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Through the interplay of high-resolution scanning tunneling micro-
scopy (STM) imaging/manipulation and density functional theory (DFT)
calculations, we have demonstrated that an unprecedented selective
aryl—-aryl coupling via direct C—H bond activation can be successfully
achieved on Cu(110). These findings present a simple and generalized
route for preparing low dimensional carbon hanomaterials.

The carbon-carbon coupling reaction through direct C-H activa-
tion has long remained as one of the most challenging topics in
chemical science due to the relative inertness and poor selectivity
of C-H bonds. Tremendous efforts have been devoted in this field
and many strategies, for example, use of transition metal cata-
lysts, harsh conditions and metal surfaces, have been employed
for activating C-H bonds.'™ Recently, metal surfaces have been
employed as platforms and heterogeneous catalysts have been
used to facilitate a variety of well-known chemical reactions
under ultra-high vacuum conditions or in solution. For instance,
Ullmann coupling, Bergman cyclization, imine coupling, click
reactions and Glaser coupling have been successfully introduced
on different metal surfaces.”™ Moreover, recent studies have
illustrated that an unexpected reaction, that is, C-C coupling of
alkane molecules via C-H activation can also be successfully
achieved on metal surfaces.">'” As mentioned above, investigation
on the feasibility of C-C coupling of other typical hydrocarbons via
direct C-H activation on metal surfaces is of utmost importance,
especially, activating the C-H bond of arenes should be particularly
interesting as aryl groups are the principal components of aromatic
molecules. Previous studies have shown that the intramolecular
aryl-aryl coupling could occur where the reactions took place in
very confined environments,>'®'® whereas, intermolecular aryl-
aryl coupling via C-H activation has so far been rarely reported.
It is therefore of tremendous interest to investigate the aryl-aryl
coupling via C-H activation between free molecules on metal
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surfaces where, importantly, the selectivity of C-H activation
could be explored in depth.

To explore the above mentioned aryl-aryl coupling via C-H
activation on the surface, we have in this study chosen a simple
and representative aromatic molecule, the quaterphenyl (4Ph)
molecule, which is a linear molecule consisting of four c-bonded
phenyl rings and is generally investigated for preparation of
ordered organic films by weak intermolecular interactions on
surfaces.”®”" The anisotropic Cu(110) surface is employed as a
platform to heterogeneously catalyze the on-surface aryl-aryl
coupling due to the relatively high chemical activity and the
well-known 1-D templating effect of the substrate.”* Here,
through the interplay of high-resolution scanning tunneling
microscopy (STM) imaging/manipulation and density functional
theory (DFT) calculations, we demonstrate that 4Ph molecules
initially form a two-dimensional (2-D) close-packed structure after
direct deposition on the surface held at room temperature (RT),
whereas, upon heating up the surface to 500 K, surprisingly, we
find that the 4Ph molecules are covalently linked together via
aryl-aryl coupling into chain-like structures basically along the
close-packed [1-10] direction of the substrate. Moreover, inter-
estingly, submolecularly resolved STM images reveal that the
aryl-aryl coupling takes place at the specific site of the terminal
phenyl groups of 4Ph molecules exclusively, which is further
confirmed by delicate lateral STM manipulations. The DFT
calculations on the energy barriers of all possible C-H activa-
tion sites within the 4Ph molecule elucidate this unexpected
selective aryl-aryl coupling process, and also well explain the
scenario for the formation of the resulting chain-like structures
with certain structural motifs on the Cu(110) surface. These
unprecedented findings demonstrate a novel surface chemistry
method for selectively activating the C-H bonds of aromatic
molecules, and moreover may present a simple and generalized
route for preparing low dimensional carbon nanomaterials like
graphene nanoribbons on surfaces without special efforts in
functionalizing molecular precursors.

As shown in Fig. 1, the 4Ph molecules form a close-packed
structure with unidirectional molecular arrangement after
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Fig.1 (A) Large-scale and (B) close-up STM images of 4Ph molecules
arranged on Cu(110) at a high molecular coverage. The chemical structure
of the 4Ph molecule is shown in the inset in (A) where the ortho-C, meta-C
and para-C sites of the terminal phenyl group are given. (C) The top-view
(upper panel) and the side-view (middle panel) of the DFT-relaxed model
of the 4Ph molecule on Cu(110), and the corresponding STM image simula-
tion (lower panel) at the bias voltage of —1500 mV. Scanning conditions:
lt = 0.8 nA, V, = —1500 mV.

23,24

deposition on Cu(110) at RT with a relatively high coverage.
4Ph molecules tend to align with their long axes along the [1-10]
direction of the substrate and the equivalently scaled molecular
models are superimposed in the close-up STM image, as shown
in Fig. 1B. Fig. 1C shows the DFT optimized adsorption geometry
of the 4Ph molecules on Cu(110) where a flat-lying geometry is
adopted as other planar t-conjugated molecules on surfaces.>>°
The DFT-based STM simulation of 4Ph molecules is also carried
out to further verify the experimental findings. Note that owing
to a lack of strong and directional intermolecular interactions
between the molecules, the molecular arrangement is not
perfectly ordered.

After annealing the 4Ph-covered sample at 500 K, we surprisingly
find that the 4Ph molecules are linked together into chain-like
structures basically along the close-packed [1-10] direction of
the substrate, as shown in Fig. 2A. A closer inspection of the
STM image shows that there are also some branches derived
from the chain structures, and further discloses that the chain
structures could be recognized as the combination of one
building block which is consistent with the 4Ph monomer in
dimension and the STM profile. Moreover, we could identify
that the majority of 4Ph molecules are joined together in a
uniform shoulder-to-shoulder fashion. Detailed analysis of STM
images allowed us to distinguish the typical structural motifs
within the chain-like structures as singled out in Fig. 2B-F which
show close-up high-resolution STM images. From the close-up
STM images we can identify that the electronic density of states
at the molecular junctions is rather smooth and seamless which
is a characteristic feature of covalent linkages between organic
molecules on surfaces.>®° We then naturally speculated that the
on-surface aryl-aryl coupling takes place between 4Ph molecules
when we heat up the sample to 500 K. On the basis of the above
analyses, we carried out extensive theoretical calculations based
on the DFT method, and the equally scaled optimized structural
models were compared with the corresponding STM images
accompanied by the DFT-based STM image simulations, where
excellent agreements were achieved. As indicated in the proposed
models shown in Fig. 2B-F, we can distinguish that the aryl-aryl
coupling between 4Ph molecules takes place at the meta-C sites of
the terminal phenyl groups exclusively. Note that the involvement
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Fig. 2 (A) STM image showing the formation of chain-like structures with
branches after annealing the 4Ph-covered surface at a low molecular
coverage at 500 K. (B)-(F) The close-up STM images, the equally-scaled
optimized structural models and the DFT-based STM image simulations
(the black and white ones) of the typical structural motifs within the chain
structures. One of the 4Ph molecules shown in the models is colored in
green in order to illustrate how the different structural motifs are derived
from it. The structural motifs are formed by different numbers of linked
molecules or positions of meta-C sites based on the 4Ph molecule colored
in green in the models of (B)-(F). Scanning condition: i = 0.75 nA,
Vi = —2500 mV. The STM image simulations are performed at the bias
voltage of —2500 mV.

of the copper atom in the chain structure should be ruled out as
the metal atoms normally show pronounced protrusions in the
C-Cu-C linkage in STM images'**”*® and the disagreement of
the intermolecular distance within the chain. (¢f. Fig. S1, ESIf).

To further verify the selective aryl-aryl coupling between 4Ph
molecules, we performed a series of delicate lateral STM manipula-
tions. The manipulations were carried out in a controllable line-
scan mode by increasing the tunnel current up to ~2.0 nA and
reducing the tunnel voltage down to ~20 mV.***° As shown in
Fig. 3, after manipulating a molecular chain along the blue arrow
as indicated, we find that the chain structure remains unbroken,
while, more interestingly, the orientation of the uppermost mole-
cule is changed to a certain degree with respect to its original
position. As illustrated by the overlaid molecular models on the
STM images and the schematic models, we can clearly see that
the molecular orientation change is induced by the rotation
about the newly formed C-C o-bond (the green one indicated in

STM manipulation STM manipulation
> >

Fig. 3 Two sequential lateral STM manipulations of the molecular chain
show that the orientations of the uppermost molecule could be reversibly
switched just between two certain degrees. The blue arrows indicate the
directions of STM manipulations. The schematic models demonstrate how
the molecular orientations are changed and recovered.
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the schematic models) at the meta-C sites between the 4Ph
molecules, as proposed above. Furthermore, the changed mole-
cular orientation is recovered after another STM manipulation
shown in Fig. 3, and this reversible switch of molecular orienta-
tions just between two certain degrees could be repeated several
times and the molecular chain is still intact, which undoubtedly
confirms the covalent nature of the molecular chain, and more-
over provids a solid evidence of the selective aryl-aryl coupling at
the specific C sites between 4Ph molecules.

Such unexpected selective aryl-aryl coupling at specific sites
results in the observed shoulder-to-shoulder joining and further-
more the formation of certain structural motifs demonstrated in
Fig. 2B-F. Based on these structural motifs the whole chain-like
structures are then built up, and the directionality of the chains
is induced by the 1-D templating effect of the Cu(110) substrate.
Note that further experiments (with different surface coverage)
illustrate that the number of branches within chain-like struc-
tures increases at higher molecular coverage (¢f. Fig. S2, ESIt),
and the typical structural motifs remain the same indicating that
the selectivity of aryl-aryl coupling does not depend on the
molecular coverage. Moreover, we performed a thorough statis-
tical analysis of the relative occurrence of different structural
motifs at low and high coverage (c¢f. Fig. S3, ESIT).

To unravel this unexpected selectivity of aryl-aryl coupling
between 4Ph molecules on Cu(110), systematic DFT calculations
including the substrate were performed. As shown in Fig. 4A, we
calculated the energy barriers of all possible C-H activation sites
(denoted as Cjy, C,, C3, C4 and Cs in the schematic model, other
sites are identical with respect to these five) within the 4Ph
molecule on Cu(110). From the energy diagrams we could clearly
identify that C-H activation at the specific C, site (the meta-C site
mentioned before) is energetically most favorable (with a barrier
of ~1.7 eV), demonstrating that the 4Ph molecules tend to
dehydrogenate and link together preferentially at C, sites, which
well accounts for the experimentally observed selective aryl-aryl
coupling. Here, the registry between the molecule and the
substrate may be responsible for the energy differences among
different C sites.

To elucidate the mechanism of the formation of the chain-like
structures observed experimentally, we performed further DFT
calculations in a more complicated situation. Then, calculations
on the C-H activation energy barriers of three sites from a dimer
structure (denoted as C,;, C, and C,3 in the schematic model) are
carried out to explore the possible formation process of trimers or
even larger structural motifs, as shown in Fig. 4B. From the energy
diagrams we can identify that the energy barriers of C-H activa-
tion at the sites C,;, C,, and C,;3, respectively, are the same as the
barrier of C-H activation at the C, site of the 4Ph monomer on
Cu(110). Based on the experimental and theoretical results
we now propose the following scenario for the formation of
the observed chain-like structures: (1) first, dehydrogenation
selectively occurs at one of the identical C, sites of a 4Ph monomer
upon gaining enough energy, and subsequently two dehydro-
genated monomers prefer to form a dimer structure by aryl-aryl
coupling; (2) then one of the identical C,;, Cy, and C,; sites of
the dimer structure dehydrogenates to facilitate the formation of
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Fig. 4 (A) DFT-calculated energy diagrams for C—-H activation of 4Ph
molecule at five different sites (denoted as Cy, C,, C3, C4 and Cs, respec-
tively) on Cu(110). The structural models of the initial state (IS), the transition
state (TS-C,) and the final state (FS-C;) of the energetically lowest pathway
are shown below the energy diagrams. All the other corresponding struc-
tural models are shown in Fig. S4, ESI.T (B) DFT-calculated energy diagrams
for C—H activation of 4Ph molecular dimer at three different sites (denoted
as Cyy, Cpp and Cpz, respectively) on Cu(110). The structural models of the
respective transition states (TS-Cp;, TS-C,, and TS-Cy3) and the corres-
ponding resulting 4Ph trimers indicated by STM image simulations are
shown below the energy diagrams.

certain structural motifs as mentioned above and further the
extension to the chain-like structures. Note that the mechanism
of the selective coupling is different from that reported in a
previous work on on-surface selective coupling.’>*

In conclusion, through high-resolution UHV-STM imaging/
manipulation and detailed DFT calculations, we have demon-
strated that an unprecedented selective aryl-aryl coupling via
direct C-H bond activation can be successfully achieved on
Cu(110), which exhibits the intriguing potential of surface
chemistry. These novel findings may suggest a relatively simple
and generalized route for selectively activating the C-H bond
of aromatic molecules, and may also shed light on fabricating
low dimensional carbon nanomaterials via direct aryl-aryl
coupling without functionalizing molecular precursors or prepar-
ing complicated catalysts.
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