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ABSTRACT: Ullmann coupling of 4,4″-dibromo-p-terphenyl (DBTP) thermally catalyzed
on a Ag(111) surface was studied by scanning tunneling microscopy. Detailed experimental
measurement shows that the Ullmann coupling reaction pathways of DBTP molecules can be
controlled by pre-self-assembly, and the dissymmetric dehalogenation reaction is realized.
Moreover, self-assembly of the reactants in a rectangular network undergoes a dissymmetric
debromination transfer to a newly observed rhombic network formed by organometallic
dimers prior to the formation of longer symmetric organometallic intermediates on a
Ag(111) surface, while the ladder assembled phase is more likely to induce the symmetric
debromination reaction and converts into the symmetric organometallic intermediate. These
ﬁndings help us to understand the essentials of the dissymmetric dehalogenation reaction that
originated from a symmetric compound and pave new avenues for advancing the emerging
ﬁeld of on-surface synthesis.
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discernible and readily identiﬁed as inserted metal atoms.24 As
extensively reported in prior work, this kind of organometallic
intermediate plays an important role in the Ullmann reaction
and can provide details of the reaction mechanism.25,26 In
addition, as has been demonstrated, the Ullmann reaction can
be seriously inﬂuenced by some key factors like substrate
surfaces, 20 surface reconstruction,27 and step edges.28
Typically, several studies have reported that the self-assembly
of reactants can also eﬃciently steer Ullmann reactions.29
Symmetric halogenated precursors, which contain multiple
halogen atoms of the same chemical environment, are widely
used in the on-surface Ullmann synthesis of hydrocarbon
polymers such as graphene nanoribbons30 and nanoporous
graphene.20 However, most works reported only the formation
of full debromination products of those symmetric precursors,
and there might be evidence of the dissymmetric debromination reaction hiding in the stepwise process of dehalogenation.
The study of dissymmetric chemical reaction of multiple
equivalent reacting sites within one molecule is very important
for synthetic chemistry and material science. Most recently, the
on-surface dissymmetric reaction of 1,4-dibromo-2,5-diethynylbenzene on Ag(111) through a stepwise activation strategy
has been reported, which leads to dissymmetric reactions of
two equivalent Br-substituted sites in the molecule.31 In
addition to the dissymmetric reaction caused by a stepwise

he recently developed on-surface synthesis strategy, by
which well-deﬁned robust molecular structures can be
prepared on surfaces via covalent coupling, has spurred much
interest in recent years. In comparison with the traditional
solution chemistry, the on-surface synthesis strategy is
particularly attractive owing to its following characteristics.
(i) It is relatively easy to control the reaction results from
properly designed precursor molecules on surfaces. (ii) Due to
the steric conﬁnement and the catalytic ability of surfaces,
some unexpected reactions that are inhibited in wet chemistry
can occur.1−3 Thus, this strategy has opened up a new avenue
for the fabrication of numerous novel nanostructures. To
improve our understanding of atomic-scale structural assignments and detailed electronic properties, products of onsurface synthesis can be investigated by scanning tunneling
microscopy and spectroscopy (STM and STS),4,5 noncontact
atomic force microscopy (nc-AFM),6,7 and X-ray photoelectron spectroscopy (XPS).8 So far, various chemical
reactions have been successfully performed on metal surfaces
under ultra-high-vacuum (UHV) conditions, such as homocoupling of terminal alkynes,9−11 cyclodehydrogenation,12,13
and C−H activation.14−16 Nevertheless, due to its relative
reliability and controllability, the Ullmann-type reaction of
halogenated aromatic molecules has attracted a great deal of
attention and is currently considered as one of the most
appropriate approaches to build up complicated as well as
robust molecular structures on surfaces.17−20 Some STM
studies have revealed that an organometallic compound with
carbon−metal−carbon bonds can be the intermediate product
of Ullmann coupling,21−23 and bright circular protrusions
amidst molecular units in the STM topography are clearly
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Scheme 1. Two Reaction Pathways of the DBTP Molecule on a Ag(111) Surface

Figure 1. (a) Typical STM image of a rectangular network after DBTP molecules have been deposited on a cold Ag(111) surface for 5 min. (b)
STM image of the ordered rhombic network after thermal annealing at RT for 2 h. The unit cell is indicated by the white rhombus. The
corresponding structural models are overlaid on the corresponding STM topography. (c) STM image of two coexisting structures: ordered rhombic
network and ambient dispersed dimers. Dimer products are highlighted by white contours. White for H, gray for C, and red for Br. (a) U = −1.10
V, and I = 17.0 pA. (b) U = −1.03 V, and I = 32.7 pA. (c) U = −1.03 V, and I = 32.2 pA.

carefully monitored by STM, demonstrating that the pre-selfassembly structures play important roles in steering reaction
pathways. More importantly, it provides a viable route toward
dissymmetric activation of a mirror-symmetric molecule.
According to a previous study of DBTP on a Ag(111)
surface, C−Br bond dissociation occurs at room temperature
(and well below), resulting in the formation of organometallic
chains.34 To obtain unreacted DBTP monomers, DBTP
molecules were deposited on a cold Ag(111) surface for 5
min after the Ag(111) sample was taken from the scanner (80
K) in the STM chamber to the sample holder in the
preparation chamber (RT), and then the sample was
transferred back to the STM chamber for scanning. In this
way, physically adsorbed DBTP monomers can be obtained,
and they self-assemble into a rectangular network (Figure 1a).
Each rod in the STM image corresponds to a single DBTP
molecule, with a measured length of 1.53 ± 0.05 nm, which is
in accordance with the value from a previous report (1.52
nm).34 In addition, the shape of the rod matches well with that
of the DBTP molecule observed in the previous report.35 Two
obvious protrusions at terminals of rod are ascribed to Br
atoms, indicating that the C−Br bond is present. We ﬁrst
discuss the molecular alignments in the rectangular selfassembled phase. This self-assembled structure formed by
DBTP molecules has been reported by Chung et al.36 and
interpreted as a result of the self-assembly of intact DBTP
molecules mainly governed by Br···Br and Br···H bonds, which
are indicated in the corresponding schematic structural models

activation strategy, we found that the dissymmetric dehalogenation reaction can also be steered by pre-self-assembly.
4,4″-Dibromo-p-terphenyl (denoted as DBTP) has attracted
a great deal of attention because of its ability to fabricate
atomically precise graphene nanoribbons on noble metal
surfaces.32,33 In this work, we report the detailed formation of
organometallic dimers of the dissymmetric dehalogenation
reaction on Ag(111) that originated from a symmetric
precursor and reveal that the self-assembly structures can
rationally control the reaction pathways. The DBTP molecule
was chosen as the precursor for the dissymmetric dehalogenation reaction (as shown in Scheme 1), which contains two
Br atoms of the same chemical environment. Upon deposition
of DBTP on a cold Ag(111) surface, the molecules can align
and form two main phases of ordered structures. After selfassembled structure 1 (rectangular network) is annealed at
room temperature (RT), only one C−Br bond of the DBTP
molecule is cleaved, and we observe the formation of
organometallic dimers formed by dissymmetric debromination,
each dimer containing a C−Ag−C bond. Further annealing at
a higher temperature leads to the formation of symmetric onedimensional organometallic supramolecular wires and eventually covalent nanowires; this route is denoted as “pathway I”
in Scheme 1. However, if the molecules preassembled into a
self-assembled structure 2 (ladder phase), the DBTP molecules
are more likely to convert into symmetric organometallic
oligomers upon annealing at RT; this route is denoted as
“pathway II” in Scheme 1. These reaction processes are
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position in the same node and therefore induces the formation
of rhombic network. According to all of the observed
phenomena described above, it is inevitable that the assembly
structure of the dimer rhombic network is transformed from
pre-self-assembly.
To study the Ullmann coupling step by step, we annealed
the sample at an increased temperature (403 K) to induce
complete debromination and the subsequent formation of
symmetric one-dimensional organometallic chains (see Figure
2a) based on C−Ag−C bonds. It is noteworthy that the chains

(Figure 1a) by black and green dashed lines, respectively. The
square unit cell is outlined in Figure 1a with the following
measured parameters: a = b = 2.75 ± 0.05 nm, and α = β =
90°. One thing we need to note is that in the rectangular phase,
two chiral nodes are observed, which are formed by four DBTP
molecules aggregated in a head-to-head manner into rotary
clockwise and anticlockwise quartet structures. These nodes
have been observed in a previous study,36 in which the internal
structures of nodes could hardly be clearly observed. In this
work, four brighter protrusions within these nodes can also
been distinguished, indicating the presence of C−Br bonds. To
induce the transformation of rectangular phase, the cold
sample was transferred to the sample holder (RT) again for 2 h
without external heating and then transferred back to the STM
scanner. We observed the formation of a new ordered rhombic
network structure on the surface. A representative STM image
is displayed in Figure 1b. To conﬁrm the composition of this
ordered structure, a high-resolution STM image of the edge of
the ordered island was acquired as shown in Figure 1c. We
found that there are many discrete rods near the rhombic
network, which are highlighted by white contours. The
rhombic network consists of uniform rods, and the rod
structure is composed of two lobes (each attributed to a DBTP
molecule with one end debrominated) and a single protrusion
in the middle (attributed to the silver adatom). Silver and
bromine atoms are denoted by green and white arrows,
respectively. As it has been reported that the aryl bromides
usually form the C−Ag−C species after debromination on a
Ag(111) surface at RT,34 the rod structure is naturally assigned
to the organometallic intermediate, which is the product of
dissymmetric debromination of two DBTP molecules. This
organometallic intermediate is denoted as a dimer. Moreover,
we also performed a density functional theory (DFT)
calculation to optimize this expected intermediate structure
in the gas phase (shown in the inset of Figure 1c), and the
calculated length of the dimer is 3.08 nm, which agrees well
with those observed in the STM image of 3.10 nm. These
organometallic dimers assemble into a rhombic network with
the following lattice parameters: a = b = 2.71 ± 0.05 nm, and α
= 84°. The unit cell of this structure is marked in Figure 1b.
The corresponding schematic structural model is superimposed on the STM image. The formed rhombic networks
are most likely stabilized by C−Br···H hydrogen bonds and
C−Br···Ag interaction. Because the bromine end of the
organometallic dimer points to the central silver of another
dimer, the C−Br···Ag interaction should play a key role in the
stabilization of this network. A similar case has been reported
previously.37
To exploit the relationship between the reaction product
and pre-self-assembly, we compare the structures before and
after the dissymmetric dehalogenation. Figure 1a shows the
rectangular network, which has a square unit cell with
parameters of 2.75 nm, consisting of four DBTP molecules.
The unit cell parameters of the rhombic network [2.71 nm
(Figure 1b)] are comparable to those of the rectangular selfassembly, and the molecular densities of these two phases also
are almost identical, which means a potential relationship
between them. For the sake of clarity, the DBTP molecules of
two diﬀerent orientations are colord red and green. The green
(red) contours in panels a and b of Figure 1 explain the
relation between the pre-self-assembly structure and the
rhombic network, in which case one green (red) monomer
reacts with another green (red) monomer at the opposite

Figure 2. STM images of the Ag(111) surface after annealing. (a)
STM image showing the formation of the C−Ag−C symmetric
organometallic wires after the sample was annealed to 403 K, which
are stabilized laterally by bromine atoms. Br and Ag atoms are
denoted by white and green arrows, respectively. (b) The ﬁnal
annealing at 503 K gives rise to covalent supramolecular nanowires.
The schematic models are indicated on the corresponding STM
images. (a) U = −1.03 V, and I = 26.3 pA. (b) U = −1.03 V, and I =
13.8 pA.

are not straight and ﬂat, diﬀerent from those reported
previously on a Ag(111) surface.34 Further annealing at 503
K leads to the ejection of silver atoms from the organometallic
bond. Figure 2b shows an STM image of the ﬁnal product, in
which molecular units are linked laterally by C−C covalent
bonds and form supramolecular organic nanowires. According
to previous studies on a metal surface, the parallel nanowires
are stabilized by interchain C−H···Br···H−C interactions (Br
atoms can be resolved near nanowires) and the detached Br
atoms again act as “glue” to help the reaction products in an
ordered way.38
To further investigate the eﬀect of pre-self-assembly, DBTP
molecules were deposited on the same cold Ag(111) surface
for 5 min [the Ag(111) sample was taken from the scanner (80
K) to the sample holder (RT)], which is diﬀerent from the
former case, and the sample continued to be placed on the
sample holder for an additional 1 h without external heating.
Interestingly, a new ordered network structure can be found on
the surface. Figure 3a is a high-resolution image showing
details of the ladder network, where Br atoms can be clearly
resolved as bright spots at the end of each molecule, consistent
with the same molecule as observed on Au(111), which reveals
that the rod is still an unreacted monomer.33 We note that in a
previous study of DBTP on a Ag(111) surface, C−Br bond
dissociation occurs at RT,34 which is diﬀerent from our case in
which the sample temperature gradually increases from 80 K
and may not reach RT after the cold Ag(111) is placed on the
sample holder for a total of 65 min, so the unreacted
monomers can be obtained. This closely packed self-assembled
structure has not been observed on a Ag(111) surface in
previous reports. Each unit cell consists of two DBTP
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Previous works about DBTP molecules usually reported the
observation of long organometallic chains after debromination
on a silver surface at RT,34 and our direct observation of
dissymmetric debromination on a surface is the ﬁrst report of
its kind. In view of that, we speculate about the potential
mechanism of intermediate formation. Although two bromine
atoms are equivalent in molecular structure, C−Br bond
cleavage always occurs in step-by-step manner.39 However, the
molecules are usually observed to be fully debrominated on
reactive Ag(111), and the dissymmetrical debromination on
Ag(111) can be triggered only through appropriate thermal
activation. As previously reported, when a C−X bond at one
side is cleaved, a C−Ag bond forms immediately, and this
product is short-lived and hard to resolve experimentally.40 As
soon as two molecules meet, one dimer that contains a C−
Ag−C organometallic bond forms and the other C−Br bond of
each DBTP molecule remains, which therefore results in the
dissymmetric debromination. When dimer intermediates selfassemble, their diﬀusion and rotation are restricted by the selfassembly, and full dehalogenation will also be prevented by
self-assembly.41 Thus, if the temperature is not high enough to
overcome this diﬀusion barrier, only one C−Br bond can be
cleaved and the dimer intermediate stably exists. Moreover, a
comparison between the adsorption of DBTP on Ag(111) at
low temperature and RT renders a signiﬁcant diﬀerence. The
DBTP molecules diﬀuse freely at the surface until reaction, and
the C−Br bond is cleaved directly before self-assembly due to
the higher reaction temperature, and subsequently construct
1D organometallic chains at RT, while no dimer rhombic
network was observed.34
Comparing the experimental results of the two cases
presented above, we ﬁnd that the reaction pathways for the
Ullman coupling can be controlled by pre-self-assembly. When
DBTP molecules assemble into a rectangular network, each of
the two nearby molecules in line is separated by perpendicular
molecules, so only intermediates no longer than two units can
form in the rhombic network after annealing. In the ladder
network, DBTP molecules arrange in a head-to-tail manner, so
it is easier to form symmetric intermediates after annealing.
These diﬀerent results are induced by diﬀerent levels of steric
hindrance of molecular self-assembly. Therefore, it is rational
to conclude that dehalogenation reactions can be steered by
self-assembly structures of DBTP molecules.
In conclusion, we have studied the Ullmann reaction of
DBTP molecules on Ag(111) using high-resolution STM in
UHV. In our case, the self-assembled structures eﬃciently
inﬂuence on-surface reaction pathways and the dissymmetric
dehalogenation reaction is realized. The self-assembly of the
reactants in a rectangular network undergoes a dissymmetric
debromination prior to the formation of longer symmetric
organometallic intermediates on the Ag(111) surface, while the
ladder assembled phase is more likely to induce the symmetric
debromination reaction and convert into the symmetric
organometallic intermediate. This is an important ﬁnding for
providing valuable guidelines for the design of halogenated
monomers suitable for realizing dissymmetric chemical
reactions and paving new avenues for advancing the emerging
ﬁeld of on-surface synthesis.

Figure 3. Reaction process of pathway II on Ag(111). (a) Selfassembled structure 2 (ladder network) of the intact species. (b)
Annealing of a sample with a ladder network loaded at RT for 2 h. (c)
Annealing at 403 K leads to full debromination and formation of
organometallic wires. (d) Final annealing to 503 K gives rise to
covalent nanowires. (a) U = −1.10 V, and I = 13.5 pA. (b) U = −1.21
V, and I = 20.9 pA. (d) U = −1.03 V, and I = 13.8 pA. (d) U = −1.03
V, and I = 26.7 pA.

molecules in parallel; the rectangular unit cell is outlined in
Figure 3a with the following measured parameters: a = 0.92 ±
0.05 nm, b = 2.88 ± 0.05 nm, and α = β = 90°. This pattern is
most likely stabilized by four lateral Br···H bonds and two Br···
Br bonds, as represented by green and black dashed lines in the
schematic structural model of Figure 3a, respectively. A similar
structure has been observed on the Au(111) surface.33 To
study the reaction of a new structure, the sample with only a
ladder network was placed on the sample holder for 2 h
without external heating as in the rectangular phase, and the
ladder network was partly transformed into ladder organometallic oligomers without any rhombic network appearing.
Typical STM images of the organometallic oligomers are
shown in Figure 3b. The supermolecules have prominent
protrusions in the STM image, which is consistent with the
characteristics of the organometallic intermediates connected
by C−Ag−C bonds at the expense of the C−Br ones. This
ladder assembled phase is more likely to induce the symmetric
dehalogenation reaction, and dimers or oligomers with longrange ordering can be identiﬁed on surface, which are parallel
to each other (see Figure 3b). Meanwhile, dot pairs located
between the organometallic oligomers are Br atoms detached
from DBTP. The dissociated bromine atoms are indicated by
the arrow in Figure 3b. These detached Br atoms tend to form
weak hydrogen bonds with adjacent H atoms in nearby
benzene rings, which act as “glue” to help the supramolecular
chains in parallel.38 To complete the Ullmann coupling, we
annealed the sample at 403 and 503 K. One-dimensional
organometallic chains and continuous linear chains are
observed on the surface, and the corresponding STM images
are shown in panels c and d of Figure 3, respectively.

■

METHODS
STM measurements were performed with a Unisoku lowtemperature scanning tunneling microscope (LT SPM1200)
operated in an ultra-high-vacuum (UHV) chamber (basic
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pressure of 1 × 10−10 Torr) at 80 K. The Ag(111) substrate
was prepared by several cycles of 1.0 keV Ar+ sputtering
followed by annealing to 773 K until the surface was clean.
Commercially available DBTP was loaded in a tantalum
crucible, which was mounted in a molecular evaporator, and
was thoroughly degassed for several hours before being
deposited onto the substrate. A cold Ag(111) sample was
taken from the scanner in the STM chamber (80 K) to the
sample holder in the preparation chamber (RT), onto which
molecules were deposited for 5 min. All STM measurements
were carried out at 80 K, and all STM images were recorded in
constant current mode using a tungsten tip. The sample
temperature was measured using an infrared thermometer.
DFT calculations were carried out using Vienna Ab Initio
Simulation Package (VASP) code within the Projector
augmented-wave (PAW) scheme.42 The Perdew−Burke−
Ernzerhof (PBE) functional was used to describe the
exchange-correlation energy between electrons.43 The structure geometry was optimized until all forces were ≤0.03 eV/Å,
and the convergence criterion of each electronic step was ≤1.0
× 10−5 eV.

■
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