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On-Surface Synthesis Very Important Paper

On-Surface Synthesis of Silole and Disila-Cyclooctene Derivatives
Kewei Sun,* Lauri Kurki, Orlando J. Silveira, Tomohiko Nishiuchi, Takashi Kubo,
Adam S. Foster,* and Shigeki Kawai*

Abstract: The incorporation of Si atoms into organic
compounds significantly increases a variety of function-
ality, facilitating further applications. Recently, on-sur-
face synthesis was introduced into organosilicon
chemistry as 1,4-disilabenzene bridged nanostructures
were obtained via coupling between silicon atoms and
brominated phenyl groups at the ortho position on
Au(111). Here, we demonstrate a high generality of this
strategy via syntheses of silole derivatives and nano-
ribbon structures with eight-membered sila-cyclic rings
from dibrominated molecules at the bay and peri
positions on Au(111), respectively. Their structures and
electronic properties were investigated by a combination
of scanning tunneling microscopy/spectroscopy and den-
sity functional theory calculations. This work demon-
strates a great potential to deal with heavy group 14
elements in on-surface silicon chemistry.

Introduction

Organosilicon chemistry deals with syntheses and character-
ization of compounds containing carbon-silicon (C� Si)
bonds. Ever since the first synthesis of tetraethylsilane by
Friedel and Crafts in 1863,[1,2] various synthetic strategies
have been developed for the molecules with C� Si bonds,
such as silyl ethers,[3] silyl chlorides,[4] silenes[5] and siloles.[6]

Among them, the silicon incorporated cyclic ring, namely
sila-cyclic ring, has attracted the attention of researchers and

engineers[6–9] because the sila-cyclic ring can be used for
various applications such as catalysis,[10,11] precursors of
molecular transformation,[12,13] electron transport[14,15] and
light-emitting materials.[16,17] Although several sila-cyclic
rings have been synthesized,[6–9] it remains highly important
to explore new reactions and synthesize novel sila-cyclic ring
structures.

On-surface chemistry deals with the important study of
chemical reactions and characterization of molecules on
solid substrates. In the reaction, small organic molecules
adsorbed on metal surfaces are usually activated by
annealing,[18,19] irradiated light,[20,21] and injected tunneling
electrons[22,23] and subsequently conjugated with each other.
The advantage of on-surface synthesis relates to the high-
controllability of the structures, which can be defined by the
employed precursor molecules.[24] So far, various surface
reactions have been demonstrated, such as Ullmann-type
coupling,[18,22,25] Glaser-type coupling,[26–28] Bergman-type
reaction,[29,30] Sonogashira-type coupling,[31–33] and dehydro-
genated coupling.[34,35] Very recently, C� Si bond coupling
was obtained by reacting bromo-substituted molecules to Si
atoms directly on Au(111), leading to the formation of 1,4-
disilabenzene bridged covalent organic frameworks (COFs)
and graphene nanoribbons (GNRs).[36] This strategy is
expected to have a high generality for the synthesis of
multiple sila-cyclic rings with appropriate precursors.

Here, we demonstrate the on-surface synthesis of five
and eight-membered sila-cyclic rings on Au(111). 2,2’,6,6’-
tetrabromobiphenyl 1 having two bromines (Br) at the bay
position reacted with Si atoms to form two siloles (C4Si)
incorporated into a molecule at 420 K. For 1,4,5,8-tetrabro-
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monaphthalene 2 having two Br at the peri position,
corrugated nanoribbon structures embedded with eight-
membered sila-cyclic rings (C6Si2) were generated by
reacting with Si atoms after annealing at 470 K. Each Si
atom in the cyclic rings was passivated by one Br atom,
which was then removed by high-temperature annealing.
The structure and the electronic properties of the products
were investigated with a combination of scanning tunneling
microscopy/spectroscopy (STM/STS) and density functional
theory (DFT) calculations.

Results and Discussion

In our previous study, two Br atoms at ortho position of
peripheral phenyl groups in 2,3,6,7,10,11-hexabromotriphe-
nylene reacted to Si atoms adsorbed on Au(111), yielding
1,4-disilabenzene (C4Si2 ring) bridged nanostructures
(Scheme 1a).[36] Following this concept, two Br atoms at bay
(Scheme 1b) and peri positions (Scheme 1c) are used for
syntheses of five-membered sila-cyclic ring (C4Si) and eight-
membered sila-cyclic ring (C6Si2) by conjugating 1 and 2
with Si atoms on Au(111), respectively (Scheme 1d).

We first deposited Si atoms on a clean Au(111) surface
and subsequently annealed the substrate at 420 K to form
the AuSix submonolayer (Figure S1).[36–38] After depositing 1
on the surface kept at room temperature, the sample was
heated at 420 K for 5 min. Small clusters indicated by arrows

in Figure 1a correspond to silicon bromide SiBrx (x=1, 2, 3,
4) molecules, which is in agreement with our previous
work.[39] Among them, SiBr4 molecule is highly volatile and
can desorb from the Au(111) surface even at room temper-
ature in vacuum. Thus, the partially covered AuSix layer acts
as a source of Si atoms for on-surface reaction.[36] We also
found isolated molecules with two bright dots marked by
dashed squares. Since such features are absent in the on-
surface synthesis only with 1 on Au(111) (Figure S2). We
found three different types of products (Figure 1a). Among
them, Type 1 has the highest chemoselectivity of 86%
(Figure S3). The close-up view shows two bright dots at both
right- and left-hand sides of the molecule (Figure 1b). To
investigate the inner structure, the STM tip apex was
terminated by a CO molecule.[40,41] The high-resolution
constant height dI/dV map (Figure 1c, Figure S4) and the
corresponding Laplace filtered image (Figure 1d) show the
biphenyl backbone at the middle and two sets of five-
membered rings at both sides. Thus, debrominated 1 was
connected to two Si atoms, resulting in formation of silole
rings (Figure 1e). We also found each Si atom was termi-
nated by one Br that appeared as a bright dot (Figure 1b). A
similar reaction at the ortho position was observed in the
formation of 1,4-disilabenzene.[36] Our DFT electron density
of the Type 1 deposited on a bare Au(111) surface showed
that the silicon atoms adsorb on top positions and bond
significantly with the substrate gold atoms, slightly buckling
the molecule due to an elevation of the bromine atoms
(Figure 1f). We also performed STM and dI/dV simulations
which confirmed that the sharp line appearing near the C� Si
bond (Figure 1d) is not a direct observation of the chemical
bond, but it is rather caused by mechanical bending of the
functionalized CO tip (Figure 1h). The C� Si bond length
was 1.90 Å which is a typical length for a C� Si single
bond.[42] The structures of Type 2 and Type 3 were also
investigated with bond-resolved STM. Type 2 is longer than
Type 1 in length (Figure 1i). The corresponding bond-
resolved image shows that the structure is composed of
biphenyl groups and two silole rings (Figure 1j, Figure S5).
We assume that the molecular units are connected to each
other via a Si� Si bond (Figure 1k), which is further
illustrated by DFT simulation (inset of Figure 1j, Figure S6).
The slight left-right asymmetry observed in Type 2 struc-
tures (Figure 1j) may relate to either the different adsorp-
tion heights due to the different adsorption sites or the
asymmetric CO-tip. Type 3 corresponds to the single unit,
yet one Br seems to be replaced by one hydrogen atom
(Figure S7), which may originate from the substrate and/or
residual gas in the vacuum chamber.[43] After annealing at a
higher temperature (520 K), most molecules form the
disordered nanostructures (Figure S8).

Next, the electronic properties of Type 1 were measured
by STS (Figure 2a). The differential conductance dI/dV
spectra were recorded at four different sites of Type 1 and
one site on the bare Au(111) surface for the reference as
indicated by dots in the inset of Figure 2a. Besides the Au
surface state appearing around � 0.5 V, two characteristic
peaks at � 0.6 V and 2.5 V with respect to the Fermi level
were identified as the highest occupied molecular orbital

Scheme 1. On-surface reactions between bromo-substituted aromatic
hydrocarbons and Si atoms on Au(111). Two Br atoms at (a) ortho
position of phenyl group: synthesis of 1,4-disilabenzene (C4Si2) bridged
nanostructures (previous work);[36] (b) bay position of biphenyl group:
synthesis of five-membered ring (C4Si); (c) peri position of naphthyl
group: synthesis of eight-membered ring (C6Si2) bridged structures. (d)
1 and 2 as precursors.
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(HOMO) and the lowest unoccupied molecular orbital
(LUMO), respectively. Thus, the HOMO–LUMO gap of
Type 1 was approximately 3.1 eV. The spatial distributions
of these electronic states are seen in the constant height dI/
dV maps recorded at bias voltages of � 0.6 V and 2.5 V
(Figure 2b, 2c). We found that the HOMO state is located at
the silole rings while the LUMO state exhibits much higher
intensity at the biphenyl backbone. Similar electronic states
were also observed in the 1,4-disilabenzene.[36] Constant
current dI/dV maps also show the similar bright features
(Figure S9). The DFT calculated projected density of states
(pDOS) of Type 1 adsorbed on a bare Au(111) surface
exhibits overall similar features compared to the STS
measurement (Figure 2d). In the occupied region, the
contribution from the bromine atoms near � 1.1 eV increases

although the absolute magnitude of pDOS contribution
from all carbon atoms was greater. In the unoccupied region,
increasing pDOS starting at around +1.8 eV coming from
carbon and silicon atoms was observed, which then peaks at
around +2.1 eV. The local density of states (LDOS) of all
states between � 1.5 and 2.5 eV were carefully checked,
which allowed the identification of HOMO and LUMO-like
orbitals of Type 1 on Au(111) (Figure 2e, 2f). Between these
two regions, the pDOS of the molecule stayed mostly
constant, apart from small contributions from the Si atoms
(further confirming that there is hybridization between Si
and Au atoms), which matches with the clean band gap
observed in the experiment. Additionally, we conducted
constant height dI/dV simulations, in which the bromine
atoms dominate at both HOMO and LUMO energies

Figure 1. Synthesis of five-membered sila-cyclic rings from 1 on Au(111). (a) STM topography of Type 1 and Type 2 molecules as well as SiBrx
clusters obtained by annealing at 420 K for 5 min. The inset shows Type 3 found in another area. (b) Close-up view of Type 1, (c) the bond-resolved
dI/dV map, and (d) the corresponding Laplace filtered image. (e) Chemical structure of Type 1. (f) Top (left) and side view (right-top) of DFT
optimized structure of Type 1 on Au(111) and the electron density difference (right-bottom), (g) simulated STM image, and h) simulated bond-
resolved image. (i) Close-up view of Type 2 and j) the corresponding constant height dI/dV map. The inset shows the simulated bond-resolved
image. (k) Chemical structure of Type 2. Measurement parameters: Sample bias voltage V=200 mV and tunneling current I=5 pA in (a) and (b),
V=100 mV and I=20 pA in the inset of (a), V=200 mV and I=5 pA in (i), and V=1 mV and Vac=10 mV in (c), (j).
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(Figure 2g, 2h). At the HOMO energy, the signal intensity
above the biphenyl backbone was larger at the top and
bottom edges of the biphenyl whereas the contrast was more
equally distributed at the LUMO energy, and a similar
observation was also seen in the experiment (Figure 2b, 2c).

In contrast to 1, 2 has two Br atoms at the peri position
at each side. We deposited 2 on Au(111) partially covered
with the AuSix layer at room temperature, subsequently
annealing at 470 K for 5 min. Similar to the reaction with 1,
the AuSix layer disappears, and consequently the bare
Au(111) surface was restored. We observed the formation
of one-dimensional structures on the surface (Figure 3a).
The close-up view shows that the shape of the product
differs from those of organometallic chains[25,44] and N=5
armchair GNRs synthesized with 2 alone on a clean Au(111)
surface (inset of Figure 3a).[45] The bright dots in the one-
dimensional structures are located at periodic sites with a
gap of 1.10�0.01 nm while the apparent STM heights vary
(Figure 3b). The large corrugation amplitude of the bright
dots prevented high-resolution imaging in constant height
mode because the CO molecule on the tip apex was often
detached due to excessive interactions. Thus, we attempted
to resolve only the molecular backbone by setting a narrow
scan area as indicated by a square in Figure 3b. Although it
is not clear in the dI/dV map (Figure 3c), we could see the
perylene backbone, which was formed via debrominative
homo-coupling of 2 (Figure 3c, d). Since the longitudinal
axis of the perylene is 0.7 nm in length, the bright dot results
in a gap of 0.4 nm. Given the fact that the length of a C� Si
bond is in a range of 0.18–0.20 nm,[36,42,46,47] we assigned a

Figure 2. Electronic properties of Type 1 molecule. (a) dI/dV curves
measured at the four sites of Type 1 and on the bare Au(111) surface
as indicated by dots in the inset. Constant height dI/dV maps
measured at bias voltages of (b) � 0.6 V and (c) 2.5 V. (d) Calculated
density of state of Type 1. (e–h) Calculated orbitals and simulated
constant height images at � 1.1 V and +2.1 V. Measurement parame-
ters: V= � 0.6 V, Vac=10 mV in (b). V=2.5 V, Vac=10 mV in (c).

Figure 3. Synthesis of eight-membered sila-cyclic rings bridged nanoribbon structures. (a) Large-scale STM topography of the surface after
annealing at 470 K for 5 min. Inset shows the STM topography of individual nanoribbon. (b) Close-up view of one unit in a nanoribbon. (c) High-
resolution constant height dI/dV map of the area indicated by dashed square in (b). (d) Chemical model superimposed on (c). Optimized
structure of the nanoribbon (e). Simulated constant current STM image, simulated bond-resolved dI/dV map (f, g). Measurement parameters:
V=200 mV and I=2 pA in (a). V=200 mV and I=5 pA in (b). V=1 mV, Vac=10 mV in (c).
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C� Si� C bond as the linker. The incorporated Si atom was
passivated by one Br atom, appearing as the bright dot in
the STM topography.[36] Since two dots were seen between
the perylene units, two sets of C� Si� C bridges should exist,
indicating formation of a C6Si2Br2 ring, the so-called eight-
membered sila-cyclic ring bridged nanoribbon structures
(Figure 3e). To verify our assignment of the structure, we
conducted DFT calculations of the ribbon structure ad-
sorbed on bare Au(111). Again, we saw bonding between
the silicon and gold atoms and similar orientation of the
Si� Br bond compared to Type 1 (Figure 3e), and STM
simulations confirmed that the bright dots can be attributed
to the bromine atoms (Figure 3f, 3g). We constructed the
DFT unit cell to include two perylene and Si� Br pairs to
investigate the varying brightness of bromine atoms, but the
optimized structure is mostly planar, and the silicon atoms
adsorb on equivalent top sites resulting in no difference in
brightness. The elongated C� Si bonds (0.2 nm) were
attributed to the slightly increased lattice constant of the
nanoribbon to achieve commensurability with the substrate.
To investigate the reason for the apparent alternation we
constrained one pair of bromine atoms to relax 0.02 nm
lower than the adjacent pair and the simulated STM image
of this structure showed alternating brightness (Figure 4j).
Therefore, we assign the contrast difference to different
silicon adsorption sites affecting the bromine height.

To investigate the electronic properties of eight-mem-
bered sila-cyclic ring bridged nanoribbon, we performed
STS measurements focusing on a particular case where the
ribbon exhibits periodically undulating brightness. Com-
pared with the result on the bare Au(111) surface (grey
curve), we found three distinct peaks at � 0.6 V, 1.9 V and
2.5 V, which were measured above three different sites in
the nanoribbon (Figure 4a). The two bright dots with differ-
ent contrasts exhibit distinct empty states at 1.9 V and 2.5 V,
which may be related to their adsorption heights because
the substrate polarization effect enhanced by a strong
adsorption shifts the empty state towards the Fermi
level.[48,49] The occupied state was visible at � 0.6 V only
above the dots with the higher adsorption height in nano-
ribbon. Nevertheless, the band gap of this nanoribbon is
2.5 eV. The STM topographies and the simultaneously
recorded dI/dV maps obtained at bias voltages of � 0.6 V,
1.9 V and 2.5 V show that the three electronic states mainly
distribute on the sites of eight-membered rings (Figure 4b–
g). The calculated pDOS of the nanoribbon rapidly
increased in the unoccupied region, with energies larger
than +1.9 eV peaking at approximately +2.5 eV (Fig-
ure 4h). In the occupied region there was a brief increase in
pDOS between � 0.5 eV and � 1.0 eV. Simulated constant
current STM images were mostly dominated by the lobes
located at bromine atom sites, appearing larger with positive
energies (Figure 4i, 4k, 4m). The orbital structures at
� 0.6 eV, +1.9 eV and +2.5 eV corresponded with the STM
images, showing that the lobes were the result of bromine
atoms orienting upwards from the substrate (Fig-
ure 4j, 4l, 4n).

In addition to the C6Si2 rings, we also found other sila-
cyclic rings. Figure 5a shows an example, which has a planar

segment as indicated by an arrow (also see Figure S10). The
close-up view indicates that the segment has two faint dots
(inset of Figure 5a). The corresponding bond-resolved
constant height dI/dV map (Figure 5b) and Laplace filtered
image (Figure S11) revealed the detailed structure as two
silole rings incorporated into a nanoribbon segment (Fig-
ure 5c). The C5Si ring was most probably formed through a
sequential process involving debromination, C� C coupling,
dehydrogenation, and C� Si coupling of the nanoribbon
segments and Si atoms (see Figure S12). Figure 5d shows
another type of the planar segment, in which two dots
attached to the edges of nanoribbon as indicated by an
arrow. The constant height dI/dV map (Figure 5e) and
Laplace filtered image (Figure S13) indicate the formation
of a quaterrylene unit incorporated by two five-membered
sila-cyclic rings (C4Si) (Figure 5f). This structure was most
probably generated through sequential coupling reactions of
the nanoribbon segments and Si atoms (Figure S14). Finally,
flat nanoribbon structures with dark lines, running across
the longitudinal axis, were found (Figure 5g). A close-up

Figure 4. Electronic properties of C6Si2 sila-cyclic ring bridged nano-
ribbon. (a) dI/dV curves recorded on the nanoribbon (inset of (a)) and
the bare Au(111) substrate. (b–g) Constant current STM topographies
and the corresponding dI/dV maps measured at sample bias voltages
of � 0.6 V, 1.9 V and 2.5 V, respectively. (h) Calculated density of states
of the eight-membered sila-cyclic ring bridged nanoribbon and (i–n)
the corresponding constant current STM simulations and orbitals of
occupied and unoccupied states in top and side views. Measurement
parameters: V= � 0.6 V, I=150 pA in (b). V= � 0.6 V, I=150 pA,
Vac=10 mV in (c). V=1.9 V, I=220 pA in (d). V=1.9 V, I=220 pA,
Vac=10 mV in (e). V=2.5 V, I=220 pA in (f). V=2.5 V, I=220 pA,
Vac=10 mV in (g).
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view shows one nanoribbon segment separated by dark line
as indicated by an arrow (inset of Figure 5g). The bond-
resolved STM image (Figure 5h) and the corresponding
Laplace filtered image (Figure S15) revealed that each
segment corresponds to the perylene unit. However, we
found that the structure around the dark line cannot be
resolved by constant height dI/dV mapping. Given the fact
that the individual Si atom is strongly adsorbed to the
Au(111) surface,[36] the dark lines should relate to the
presence of the Si atom (Figure 5i). Since there was no
bright dot in the STM topography and no characteristic
contrast in the dI/dV map, it is likely that Br atoms have
already desorbed from the Si atom in the product. Thus, we
deduce that the perylene units were linked by a C6Si2 ring.
In fact, high-temperature annealing at 620 K induced
removal of the bright spots from the nanoribbon structures
(Figure 5j, Figure S16).

Conclusion

We synthesized two five-membered sila-cyclic rings (C4Si)
incorporated molecule Type 1 and eight-membered rings
(C6Si2) bridged nanoribbon structures on Au(111) by
reacting Si atoms with molecules 1 and 2, respectively. Their
chemical structures were revealed by bond-resolved STM
and DFT calculations. A HOMO–LUMO gap of 3.1 eV was
determined for Type 1 molecules (further comparative
calculations were shown in Figure S17) and a band gap of
2.5 eV was assigned to eight-membered rings bridged nano-
ribbon by STS measurements. This research demonstrates
the robustness of a synthetic strategy to obtain low-dimen-
sional Si incorporated nanostructures by direct on-surface
coupling. We foresee that this method has a potential to be
extended to the synthesis nanostructure incorporating heav-
ier elements, such as germanium, allowing for even more
flexibility over the resulting electronic structure.
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