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A B S T R A C T

Ullmann coupling on coinage metals has attracted significant attention in surface chemistry due to its atomic
precision of constructing extended covalent nanostructures with predictability, while the elementary reaction
mechanism behind has not been comprehensively understood yet. In this study, we demonstrate the active
contribution of surface atoms in promoting Ullmann coupling of 2,7-dibromopyrene (Br2Py) on Au(1 1 1) ac-
companied with the structure transformation from self-assembly to covalently bound one-dimension polymer
chains via a combination of scanning tunnelling microscopy (STM), X-ray photoelectron spectroscopy (XPS) and
density functional theory calculations (DFT). Even the organometallic intermediate on Au substrate has been
occasionally reported before, it is interesting herein to observe organometallic intermediates with the gold-
carbon bonding, and demonstrate that surface adatoms specially play an important role in the dehalogenation
process of Br2Py on Au(1 1 1) as elucidated by DFT simulations. Step-wise annealing facilitates the decoupling of
the coordinated Au atoms from organometallic oligomers and the ultimate formation of extended polymers,
which has been consistently interpreted by XPS and DFT calculations. Our study might shed new insights on the
atomistic understanding of Ullmann coupling chemistry on Au substrates and proposes an effective approach to
comprehensively elucidate the effect of organometallic intermediates towards on-surface Ullmann coupling
reaction.

1. Introduction

Bottom-up fabrication of stable organic architectures linked by
covalent bonds as demanded has drawn tremendous interest over the
past decades [1–3], driven by their appealing application potential in
both fundamental science and industrial fields, such as nanoelectronics
and sensing devices [4,5]. Under this context, a collection of covalent
coupling reactions has been extensively explored inspired from the
traditional bulk chemistry, including homocoupling of alkynes and
various dehalogenative coupling [6–10]. Especially, the dehalogenated
aryl-aryl coupling of selected precursors in the presence of coinage
metal atoms under UHV conditions, also known as surface-assisted

Ullmann coupling, has been witnessed as an effective and controllable
approach to link precursors into oligomers, polymer chains towards
building high-stability covalent nanostructures at the single atom level
[11–19]. Generally speaking, on-surface Ullmann polymerization
comprises several crucial steps: a) the dehalogenation of precursors and
the formation of reactive residue intermediates, b) the formation of an
organometallic (OM) intermediate on surfaces or the reactant can also
be anchored to the metal surface after dehalogenation and no OM
structures can be formed, and c) the removal of the coordinated metal
atom for the CeC bond formation between monomers Despite the en-
couraging achievement of on-surface Ullmann reaction, there still exist
obvious hurdles which prevent the vast application of the constructed
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conjugated nanostructures, for instance, restricted structure quality
with limited length of one- dimensional (1D) chains or considerable
defects embedded in two-dimensional (2D) network with limited size,
mostly due to the fact that the governing mechanism of Ullmann cou-
pling reaction on surface has not been comprehensively understood yet.
For instance, several intrinsic limitations are always discovered during
Ullmann coupling reaction, the irreversible reaction with locked defects
frustrating the formation of extended domains and the surface fouling
of detached halogen atoms blocking further polymerization on surface
[20]. Importantly, control of the reaction pathway with atomistic un-
derstanding of elementary reaction steps is crucial for precise fabrica-
tion of covalent nanostructures. For example, the possibility to have
competing reaction pathways is observed with molecular degradation
in combination with polymerization [21,22], while the template effect
and self-assembly strategy have also been proven to significantly in-
fluence reaction pathways and the on-surface Ullman coupling after-
wards [23–25].

Aiming at the achievement of highly ordered and defect-free cova-
lent nanostructures through CeC bonding, deep insight into the reac-
tion mechanisms and kinetics of on-surface Ullmann coupling process
becomes especially crucial [26–29]. Specifically, the reaction inevitably
leads to the formation of OM phases, which can be difficult under some
circumstances to thermally transform into covalently bonded nanos-
tructures without desorbing or damaging molecules. While in some
other cases, unexpected OM intermediates can also be formed showing
the mechanism complexity of on-surface synthesis [30]. Interestingly,
the formation of OM phases on Au substrates has been seldom observed
while carbon-metal-carbon bonds are commonly discovered on Ag
surface in Ullmann coupling, which is interfered by the thermodynamic
behaviour of Ullmann coupling on Au(1 1 1) with reversible debromi-
nation and surface-stabilized residues [28]. On the other hand, the
demonstration of the occasional formation of Au coordinated OM
chains [22,31–34] indicates that surface adatoms or defects on Au
(1 1 1) surface can be the active site to initiate the scission of carbon-
halogen bonding under certain conditions and promote the subsequent
formation of carbon-metal bonding. In addition, Au itself possesses
remarkable activity with special chemical nature and has been widely
investigated in catalyst, surface science and so on. With this con-
sideration, the fundamental exploration of the evolution of OM inter-
mediates during Ullmann coupling reaction on Au(1 1 1) would gain
invaluable insight onto the reaction mechanism [35], and promote the
atomistic understanding of the elementary reaction which is essential to
fully elucidate on-surface Ullmann coupling process towards sig-
nificantly improving the structure quality of polymerized nanos-
tructures.

Herein, the self-assembly and dehalogenation of 2, 7-di-
bromopyrene (Br2Py) [36] on Au(1 1 1) at elevated temperatures have
been thoroughly investigated by a combination of scanning tunnelling
microscopy (STM), X-ray photoelectron spectroscopy (XPS) and density
functional theory (DFT) calculations. While experimental results de-
monstrate the formation of OM intermediates during Ullmann coupling
reaction, the Au adatom on surface is expected to have important
contribution to the dehalogenation process, which acts as the co-
ordination site as revealed from DFT simulations. Furthermore, con-
verting of OM structures into covalent polymerized chains is straight-
forward by thermal annealing and kicking out the coordinated Au atom.
With the elementary reaction pathway being clarified, to some extent,
our findings demonstrate that surface adatoms might play a significant
role in promoting the on-surface Ullmann coupling reaction on Au
(1 1 1) and the ultimate formation of extended 1D polymers.

2. Experimental methods and DFT calculations

All STM measurements are performed in an ultrahigh vacuum
(UHV) system (Omicron Fermi SPM) with the base pressure better than
2 × 10−10 mbar at liquid nitrogen temperature. The sample is

grounded while the bias voltage is applied to the tip. STM images were
recorded in a constant-current mode. Moderate filtering (for example,
smooth and background subtraction) has been applied to STM images
for better illustration. A clean and structurally well-defined Au(1 1 1)
surface was achieved by cycles of bombardment with Ar + ions and
subsequent annealing at 800 K, while the surface quality was double
checked by XPS and STM. Commercially available Br2Py (Richest
Group) was thoroughly degassed several hours before deposition inside
a glass crucible. The sublimation of Br2Py was performed with the Au
(1 1 1) substrate kept at RT and the deposition rate was monitored by a
quartz microbalance. XPS measurements were performed in a separate
UHV chamber utilizing the PHIBOS 100 analyzer (SPECS) equipped
with a monochromatic Al-Ka radiation (hv = 1486.6 eV), and the base
pressure is better than 5 × 10−10 mbar [37]. The photon energy was
calibrated against the Au 4f7/2 core level and the metal Fermi level.

Calculations were performed using the Vienna ab initio simulation
Package (VASP) under the framework of DFT [38]. The PBE functional
[39] was used in combination with the third-generation van der Waals
dispersion correction due to Grimme (DFT-D3) [40,41] and the pro-
jector-augmented wave (PAW) ansatz for the atomic cores. A plane-
wave cut-off energy of 500 eV was employed, while the k-point sam-
pling was chosen to be 3 × 3 × 2 in order to obtain a realistic and
accurate picture of the energetics. For simulation of the OM inter-
mediate with AueC bonding and the CeC coupled dimer, a three-layer
atomic slab of Au(1 1 1) supercell (7 × 8) with lateral dimension of
20.16 × 23.04 Å and a two-layer slab of Au(1 1 1) supercell with lateral
size 37.44 × 34.56 Å were utilized, respectively. A vacuum layer of
19 Å was introduced to isolate the interactions of slabs from each other.
The lattice parameter of the Au(1 1 1) surface after optimization was
found to be 2.88 Å. The top most Au(1 1 1) layer was free together with
the adsorbed molecule during geometry optimization, while the bottom
two Au(1 1 1) layers were kept fixed. Geometries were optimized until
the forces on the active atoms dropped below 0.02 eV/Å. The con-
vergence criterion is 10‑4 eV in total energy difference. Transition states
were predicted using the climbing-image modified nudged elastic band
theory (CI-NEB) [42].

3. Results and discussion

When deposited onto Au(1 1 1) at room temperature (RT) with the
total coverage of around one monolayer (ML), Br2Py molecules im-
mediately self-assemble into neat patterns with the ordered domain, as
observed by STM in Fig. 1a. Meanwhile, the characteristic herringbone
reconstruction of the Au(1 1 1) substrate is well preserved suggesting
the fairly weak molecule-substrate interaction between precursors and
the Au(1 1 1) surface at RT [22,36]. Zoom-in investigation of the self-
assembled structure is represented in Fig. 1b as well. Apparently, it can
be identified that Br2Py precursors are kept intact after deposition onto
Au(1 1 1) at RT with the majority arranged in close-packed manner
forming a brick-wall pattern. While the adsorption density is found to
be around 0.89 molecule/nm2, a rhombohedral unit cell is withdrawn
and the lattice parameters are determined to be a = 11.3 ± 0.2 Å,
b = 12.0 ± 0.2 Å and θ = 55 ± 2°, as highlighted in Fig. 1c. Further
inspection reveals that the brick-wall-like assembly structure is medi-
ated by delicate halogen-hydrogen bonding motifs [36], as illustrated in
the proposed adsorption model in Fig. 1c. Monomers are stacked par-
allel while each Br substituent interacts with four adjacent hydrogen
atoms and two adjacent Br atoms from neighbouring molecules,
achieving a balanced bonding framework. The BreH bonding length
varies from 3.3 to 3.8 Å, which is also consistent with literature reports
[43,44].

While the parallel arrangement of Br2Py on Au(1 1 1) is found to be
dominant, self-assembled monomers can also be packed in a fishbone
manner, where Br2Py is sitting exactly at the elbow site of the her-
ringbone reconstruction of Au(1 1 1), as marked by the black square in
Fig. 1b and depicted with the zoom-in view in Fig. 1c. Detailed analysis
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shows that the fishbone pattern is actually formed at boundaries be-
tween parallel domains, by rotating one parallel domain 60° with re-
spect to another whilst following the threefold symmetry of the un-
derlying Au(1 1 1) substrate.

Nevertheless, the hydrogen bonding between Br and H is still the
driving force to stabilize the fishbone arrangement, and both the brick-
wall and fishbone structures in fact belong to the same phase. In ad-
dition, it is worthy to point out that there exists a delicate balance
between the molecule-substrate and intermolecular interaction, as the
herringbone reconstruction of Au(1 1 1) is apparent after adsorption
while Br2Py precursors are orderly packed by intermolecular hydrogen
bonding motifs.

As expected, dehalogenation of Br2Py precursors on Au(1 1 1)
doesn’t occur at RT, which is consistent with previous reports that Au is
less reactive as compared to Ag or Cu [22]. In order to initiate the
dehalogenation, thermal annealing in situ was applied in sequence.

Considerable change of surface morphology is recognized after an-
nealing to 423 K as the first step, and the STM observation is shown in
Fig. 2a. Structural transformation occurs from the self-assembled ar-
rangement of Br2Py precursors into mixed domains with locally ordered
structures. A typical close-up investigation of such multiphase nanos-
tructures is depicted in Fig. 2b, revealing that the majority of Br2Py
precursors is kept intact whilst confined within one domain after an-
nealing at 423 K. Moreover, these intact monomers are arranged in the
same manner as the self-assembled precursors before. Interestingly,
besides intact Br2Py monomers, dimers are also found along edges be-
tween the localized domains of intact monomers, as also revealed by
XPS measurements in the following. For instance, dimers are re-
cognized with one bright spot in the middle coordinating two residues
at both sides, as represented and highlighted by the coloured ellipses in
Fig. 2b. Nevertheless, intermolecular bonding within self-assembly
monomers should not be affected by the detached bromine atoms.

Fig. 1. Self-assembly of Br2Py adsorbed on Au(1 1 1) at RT. (a) An overview STM image after adsorption with the herringbone reconstruction of Au(1 1 1) visible. (b)
Zoom-in view with individual molecule resolved. Two packing styles of monomers are discovered: parallel and herringbone structure. (c) STM investigation with sub-
molecular resolution demonstrating two molecular arrangements with the identical halogen-hydrogen bonding motif, and the DFT-optimized adsorption config-
uration in gas phase is overlaid on top for better illustration. Grey: carbon, white: hydrogen, brown: bromine. Scanning parameters: (a) Vtip =−1.0 V, I = 1.0 nA; (b)
Vtip = −1.8 V, I = 1.0 nA; (c) Vtip = −1.8 V, I = 1.0 nA.

Fig. 2. The formation of OM intermediates after annealing at 423 K. (a) Large-area STM and (b) the zoom-in view of the surface topology marked with black square
from panel a. As seen, OM dimers with varying shapes are formed on Au(1 1 1) after the dehalogenation of Br2Py. (c) and (e) DFT-optimized structural model of OM
dimers with the corresponding simulated STM images depicted in (d) and (f). (g) Another typical STM image showing the coexistence of monomers, linear dimers and
oligomers with the line profile (red) along linear dimers shown in the inset. (h) The corresponding structural model of the linear dimer predicted by DFT. Grey:
carbon, white: hydrogen, brown: bromine, yellow: gold adatom. Images were taken at a) Vtip = −1.0 V and I = 1.0 nA; b) Vtip = −1.8 V, I = 1.0 nA and g)
Vtip = −1.0 V, I = 1.0 nA. d), f), h) are simulated with the bias of −1.8 V, −1.8 V and −1.0 V, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Interestingly, dimers are formed with an internal angle around 90° or
120° between the two residues which might be influenced by the 3-fold
symmetry of the Au(1 1 1) substrate. According to previous reports of
Ullmann coupling on Au(1 1 1), the bright protrusion between residues
can be assigned to the Au atom/adatom [45,46]. Therefore, it is an-
ticipated that OM intermediates are formed in sequence of the bromine
dissociation from Br2Py followed by the coordinating of half-debromi-
nated precursor to one Au atom/adatom. To further confirm such hy-
pothesis, DFT calculations were performed with the optimized struc-
tural model illustrated in Fig. 2c and e, where dimers with the Au
adatom residing in the molecular plane are revealed to be the stable
configuration. Furthermore, the coordinated Au adatom is discovered
to locate at the face-centred cubic or hexagonal close-packed hollow
site on Au(1 1 1) as the most stable adsorption site (after a comparison
of adsorption energy at different sites) coordinating the dissociated Br
atom on top as well. Side-view adsorption configuration from DFT
calculations shows that the Au adatom is attracted a bit closer to the
substrate than the pyrene moieties with the height difference of around
0.8–1.0 Å, which is presented in Fig. 2c and e. In addition, the CeAueC
bonding angle is found to be 92° or 123° and the corresponding simu-
lated STM images are shown in Fig. 2d and f, respectively, which seems
to be reasonably consistent with experimental observations. For con-
vincing discussion, STM simulation of OM structures adapting the
surface Au atom from the first layer of Au(1 1 1) instead of the surface
adatom has also been investigated for comparison and presented in Fig.
S1 in the supporting information. Moreover, STM simulation of OM
dimers has also been done without Br atom included atop the co-
ordinated Au adatom and is illustrated in Fig. S2a in the supporting
information as well. It is apparent that inconsistence with STM ob-
servations is discovered from Figs. S1 and S2a. Consequently, the bright
dot sitting in between two residues observed in STM might be pre-
ferably assigned to the coordinated Au adatom with a Br atom attached
on top, and this is an interesting proposal while similar demonstration
has also been reported before [47,48]. On the other hand, it has also
been revealed from DFT calculations that the relative binding energy of
the OM dimer with one Br atom atop the Au adatom is −805.85 eV,
while the OM dimer with the Br atom directly bonded to the Au(1 1 1)
substrate is −805.28 eV. As the energy difference is not that big, it can
be inferred that both structures are stable while the structure with Br on
top of the Au adatom is more likely to occur. Further inspection of OM
dimers shows that the formation of OM dimers is related to adsorption
sites. For example, the Au-coordinated dimer with 120° tends to be
formed at boundaries between the original brick-wall domains, while
right-angled dimer also shows up around domain boundaries. Never-
theless, the halogen-hydrogen bonding between neighbouring mole-
cules still plays a dominant role in stabilizing mixed domains com-
prising both halogenated monomers and OM dimers.

Interestingly, beside the formation of nonlinear dimers, annealing at
423 K also results in the formation of linear dimers and oligomers on
the Au(1 1 1) surface, as marked by green ellipses in Fig. 2g. Based on
the average length of these peanut-shape dimers and the absence of
bright protrusion in the middle, we infer that the linear dimer is formed
by reconnecting two half-debrominated molecules via the direct CeC
bonding. The structural model obtained from DFT calculations is given
in Fig. 2h together with the STM simulation, where the distance be-
tween adjacent residues is found to be 8.6 Å in close agreement with the
STM observation. Apparently, OM dimers are constructed with the bent
shape (90° or 120°), while linear dimers are also formed without Au
involved, indicating the coordination effect from the Au adatom
[45,46]. Nevertheless, the appearance of both Au-coordinated and non-
coordinated dimers may suggest the relative stability of the OM inter-
mediate, and obviously shows the initialization of on-surface Ullmann
coupling after 423 K annealing as confirmed by XPS in the following
whilst Au adatoms acting as the catalytic site.

Further annealing to 473 K leads to the formation of extended oli-
gomers with the bamboo-like shape as presented in Fig. 3a, which

accumulate to form localized domains. Deep investigation is shown in
Fig. 3b with a magnified view. Similar to the situation of OM dimers,
two oligomers are anchored at a certain angle to one bright protrusion
in the end which is expected to be the coordinated Au adatom, while
faint bright dots are observed in the vicinity between the bamboo-shape
oligomers which shall be attributed to the detached bromine atoms
chemisorbed on the Au substrate [45]. Again, hydrogen bonding motifs
mediate the stability of molecular chains between the bromine terminal
and hydrogen atoms in peripheral from the adjacent oligomer, while
the promotion of Ullmann coupling at 473 K is also supported by XPS
data in the following discussion. To further understand the bonding
between residues and the Au adatom, DFT optimization was performed
as well. Fig. 3c shows the optimized adsorption model and the corre-
sponding STM simulation, where reasonable consistence is observed
between experimental data and calculations. Once again, such OM in-
termediates are predicted to host dissociated Br atoms atop the Au
adatoms. For comparison, STM simulation has also been done for the
OM oligomer without bromine attached on top of the coordinating Au
adatom and is illustrated in Fig. S2b in the supporting information. It
can be discovered that the coordinating Au appears relatively dim,
which is apparently different to experimental observations. Further,
more convincing demonstration can also be extracted from the com-
parison between experimental scans and simulations at different bias
voltages, where the bright feature remains basically consistent with an
additional Br atom by a series of bias-dependent STM scans and simu-
lations. More details are shown in Fig. S3 in supporting information.
Meanwhile, line profiles across the features of organometallic structures
with Br atop Au at 423 K and 473 K are provided in Fig. S4 in the
supporting information, which shows that bright dots are higher than
organic ligands by approximately 0.8–1.0 Å and confirm the hypothesis
of one Br atom on top of the Au adatom. In addition, it is found in
Fig. 3b that these bright dots seem to appear more at the peripheral
region as compared to the OM phase at 423 K, which is kind of inter-
esting and might be related to the structure evolution of oligomers after
annealing, as the length of molecular chains gets elongated leading into
the distortion of OM structures due to space limitation. Based on DFT
simulations and the above discussion, we might conclude that the Au
adatom plays an important role in promoting the on-surface dehalo-
genation and subsequent coupling reaction.

Progressive annealing to 523 K induces the extension of bamboo-
shape oligomers to as long as 10 nm with relatively high order, as
shown in Fig. 3d and e, respectively. Dehalogenation of Br2Py is not
completed yet at this stage, since bromine terminal can still be re-
cognized, and this is also supported by the XPS discovery afterwards.
Moreover, removal of the Au adatom together with the attached bro-
mine from OM intermediates seems to be straight forward resulting in
the formation of extended 1D chains. Notably, detached bromine atoms
are still clearly resolved with being well confined in between 1D
bamboo-shape chains on Au(1 1 1). With the annealing temperature
further increased to 573 K, 1D molecular chains are extended longer as
shown in Fig. 3f, while the order of polymer chains gets declined.
Meanwhile, it becomes also hard to identify bromine atoms in between
polymerized chains at this stage, indicating either the partial desorption
of Br adatoms from in between polymer chains or the accumulation
afterwards into clusters/islands by diffusion induced by annealing at
573 K. As polymer chains are demonstrated to be stabilized by the in-
terchain halogen-hydrogen bonding motif, decrease of the order of
polymer islands shall be assigned to the desorption of bromine adatoms
since the interchain bonding is reduced in the absence of Br adatoms.
Another possible reason could be that the inter-chain dehydrogenative
coupling starts to occur at this temperature, as one could see in Fig. 3f
that most of the long chains are covalently tethered with each other at
terminals and that fused wider polymer chains starts to emerge.

In order to more thoroughly investigate the mechanism of dehalo-
genation and coupling reaction on Au(1 1 1), XPS measurements were
carried out thereafter to understand the change of chemical states
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Fig. 3. A sequence of STM investigations reveals the formation of 1D bamboo-shape oligomer with increasing length after subsequent annealing. (a) Annealing to
473 K and (b) the corresponding high-resolution STM image. Adsorption model of OM oligomers proposed by DFT is illustrated in (c) with both top and side views
hybridized with STM simulation, where dissociated Br atoms are either confined in between chains or chemisorbed atop Au, and the commensurability of OM chains
with the Au(1 1 1) substrate can be recognized. (d) Surface topology after annealing to 523 K with elongated chains and (e) the zoom-in view. (f) Further annealing at
573 K leading to significantly extended 1D polymers. Scanning parameters: a), b), d), e) Vtip = −1.0 V, It = 1.0 nA; f) Vtip = −3.0 V, It = 0.8 nA while the bias for
STM simulation in f) is −1.0 V.

Fig. 4. Core level spectra of Br 3d and C 1s
for the Br2Py precursor adsorbed on Au
(1 1 1) at RT followed by subsequent an-
nealing to 423 K, 473 K, 523 K and 573 K
respectively. Fitted components with Voigt
functions are represented in solid coloured
curves. Shirley background has been sub-
tracted in the raw data for easy illustration.
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during reaction. High-resolution core level spectra of Br 3d and C 1s are
shown in Fig. 4 from left to right, respectively, with the Shirley back-
ground subtracted for easy illustration, and the detailed fitting para-
meters and results are summarized in Table 1 in the supporting in-
formation, together with the raw Br 3d spectra shown as Fig. S5 for
reference. Obviously, considerable changes occur in Br 3d spectra
during the progressive thermal annealing. By comparison with previous
reports, the spin-doublet component located at binding energy of
69.9 eV and 70.9 eV from the Br 3d spectrum at RT shall be assigned to
the carbon-bonded Br atom [50], and the existence of only one spin-
doublet indicates that Br2Py molecules are intact after deposition onto
Au(1 1 1) at RT, in accordance to STM observations. Similar informa-
tion can also be extracted from the C 1s spectrum at RT: the peak lo-
cated at 285.2 eV is ascribed to the brominated carbon atoms while the
peak at 284.2 eV originates from sp2 hybridized carbon from pyrene
[51]. After annealing to 423 K, an additional doublet shows up in the Br
3d spectrum with the new Br 3d5/2 component located at 67.7 eV, and
this doublet shall be attributed to the chemisorbed Br atoms on Au
(1 1 1) after dissociation from precursors [10,25,47,48]. As a portion of
the CeBr bonding is dissociated at 423 K, deconvolution of the C 1s
spectrum is obvious. A new component located at 283.1 eV can be re-
solved, which is probably related to the metal- bound carbon
[10,50–52]. This tiny component can therefore be assigned to the for-
mation of CeAu bond after dehalogenation, which accounts for less
than 1 percent of carbon in total as judged from peak fitting. Moreover,
the intensity attenuation of the original carbon-bounded Br 3d peak
also suggests the partial dehalogenation of Br2Py at 423 K in good
agreement with the intensity decline of the brominated carbon peak at
285.2 eV in the C 1s spectrum. Meanwhile, it needs to be pointed out
that roughly 35% of the CeBr component is lost from the fitting ana-
lysis of C 1s spectrum at 423 K considering the desorption of Br2Py
monomers during annealing. On the other hand, less than 35% dis-
sociated bromine is revealed to be bound to the Au substrate as in-
dicated by the change of Br 3d spectra from RT to 423 K, suggesting the
inevitable desorption of dissociated bromine after annealing.

Subsequent annealing to 473 K leads to the peak intensity being
greatly enhanced of the chemisorbed Br component, which is in line
with STM observations that the cleavage of CeBr bonding from

precursor becomes enormously promoted after additional annealing
and dissociated Br atoms become stably adsorbed in between oligomer
chains on Au(1 1 1). On the other hand, the C 1s component at 283.1 eV
keeps almost constant after 473 K annealing suggesting that the po-
pulation of Au-coordinated carbon remains unchanged, which is well
matched to STM observations that the number of OM intermediates
does not increase significantly while the length of oligomers gets ap-
parently elongated by interconnecting more debrominated residues
after annealing to 473 K. Further heating to 523 K induces a significant
decline of the CeBr bonding from pristine Br2Py precursors as reflected
in both Br 3d and C 1s spectra, whereas the carbon-bonded bromine is
almost gone but faintly visible at 69.7 eV/70.7 eV in the Br 3d spec-
trum, and similar behaviour is found for the carbon peak at 285.0 eV in
the C 1s spectrum. These observations suggest that the amount of
terminal bromine becomes significantly reduced and is in principle
consistent with STM discovery in Fig. 3e. Meanwhile, ratio of the AueC
bonding becomes slightly weaker, which also agrees with STM mea-
surements in Fig. 3d and e.

In the end, annealing to 573 K results in the complete disappearance
of both metal-bonded and halogenated carbon components and the only
remains of the sp2 hybridized C 1s component, as seen from the top C 1s
spectrum in Fig. 4. Such behaviours indicate that Ullmann coupling
dehalogenation on Au(1 1 1) is completed after annealing to 573 K.
Meanwhile, the Br 3d spectrum is now represented by the single com-
ponent originating from chemisorbed Br atoms, which demonstrates as
well that the dehalogenation of Br2Py precursors is completed with the
retaining dissociated Br atoms chemically adsorbed on the gold sub-
strate. Additionally, the intensity of chemisorbed Br component de-
creases considerably as compared to that at annealing to 473 K, re-
vealing that chemisorbed Br atoms start to desorb from surface after
573 K annealing. This observation is consistent with the STM image in
Fig. 3f that the chemisorbed Br atoms start to desorb at this stage, al-
though bromine atoms are hard to resolve in STM due to the localized
investigation capability of STM. Details of fitting parameters are sum-
marized in Table 1 in the supporting information. Nevertheless, a
downward shift of both Br 3d and C 1s spectra is observed during an-
nealing and Ullmann coupling, which is attributed to the change of
interfacial work-function caused by the chemisorbed Br atoms [52].
Meanwhile, a quantitative analysis of the Ullmann reaction ratio (de-
fined as the proportion of dehalogenated precursors to the total reactant
monomers), the relative abundance of the CeAu bonding (estimated by
calculating the ratio of the carbon-metal bonding to the total amount of
CeAu and CeC bonds analyzed from STM images) and the length of
oligomers as a function of annealing temperature is summarized in
Fig. 5 based on STM measurements, whereas a linear increase of oli-
gomer length can be recognized and the change of relative abundance
of the AueC bonding is basically similar to that in C 1s spectra showing
that the relative amount of AueC bonding becomes almost constant
(around 0.7%) from 423 K to 473 K annealing, drops at 523 K annealing
and becomes zero after 573 K annealing.

To obtain an atomistic understanding of the dehalogenation me-
chanism of Br2Py on Au(1 1 1) and the critical role of Au atoms/ada-
toms during reaction, DFT calculations combined with NEB have been
carried out. To balance the computation cost and accuracy, Br2Py is
represented by a bromobenzene molecule (C6H5Br, as shown in Fig. 6)
[20,53–55]. The initial reactant state (IS) is built as the C6H5Br ad-
sorbed on Au(1 1 1) with one Au adatom nearby. It is discovered that
the initial dissociation of one Br atom from one bromobenzene under
the assistance of an Au adatom needs to overcome a relatively low
energy barrier as compared to that assisted by an Au atom from the first
surface layer (red dashed line in Fig. 6, more details can be found in Fig.
S4 in the supporting information). Additionally, in order to produce an
Au adatom on purpose on Au(1 1 1), an energy barrier of around
1.50 eV needs to be overcome, and additional energy of 0.85 eV is
required for the adatom to diffuse to the right position, which in general
can be fulfilled by the sputtering/annealing procedure during sample

Fig. 5. Quantitative analysis of Ullmann reaction of Br2Py on Au(1 1 1) and the
length evolution of molecular chains during progressive annealing. Reaction
ratio is defined as the proportion of dehalogenated precursors to the total re-
actant monomers, while the relative abundance of the AueC bonding is esti-
mated by calculating the ratio of carbon-metal bonding to CeAu linkages and
CeC bonds in total as analyzed from STM images. ‘polymer’ stands for 5 pyr-
enes or more.
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preparation. Such comparison implies that the scission of CeBr bonding
seems to be quite favourable under the assistance from an Au adatom
(TS1), which is subsequently followed by the formation of a relatively
stable AueC bonding with Br atop in an OM intermediate (S2).
Thereafter, a second bromobenzene becomes debrominated as well via
the help of the Au adatom (S3 and S4) and is bonded together to form
an OM dimer whereas the Au adatom coordinates two half-dehaloge-
nated precursors with the AueC bonding motif and one bromine atom
atop (TS4), and these reaction steps agree well to STM observations as
shown in Figs. 2 and 3 [14], respectively. Subsequently, the reaction
pathway from the OM intermediate with the BreAueC bonding (S5 and
S6) to the final covalent nanostructure with direct C-C coupling (S7)
needs to pass an intermediate state TS6 and overcome an energy barrier
of 0.16 eV, which is slightly lower than the previous barrier of the CeBr
bond scission and can be easily overcome by successive heating, in
consistent with the demonstration in previous reports [26,27]. After-
wards, removing the coordinated Au adatom from the OM intermediate
is convenient without breaking residues, since such reaction step is an
exothermal process from TS6 to S7. After the release of Au adatom from
the OM oligomer and the successive settle down of the released Au
adatom nearby on surface, residues are then reconnected to form di-
mers with the direct C-C coupling (S7). In short, the NEB-DFT in-
vestigation reveals the Au adatom is more favoured compared to sur-
face atoms during on-surface dehalogenation, which actively induces
the formation of OM nanostructures with metal-carbon bonding.

It has been demonstrated in previous reports that the lack of Au
coordinated OM chains on Au(1 1 1) can be attributed to the thermo-
dynamic behaviour of Ullmann dehalogenation with the formation of
surface-stabilized residues [28]. The observation of OM intermediates
for Br2Py precursors on Au(1 1 1) herein shall be credited to the high
stability and diffusion ability of OM structures which are not anchored

by the Au(1 1 1) surface. Further, the stability of OM phases and the
easy removal of Au atoms from OM structures to form covalent poly-
pyrene chains should be close related to the Au adatom with the Br atop
which stops the formation of surface-stabilized residues by coordinating
dehalogenated residues, since the bromine atom can easily attract
electron from Au due to its strong electronegativity which therefore
makes the CeAu bonding in OM dimers and polymers distinct towards
further reaction process from the situation of OM structures in the ab-
sence of Br. In addition, the OM species formed on Au(1 1 1) show a
nonlinear configuration which is distinct from the linear ones formed
on Ag or Cu surfaces. From the energy point of view, it is discovered
that the nonlinear structure is more favourable than the linear coun-
terpart, for instance, the nonlinear OM phase with Br atop is 0.8 eV
lower in binding energy that the linear counterpart, indicating again
the Br atom atop the Au adatom in OM species shall play an important
role in forming the nonlinear OM configuration. Therefore, it can be
proposed that Au adatoms might have interesting implications towards
on-surface synthesis, for example, the realization of OM phase on Au
surfaces and artificial manipulation of on-surface Ullmann reaction,
besides lowering energy barrier and reaction temperature as demon-
strated above. Nevertheless, as witnessed by the coexistence of non-
linear OM intermediates and linear dimers with direct C-C coupling in
Fig. 2, it can also be inferred that the stability of Au coordinated OM
chains during Ullmann coupling reaction might not be as robust as on
other coinage metal substrates.

In the end, it needs to be pointed out that the demonstration of Au
adatom assisting the Ullman coupling reaction with the formation of
OM species is mainly supported by DFT and NEB calculations, while
direct experimental evidence is still less clear in this work. On the other
hand, the dehalogenation might also occur on terraces or defect sites,
which cannot be excluded from current results. On the other hand, the

Fig. 6. Schematic diagram for the Ullman cou-
pling reaction of bromobenzene on Au(1 1 1)
illustrating the dehalogenation, followed by the
formation of OM intermediate and the successive
C-C coupling between dehalogenated monomers.
Transitional states (TS) have also been depicted
for east illustration, while adsorption models are
given in both top view and side view. Red da-
shed line is the predicted reaction path for the
dehalogenation of one bromobenzene on Au
(1 1 1) excluding the Au adatom. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version
of this article.)

J. Hu, et al. Applied Surface Science 513 (2020) 145797

7



reaction pathway, intermediate species and products might also be
different when the self-assembly of precursors is steered [24,25]. As
judged from STM observations herein, OM dimers and oligomers are
usually discovered at the boundary of the self-assembly domains,
however, different OM species and products might also be observed in
Ullmann coupling by tuning the self-assembly manner of Br2Py on Au
(1 1 1), for instance, by manipulating the arrangement of monomers
from inside the domain to at the domain boundary, which will be in-
teresting to investigate in future. It is also meaningful to address that
the halogenated terminal group might have significant influence on the
formation of OM intermediates. For example, OM with different na-
nostructures were discovered in the form of hexagonal rings or linear
chains on Au(1 1 1) when alkynyl bromide group/terminal is con-
sidered in previous studies [45,46]. The difference in OM nanos-
tructures might be assigned to the discrimination in the mobility or
charge density of terminal chains among alkyls and precursors, which
can be further utilized in manipulating the formation of OM nanos-
tructures and subsequent covalent polymers on Au(1 1 1).

4. Conclusions

On-surface Ullmann coupling of 2, 7-dibromopyrene on Au(1 1 1)
has been comprehensively investigated by a combination of experi-
mental methods and first-principle calculations with STM, XPS and
DFT. While the dehalogenation of Br2Py on Au(1 1 1) is activated by
thermal annealing at 423 K, the Ullmann coupling reaction has been
further promoted by elevated annealing. Interestingly, OM inter-
mediates with nonlinear shapes are observed on Au(1 1 1), which is
expected to be induced by the partial dehalogenation of Br2Py and the
coordination of Au atoms between debrominated precursors. As pre-
dicted from DFT and NEB calculations, the formation of OM structures
on Au(1 1 1) can be mostly assigned to the assistance from Au adatoms,
which compete with the Au(1 1 1) substrate to prevent the formation of
surface-stabilized residues. Progressive annealing results in further
polymerization with the appearance of bamboo-shaped oligomers, and
dissociated Br atoms are chemically adsorbed on top of the Au(1 1 1)
substrate and confined between 1D polymerized chains, which start to
desorb from Au(1 1 1) after annealing to 573 K as revealed by both STM
and XPS. According to DFT with NEB calculations, Au-adatom-co-
ordinated OM structures are favourable and extended polymerization
with the direct C-C coupling is straightforward afterwards by removing
Au adatoms from the kinetic energy point of view. Finally, our study
might provide some valuable insights on further exploiting OM inter-
mediates and identifying elementary reaction steps during Ullmann
coupling on Au(1 1 1).
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