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oprhyrin molecules in contact with a supporting material After deposition of H,TPP on Au(111), individual
have been widely studied in recent years because of their molecules, randomly distributed, can be seen on the surface.

promising properties allowing the design of new functional These molecules appear either with two bright protrusions in
materials.”~ Among the series of derivatives, tetraphenyl the center (Figure 1a) or no protrusion (Figure 1d) at —0.8 V.
porphyrins are excellent prototypes to study and exploit the These shapes correspond to two tautomer forms that differ by
properties of supported molecular macrocycles. Energy trans- the position of the inner hydrogen pair.”* In the following, H,,
fer,” > molecular switch,’ charge transfer,””'* Kondo effect,”~"* denotes the conformation with two protrusions and H, denotes
conformational modification, ”"* and self-organization®'*" the conformation without protrusion following previous
have been studied with such molecules adsorbed on metals works.”® It is possible to reversibly switch between the two
or carbon materials. Tetraphenyl porphyrin was also proposed forms using an excitation by the tunneling current (see
as a molecular logic gate exploiting the change of optical Supportmg Informatlon, Figure Sl) as it was shown on
absorption spectrum under protonation or deprotonation.'® Ag(111),° Au(111),° and graphene.” In contrast with the
The possibility to manipulate individual molecules offered by negative bias images, the topography at +1.5 V does not reflect
scanning tunneling microscopy (STM) opens up a field of the hydrogen positions (Figure 1b,e). This indicates that the
investigation of the interplay between molecular manipulation shape of the molecules in the STM images is strongly affected
and interface process. Using the STM tip, it is possible to by electronic effects. To deeply understand these features, we
induce transfer (tautomerization) or removal (dehydrogen- performed an extensive STS study. In Figure 1c,f, we report the
ation) of hydrogen atoms.”®'"™'"” However, how these dI/dV spectra recorded above the macrocycle of the two
manipulation events modify the molecule—substrate inter- molecules. The spectra reveal two resonances corresponding to
action, the molecular spectrum, and conformation still has to be the highest occupied molecular orbital (HOMO) at —0.83 V
understood. Here, we provide a comprehensive study of the and the lowest unoccupied molecular orbital (LUMO) at +1.55
effect of tautomerization and dehydrogenation of a free-base V. This leads to an electronic gap of 2.4 eV corresponding to
porphyrin on its electronic states and interaction with the the gap of thg free molecule reduced by the screening due to
substrate. Combining scanning tunneling spectroscopy (STS) the substrate.” The shape of the molecular states is revealed by
with ab initio calculations, we show how the manipulation of the conductance maps reported in Figure 1ab,d,e recorded at

hydrogen atoms in a porphyrin molecule modifies the the bias of the HOMO and LUMO state peaks. The difference
molecule—surface interaction. This modification is measured

and analyzed through the molecular electronic gaps, the Received: February 29, 2016
electronic wave functions, and the scattering of the substrate Accepted: March 30, 2016
electronic states by the molecules. Published: March 30, 2016
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Figure 1. Topographic STM images and corresponding dI/dV maps of H,TPP in the H,, (a, b) and H, (d, e) tautomer forms and HTPP (g, h) and
TPP (j, k) at different bias voltages corresponding to the HOMO and LUMO states. dI/dV spectra measured on (c) H,TPP (H,), (f) H,TPP (H,),
(i) HTPP, and (1) TPP at a position corresponding to the bright lobe observed in the conductance map of HTPP.

between the HOMO state of the two tautomer forms is very protrusion in the center of the molecule. The dI/dV spectrum
striking in the conductance maps: two very bright lobes appear in Figure 11 shows that the HOMO peak appears only as a faint
for H, and are absent for the H, configuration. This strong peak but is still measurable, and the HOMO—-LUMO gap
difference in the HOMO states of the two tautomer forms is at further reduces to 2.0 V. These measurements show that
the origin of the contrast observed in the topography at the successive deprotonations of H,TPP reduce progressively the
HOMO energy and will be explained below. molecular electronic gap. As we will discuss, this evolution is
To explore the possibility of manipulating the molecular due to a change of the molecular structure and molecule—
spectrum and controlling the molecule—substrate interaction, substrate interaction. It is worth noting that a normalization
we performed deprotonation experiments induced by a voltage procedure of the spectra can be applied, as discussed in the
pulse.’ By placing the tip above a molecule and applying a Supporting Information (Figure S3), and the same variation of
voltage pulse of 2.4 V, we were able to remove one of the inner the gap is observed in that case.
hydrogen atoms. The topography and electronic states of the To understand these experimental observations, we
resulting HTPP molecule are reported in Figure 1g—i. The performed ab initio density functional theory (DFT)
HOMO state of HTPP is shifted toward the Fermi level as calculations for free and adsorbed molecules using the plane-
compared to H,TPP and appears at —0.6 V. The LUMO state waves electronic structure package Quantum-Espresso (QE).”°
appears at +1.5 V which also reflects a shift toward the Fermi The optimized structure of the molecules after adsorption (see
level but to a lower extent. The deprotonation therefore leads Figure 2a,b) shows that, in addition to the rotation of the
to a reduction of the electronic gap of the molecule. The phenyl groups, in all cases two pyrrole groups point upward
respective intensities of the HOMO and LUMO peaks depend (ie, carbon atoms higher than nitrogen with respect to the
on the location where the spectrum is measured, as discussed in surface) while the two other pyrroles point downward (i.e.,
the Supporting Information (Figure S2). The HOMO state of carbon atoms lower than nitrogen with respect to the surface).
HTPP now exhibits only one intense lobe (Figure 1g), which For the H, configuration, the angles of pyrrole groups pointing
shows that the lobe is located around the position of the inner either up- or downward are about 30°, while the phenyl rings
hydrogen atom. The LUMO state is not noticeably affected and are rotated by about 20°. The H, configuration was found to be
still exhibits four lobes (Figure 1h). higher in energy by about 0.03 eV as compared to the H, one.
To further understand the effect of hydrogen removal, we After dehydrogenation, the pyrrole groups pointing upward
performed a second deprotonation that produces a TPP rotate further by 10° increasing their angle with the surface
molecule. Panels j and k in Figure 1 display the topography of plane and approaching the nitrogen atom closer to the surface

TPP at —0.6 V and +1.5 V, respectively, that show no bright (the N—Au distance reduces from 3.33 to 2.41 A). Surprisingly,
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Figure 2. (a) Side view of the optimized structure of the molecules H,TPP (H, and H,), HTPP, and TPP adsorbed on a Au(111) surface. (b) Top
view of these molecules (gold atoms not shown). In panels a and b, nitrogen atoms are in light blue and inner hydrogens are marked in pink. (c)
LDOS maps (on the topography surface taken at about 6 A above the molecule) for the four molecules at the energy of HOMO and LUMO peaks.
Note the color code is different from that of the experimental images—from red (high) to blue (low). (d) Projected density of states (PDOS) on the

molecule. The HOMO—-LUMO gap is indicated in each case.

for the fully dehydrogenated molecule, we find that the Au
atom of the surface located below the center of the molecule is
lifted because of the interaction of the two nitrogen atoms of
upward pyrroles. The distances with the four nitrogen atoms
are 2.30, 2.59, 2.34, and 2.37 A. This atom is therefore trapped
between the molecule and the surface and is bounded both to
the Au atoms of the surface and the nitrogen atoms of the
molecule. The dehydrogenation reduces the molecule—surface
distance as indicated by the height of the C atoms connecting
phenyl and pyrrole rings with respect to the surface plane. This
distance is 3.27, 3.30, 3.16, and 3.14 A for H,, H,, HTPP, and
TPP, respectively.

The electronic density of states projected on the molecule
(all atomic orbitals of the molecule) reported in Figure 2d
shows that the HOMO—LUMO gap reduces for consecutive
dehydrogenation from 1.42 eV (for H,TPP) to 1.32 eV (for
HTPP) and 1.12 eV (for TPP). The displacement of the
HOMO level toward the Fermi level of the interface upon
dehydrogenation reflects the electron transfer toward the
surface that increases with dehydrogenation. As it is well-
known in DFT, the calculated gap is underestimated with
respect to experiments. This general drawback of the DFT can
explain that calculated LUMO positions are found to be lower
in energy by about 0.5 eV as compared to corresponding STS
features. However, we can reproduce the tendency of gap
reduction with dehydrogenation, as observed experimentally.
To estimate the contribution of the substrate in this effect, we
have calculated the spectra of the molecules with the same
conformation but without substrate. The resulting HOMO—
LUMO gaps are 1.42, 1.33, and 1.33 eV, respectively. This
shows that the successive gap reduction results from a
combination of an intrinsic reduction in the spectrum of the
molecule itself (induced by hydrogen removal and conforma-
tional change) and an electronic interaction with the substrate.
Note that the intrinsic reduction involves the conformational
change that is also induced by the interaction with the
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substrate. It is worth noting that a gap reduction induced by a
change of molecular conformation has been evidenced
previously by Miillegger et al.”' for AuTPP molecules adsorbed
on Au(111). The authors found that different conformations of
the AuTPP molecules coexist on the surface and that when the
asymmetry increases the molecule gap reduces. Such a
conformational effect is partly responsible for the gap variations
that we observe, together with the dehydrogenation and change
of molecule—substrate interaction.

We have simulated theoretically the STS conductance maps
by calculating the local density of states (LDOS) at the energy
of interest (applied voltage) on the iso-surface of LDOS
integrated from the Fermi level to that energy. The latter
simulates the constant current STM topography whose nonflat
shape may affect the details of conductance maps measured
experimentally. Figure 2c presents such maps at the energy of
the HOMO and LUMO peak for each molecule. For the
LUMO state, four lobes centered on the side part of pyrroles
with minima located at the centers of pyrroles are evidenced in
agreement with the experiment. For H,TPP, these four lobes
are independent of the position of the hydrogen atoms as can
be seen from the comparison between H, and H,
configurations in Figure 2c. No substantial change is observed
in the LUMO state of the HTPP and TPP molecule, which is
also in agreement with the experiment. The LUMO state is
therefore not sensitive to the inner hydrogen location. Note
that the LUMO feature is in fact a superposition of two nearly
degenerate states, LUMO1 and LUMO?2, that have a small
contribution on inner H atoms (see Supporting Information,
Figure S4). On another side, for the HOMO state, the
surprisingly large difference between the two tautomer forms of
H,TPP observed in the experiment is reproduced in the
calculations, as shown in Figure 2c¢. For the H,, form, two bright
lobes appear above the hydrogenated pyrrole groups that point
upward. For the H, form, these lobes disappear, which
corresponds exactly to the experimental observation. Actually,

DOI: 10.1021/acs jpclett.6b00476
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there are still two lobes at the pyrrole groups at which the
hydrogen atoms are linked, but they are pointing toward the
surface and mix with the surface states. In the STM experiment,
as we probe the top side of the molecule, these lobes, which are
located below the molecule, cannot be observed. This is why
we observe such a strong variation of the shape of HOMO for
the two tautomer forms of H,TPP in the STM images.
Furthermore, the mixing of the lobes with the surface states
enhances the hybridization of HOMO with the substrate, which
can be seen from the broader HOMO peak in the PDOS with
respect to the H, conﬁguration.

In the case of the HTPP molecule, the LDOS map confirms
that a lobe is observed only on the pyrrole group with a
hydrogen atom. Interestingly, another pyrrole group (without a
H atom) pointing upward is even higher, by about 0.45 A,
because of its additional rotation induced by the binding of the
N atom to the surface discussed above. However, no bright
spot is seen above this pyrrole, reflecting the purely electronic
and not geometrical origin of the pyrrole lobes of the
conductance maps. This is further confirmed by the calculated
LDOS of TPP where no bright lobe is observed although two
pyrrole groups are pointing upward. In addition, structural
modifications of the system modify the electronic interaction
between the molecule and the surface. As can be seen in Figure
2a, consecutive dehydrogenations induce bound formations
between the molecule and the surface. In the case of HTPP,
some carbon atoms of a down pyrrole and the nitrogen atom
for which hydrogen has been removed are bounded to the
surface. In the case of TPP, the molecule—surface interaction
increases so much that a gold atom of the surface shifts to an
intermediate position between the surface and the molecule.
The picking up of a substrate atom by a H,TPP molecule has
been previously observed on iron and nickel surfaces.”” More
recently, a self-metalation on an inert substrate has been
evidenced.” Our data suggest that TPP molecules can also
strongly interact with a Au(111) surface such that a gold atom
of the surface can be lifted toward the center of the macrocyle.
The HOMO—-LUMO gap of the TPP molecule interacting
with the surface is reduced as compared to H,TPP and HTPP.
The interaction of H,TPP with a Au adatom on a Au(111)
surface has been recently reported,” showing that the
interaction of the molecule with the adatom induces rigid
shift of the molecular-induced states to higher energies. In the
present case, the combination of dehydrogenation and
interaction of the molecule with a Au atom of the substrate
leads to a reduction in the molecular gap.

To probe the interaction of the three hydrogenation degrees
of porphyrins with the surface, we have measured the scattering
of the Shockley surface state induced by the molecules that can
provide information on the molecule—surface coupling.”
Figure 3 shows a series of conductance maps revealing the
electron standing wave patterns resulting from the scattering of
the surface state by the molecules.

The three examples correspond to the same molecule that
was successively deprotonated in order to compare the surface
state scattering by H,TPP, HTPP, and TPP. As can be seen, the
amplitude of the standing wave pattern increases after one and
two deprotonation (see also Supporting Information, Figure
SS) indicating a more efficient scattering of the deprotonated
molecules and therefore a larger electronic interaction between
the molecule and the substrate, which is in very good
agreement with the broadening of the electronic states and
the reduction of the HOMO—LUMO gap discussed above.
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Figure 3. STM topography image (10 X 10 nm? 0.8 V, 1 nA) of

H,TPP (a), HTPP (c), and TPP (e) and corresponding conductance
maps at 0.8 V (b, d, f).

In summary, the electronic properties of the free-base
porphyrins H,TPP adsorbed on Au(111) manipulated with an
STM tip have been analyzed. The molecule can be switched
between its two tautomer forms using the tunneling current.
The HOMO state of these forms can display two bright lobes
(H, form) or no lobe (H, form). We have shown that in all
cases the wave function presents two lobes on the hydro-
genated pyrrole group; however, for the H, form, these lobes
are turned toward the surface and therefore are not observed in
experimental STM images. Other forms of porphyrin were
produced by tip-induced dehydrogenation. We showed that the
conformational change and the interaction with the surface
progressively reduces the HOMO—LUMO gap when one and
two hydrogen are removed. Dehydrogenation was also shown
to increase the molecule—surface interaction, leading to
increased scattering of the Shockley surface state of Au(111)
until the binding of a surface gold atom by the central part of
the dehydrogenated molecule. These results provide a
comprehensive data set and physical understanding of the
properties of different forms of free-base molecules in contact
with a supporting substrate. The possibility to switch between
different forms after adsorption of the molecules offers
possibilities to tune the molecule—substrate interface in such
systems.

DOI: 10.1021/acs jpclett.6b00476
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B EXPERIMENTAL SECTION

All the experiments were performed using a STM instrument
(Omicron) operating in ultrahigh vacuum (UHV) at a pressure
below 1 X 107'° mbar and at a temperature of 4.6 K. Au(111)
on mica substrate was prepared by repeated Ar* sputtering (900
eV) and annealing (600 K) under UHV conditions to obtain an
atomically clean surface. $5,10,15,20-Tetraphenyl-21H,23H-
porphyrin (H,TPP) molecules (Aldrich) were deposited on
Au(111) surface using an effusion cell (Dr. Eberl MBE-
Komponenten GmbH) under vacuum at 525 K at the STM
stage maintained at 4.6 K. All the STM images were recorded in
constant-current mode with an electrochemically etched
tungsten tip. The dI/dV spectra were acquired using a lock-in
detector at a frequency of ca. 670 Hz and a modulation
amplitude of 35 mV.

The DFT calculations were carried out using generalized
gradient approximation (GGA) in the Perdew, Burke, and
Ernzerhof parametrization (PBE) for exchange-correlation
functionals. The whole system was simulated by three
Au(111) layers with the molecule adsorbed on one side, and
a (9 X 9) in-plane supecell was employed to avoid artificial
molecule—molecule interactions. During atomic relaxation, two
Au layers were kept fixed while the molecule and the surface
layer in contact with it were allowed to relax until atomic forces
became lower than 107 Ry/bohr. We also took partially into
account van der Waals interactions using semiempirical
dispersion corrections (DFT-D) as formulated by Grimme®°
and implemented in the QE package. The relaxation were
performed using only I' k-point, while for electronic structure
analysis, a more dense (4 X 4) k-point mesh was employed.
The plane wave cutoff energies of 30 and 300 Ry were used for
electronic wave functions and charge density, respectively.
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