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Unraveling the molecular conformations of a
single ruthenium complex adsorbed on the
Ag(111) surface by calculations

Youness Benjalal,? Jacques Bonvoisin

The tris(dibenzoylmethanato)ruthenium (Ru(dbm)s)

® and Xavier Bouju

molecule has

*b

recently been characterized by

scanning tunneling microscopy (STM) experiments upon adsorption on Ag(111). The adsorbed Ru(dbm)s

molecule shows two conformations with respect to the [110] direction of the substrate, one with a

three-lobed feature and the other one with a bi-lobed structure. For each of these structures, the

molecule can take two geometries (states). Molecular mechanics calculations in a semi-empirical

framework and STM calculated images reveal that these states on the substrate originate from the

enantiomer of the Ru(dbm)s molecule in the case of three-lobed structure and from the rotation of the

two phenyls in the top dbm moities for the bi-lobed form.

Introduction

For several decades, a field of research has been focusing on the
development of molecules capable of mimicking basic electronic
devices, namely molecular electronics."” Among the different
components, one of the most emblematic is the molecular
switch.*?® In short, this corresponds to a molecule exhibiting
two states that can be switched back and forth due to an external
stimulus. These states reveal generally a conformational change that
induces a change in the electronic properties of the molecule. Most
of the examples already reported in the literature deal with
molecules deposited on a surface and involve single molecules
or self-assembled molecules in the form of a thin molecular
mono-layer. To characterize the properties of single molecules
or a localized area of a two-dimensional molecular layer, the
most used techniques are local-probe based methods, and more
specifically scanning tunneling microscopy (STM). Not only one
can obtain images with a sub-ngstrom resolution but also with
such a fine positioning of the tip one can generate very local
stimuli. These stimuli can be light or local electric fields, which
are enhanced beneath the tip, tunneling electrons, or a mechanical
action provided by the tip.>***

In this work, we describe with numerical methods the adsorption
and switching of the tris(dibenzoylmethanato)ruthenium (Ru(dbm)s)
molecule on the Ag(111) surface;*** this molecule is of particular
interest in the route towards the synthesis of larger entities
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devoted to charge transfer and logic gates.>*>® Such a molecule
with a Ru core can be considered as a precursor of a mixed-
valence complex that is interesting for specific electronic properties
through charge transfer generating different oxidation states.***!
Generally, these properties are probed with ensemble measurement
techniques but STM allows one to address the single molecule level.
Indeed, a bias voltage pulse above such a complex can modify these
states with the help of the inelastic contribution of the tunneling
current.”>™ Before that, one needs to understand the adsorption
and the switching properties of an isolated molecule and this is the
purpose of the present work. For that, we have performed molecular
mechanics and STM image calculations. We have determined the
corresponding rotation and diffusion barriers of an isolated
molecule on the Ag(111) surface in the framework of the semi-
empirical mono-electronic Hamiltonian of the ASED+ molecular
orbital method.*®*” On the other hand, theoretical calculations
of the STM images have been performed with the extended
Hiickel molecular orbital-elastic scattering quantum chemistry
(EHMO-ESQC) code.*®*° This study reveals that the adsorption
of Ru(dbm); on Ag(111) results in two adsorption geometries,
three-lobed and bi-lobed objects, each one having itself two
distinct types of structure. These overall numerical results are in
very good agreement with experimental results.*®

Details

The Ru(dbm); molecule in the gas phase is a three-dimensional
object containing 85 atoms, consisting of three dibenzoyl-
methanato (dbm) groups. These groups are planar and each
of them is linked to the ruthenium core atom by two oxygen



atoms generating an octahedral structure. The size of the
molecule is 1.28 nm between two adjacent dbm and 1.21 nm
between opposite hydrogen atoms in each dbm group in the gas
phase (Fig. 1).

Once deposited on the Ag(111) surface, the geometry of the
molecule changes drastically. The adsorbed structure was examined
by using an extended semi-empirical atom superposition and
electron delocalization (ASED+) approach.’®*”*>> This method is
based on the extended Hiickel molecular orbital theory and is a
powerful numerical tool to describe the behavior of large molecules.
This numerical code has already proven its reliability to calculate the
adsorption state using various molecular systems on metallic
surfaces,”° insulating films,”” and semiconducting surfaces.”®*
Moreover, ASED+ results have already shown very good agreement
with DFT results.*** Standard parameters for carbon, hydrogen,
and oxygen were used.’®"” The (Hj;, ) extended Hiickel parameters
for Ru were chosen as Ru 5s (H;; = 8.60 eV, {; = 2.078), Ru 5p
(H; = 3.28 eV, {; = 2.043) and Ru 4d (Hj; = 11.12 €V, {; = 5.378,
and {, = 2.303 with weighting coefficients of 0.534 and 0.6365,
respectively), taken from Hoffmann et al.®® These parameters
have been successfully used for the ruthenium tris(B-diketonato)
complexes previously studied.****

Calculated STM images were obtained within the electron
scattering quantum chemistry (ESQC) method.***° This method
describes the electronic scattering between the substrate and
the tip by modeling the chemical structure of the tunnel gap
(substrate, molecule, tip apex, and tip substrate). The algorithm
determines the electronic coupling of atoms in the tunnel
junction with a mono-electronic Hamiltonian at the semi-
empirically extended Hiickel molecular orbital (EHMO) level.
From the scattering matrix of the STM junction, the tunnel
current is evaluated by using the Landauer formula. The realistic
geometry of all the components composing the STM junction is
explicitly considered with a full atomic representation including the
tip itself and a set of atomic orbitals is associated with each atomic
site. ESQC is reliable to provide accurate STM images not only for
small systems but also for large adsorbed molecules.>*>*>¢1-64

1.21 nm

1.28 nm

Fig. 1 Optimized chemical structure of a tris(dibenzoylmethanato)ruthenium
(Ru(dbm)s) molecule in the gas phase (carbon atoms are in gray, hydrogen in
white, oxygen in red and the central brown atom is ruthenium).

Results and discussion

The relaxed adsorption position of the Ru(dbm); molecule on
the Ag(111) surface is identified with ASED+. This gives two
adsorption structures.

Tri-lobed geometry

In the first one called the T geometry (Fig. 2), the molecule lies
on the Ag(111) surface with three phenyl groups in contact with
the surface keeping an octahedral geometry with the oxygen
atoms. The molecular geometry is shown in Fig. 2(b) where all
the atoms closest to the surface are at a height of ~2.5 A. The
adsorption energy including the van der Waals interaction
between the molecule and the metallic surface reaches 0.34 eV.
The corresponding STM images of a Ru(dbm); molecule calculated
with ESQC with parameters (bias voltage and tunneling current
threshold for constant-current imaging mode) similar to those
used in experiments® show a three-lobe structure (Fig. 3). ASED+
investigations have been performed in order to calculate the
rotation barrier when the molecule lies on the different adsorption
sites, that is to say when the Ru central atom is above top, bridge
and hollow sites. These calculations are presented in Fig. 2(a). The
curves describe the adsorption energy variation for the three sites
by considering a molecule with all the degrees of freedom free to
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Fig. 2 (a) Variation of the rotation barriers of an adsorbed Ru(dbm)s
molecule when the central Ru atom is above a top (red), hollow (green),
and bridge (blue) site of the Ag(111) surface (tri-lobed structure). The
curves show the adsorption energy during the rotation taking into account
the relaxation of the molecule at each step. The two minima indicated with
black arrows are separated by 60° and correspond to the symmetry of the
molecule on the surface. Top view (b) and side view (c) of the calculated
model of Ru(dbm)s above a top site on Ag(111) deduced from ASED+
optimization. Carbon atoms are in gray, hydrogen in white, oxygen in red,
the central brown atom is ruthenium and Ag atoms are in blue. The red
arrows indicate the [110] and [112] directions of the surface.



Fig. 3 (a and b) Calculated models of a Ru(dbm)s molecule adsorbed on
Ag(111) (structures Ty and T,). Full (dashed) yellow lines identify the Ru
atom-upward (downward) phenyl directions of the three dbm groups.
(c and d) EHMO-ESQC calculated images of a Ru(dbm)s molecule
adsorbed on Ag(111) as shown in (a and b) respectively, under the same
tunneling conditions as in the experimental STM.

relax except the x and y coordinates of the central reference atom
and of the oxygen atoms, which are kept frozen. The three energy
curves give a relatively fair estimation of the rotation barrier along
the [111] direction, which is perpendicular to the substrate
(Fig. 2(c)), according to the surface site on which the center of
the molecule is located. It can be observed that the top site is the
most stable and that the differences relative to the hollow and
bridge sites are ~15 and ~20 meV, respectively. Whatever the
adsorption site considered, the rotation barrier can be calculated
and this yields periodic curves with a periodicity of 60° related to
the symmetry of the molecule and the surface. The cross-over
points of the three curves are indicative of a barrier which reflects a
combination of translation and rotation allowing diffusion on the
surface. Moreover, the presented ASED+ calculation does not
include the presence of the tip nor the local electrostatic field;
these terms probably do not break the apparent symmetry of the
energy barriers of rotation due to the large tip-surface distance in
the imaging mode and the low bias voltage, so that the molecule
stays in the main top site.

Furthermore, the structure presented in Fig. 2 suggests the
existence of a chiral property. Indeed, the adsorption process
generates two enantiomers for the T geometry on the Ag(111)
surface (enantiomers T, and T,) as indicated in Fig. 3(a and b). In
the T, geometry, there is an inversion of the position of the phenyl
groups with respect to T;: the three phenyls in contact with the
surface in T; will be detached in T, with a 3D configuration, and
vice versa. These two geometries have the same energetic char-
acteristics (energy and site of adsorption, rotation and diffusion
barrier. . .) and the same curves found in Fig. 2(a).

Using these enantiomer conformations, STM images were
computed with the ESQC technique under the same tunneling
conditions as in experiments (Fig. 3(c and d)). In both cases, the
three bright lobes in the triangular arrangement correspond to
tunneling through the three phenyl groups at the top, while the
triangular sub-protrusions are attributed to the three phenyl
groups in contact with the surface, which are connected to the
center of the molecule via the oxygen atoms.

These results given in Fig. 3 are qualitatively consistent with
the experimental results and quantitatively reflect the main
features presented in ref. 35 demonstrating the chirality of the
molecule with its enantiomers on the substrate.

Bi-lobed geometry

The second structure is a bi-lobed structure, called the B
geometry. Actually, as observed experimentally,®® 80% of the
molecules present a bi-lobed shape on the surface after evaporation
of Ru(dbm); on Ag(111).

After relaxation with ASED+, the molecule adopts a conformation
with two dbm groups almost parallel to the surface and the
third one perpendicular to the surface plane. The geometry is
thus formed by a square base with a top molecular part which is
along the [110] direction of the surface (Fig. 4(b)). This peculiar
geometry is called B;. The adsorption energy was found to be
0.60 eV where all the atoms closest to the surface are at a height
of ~2.5A.
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Fig. 4 (a) Calculated rotation energy of a Ru(dbm)s molecule above a top
(red), hollow (green), and bridge (blue) site of the Ag(111) surface (bi-lobed
structure). The curves show the adsorption energy during the rotation
taking into account the relaxation of the molecule at each step. The red
arrow indicates the [110] direction of the surface, with the long axis of the
dbm top oriented along this direction [110]. (b) Top view and (c) side view
of the calculated adsorption geometry of Ru(dbm)s on the Ag(111) sub-
strate with the B geometry.



A second geometry is also observed by STM, called B,. In this
case, the top bi-lobed structure has rotated by about 30° with
respect to the B, case and appears to be oriented along the side
of the square base instead of along the diagonal. It should be
noted that the general shape of these two forms does not
change during the STM experiments®® since the molecules are
not destroyed during evaporation nor modified while scanning.

To understand the origin of the B; and B, structures, in
connection with the intramolecular and molecule-substrate inter-
actions, we calculated the equilibrium structure of Ru(dbm); in the
bi-lobed structure as a function of the rotational angle of the two
phenyls around the C-phenyl bond for the top dbm (Fig. 5)."* The
rotation of the right phenyl is clockwise and it is counterclockwise
for the left phenyl around the angle ¢ and 0, respectively (Fig. 5).%>

We consider the molecule with two dbm groups parallel to
the surface plane such that the central octahedral structure is
preserved. To study the n-n intramolecular interactions between
the two phenyls of the top dbm group and the other part of the
molecule, we calculated the energy variation associated with the
rotation of the two phenyls in the top dbm, as shown in Fig. 6.
These calculations show the strong m-m repulsion when the
molecule is found in the B’ position (i.e. ¢ = 0 = £90°), whereas a

Fig. 5 Model of a Ru(dbm)s molecule on the Ag(111) substrate obtained
by ASED+ calculations (type B) with the rotational angles ¢ and 0 of the
two phenyl groups around the C—phenyl bond of the top dbm.
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Fig. 6 Energy variation of the Ru(dbm)s molecule adsorbed on the Ag(111)
surface (type B) as a function of the rotational angle of the two phenyl
groups around the C—phenyl bonds on the top dbm.

minimum energy is observed for ¢ = 0 = +30°. A small energy
barrier exists for ¢ = 0 = 0° (the B” case) due to the weak steric
crowding between the hydrogen atoms on the top and the H- - -O
interactions on the bottom in this configuration. Consequently,
the By (¢ = 0 =30°) and B, (¢ = 0 = —30°) structures correspond
to the two minima. Notice that the angle between the two
phenyl groups is thus 60°, which is a result in very good
agreement with ab initio results for the biphenyl molecule.®®

Experimentally, STM images of the B geometry show two
forms, each one with two protrusions.®® The two lines joining
these protrusions form an angle of 30°. STM image calculations
of forms B, and B, obtained by ASED+ relaxation [Fig. 7(a and
c)] exhibit similar features [Fig. 7(b and d)]. Moreover, the angle
between the two orientations is also about 30°. The agreement
is thus excellent. This indicates that the rotation of about 30° of
the bi-lobed forms in the experimental and calculated STM
images (Fig. 7(b and d)) can be explained by the rotation of each
phenyl in the top dbm group by 60° for B; and —60° for B,
around the C-phenyl bond as indicated in Fig. 6(b).

The calculations of the STM images in both the B; and B,
cases in Fig. 7(b and d) show that the two bright lobes in the
linear arrangement correspond to the two phenyl groups in the
top dbm group, which is oriented along the direction [110],
with an apparent height of about 3.9 A. The two protrusions are
separated by about 8.7 A; this value is in good agreement
with the distance between two opposite phenyl groups in the
top dbm group of the bi-lobed structure, which is about 8.1 A
(Fig. 4(b) and 5). It is now well-known that reversible switching
between two molecular states can be induced by an STM tip. A
change in the potential energy surface with respect to particular
degrees of freedom may result in a modification of an energy
barrier between two states. This change can be generated by the
presence of the tip at a relatively low tip-surface distance, e.g.
by creating a van der Waals trap,®* or by an extra induction
energy provided by the electric field in the STM junction.*
Here, a switch between the two states has been observed when
the tip is located above one of the molecule lobes, as discussed
previously.®® This B; < B, switching effect is compatible with
the low energy barrier of 60 meV, as shown in Fig. 6.'>% Our
theoretical results are thus qualitatively consistent and in good
agreement with the experimental results.**>*

In addition we have demonstrated that the central cage
around the Ru atom is not distorted by the interaction of the
molecule with the Ag(111) surface for different geometries
(T4, T2, By, and B,). The Ru atom keeps its coordination sphere

Fig. 7 (a and c) Space-filling model of a Ru(dbm)s molecule adsorbed on
Ag(111) (structures B; and By, respectively). (b and d) EHMO-ESQC calculated
images of a Ru(dbm)s molecule adsorbed on Ag(111) for the forms By and B,
respectively, under the same tunneling conditions as in experiments.



intact (the distance between Ru and O atoms is 2.09 + 0.03 A),
meaning that in this case the complex coordination atom is not
influenced by the interaction of the molecule with the surface.
Finally, it was experimentally observed that the switching
from T to B occurs for a bias voltage around +2.5 V. Further
calculations, but out of the scope of the present paper, should
be performed to determine the energetic barrier to go from T to
B with explicit consideration of the electric field beneath the
STM tip and the molecule using a self-consistent procedure,®
and an accurate dipole moment calculation of the distorted
octahedral cage due to adsorption and the Jahn-Teller effect.

Conclusion

In this work, we have shown that the tris(dibenzoylmethanato)-
ruthenium molecule adsorbs in two structures on Ag(111) by
fully relaxing the molecular structures: a bi-lobed and a three-
lobed geometry. For this last one, we have shown that this
object presents two orientations related to the geometry of the
molecular enantiomers on the surface. These results are in good
agreement with experimental results in which the T geometry
corresponds to three dbm groups forming an octahedral struc-
ture on Ag(111). With the second bi-lobed geometry, we have
described and presented the possible reversible switching
between two stable states of this complex when adsorbed on
Ag(111). The B, molecular structure has two dbm groups located
almost parallel to the Ag(111) surface forming a square pedestal,
while the third dbm group is perpendicular to the substrate
plane and is directed along the [110] direction. The other
structure B, can be deduced from B; by a mutual rotation of
the top phenyl groups. Molecular mechanics calculations have
shown that a small energy barrier exists between these two
states, compatible with the switching effect observed experimen-
tally. Additionally, STM image calculations of both structures
reveal that each structure shows two protrusions and that their
respective orientation with the substrate is in agreement with
experimental results. We calculated under the same conditions
as the experiment the STM images of these structures, B, and B,.
The results show that the bi-lobed shape has rotated by about
30° due to the flexibility of the two phenyl groups in the top dbm.
This demonstrates that it is also possible to obtain a B, shape on
Ag(111) from a B, object with the help of a stimulus provided by
the STM tip.
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