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The role of substrate structure in the on-surface synthesis of organometallic and

covalent oligophenylene chains

Jingya Dail®, Qitang Fan’®, Tao Wang®, Julian Kuttner®, Gerhard Hilt"}, J. Michael Gottfried*), Junfa Zhu*®!

Influences of the substrate structure on the formation of one-dimensional organometallic and covalent oligomers on a Cu(110) surface were studied with

scanning tunneling microscopy (STM), X-ray photoemission spectroscopy (XPS), and low energy electron diffraction (LEED) in ultrahigh vacuum (UHV). Vapor

deposition of submonolayer 4,4”’-dibromo-meta-terphenyl (DMTP) onto Cu(110) at 300 K leads to scission of C-Br bonds and the formation of organometallic

chains (cis/trans and all-trans) connected by C-Cu-C bonds. Larger islands (120 x 120 nm?) of all-trans zigzag organometallic chains as sole products were

obtained by deposition of DMTP onto Cu(110) held at 383 K. The domains are oriented along two directions with an angle of +13° relative to the [0 0 1]

direction due to the two-fold symmetry of the Cu(110) surface lattice. This study reveals at a sub-molecular level that the organometallic chains firstly lose

copper atoms and then undergo C-C coupling into oligophenylene chains at a substrate temperature around 417 K. Annealing the large islands of

organometallic chains to 458 K results in the formation of completely C-C covalent bonded zigzag oligophenylene chains. The zigzag angle of 125° slightly

deviates from the ideal value of 120°. This is attributed to a stretching of the zigzag oligophenylene chains due to substrate template effects.

1. Introduction

Polymerization of functional molecular tectons into complex
molecular networks directly on surfaces is an effective route to
synthesize robust one- and two-dimensional (1D/2D)
molecular architectures, which have great potential for
applications in molecular electronics, catalysis, gas storage,
magnetism and other fields.!'! A key challenge is the
controlled assembly of molecules into desired architectures
connected by organometallic or covalent bonds, which are
often thermally more stable than van der Waals or hydrogen

17-18

bonds.??1® The Ullmann reaction, a C-C coupling reaction

between haloarenes induced by metal, has been employed
extensively on metal surfaces to build nanowires,*23
nanoribbons,? 2% 2428 or covalent organic networks.l 16 29-32
According to previous research in this field, the surface
assisted Ullmann reaction starts with the scission of the
bond, formation of

carbon-halogen leading to the
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intermediate organometallic nanostructures connected by C-
Cu-C bonds. The coupled Cu atoms are released when the
structures are annealed to a higher temperature resulting in
the formation of covalent organic nanostructures.3® The
formation of organometallic and covalent nanostructures is
typically influenced by both the precursor monomer and the
substrate, and also by the halogen by-products. A typical
method for obtaining covalent nanostructures with enhanced
structural uniformity and compactness is to provide a low
coupling probability by a deliberate selection of precursor and
substrate.3* However, only few works have studied the effect
of commensurability (i.e., the lattice match between the
formed covalent nanostructures and substrate lattice) on the
formation of the final covalent species.? 3> A recent example
is the lattice directed formation of covalent or organometallic
wires from 2,5-diethynyl-1,4-bis(phenylethynyl)-benzene on
different lattice planes of single-crystalline silver.3® The
substrate commensurability was also reported to be a
significant factor in surface-assisted coordination chemistry.
For instance, trimesic acid (TMA) underwent deprotonation
and assembled into [Cu(tma)4]™ tetramer arrays on the Cu(100)
surface.3” However, it formed one-dimensional coordination
chains on the Cu(110) surface.®® In another system, the

stability and structure of the pyridyl-Cu-pyridyl coordination
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chains were strongly affected by their commensurability with
the substrate.?®

In our previous work,*® well-defined six-fold symmetric
hyperbenzene arrays were obtained as major product after
deposition of 4,4”’-dibromo-meta-terphenyl (DMTP) onto the
Cu(111) surface (three-fold symmetric) at 550 K (scheme 1,
pathway 2).*! As a side product, zigzag oligophenylene chains
were obtained with only limited yield. This raises the question
how the balance between the hexagonal hyperbenzene rings
and the zigzag chains, which have two-fold rotational
symmetry, can be influenced by substrate template effects.
Therefore, we choose a two-fold symmetric Cu(110) surface as
the substrate in this study, and expect to obtain two-fold
symmetric oligophenylene chains (scheme 1, pathway 1) as the
major product from DMTP molecules, according to
commensurability and symmetry matching considerations.
The detailed step-by-step reactions of DMTP on Cu(110) were
studied by ultrahigh vacuum (UHV) scanning tunneling
microscopy (STM), low energy electron diffraction (LEED) and
X-ray photoelectron spectroscopy (XPS). Comparison between
Cu(110) and Cu(111) shows that the substrate structure
influences the selectivity for the formation of organometallic
and covalent products. Due to the two-fold symmetry and
anisotropy of Cu(110), no cyclic organometallic and covalent
species were observed on this surface, in contrast to the

findings for Cu(111). These results strongly imply that the
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Scheme 1. Major reaction pathways for 4,4”-dibromo-meta-

terphenyl (DMTP) on Cu(110) and Cu(111) surfaces.

surface Ullmann reaction and its products can be effectively

steered by the substrate lattice.

2. Experimental Section

The experiments were performed in a two-chamber ultrahigh
vacuum (UHV) system, which has been described previously,*?
at a background pressure below 107° mbar. Briefly, the system
comprises a hemispherical analyzer for XPS, a twin-anode X-
ray source (SPECS), retractable four-grid LEED optics (SPECS
ErLEED), a quadrapole mass spectrometer and a scanning
tunneling microscope (SPECS STM 150 Aarhus). For STM, all
voltages refer to the sample and the images were recorded in
constant current mode at a sample temperature of 300 K.
Moderate filtering (Gaussian smooth, background subtraction)
has been applied using the WSxM software.** The Cu(110)
single crystal was purchased from MaTecK, Germany, with an
alignment of better than 0.1° with respect to the nominal
orientation. Preparation of a clean and structurally well
controlled Cu(110) surface was achieved by cycles of
bombardment with Ar* ions and annealing at 850 K. 4,4”-
dibromo-1,1":3’,1”-terphenyl (4,4”’-dibromo-meta-terphenyl,
DMTP) was made from 4-bromophenylacetylene in a short
reaction sequence utilizing a Grubbs-enyne metathesis
reaction and a regioselective cobalt-catalyzed Diels-Alder
reaction followed by mild oxidation, as described previously.**
DMTP was vapor-deposited from a Kentax evaporator with a
quartz crucible held at 369 K. The deposition rate of DMTP was
about 0.12 ML per minute (unless indicated otherwise).
Coverages were derived from STM images and XPS

measurements.

3. Results and discussion

Small islands with limited degree of order were obtained after
deposition of 0.48 ML DMTP onto Cu(110) at 300 K, as shown
in Figure la. According to our previous studies of DMTP and
other aromatic halides on the Cu(111) surface,?® 33 44 C-Br
bonds undergo dissociation at (and well below) 300 K, resulting
in the formation of meta-terphenyl (MTP) fragments. Since the
Cu(110) surface is generally even more reactive than the
Cu(111) surface, C-Br bond dissociation is expected to occur on
Cu(110) at 300 K as well. This is also evidenced by the Br 3p XP
spectrum shown in Figure S1. In the gas phase, these
fragments would be biradicals, but on the copper surface, the

former Br positions are most likely occupied by Cu adatoms, as
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Figure 1. a) Overview STM image recorded at 300 K after 0.48 ML

DMTP molecules were deposited onto Cu(110) at 300 K. Tunneling
conditions: U = -2.9 V, | = 0.02 nA. b) Zoom-in STM image of (a)
showing two kinds of islands marked by green and blue arrows, U = -
2.9V, | =0.02 nA. c) Magnified view of the blue framed region in (b)
showing the cis/trans chains, U = -2.9 V, | = 0.03 nA. d) Adsorption
model of the molecular structure in (c) for the cis/trans configured
chains. e) High resolution STM image of a section of the same all-trans
zigzag structure as marked by blue arrow in (b), U=-2.0V, 1 =0.02 nA.
f) Adsorption model of the molecular structure in (d) for the all-trans
zigzag chains. Color code: C, gray; H, white; Br, blue; coupling Cu

atoms, cyan; Cu(110) lattice, powder-blue.

reported previously.** In Figure 1b, which shows a magnified

section of Figure 1a, two kinds of chain islands can be observed:

Zigzag chains with all-trans configuration (blue arrow) and
chains with alternating cis/trans configuration (green arrow).
Both types of chains are composed of bent units (meta-
terphenyl (MTP) units, i.e., the debrominated precursor
molecules) linked by bright protrusions (Cu adatoms), which
can be easily identified by the high-resolution STM images
shown in Figure 1c and le, respectively, and the overlaid
molecular models. According to the high-resolution STM
images, the molecular models for cis/trans configured chains
and all-trans zigzag chains are established as shown in Figure
1d and 1f, respectively. Apparently, these two structures differ
in the adsorption configuration of the MTP units in their unit-
cells. The cis/trans organometallic chains consist of MTP units

with four adsorption configurations oriented towards two
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directions. However, the MTP units in all-trans zigzag
organometallic chains have only two adsorption configurations,
which are oriented along the same direction. The lattice
constant along the all-trans zigzag chains is 27.9 + 0.2 A. This is
larger than the lattice constant for direct C-C linkage (21.8 A)4?
and thus consistent with the formation of C-Cu-C bonds
between the MTP units. Moreover, the periodic protrusions in
the centers of the straight parts along the chains are another
piece of evidence for the existence of coupling Cu atoms. It is
worth noting that one of the coupling Cu atoms in an unit-cell
is brighter than the other one, which can be ascribed to the
different adsorption sites, as reported previously for DMTP on
Cu(111).44

In Figure 1f, the Cu atoms in the C-Cu-C units alternatingly
occupy hollow and bridge sites, which leads to the alternating
bright and dark protrusions between the bends. Noteworthy,
the lattice constant of 27.9 + 0.2 A along the all-trans zigzag
chains is slightly larger than on the Cu(111) surface (26.5 A).%!
This is mainly due to the fact that the C-Cu bond adapts its
length in order to reach commensurability between the
formed zigzag chains and the Cu(110) surface. According to the
the high-resolution STM images and adsorption model, a
matrix of this commensurable zigzag organometallic chains
relative to the Cu(110) surface lattice is derived to be (-1, 3| 3,
10). The spot-like protrusions between the all-trans zigzag
organometallic chains (Figure 1e) are assigned to chemisorbed
Br atoms resulting from the dissociation of the C-Br bonds
upon deposition of DMTP onto Cu(110). These Br related
features have been observed and reported previously.?% 33 44
According to the structural model in Figure 1f, all Br adatoms
are adsorbed at the short bridge sites on the Cu(110) surface.
The large lattice constant perpendicular to the chains (11.4 £
0.1 A for the all-trans zigzag chains, 14.6 + 0.1 A for the
cis/trans chains) shows the absence of covalent bonds
between the chains, which suggests that the assembly of
zigzag chains to islands may be driven by hydrogen bonds
between Br adatoms and H atoms of MTP units. A similar case
has been reported previously for 9,10-dibromoanthracene on
the Ag(111) surface,*® where Br:--H bonds play a vital role to
mediate the conformation of organometallic chains.
Deposition of an increased coverage of DMTP precursors (0.84
ML) onto the Cu(110) surface at 300 K leads to the formation
of an increased number of small organometallic chain islands
which dispersively distribute on the surface, as shown in Figure

2a. However, after deposition of the same coverage (0.84 ML)
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Figure 2. a) Overview STM image after deposition of 0.84 ML DMTP

molecules onto Cu(110) held at 300 K, U = 0.14 V, | = 0.1 nA. Inset
shows the zoom-in of the white framed region. b) Overview STM
image obtained after deposition of 0.84 ML DMTP molecules onto
Cu(110) held at 383K, U =1.9V, | = 0.08 nA. Inset shows the zoom-in
of the white framed region. c) Experimental LEED pattern for the
sample in (b) (Eel = 20 eV). d) A section of zigzag organometallic chain
island with substrate lattice resolved, U = 0.8 V, | = 0.09 nA. All STM

images were recorded at 300 K.

of DMTP onto Cu(110) held at 383 K, larger islands with defect-
free areas of up to 120 x 120 nm? are formed, as shown in
Figure 2b. Moreover, only all-trans zigzag organometallic chain
islands (no cis/trans chains) are observed on the terraces. This
suggests that the all-trans zigzag organometallic chains are
thermodynamically more stable than the cis/trans chains. In
contrast to six orientations of the formed organometallic chain
domains on Cu(111) surface,** the organometallic chain islands
here (on Cu(110)) have only two mirrored domains relative to
the [001] direction, as shown by the two blue arrows in Figure
2b. In addition, no single organometallic loops or back-folding
of the chains at the boundary of islands can be observed, in
contrast to those frequently found on the Cu(111) surface.**
Since the major difference between Cu(111) and Cu(110)
surface lies in the different symmetries of their lattices. The
case on Cu(111) indicates that the six orientations of the
formed organometallic chains and formation of organometallic
loops requires the template assistance of the three-fold
symmetric Cu(111) substrate lattice. On that surface, the MTP

units adsorb with twelve optimal configurations oriented along

six equivalent directions.*! This favors the formation of loops
and back-folding of the organometallic chains. In contrast, here
on the two-fold symmetric anisotropic Cu(110) surface, the
four adsorption configurations of the terphenyl units are
oriented along the two mirrored directions and thus cannot
form a back-folding motif.

The commensurability between the all-trans zigzag
organometallic chain islands and the substrate is corroborated
by the LEED pattern shown in Figure 2c, which contains spots
derived from two domain orientations of equivalent symmetry.
This is in very good agreement with a simulated LEED pattern
(Figure S2) described by the epitaxy matrices (-1, 3| 3, 10) and
(1, 3] -3, 10), which correspond well with the unit cells of the
two domains observed by STM (Figure 1e). The dots marked by
orange circles indicate the 1 x 1 spots of the substrate lattice.
The spots marked by green arrows indicate a triple periodicity
(relative to the substrate lattice) for the all-trans zigzag
organometallic chains along the [0 0 1] direction, which agrees
very well with the adsorption model shown in Figure 1f. In
addition, the relative angle between the orientation of the
chain islands (blue arrow in Figure 2d) and the [0 0 1] direction
of Cu(110) is 13.7 £ 0.5°, according to the STM image shown in
Figure 2d, where both the zigzag organometallic chains and the
substrate are atomically resolved. This agrees very well with
the calculated value (13.3°) from the proposed adsorption
model (Figure 1f) and the experimental LEED pattern (14.0 +
0.9°).

Figure 3a shows the overview STM image acquired after
deposition of 0.48 ML DMTP onto the Cu(110) surface, which
was held at 383 K during the deposition. Many of the all-trans
zigzag organometallic chain islands have a straight boundary
edge along the direction perpendicular to the chains, such as
indicated by the green line in Figure 3a. Figure 3b shows the
magnified view of the organometallic chain island in Figure 3a
(compare the position of the green line). Figure 3b reveals that
the island boundary passes through the copper atoms located
at hollow sites (the weaker protrusions in organometallic
chains). This means that the freely diffusing MTP units on the
terraces prefer to stick to the copper atom adsorbed at a short
bridge sites in a preformed organometallic chain. Previous
findings for Cu(111) indicate that the organometallic zigzag
chains form islands which are very elongated in the direction
of the chains.?* This is not the case on Cu(110), where the
islands have more square shape, suggesting that the growth

rate is similar in both directions along and vertical to the chain.
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Figure 3. a) Overview STM image obtained after deposition of 0.48
ML DMTP molecules onto Cu(110) held at 383 K, U =29V, I =0.06
nA. b) Magnified view of the all-trans zigzag organometallic chain
islands in Figure 3a, U =2.9V, | = 0.06 nA, with overlaid model in the
upper part. c) Overview STM image obtained after deposition of 0.48
ML DMTP onto Cu(110) held at 407 K, U =-1.2 V, | = 0.03 nA. The
white arrows mark the split line defects. d) Magnified view of the all-
trans zigzag organometallic chain island of the sample in (c) in which
a split defect can be seen, U =-0.9V, | =0.04 nA. See the text for the

meaning of the lines and the red arrow.

After deposition of the same coverage of DMTP onto the
Cu(110) surface held at a higher temperature (407 K), partial
splitting of the all-trans zigzag chains is observed, as shown by
Figure 3c (marked with white arrows). Figure 3d shows the
high-resolution STM image of a region with such a split defect,
which appears as a dark line almost perpendicular to the
chains. The STM contrast is in agreement with the elimination
of Cu atoms from the C-Cu-C bonds. This is further evidenced
by the distance between two neighboring equivalent Cu atoms
located on different sides of the line defect (32.6 + 0.2 A,
marked with red line in Figure 3d). This value is much larger
than the lattice constant along zigzag organometallic chains
(27.9 £ 0.2 A, shown by blue line in Figure 3d), which proves
the absence of C-Cu-C bonds between the zigzag chains in the
left and the right part of the split line defect. Furthermore, the
MTP-Cu-MTP dimers at the right side of the defect are
dislocated relative to the main body of the island (on the left
side of the line defect). As indicated by the blue line in Figure

3d, the coupling Cu atom marked by the red arrow are not
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located on the same line as the Cu atoms on the left of the line
defect, i.e., the translational symmetry is interrupted in both
directions. This again strongly suggests that the C-Cu-C bonds
with Cu atoms adsorbed at hollow sites are relatively weaker
than those with Cu atoms at short bridge sites.

Figure 4a shows a section of a sub-molecularly resolved STM
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Figure 4. a) STM image with sub-molecular resolution obtained after
deposition of 0.48 ML DMTP onto Cu(110) held at 417 K, U=0.3 V, |
= 0.08 nA. b) Molecular model partially superimposed on (a). c)
Apparent height profile along the straight line in the inset
(oligophenylene unit marked by green arrow in panel (a)) from
bottom to top. d) A section of the proposed model in Figure 1f for the
defect-free zigzag organometallic chain island. e) Proposed
adsorption model of the selected region in panel (b). See the text for

the meaning of the lines and arrows.
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image of the sample after deposition of 0.48 ML DMTP onto
Cu(110) held at 417 K. Since the loss of Cu from the C-Cu-C
bonds already occurs at the substrate temperature of 407 K,
the subsequent C-C coupling process is expected to happen at
this or slightly higher temperatures. This is confirmed by Figure
4a and 4b: The positions where Cu atoms have disappeared
from the C-Cu-C links are marked by red arrows (see also the
overlaid molecular model in Figure 4b). In addition, the
formation of new C-C covalent bonds (marked by green arrows
in Figure 4b) between MTP units can be observed. The
occurrence of C-C coupling in the islands of the organometallic
chain reveals the evolution process from organometallic chains
to covalent oligomers. These C-C coupling events take place
preferentially after eliminating Cu atoms adsorbed at the short
bridged sites. This suggests that the energy barrier for the
transformation from C-Cu-C bonds to C-C bonds is lower when
the bridging Cu atoms were adsorbed at short bridge sites,
compared to bridging Cu atoms at the hollow sites, although
the elimination of coupling Cu atoms can be observed at both
short bridge and hollow sites.

The formation of C-C bonds was directly evidenced by the
submolecularly resolved STM image shown in Figure 4a. Four
phenyl rings can be resolved in the straight part of the
oligophenylene units as marked by the green arrow in Figure
4a. As shown by the apparent height profile along the blue line
in Figure 4c, the distance between two neighboring minima,
which corresponds to two centers of the phenyl rings, of the
curve is measured to be (13.0 + 0.5/3) A = 4.3 + 0.2 A, which
agrees very well with the distance of two phenyl units in the
phenylene chains as reported previously to be 4.4 + 0.2 A.18
These segments can be viewed as the early stage of the final
covalently bonded oligophenylene zigzag chains. Note that the
occurrence of C-C coupling between two MTP units also
influences the adjacent MTP units in the remaining
organometallic chains. Figure 4e shows the detailed
adsorption model of the selected region in Figure 4b (the
region overlaid with molecular model), which was derived
based on the high-resolution STM image in Figure 4a. By
comparison with Figure 4d, the adsorption model of a section
of ideal zigzag organometallic chains, reaction-induced
changes of the adsorption configuration are revealed. On the
one hand, the loss of the coupling Cu atoms in the C-Cu-C
bonds changes the azimuthal orientation of the MTP units, as
shown by the black and red lines in Figure 4e. This is mainly

due to the shrinking of the chain length when the C-Cu-C bonds

turn into C-C bonds. The products assume a new stable
adsorption configuration with optimized registry on the
substrate. The remaining free radicals of the MTP units after
elimination of the coupled Cu atoms are tentatively proposed
to bind to the vicinal substrate Cu atoms as indicated by the
red arrows in Figure 4e. On the other hand, the occasionally
observed C-C coupling in the organometallic chains results in
the dislocation of adjacent Br atoms as marked by two groups
of arrows (black and blue) in Figure 4d and 4e. Nevertheless,
the preferred adsorption sites of the Br adatoms, the short
bridge sites, remain the same. The dislocation of the Br atoms
most likely results from the Br::*H bonds to the hydrogen
atoms at the periphery of the MTP units.

Annealing the sample in Figure 2b to a higher temperature of
458 K leads to the formation of a rather disordered phase of
short zigzag chains and other features, as shown in Figure 5a.
The zigzag chains here are characterized by a uniform apparent
height, which contrasts the non-uniform height of the zigzag
organometallic chains formed below 383 K. The disappearance
of highly ordered organometallic chain domains and the
uniform height suggest that the bridging Cu atoms are released
from the C-Cu-C links and that the newly formed short chains

are now connected by C-C bonds, as will be discussed in detail

Figure 5. a) Overview STM image taken after annealing the sample in

Figure 2b to 458 K, U = 2.0 V, | = 0.06 nA. b) Higher resolution STM
image of the as-prepared sample in panel (a), U =-0.7 V, | = 0.04 nA.
c) Zoom-in STM image of the green framed region in (b), U=-1.5V, |
= 0.06 nA. d) Detailed adsorption model of zigzag oligophenylene

chains.

below. Most of the MTP units are connected with each other
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to form irregular motifs, except for some small islands
consisting of zigzag oligophenylene chains, as marked by the
blue arrows in Figure 5a. Hyperbenzene or other cyclic species
that were formed on Cu(111) under similar conditions*! are
not observed on Cu(110). The selectivity for chain formation is
attributed to the commensurability between the formed C-C
covalent species and the two-fold symmetry of the Cu(110)
substrate.

Figure 5b shows a higher resolution STM image of the zigzag
oligophenylene chains. The additional dot-like protrusions,
which fill up the regions between the zigzag chains, are
attributed to Br adatoms, according to previous works.** The
unit cell of these zigzag chain islands is (10.8 + 0.1 A) x (23.8 +
0.3) A as shown by the white rectangle in Figure 5c. The lattice
constant along the chain direction here is only 23.8 + 0.3 A,
compared to 27.9 + 0.2 A for the all-trans zigzag organometallic
chains. The observed contraction and the more uniform
apparent height of short zigzag chains strongly indicate the
formation of C-C bonds (rather than C-Cu-C bonds) between
MTP units, that is, the formation of oligo-phenylene chains.
The distance between the two adjacent zigzag oligophenylene
chains is 10.8 + 0.1 A, which agrees very well with the distance
between the zigzag organometallic chains (11.4 + 0.1 A) in
Figure 1le. Thus, similar to that in organometallic chains, the Br
adatoms between the chains function as “adhesive” to
stabilize two adjacent oligophenylene chains. Figure 5b also
shows irregular links, i.e., links by which the MTP units are not
only connected at the terminal positions. This indicates that
the formation of C-C bonds from C-Cu-C bridges competes with
the activation of C-H bonds.

Notably, the newly formed zigzag oligophenylene chains are
stretched along the chain direction. Figure 5d shows the
adsorption model of a section of zigzag oligophenylene chains,
based on the high-resolution STM image in Figure 5c. The
clearly resolved Br adatoms between the zigzag chains help to
determine an unambiguous adsorption model, taking into
account the distance between Br adatoms and the direction of
the Br adatom arrays. Thus, the angle of the bend (between
two adjacent straight phenylene fragments) of the zigzag
chains is calculated to be 125° (in alighment with the measured
125 + 1°), which is slightly larger than the ideal value of 120°.
The stretching of zigzag chains can also be evidenced by the
larger lattice constant of 23.8 + 0.3 A than that observed on
the Cu(111) surface (21.8 A), whereas the distance between
the chains is almost the same (10.7 A on Cu(111)).** The
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stretching is most likely driven by adsorbate-substrate
interactions and results in a better commensurability with the
surface lattice. The energy necessary for the deformation of
the MTP units may be a significant factor that limits the length
of the zigzag oligophenylene chains, which on average contain
only five MTP units, compared to ten units on Cu(111).*
Therefore, the substrate structure greatly influences the
growth of C-C covalent bonded nanostructures, especially

regarding the selectivity for the final products.

4. Conclusion

When 4,4”-dibromo-meta-terphenyl (DMTP) is deposited onto
Cu(110) surface at 300 K, the C-Br bonds dissociate
immediately. The resulting meta-terphenyl (MTP) fragments
form two kinds of organometallic chains, i.e., the cis/trans and
the all-trans zigzag organometallic chains. The lengths of the
repeat units along the chain directions are 50.8 + 0.3 A and
27.9 + 0.2 A, respectively. Both chains form small islands, in
which the residual Br adatoms are adsorbed at the short bridge
sites between the chains. The Cu atoms in the C-Cu-C bonds of
the all-trans organometallic chains alternatingly occupy hollow
sites and short bridge sites along the chains. Deposition of
DMTP at 383 K leads to the formation of larger islands of the
all-trans zigzag organometallic chains, while the cis/trans
organometallic chains vanish. This reveals that the former are
thermodynamically more stable. The islands of all-trans zigzag
organometallic chains are oriented along two directions, which
enclose angles of +13° relative to the [0 O 1] direction of the
Cu(110) lattice. Deposition of DMTP at 407 K results in the
partial splitting of the all-trans zigzag chains by elimination of
Cu from some of the C-Cu-C bonds. Following the loss of Cu
from the C-Cu-C bonds, C-C bond formation starts within the
all-trans zigzag organometallic chains at 417 K. Small islands
that exclusively consist of zigzag oligophenylene chain occur
after annealing the all-trans zigzag organometallic chains to
458 K. The zigzag angles of 125° are larger than the ideal 120°
angle, indicating that the chains are stretched along the chains
direction. Accordingly, the lattice constant along the chains is
23.8 + 0.3 A, compared to 21.8 A reported for the unstretched
chains on Cu(111). The stretching is apparently necessary for
the system to achieve commensurability between the chains,
the Br atoms on the short bridge sites between the chains, and

the substrate. The fact that large islands of all-trans zigzag
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organometallic chains, but only small islands of zigzag
oligophenylene chains are formed is mainly attributed to their
different commensurability with the substrate lattice. No
hyperbenzene or other larger hydrocarbon macrocycles are
observed on the Cu(110) surface, contrasting previous
observations on Cu(111). These results illustrate how the
symmetry and structure of the substrate affect the formation

of ordered organometallic and covalent structures.
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