line indicates the distribution
of the bright spots in a local domain after one single negative
substrate pulse (pulse voltage to the sample, P, = —4.5 V, P, =
100 ps, retracting the STM tip by 15 A before pulsing). The
pulse position is indicated by the green cross. The asymmetry
of the tip geometry plays a role in the reaction. Specifically, it
could give rise to an observed uneven distribution of product
species because of the inhomogeneous electric field, as
presented in SI, Figure S2c. Worthy of note is that, though
the bright spot formation was the main focus in this work,
species with a lower contrast®® could still be observed, as shown
in SI, Figure S3.

Figure 3a shows a histogram of single-pulse experiments (P,
= —4.5V, P, = 100 us, substrate bias V, = —0.8 V), reflecting
the number of bright spots as a function of the distance from
the pulse location. On average, ~5—7 high-conductance spots
are generated per pulse. This histogram is based on the data
obtained in the first full scan (complete STM image) after the
pulse. Note that the bright spots are demonstrated to be stable
for several consecutive scans (SI, Figure S4). The spots were
observed in a radial distribution surrounding the location of the
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Figure 3. (a) Histogram of 48 single-pulse experiments (P, = —4.5V,
100 ps, 15 A; V, = —0.8 V; I = 0.05 nA), reflecting the number of
bright spots as a function of the distance from the pulse location. (b)
Yield of the bright spots as a function of the voltage of a single pulse to
the sample, for V, = —0.8 V. For histograms of the number of bright
spots per pulse for the different pulse voltages, see SI, Figure S6 and
Table SI.

pulse. Based on Figure 3a, ~86% of the high-conductance spots
appear within a radius of 30 nm from the pulse location (the
total number of the collected bright spots is 259, of which 222
appeared within a radius of 30 nm). Note that the actual
percentage could be higher, because the low yield of spots close
to the pulse location (see, e.g., the bars between 0 and 10 nm in
Figure 3a) is attributed not to a reduced efficiency but to an
induced desorption of part of the monolayer in the direct
vicinity of the pulse location (Figure $2).** Typically, the
radius of the desorbed domain after one pulse is 13 + 5 nm
(Figure S2a), and it takes seconds to minutes to refill. Note that
once (re)adsorbed, the degree of dynamics in the monolayer is
very low (Figure S4), which is in line with observations for
other porphyrin monolayers®>*'* and is consistent with
observations of kinetic control in layer assembly.>' In a next
series of experiments, we investigated the dependence of the
appearance of the bright spots upon application of the pulse
voltage in terms of pulse height and polarity. From the graph in
Figure 3b, it is apparent that (1) at both pulse voltage polarities,
bright spots are induced; (2) a larger magnitude of the pulse
voltage, up to +5.5 V, leads to more spots; (3) at both
polarities, a threshold voltage (~2—3 V) is observed before the
spots appear; and (4) there is a yield dependency on the pulse
voltage polarity, ie., at negative substrate pulse voltages the
yield is higher by a factor of ~3.

The yield of the bright spots upon pulsing drops very fast
with increasing the tip—sample distance. When the retract
distance of the STM tip before pulsing is 1.5 nm, a significant
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number of bright spots are induced. From 50 nm on, the yield
drops dramatically to about one bright spot per pulse or no
bright spots at all (SI, Figure SS).

Because Mn-porphyrins are known to show reactivity toward
molecular oxygen, some pulse experiments were not carried out
under ambient laboratory conditions but under an Ar
atmosphere (see SI, Figure S7). A drastic decrease in the
number of the bright spots appearing at a pulse voltage of —4.5
V was observed, with typically 0—2 remaining induced bright
spots per pulse (see Figure S7b), which we attribute to a small
remaining oxygen content in the solution.

The topographical signature in combination with the
apparent height suggests a dimeric porphyrin structure.”®
Together with the observed oxygen dependence, we propose
that the bright states correspond to y-oxo dimers, which are
well-known products of the reaction of Mn-porphyrin with
oxygen.>> We have recently detected these species during STM
studies of Mn(III)-PP,*® and by applying very low tunneling
currents, the characteristic four-leaf clover structure of the top
porphyrin could be sub-molecularly resolved (SI, Figure S8).
Surface-bound p-oxo Mn-porphyrin dimers have been
proposed to form via a multistep reaction (Scheme 1), in

Scheme 1. Formation of a Mn-Porphyrin p-Oxo Dimer via a

Multistep Reaction
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which first a surface-bound Mn(III)-porphyrin is reduced to a
Mn(1II)-porphyrin,*®** which subsequently reacts with oxygen
to generate a Mn-dioxo species. After dissociation of the
oxygen—oxygen bond, a reactive Mn(IV)-oxo intermediate is
formed,** which can subsequently react with an additional
Mn(III)-porphyrin. This reaction could happen from solution
to form, upon the addition of an extra electron, the y-oxo dimer
if it is surface bound, or vice versa if it is a dissolved Mn(IV)-
oxo species that reacts with an Mn(III)-porphyrin on the
surface.

The application of a voltage pulse can explain the delivery of
the two electrons and the second porphyrin needed for the
formation of the Mn-porphyrin y-oxo dimer products, as well
as the specific locations of these formed dimers. Several factors
can play important roles: (1) During the pulse, “hot electrons”
are present in the tunneling current that might have sufficient
energy to enable a reduction of Mn(III)-porphyrins at the
surface, as well as in the solution.*® However, as y-oxo dimeric
products have been observed as far as 50 nm from the location
of the pulse (see Figure 3a), it is unlikely that the tunneling
electrons are the sole cause of the reaction. Since the self-
assembled monolayer is formed on graphite and not on a metal
surface, the injection of hot carriers into the substrate®" is
unlikely. (2) An electric field has been found to change effective

intermolecular potentials,"” and this could change the energy
landscape of a chemical reaction.”® (3) The applied voltage
during the pulse leads also to a high induced charge on the tip
apex and a nearby surface. The electronic coupling between the
molecules and the surface can be expected to be higher than
with the tip. Therefore, electrons induced by a negative pulse
on the surface will be more likely to reduce a Mn(IIl)-
porphyrin than those electrons induced on the tip by a positive
pulse, which could explain the higher yield at negative pulse
voltages (Figure 3b). Furthermore, the difference between work
function of the graphite surface (4.6 eV) and the Pt/Ir alloy tip
(5.7 eV) also makes it more likely for the Mn(IIl)-PP
molecules to obtain an electron from the graphite surface.
(4) The pulse also leads to a very high inhomogeneous electric
field near the tip apex, which may attract the polarizable Mn-
porphyrins in solution, leading to a high local concentration.*®
This would explain the relatively high abundance of Mn-
porphyrin p-oxo dimers (and not single Mn-porphyrin oxo
complexes) close to the location of the pulse. (5) At the pulse
location, it would be no surprise if a lot of Mn(III)-to-Mn(II)
reductions occur, and at the same time molecules are “blown
away” from the surface into solution. Mn(II)-porphyrins are
very reactive toward O,. If then O—O splitting occurs (perhaps
still because of the pulse), the resulting porphyrin Mn(IV)=0
species may well land on another, remote porphyrin to form a
p-oxo dimer. (6) The reactive porphyrin intermediates,
generated as a result of the pulse, apparently have faster
reaction kinetics with porphyrins in the non-desorbed part of
the layer than the re-adsorption kinetics at the desorption spot.
In the non-desorbed domain, the exchange of adsorbed
porphyrins with those in solution is limited (see Figure S4),
and the observed p-oxo Mn-porphyrin dimer products are
therefore expected to be mostly formed on the surface. Close to
the pulse location, however, desorption and re-adsorption of
porphyrins play a prominent role. In the case that a reactive
porphyrin intermediate reacts with a porphyrin in solution, the
resulting y-oxo Mn-porphyrin dimer product can either diffuse
away or re-adsorb at the location of the pulse. Combined with
the fact that a substantial amount of unreacted Mn(III)-
porphyrins is also still present in solution, and competes for
adsorption, the relative abundance of re-adsorbed p-oxo Mn-
porphyrin dimers on the surface is expected to be lower close to
the pulse location than at the surrounding non-desorbed area
(which is in line with the observations depicted in Figure 3a).

In summary, we have been able to induce a local chemical
reaction on a surface by applying a pulse voltage with the STM
tip. The yield dependence of the bright dots on the pulse
voltage and pulse polarity was investigated thoroughly. Based
on the results of the atmosphere-control experiments, we
propose here that the bright dots are related to oxidation
products of Mn(III)-PP, i.e., y-oxo dimers, which is consistent
with our previous study.”® This work opens the way to
manipulate reactions locally at the nanoscale, in particular at
liquid/solid interfaces.
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Additional experimental details, STM images, and data analysis.
This material is available free of charge via the Internet at
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