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ABSTRACT: On-surface synthesis has demonstrated great advantages for
atomically precise fabrication of surface-supported nanostructures that could be
promising for the next generation of semiconducting materials and molecular
electronic devices. The challenging and key issue in this field is to steer surface
reaction pathways achieving precise synthesis. The alkenyl gem-dibromide group
has been shown to have versatile chemical reactivity. Herein, by introducing such a
complicated functional group on surfaces, we demonstrate that selective on-surface
reactions, that is, homocoupling and hydrogen migration, could be achieved on
Ag(111) and Ag(110) surfaces, respectively. The underlying mechanism of lattice-
directed selectivity is revealed by extensive density functional theory (DFT)
calculations on the competitive reaction pathways. Such a lattice-directed strategy
would be an important means for steering on-surface reaction pathways, aiming to
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achieve atomically precise synthesis with high efficiency and selectivity.

B INTRODUCTION

On-surface synthesis has attracted intense research efforts due
to its great advantages in the atomically precise fabrication of
low-dimensional nanostructures, which are promising for
applications in the construction of molecular electronic devices
and functional nanomaterials.' ™ By developing such a
strategy, particularly, various novel carbon nanostructures like
graphene nanoribbons,”” nanoporous graphene,' gragphyne/
graphdiyne nanowires,”” and organometallic polyynes™ have
been precisely fabricated on surfaces, which allows for further
fine characterizations and accurate measurements. On the
other hand, on-surface synthesis could provide unique reaction
pathways because of surface confinement effects that are
distinct from conventional solution chemis.try.lo’11 To date,
one of the big challenges in this field is to steer surface reaction
pathways achieving precise synthesis with high efficiency and
selectivity, and the key issue is to reveal the influencing factors
of reaction pathways and their regulation mechanisms. It was
previously identified that on-surface reaction pathways could
be steered by pre-self-assembled structures,””~'® reaction
kinetics and thermodynamics,”'® elements and lattices of
substrates,”'”'® etc. For example, the terminal alkyne group
could undergo a dehydrogenative C—C coupling reaction on a
Ag(111) surface, while on Ag(110), dehydrogenative organo-
metallic coupling was achieved.'” It is therefore of general
interest to further develop such a lattice-directed strategy,
aiming to achieve selective on-surface reactions with more
complicated functional groups.

The alkenyl gem-dibromide group, with versatile chemical
reactivity, demonstrated that an elimination reaction occurs
and yields terminal alkynyl bromides in solution chemistry (as
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shown in Scheme 1a),”’~** while on metal surfaces (e.g,

Au(111), Cu(111), and Cu(110)), sequential dehalogenation
followed by C—C homocoupling occurs with the formation of
a cumulene moiety.””**

Moreover, interestingly, on a NaCl surface, sequential
dehalogenation followed by skeletal rearrangement preferen-
tially occurs with the formation of an alkyne moiety.”> Herein,
by introducing such a complicated alkenyl gem-dibromide
group on the Ag(111) and Ag(110) surfaces, respectively, from
the combination of scanning tunneling microscopy (STM)
imaging and density functional theory (DFT) calculations, we
demonstrate that selective on-surface reactions directed by
substrate lattices are achieved as shown in Scheme 1b. As a
result, on Ag(111), sequential dehalogenation followed by C—
C homocoupling occurs with the formation of the cumulene
moiety, and interestingly, on Ag(110), sequential dehalogena-
tion followed by hydrogen migration preferentially occurs with
the formation of terminal alkyne. The underlying mechanism
of lattice-directed selective on-surface reactions is revealed by
extensive DFT calculations on the competitive reaction
pathways. Such a study would extend the on-surface synthesis
strategy by not only designing different molecular precursors
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Scheme 1. (a) Schematic Illustration Showing that the Alkenyl gem-Dibromide Group Undergoes an Elimination Reaction
Yielding Terminal Alkynyl Bromides in Solution. (b) Schematic Illustration Showing the Different Reaction Pathways of an
Alkenyl gem-Dibromide (4-(2,2-dibromovinyl)-1,1’-biphenyl, bBBVBP) Molecule on Ag(111) and Ag(110). Sequential
Dehalogenation of the bBVBP Molecule Leads to the Direct Formation of the Cumulene Moiety via C—C Homocoupling on
Ag(111), While on the Ag(110) Surface, Hydrogen Migration of the Debrominated Intermediate Occurs, Which Results in the

Formation of a Terminal Alkyne

a Br\ )
R@_ ,C—Br In solution R
C —
\_/ \H elimination
b
Br\
,C—Br On surface
O,
H sequential
bBVEP dehalogenation

OO

moiety

terminal
alkyne

but also deeply steering surface reaction pathways with high
efficiency and selectivity.

B EXPERIMENTAL AND THEORETICAL METHODS

The STM experiments were carried out in a ultra-high vacuum
(UHV) chamber with a base pressure of 1 X 107! mbar. The
whole system was equipped with a variable-temperature, fast-
scanning “Aarhus-type” STM using electrochemically etched
W tips purchased from SPECS,***” where measurements were
carried out at 100—150 K. A molecular evaporator and
standard facilities were used for sample preparation. The
Ag(111) and Ag(110) substrates were prepared by several
cycles of 1.5 keV Ar" sputtering, followed by annealing to 780
K, resulting in clean and flat terraces separated by monatomic
steps. After the system was thoroughly degassed, the bBVBP
molecules were sublimated from the molecular evaporator
onto the substrates. The sample was thereafter transferred
within the UHV chamber to the microscope, where measure-
ments were performed in a typical temperature range of 100—
150 K, and the typical scanning parameters were I, = 0.5—1.0
nA and V, = + 1000—2000 mV. All of the STM images were
further smoothed to eliminate noise.

The calculations were performed in the framework of DFT
using a Vienna Ab initio Simulation Package (VASP) code.”>*’
The projector-augmented-wave method was used to describe
the interaction between ions and electrons,>”*' and the
Perdew—Burke—Ernzerhof generalized gradient approximation
of the exchange—correlation functional was employed.”* Van
der Waals corrections to the PBE density functional were also
included using the DFT-D3 method of Grimme.>® The atomic
structures were relaxed using the conjugate gradient algorithm
scheme as implemented in VASP until the forces on all
unconstrained atoms were <0.03 eV/A for geometry
optimization. The simulated STM image was obtained using
the Tersoff—Hamann method,>* in which the local density of
states (LDOS) is used to approximate the tunneling current.
Reaction pathways were calculated with a combination of the
climbing image-nudged elastic band (CI-NEB)* and dimer
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methods,36 where CI-NEB was used to find an initial guess of a
transition state, which was then refined by the dimer method
until the forces acting to the path were converged typically to
<0.03 eV/A.

B RESULTS AND DISCUSSION

After deposition of 4-(2,2-dibromovinyl)-1,1’-biphenyl
(bBVBP) molecules on Ag(111) at room temperature (RT,
~300 K), we observe the formation of an ordered island
structure as shown in Figure 1b. The close-up STM image
(Figure 1c) allows identifying that the structure is composed of
building blocks with curved shapes (as highlighted by the blue
contour). In addition, at the peripheral of ordered islands,
another motif with a V shape (as highlighted by the green
contour) is also observed (Figure 1d). According to our
previous results obtained on the Au(111) and Cu(110)
surfaces,”””* combined with a detailed comparison of the
experimental topographies and dimensions with the corre-
sponding simulated STM images (Figures le and S1) and the
calculated adsorption models (Figure 1f,g), it is identified that
the reaction products on Ag(111) are dimerized bBVBP
molecules with trans- or cis-cumulene moieties. Such a
dehalogenative C—C homocoupling reaction is depicted in
Figure la. The dot protrusions between the curved motifs are
attributed to detached bromine atoms. It should be pointed
out that the dehalogenative homocoupling reaction shows a
high stereoselectivity on the Ag(111) surface, where a trans-
cumulene product is a more competitive one with more than
85% on the surface.

On the other hand, we also deposit bBVBP molecules on the
Ag(110) surface held at RT, and interestingly, a kind of
disordered structure distinct from the reaction products on
Ag(111) is obtained (Figure 2b) with a yield of about 70%. It
is distinguished that this structure is composed of rod motifs
with an implicit tail (as highlighted by the cyan contour)
together with dot protrusions attributed to detached bromine
atoms. This rod feature indicates that sequential debromina-
tion has already occurred at RT but without further C—C
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Figure 1. (a) Schematic illustration showing the dehalogenative C—C homocoupling of bBVBP on Ag(111), which leads to the direct formation of
trans- and cis-cumulene moieties. (b) Large-scale and (c) close-up STM images showing the formation of trans-cumulene products after deposition
of bBVBP molecules on Ag(111) held at ~300 K. The STM topography of a trans-cumulene product is indicated by the blue contour. (d) Close-up
STM image showing the coexistence of cis-cuamulene products, and one of them is indicated by the green contour. (e) Simulated STM images of
trans- and cis-cumulene products. (f) and (g) DFT relaxed models of trans- and cis-cumulene products on Ag(111).

coupling. Inspired from the literature,” sequential dehaloge-
nation of the alkenyl gem-dibromide group by atomic
manipulation on the NaCl surface leads to a skeletal
rearrangement of the debrominated intermediate and con-
sequently results in the formation of the alkyne moiety.
Theoretical calculation further demonstrates that a similar
process, hydrogen migration, is a barrier-free process in the gas
phase (see Figure S2). Based on that, the rod motif observed in
Figure 2b is speculated to be alkynyl species [i.e., 4-ethynyl-
biphenyl (EBP) molecule shown in Scheme 1b] obtained by
hydrogen migration of the debrominated intermediate of
bBVBP. To verify our speculation, the ex situ synthesized EBP
molecule is chosen as a comparative experiment. As shown in
Figure 2c, after deposition of EBP molecules on Ag(110) held
at ~300 K, the rod motifs of EBP closely resembled the in situ
products of bBVBP on Ag(110) at ~300 K. Note that the dot
protrusions are residual bromine atoms. From this comparative
experiment, combined with a detailed comparison of the
experimental topographies and dimensions with the corre-
sponding simulated STM image (Figures 2d and S3a), we
distinguish that the in situ reaction product of bBVBP on
Ag(110) at RT should be the EBP molecule, resulting from

23842

hydrogen migration of the debrominated intermediate of
bBVBP.

Next, we anneal the structures shown in Figure 2b at ~370
K for about 60 min; it is expected that dehydrogenative
organometallic coupling occurs, resulting in the formation of
predominant silver-acetylide organometallic products on the
surface. A closer examination of the structure (Figure 2e)
revealed that the island is composed of an organometallic
coupling product as highlighted by the dark blue contour. It is
identified that the product structure consists of two lobes at
both sides (attributed to the biphenyl groups of EBP
molecules) and a dot protrusion in the middle assigned to a
silver atom. As the comparative experiment, we also perform
the thermal treatment on the structure formed by ex situ EBP
molecules. After annealing the structure shown in Figure 2c at
~370 K, as expected, we obtained the same silver-acetylide
organometallic products (cf. Figure 2f). DFT calculations
further reveal the detailed adsorption geometry and the
simulated topography of the organometallic species on
Ag(110) as shown in Figure 2g. From this comparative
experiment, combined with the comparison of the exper-
imental topographies and dimensions with the corresponding
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Figure 2. (a) Schematic illustration showing the hydrogen migration after sequential dehalogenation of bBVBP and subsequent dehydrogenative
organometallic coupling on Ag(110). (b) STM image showing the in situ formation of the terminal alkynyl product (EBP) through hydrogen
migration after sequential dehalogenation of bBVBP on Ag(110) at ~300 K. The STM topography of an EBP molecule is indicated by the cyan
contour. (c) STM image of the ex situ synthesized EBP molecule adsorbed on Ag(110) in which a single molecule is also indicated by the cyan
contour. (d) DFT relaxed models and the simulated STM image of an EBP molecule on Ag(110). (e) and (f) STM images showing the formation
of silver-acetylide organometallic products through dehydrogenative organometallic coupling of in situ formed and ex situ synthesized EBP
molecules on Ag(110) at ~370 K, respectively. The STM topographies of silver-acetylide organometallic species are indicated by the dark blue
contours, respectively. (g) DFT relaxed models and the simulated STM image of silver-acetylide organometallic species on Ag(110).

simulated STM image (see Figure S3b), the formation of
silver-acetylide organometallic products is confirmed. The
whole dehalogenative hydrogen migration and dehydrogen-
ative organometallic coupling reaction are depicted in Figure
2a.

To further compare with the reaction pathway in solution
chemistry as shown in Scheme 1a, we have conducted another
comparative experiment by employing the 4-bromoethynyl-
biphenyl (BEBP) molecule, which is the product of the
elimination reaction of bBVBP in solution as depicted in
Figure 3a. After deposition of BEBP molecules on both the
Ag(111) and Ag(110) surfaces held at RT, we observe the
direct formation of silver-acetylide organometallic products on
both surfaces through debromination of the terminal alkynyl
bromide group, followed by organometallic coupling (Figure
3b—d), which is also previously demonstrated on Au(111).*"~
*? The on-surface reaction product of the BEBP molecule is
clearly distinct from the products of the bBVBP molecule on
both Ag(111) and Ag(110) surfaces at RT, which indicates
that the BEBP should not be the reaction intermediate of
bBVBP. The occurrence of such an elimination reaction in
solution can thus be ruled out for on-surface reactions.

From the above discussion, it is experimentally demon-
strated that lattice-directed selective on-surface reactions are
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achieved. To further reveal the role of substrate lattices in
influencing the reaction pathways, extensive DFT calculations
especially on the competitive reaction pathways are performed
on the Ag(111) and Ag(110) surfaces. As shown in Figure 4,
sequential dehalogenation processes are calculated in the first
step, and it is found that the energy barriers of successive C—
Br bond activations are 0.66 and 0.50 €V on Ag(111) and 0.22
and 0.27 eV on Ag(110). According to the Arrhenius equation,
the dehalogenation processes could occur well below RT.
More importantly, competitive reaction pathways, that is,
homocoupling vs hydrogen migration, are conducted on
Ag(111) and Ag(110). As shown in Figure Sa,b, homocoupling
is energetically more favorable than hydrogen migration of
debrominated intermediates on Ag(111) (energy barriers are
calculated to be 0.26 vs 1.25 eV, respectively), while on
Ag(110), shown in Figure Sc,d, hydrogen migration preferen-
tially occurs in comparison with homocoupling (energy
barriers are calculated to be 0.65 vs 0.84 eV, respectively).
We also consider other possible factors such as kinetics that
may affect the reaction pathways. Our DFT calculations show
that the debrominated species can diffuse along two of the
main directions of the substrate with barriers of 0.17 and 0.19
eV on Ag(111) (Figure S4a), while on the Ag(110) surface,
the diffusion barriers are increased to 0.54 and 0.57 eV (Figure
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Figure 3. (a) Schematic illustration showing another possible reaction pathway of the alkenyl gem-dibromide (bBVBP) molecule, that is,
elimination reaction normally occurs in solution, which leads to the formation of terminal alkynyl bromide (BEBP). (b) Schematic illustration and
STM images showing the direct formation of silver-acetylide organometallic products after deposition of BEBP molecules on (c) Ag(111) and (d)
Ag(110) held at RT.
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Figure 4. DFT-calculated reaction pathways for the sequential C—Br bond activations of the bBBVBP molecule on (a) Ag(111) and (b) Ag(110).
The structural models of the initial (IS), transition (TS), intermediate (Int), and final states (FS) along the pathway are also shown.

S4b). These results further illustrate that the Ag(110) surface of the intermolecular reaction (i.e., homocoupling) and hence

lattice may significantly hinder the mobility of the absorbed

molecules compared with Ag(111), which results in inhibition gives rise to the intramolecular hydrogen migration. These
23844 https://doi.org/10.1021/acs.jpcc.1c08003
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Figure S. DFT-calculated reaction pathways for homocoupling and hydrogen migration of debrominated intermediates on (a, b) Ag(111) and (c,
d) Ag(110), respectively. The structural models of the initial (IS), transition (TS), and final states (FS) along the pathway are also shown.

calculations well account for the experimental observations of
selective on-surface reactions steered by substrate lattices.

B CONCLUSIONS

In conclusion, from the combination of scanning tunneling
microscopy imaging and density functional theory calculations,
we demonstrate that selective on-surface reactions, homocou-
pling and hydrogen migration, in this case, could be achieved
by choosing different silver substrate lattices, which is further
corroborated by extensive DFT calculations on the competitive
reaction pathways. Such a lattice-directed strategy would be an
important means for steering on-surface reaction pathways,
aiming to achieve atomically precise synthesis with high
efficiency and selectivity.
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