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ABSTRACT: Single lead-phthalocyanine molecules adsorbed
to ultrathin lead islands on Ag(111) are demetalized by trans-
ferring the lead atom of the inner macrocycle to the tip of a
scanning tunneling microscope. Reactants and products are
discriminated by their images and spectroscopic fingerprints.

Phthalocyanine (Pc) molecules are planar organometallic
complexes with extended 7T-conjugation. They provide, along
with their stability and availability,' a wide range of functions
such as chemical reactivity, optoelectronic conductance, and
optical absorbance, and they act as electron donors or acceptors."
The central metal ion of Pc molecules has recently attracted
particular interest. It has been shown that the spin state of FePc
molecules on Au(111) can be controlled by ligand attachment
to the Fe atom.? Further, the reversible vertical movement of the
central metal ion through the molecular plane of a Pc molecule has
been considered as a single-molecule switch.”® Metal-free H,Pc
molecules have been metalized by exposing preadsorbed H,Pc to
metal atoms to understand the chemical reactivity of the central
metal ion and its influence on the electronic structure of the
molecule.® '° The controlled metalation of a single H,Pc mole-
cule using the tip of an STM has recently been reported.'!

Here, we show the preparation of a demetalized Pc at the
single-molecule level. The central metal ion of PbPc molecules
adsorbed on ultrathin Pb films on Ag(111) has been transferred
from the inner macrocycle to the apex of the tip of a scanning
tunneling microscope (STM). The increased length of the tip
and the spectroscopic fingerprints of reactants and products
provide clear evidence for the demetalation process.

Demetalation of a metal-Pc requires breaking of chemical bonds
between the central metal ion and the four N atoms of the inner
macrocycle (Figure 1a). PbPc molecules are favorable candidates
for this process as the molecule adopts a domed geometry
(Figure 1b) with the central Pb atom weakly bonded to the Pc.
According to density-functional calculations for the gas phase
molecule using Gaussian 03 with a B3LYP/LANL2DZ basis set,
the Pb ion is positively charged. On the surface the molecule may
be found in two configurations, PbPct and PbPcl, in which the Pb
atom is located above or below the molecular plane.'>

The proposed demetalation process is schematically depicted
in Figure 2a. The tip approaches the central Pb atom of PbPct at
elevated negative tip voltage. At small distances the Pb cation is
detached from the macrocycle and transferred to the tip apex
while the remaining empty Pc adopts a flat geometry.

Figure 2b shows six molecules of a PbPc! array on Pb on
Ag(111). To demetalize a PbPct molecule at the island edge the
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Figure 1. (a) Top and (b) side views of optimized structures of PbPc in
the gas phase. Calculations were performed using Gaussian 03 with a
B3LYP/LANL2DZ basis set. Demetalation of the PbPc requires break-
ing of the red indicated bonds of the Pb ion and the four N atoms of the
inner macrocycle.

tip approached the center of the molecule marked by a black
cross at a sample voltage of +2 V. During the approach the
simultaneously recorded current suddenly dropped, which, as
will be discussed below, signals the demetalation process. Next,
the tip was retracted and an STM image of the demetalized
molecule (Figure 2c) was recorded. The central protrusion of
the original PbPc has been converted into a depression. The
apparent height (with respect to the metal substrate) of the
center after demetalation is ~120 pm compared to ~270 pm for
PbPc!. Simultaneously, the additional atom at the tip apex leads
to aretraction of the tip above the metal surface from Figure 2b to
Figure 2c of Ah ~ 110 pm.

To demonstrate the reproducibility of the demetalation process,
the procedure was repeated on the PbPct molecules marked with
red crosses in Figure 2¢c. The measured retraction of the tip was
Ah = 60—120 pm per transferred Pb atom. Negative values of Ah
were not observed. Demetalation is accompanied by lateral transla-
tion of the molecule (270—350 pm) from its original position
(Figure 2b—d). Moreover, some rotation occurs. Demetalation of
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Ah=70 pm

Figure 2. (a) Schematics of the demetalation of a PbPc molecule. From
its initial position above the metal substrate, with a tip height h, the tip
is moved to the center of PbPc, approaching the Pb ion. Next, transfer
of the Pb atom to the tip apex occurs. Subsequent imaging reveals
a modified molecular geometry and an increase of the tip height above
the substrate, Ah. (b—d) Pseudo-three-dimensional representations
of constant-current STM images of PbPc! islands on 3 ML of Pb on
Ag(111) (44 nm X 3.5 nm, 0.1 V, 0.1 nA) (b) before and (c) after
demetalation of the molecules marked by black and red crosses. In
(b) the orientation of individual molecules in the island is indicated by
dashed crosses. From (b) to (c) and (c) to (d) the tip retracted by Ah =
110 pm and Ah = 240 pm, respectively. (e, f) Constant-current STM
images of PbPct islands (3 ML of Pb on Ag(111), 12.4 nm x35.7 nm,
0.1V, 0.1 nA) (e) prior to and (f) after demetalation of the indicated
molecule. The lobes of the remaining Pc appear higher in STM than
those of demetalized molecules at the edges of PbPc arrays. In contrast
to other molecules, it exhibits clear submolecular features. The color
scale applies to (b)—(f) and covers apparent heights from 0 (black) to
280 pm (white).

molecules within dense arrays is feasible, too (Figure 2e,f). STM
images of such molecules exhibit submolecular resolution of the
ligands, in contrast to the less feature-rich images of molecules at
island edges (Figure 2c,d). Moreover, demetalized molecules
appear higher (height &~ 190 pm) within arrays than at edges.
Lateral translation or rotation do not occur.

The experimental observations are consistent with the process
of Figure 2a. The conversion of the central protrusion into a
depression may safely be attributed to the transfer of the Pb ion
to the tip apex as it leads to stepwise retraction of the tip upon
each demetalation process. Demetalation of free PbPc changes
the molecular geometry from shuttlecock-shaped to flat. Ad-
sorbed to a surface, flat Pc is expected to require more space than
PbPc."® Indeed, molecules at edges laterally move and rotate
upon demetalation. Within arrays, where neighboring molecules
constrain lateral motion, demetalized Pc is apparently lifted from
the substrate. The STM images indicate that the ligands of the
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Figure 3. (a) Constant-current dI/dV spectra of PbPc! (black) and its
demetalized product, Pc (green), in an ordered array on 3 ML of Pb. For
comparison the spectrum of PbPc} (red) on the same Pb island is shown.
An unoccupied molecular state (MS) gives rise to a broad peak in the
spectra of PbPct (~2.1 V) and PbPcl (~2.2 V). A quantum well state
(QWS) of the Pb film appears as a weak shoulder in both spectra at
~2 V.'* The spectrum of demetalized Pc is featureless in this range.
(b) Evolution of the current with tip displacement, Az, toward the
center of PbPct molecules. Different colors show measurements from
molecules on Pb islands with thicknesses between 3 and 8 ML (Az =0
corresponds to the tip-molecule distance at 10 nA and 2 V).

demetalized molecule reside on ligands of adjacent molecules,
which act as a spacer between the demetalized molecule and
the Pb film. The submolecular resolution achieved is typical of
partial electronic decoupling from the metal substrate."* "7 The
increased apparent height compared to demetalized molecules at
island edges in STM images is a supplementary indication.

In principle, the procedure described in Figure 2a may convert a
PbPct into a PbPct molecule, which likewise appears with a central
depression in STM images.'> However, in the voltage range from
1.5 to 2.8 V dI/dV spectra of PbPct, PbPcl, and demetalized Pc
molecules are distinctly different (Figure 3a). The spectrum of
PbPct (black) exhibits a broad feature due to an unoccupied
molecular state centered at ~2.1 V.'*> For PbPc! (red) this feature
is slightly shifted to ~2.2 V. Calculations of the frontier orbitals of
a similar system, PbPc on Ag(111), show that the lowest
unoccupied molecular orbital exhibits some spectral weight at
the Pb site, which may be the case here, too."® The spectrum of
demetalized Pc (green) from Figure 2f, however, is virtually
featureless. Moreover, the spectra of PbPc! and PbPc} exhibit an
additional shoulder at ~2 V (blue dashed line), which is due to a
quantum well state of the Pb film."” The absence of this state from
the spectrum of demetalized Pc is consistent with the suggested
partial decoupling of the molecule from the substrate. Overall,
these differences are further evidence for demetalation.
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We note that demetalation of PbPct did not occur at low bias
voltage (0.1 V) but was successful at elevated positive sample
bias. This may indicate that the demetalation involves injection of
electrons into the unoccupied molecular state ~2.2 V along with
vibrational excitation.>®>! Moreover, the orientation of the
electric field in the junction favors transfer of the Pb ion to the tip.

The demetalation process exhibits some variability, which is
most clearly seen in repeated measurements of the evolution of
the current, I, with the displacement of the tip, Az, toward the
central Pb atom (Figure 3b). Starting from the tunneling range
(0> Az>—100 pm) Iincreases approximately exponentially until
a drastic order-of-magnitude drop occurs.”> Beyond this point,
I'again grows exponentially at a rate which is similar to that of the
tunneling range. The tip displacement where the drop takes place
and the magnitude of the current show some scatter. In all cases,
however, images recorded after the current drop occurred showed
a demetalized molecule whereas smaller tip displacements left the
PbPcintact. The current decrease is, therefore, a clear signal of the
demetalation of the molecule. While a detailed interpretation of
the current drop requires atomistic modeling, the experimental
data indicate the relevant factors. The transfer of the Pb atom from
the molecule to the tip alone would not necessarily reduce the
conductance; however it has two side effects. First, the spectro-
scopic signature of the molecular orbital at ~2 V disappears.
Second, the geometry of the molecule is expected to change
from domed to flat. Both factors are likely to contribute to the
conductance decrease. A possibly related observation was re-
ported from Cgo on Cu(110), which is irreversibly changed at
elevated currents.”" In Figure 3b, small deviations from a purely
exponential variation of I with Az may be discerned. They most
likely reflect relaxations of the junction, which result from
attractive forces between the tip and the molecule.

A single organometallic complex adsorbed to a metal surface
has been demetalized with the tip of a scanning tunneling
microscope. Demetalation is evidenced by a combination of
imaging, the transfer of the metal ion to the tip, and the
spectroscopic fingerprint of the demetalized molecule. It will
be interesting to use this reaction as a first step for subsequent
metalation with atoms in order to tailor electronic or magnetic
properties. Time-resolved measurements of the demetalation
process may provide more details about breaking the chemical
bonds between the central metal atom and the molecule.
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