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From the interplay of high-resolution scanning tunneling microscopy
(STM) imaging/manipulation and density functional theory (DFT)
calculations, we have shown that the spontaneous formation of an
organometallic complex by copper—alkene interactions can be success-
fully achieved, where the specific molecular adsorption geometry is
revealed to be the key for facilitating such interaction.

The synthesis of organometallic complexes involving direct carbon
to metal bonds with characteristics in between ionic and covalent
bonds has been an intriguing topic for decades, because of their
extensive applications in industrial catalysis." Pioneer research
work in Zeise’s salt, one of the earliest examples of a metal-alkene
complex,”” has been recognized as a solid landmark in the area of
organometallic chemistry. Later on, the syntheses of similar com-
plexes (e.g., Grignard reagents® and Ziegler-Natta catalysts®) in
solution have also been well established. Recently, the on-surface
formation of organometallic monomers or oligomers has also been
achieved, mainly through: (1) low temperature STM manipulation
of individual molecules and metal atoms, inducing direct carbon to
metal bonding on metal supported ultrathin insulating films®” or
metal surfaces;® " or (2) dehalogenation or dehydrogenation pro-
cesses accompanied with the subsequent formation of carbon to
metal bonding on metal surfaces.">"® However, the on-surface
synthesis of an organometallic complex via a spontaneous direct
metal-alkene interaction has been rarely reported. Thus, the concept
of the synthesis of metal-alkene complexes in solvent-free “dry”
ultrahigh vacuum conditions (UHV) on surfaces should be of great
interest to be explored and further employed as a possible prototype
and novel method to fabricate functional organometallic complexes.

In this communication, we have chosen an organic molecule
(henceforth termed “BtPHD”) involving an alkene functional group
and explored the feasibility of the formation of an organometallic
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Scheme 1 (a) lllustration of reversible metal to alkene bonding. (b) Chemical
structure of the candidate molecule (BtPHD) for exploring the on-surface
metal-alkene interaction.

complex via metal-alkene interactions (¢ff Scheme 1) on a Cu(110)
surface under UHV conditions. The anisotropic Cu(110) surface was
employed as a platform due to its: (1) relatively high chemical
activity; (2) well-known 1-D templating effect; (3) free copper
adatoms. From the interplay of high-resolution scanning tunneling
microscopy (STM) imaging/manipulation and density functional
theory (DFT) calculations, we show that the formation of a copper-
alkene complex has been successfully achieved in a spontaneous
manner without external force (such as STM tip manipulation), and
that such a copper-alkene complex is found to be able to dimerize
in a relatively high yield. From the DFT-relaxed structural models
we could identify that the formation of the copper-alkene complex
results in a direct copper to carbon bonding with the characteristic
rehybridization of carbon atoms from sp” to sp’, and we also found
that the specific molecular adsorption geometry was the key for
facilitating this spontaneous metal-alkene interaction. Moreover,
the lateral STM manipulations demonstrated that the dimerized
organometallic motif could be split into two monomers, and
furthermore that the copper atom could be removed from the
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complex, indicating that the copper-alkene interaction is reversible.
These findings exhibit the feasibility of the on-surface formation of
organometallic complexes with high yields, and may provide a
general route to fabricate relevant organometallic catalysts that
would be of special significance to organometallic chemistry.

The STM experiments were performed in an UHV chamber (base
pressure of 1 x 10~ "° mbar) equipped with a variable-temperature
“Aarhus-type” STM purchased from SPECS,***" a molecular evapora-
tor, and standard facilities for sample preparation. After the system
was thoroughly degassed, the molecules were deposited by thermal
sublimation onto a Cu(110) substrate. The sample was there-
after transferred within the UHV chamber to the STM, where the
measurements were carried out at ~100 K. All the calculations were
carried out in the framework of DFT by using the Vienna ab-initio
simulation package (VASP).**** The projector augmented wave
method was used to describe the interaction between the ions and
425 We employed the PBE-GGA as the exchange correla-
tion functional,®® and van der Waals interactions were included
using the DFT-D2 method of Grimme.*>” The atomic structures were
relaxed using the conjugate gradient algorithm scheme as imple-
mented in the VASP code until the forces on all the unconstrained

electrons.

atoms were <0.03 eV A", The simulated STM images were based
on the Tersoff~-Hamann method, in which the local density of states
(LDOS) was used to approximate the tunneling current.”®

After deposition of the BtPHD molecules on the Cu(110) substrate
held at ~170 K, isolated BtPHD molecules are observed with their
symmetric axes perpendicular to the direction of the substrate (c¢f
Fig. 1a). Interestingly, after a subsequent annealing of the sample to
~250 K, X-shaped motifs appear as illustrated in Fig. 1b (highlighted
by the blue squares). A comparison between the high-resolution STM
images of the BtPHD molecule (cf: Fig. 1c) and the X-shaped motif
(¢f Fig. 1e) indicates that: the X-shaped motif may be composed of
two BtPHD molecules, as can be seen from the dimension and
topography; there is still a subtle difference between the BtPHD
molecule and half of the X-shaped motif. In comparison to the initial
BtPHD molecule, which is imaged as two bright protrusions con-
nected with one dark bridge (see also the simulated STM image, ¢f-
Fig. 1d), each half of the X-shaped motif has a distinguishable
density in the center. Previous literature provided inspiration that the
conjugated molecules could interact with metal atoms by forming
carbon-metal bonds, where the metal atom lies underneath the
binding site, and then the specific binding site is revealed as high
density area in the STM images.°'® Note that at the above-
mentioned temperature (~250 K), copper adatoms are available
on the substrate.">*® We then naturally speculate that in our case the
high densities in the center of the X-shaped motif should be
attributed to the copper-alkene interaction. On the basis of the
above analyses, we then built up structural models of the X-shaped
motif and relaxed by DFT methods, with the most favorable one
shown in Fig. 1g (more calculation details can be seen in ESI}). In
this model, we can identify that the alkene moiety of the BtPHD
molecule interacts with a Cu atom with a Cu-C distance of ~2.12 A
forming copper-alkene bonding, where the two C atoms of the
alkene moiety form a nearly tetrahedral bonding motif with a sp>-sp®
rehybridization characteristic, similar to the previous literature
with LT-STM manipulation.®” Due to the copper-alkene interaction,
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Fig. 1 STMimages and relaxed models of the X-shaped organometallic motif.
(@) STM image showing the isolated BtPHD molecules adsorbed on a Cu(110)
substrate (during deposition the substrate was held at ~170 K). The green
dashed rectangle indicates a single BtPHD molecule and the inset shows the
chemical structure of the BtPHD molecule. (b) STM image showing the
formation of X-shaped motifs after subsequent annealing of the sample to
~250 K. The blue dashed squares indicate the formed X-shaped motifs.
Scanning conditions: /; = 0.65 nA, V; = —2500 mV. (c) High-resolution STM
image of a single BtPHD molecule. (d) Simulated STM image of the BtPHD
molecule at a bias voltage of —2500 mV. (e) High-resolution STM image of the
X-shaped motif. (f) Simulated STM image of the X-shaped motif at a bias
voltage of —2500 mV. (g) Top view, and (h) and () two side views of the DFT-
optimized structure of the X-shaped motif on Cu(110).

the enediyne moiety is tilted away from the substrate, with a dihedral
angle of ~45° (¢f Fig. S1, ESIY), resulting in the high density in the
center of the BtPHD molecule, as reflected in the STM images. Thus,
half of the X-shaped motif is formed by a BtPHD molecule and a Cu
atom via copper-alkene interactions forming an organometallic
complex, and the X-shaped motif is then dimerized by two such
organometallic complexes via Cu-Cu interactions. The distance
between the upright-standing hydrogen atoms on two sides is about
3.9 A, which is consistent with that between the two densities in the
center of the X-shaped motif in the STM image. Based on the
proposed model, we also performed STM image simulation, and a
good agreement was achieved by comparing the simulated X-shaped
motif (¢f Fig. 1f) with the experimental one (¢f: Fig. 1e).

To verify our speculation and the above analysis, we performed
delicate lateral STM manipulations on the X-shaped motif. As
shown in Fig. 2a-d, after manipulation of the X-shaped motifs in
different directions, we can see that the motifs can be split away
along the [001] direction of the substrate, and that half of the motif
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usually diffuses away. The remaining half still shows a high density
in the center with the same characteristic as the one in the
X-shaped motif, which indicates that the two halves are identical.
Also, note that some halves of the X-shaped motif are observed to
exist alone (¢f’ Fig. S2, ESIT), implying that one half can stay isolated
until meeting with another half to dimerize into the X-shaped
motif. To further verify the constitution of the half part, we applied
STM manipulation, as shown in Fig. 2e and f. After manipulation of
the half motif, we successfully demonstrated that the half motif can
be split into a BtPHD molecule (showing the characteristic of two
bright protrusions with the dark bridge in the center) and a Cu
adatom (a bright protrusion indicated by the arrow in Fig. 2f),
indicating that the copper-alkene interaction is reversible. Similar
processes have also been illustrated in the previous literature.”*°
Further theoretical analysis of the electronic structure and the
nature of the Cu-alkene bonding and the reaction path of the
formation of Cu-alkene interaction are shown in Fig. S3 and S4
(ESIY), respectively. Moreover, the X-shaped motif is calculated to
be energetically more favorable than the two isolated BtPHD-Cu
organometallic complexes by ~0.37 eV, which indicates that the

Fig. 2 (a—d) Lateral STM manipulations of the X-shaped motif in the same region.
The white arrow in (a) and the green one in (c) indicate the different locations and
directions of the manipulations applied, and the white and green squares in (a—d)
highlight the evolution of the X-shaped motif from a whole into a half. Scanning
conditions: fy = 0.80 nA, V; = —2500 mV. (e—f) Lateral STM manipulation of a half of
the X-shaped motif. The blue arrow in (e) indicates the location and direction of the
manipulation applied, and the blue square in (f) highlights the evolution of half of the
X-shaped motif from an intact one into a BtPHD molecule and a Cu adatom.
Scanning conditions: i = 0.69 nA, V; = —2500 mV.
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dimerization process is thermodynamically favorable. Thus, we
propose the following scenario: (1) after deposition of the BtPHD
molecules on the Cu(110) surface, the molecules spontaneously
interact with copper adatoms at elevated temperatures (still well
below RT) and form the BtPHD-Cu organometallic complex via
copper-alkene interactions; (2) every two formed organometallic
complexes then dimerize into one X-shaped motif via Cu-Cu
interactions.

Note that in this case, the direct copper-alkene interaction is
spontaneous, and the copper-alkene interaction takes place at
relatively low temperatures (~250 K). This raises the interesting
question of why such a phenomenon was not generally observed
for other conjugated molecules on surfaces. To unravel this
mystery, we relaxed the adsorption geometry of the BtPHD mole-
cule on Cu(110) by DFT methods, including vdW interactions. As
shown in Fig. 3a, the enediyne moiety of the BtPHD molecule is
tilted up in the energetically most favorable adsorption geometry,
with a dihedral angle of ~25°. We then naturally speculated
whether this tilted configuration could provide a favorable situation
to let the Cu adatom go underneath the alkene moiety and thus
facilitate the copper-alkene interaction. To verify our hypothesis,
we also conducted control experiments on Ag(110) and Au(111),
both computationally and experimentally. As shown in Fig. 3b
and ¢, from the energetically most favorable adsorption geometries
on Ag(110) and Au(111), we observe that the alkene moieties of the
BtPHD molecule basically adopt flat-lying configurations, and the
molecule-substrate orientations are different from that on Cu(110).
Interestingly, the codeposition of BtPHD molecules and Cu atoms
on Ag(110) and Au(111) surfaces could not result in the formation
of BtPHD-Cu organometallic complexes (¢f: Fig. S5, ESIt), and thus
we did not perform calculations on the interactions between the
BtPHD molecule and Cu atoms on these two surfaces. Further-
more, we conducted another control experiment by choosing an
analogy of the BtPHD molecule (henceforth termed as “DTBT”, cf:
the inset of Fig. 4a) where the enediyne moiety is replaced by a
phenyl group, thus resulting in a flat-lying adsorption geometry on
Cu(110), as shown in Fig. 4c. After deposition of the DTBT
molecules on Cu(110) (held at ~170 K) at low coverage (cf
Fig. 4a), isolated molecules are observed and the profile of the
single molecule is imaged and shown to be very similar to that of
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Fig. 3 Top and side views of the DFT-optimized energetically most
favorable geometries of the BtPHD molecule adsorbed on (a) Cu(110),
(b) Ag(110), (c) Au(111).
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Fig. 4 (a) STM image showing isolated DTBT molecules adsorbed on a
Cu(110) surface (during deposition the substrate was held at ~170 K). The inset
shows the chemical structure of the DTBT molecule. (b) STM image showing the
self-assembled structure of DTBT molecules after deposition of the molecules at
high coverage and a subsequent annealing of the sample to ~300 K. Scanning
conditions: Iy = 0.71 nA, V, = —2500 mV. (c) Top and side views of the
DFT-optimized geometry of the DTBT molecule adsorbed on Cu(110).

the BtPHD molecule. After deposition of the DTBT molecules
at high coverage and a subsequent annealing of the sample to
~300 K, as expected, there is no indication of copper-phenyl
interactions and the DTBT molecules form self-assembled ordered
structures via vdW interactions (c¢f Fig. 4b). These control experi-
ments unambiguously suggest that the metal-carbon interaction
would be hindered by a flat-lying adsorption geometry (as for most
conjugated molecules adsorbed on surfaces) unless an external
force (such as STM manipulation) is applied to push the metal
atoms underneath the molecular planes.'® So in our case, the
Cu(110) surface is the prerequisite for the formation of organo-
metallic complex as: (1) it provides sufficient Cu adatoms; (2) the
relatively high chemical activity makes the alkynyl group of the
BtPHD molecule strongly interact with the substrate, thus inducing
the enediyne group to be tilted, which is the key for the sponta-
neous copper-alkene interaction.

In conclusion, from the interplay of high-resolution STM
imaging/manipulation and DFT calculations, we have shown that the
formation of an organometallic complex involving copper adatoms by
metal-alkene interactions can be successfully achieved in a relatively
high yield, where the specific molecular adsorption geometry is the
key for facilitating the copper-alkene interaction. Our findings may
shed light on the feasibility of synthesizing organometallic complexes
with metal-alkene bonding on surfaces, and for utilizing molecular
adsorption geometry as a trigger for metal-alkene interactions in
more complicated situations (such as the dynamic 7 system), which is
currently being investigated with the hope of providing further
insights into surface organometallic chemistry.
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