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armchair edges. On Au(111) and Ag(111) surfaces, the
prototypical precursor 10,10’-dibromo-9,9’-bianthryl (DBBA)
polymerizes through an Ullmann reaction to form straight GNRs
with armchair edges. However, on Cu(111), irrespective of the
bianthryl precursor (dibromo-, dichloro-, or halogen-free
bianthryl), the Ullmann route is inactive, and instead, identical
chiral GNRs are formed. Using atomically resolved noncontact atomic force microscopy (nc-AFM), we studied the growth
mechanism in detail. In contrast to the nonplanar BA-derived precursors, planar dibromoperylene (DBP) molecules do form
armchair GNRs by Ullmann coupling on Cu(111), as they do on Au(111). These results highlight the role of the substrate,
precursor shape, and molecule—molecule interactions as decisive factors in determining the reaction pathway. Our findings
establish a new design paradigm for molecular precursors and opens a route to the realization of previously unattainable
covalently bonded nanostructures.
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ABSTRACT: On-surface synthesis with molecular precursors Cu(111 "
has emerged as the de facto route to atomically well-defined Br —> ‘Q‘Q.Q
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B INTRODUCTION On-surface synthesis has emerged as a complementary
approach for obtaining covalently bonded nanostructures.®
Using suitable precursor molecules, this bottom-up approach
yields atomically well-defined graphene nanoribbons with either
the armchair’ or zigzag'® edge topology. The beauty of this
approach is that, by changing the precursor molecule, the
resulting nanoribbon structure can be precisely selected. Since
the initial demonstration of seven-atom-wide armchair GNRs
(7-AGNRs) synthesized by coupling 10,10’-dibromo-9,9'-
bianthryl (DBBA, 1) on a Au(111) surface,” the field has

Graphene nanoribbons (GNRs) are narrow, one-dimensional
structures derived from two-dimensional graphene. GNRs have
been proposed as a means for introducing a tunable band gap
into graphene while preserving its favorable electronic proper-
ties."” Such a band gap is a prerequisite to electronic
applications of graphene and, together with the predicted
spin-polarized flat-band edge states for certain edge termi-
nations, gives GNRs enormous potential for use in next-
generation nanoelectronics.” As a result, tremendous efforts
have been devoted to the top-down fabrication of nanoribbons, progressed rapidly. Addition of biphenyl and (thiophenyl)-

for example, through the lithographic etching of graphene®* or phenyl moileties to DBBA molecules resglts in the formation of
> However, using these 13-AGNRs'" and sulfur-doped GNRs,'” respectively, whereas

the “unzipping” of carbon nanotubes.”
methods, it is not possible to produce nanoribbons with incorporation of a diboraanthracene moiety into the molecule

atomically well-defined edges. As the electronic properties of

GNRs are intricately linked to their edge structure,”” methods Received: December 9, 2016
for synthesizing GNRs with atomically precise widths and edge Revised:  January 10, 2017
structures need to be developed for actual applications. Published: January 11, 2017
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Figure 1. Synthesis of chiral graphene nanoribbons on Cu(111) from different bianthryl precursors. (a) Three-dimensional wireframe representation
of the bianthryl precursor with different functionalizations (R = Br, C, or H) and two-dimensional schematics of the molecular coupling on Au(111)
and Ag(111) (top, following Ullmann coupling) and on Cu(111) resulting in the observed (3,1) chiral nanoribbons (bottom). Bonds in red result
from intramolecular cyclodehydrogenation, and those in blue result from intermolecular aryl—aryl coupling. (b—d) Two-dimensional wireframe
representations of the precursor and nc-AFM images of the resulting nanoribbons for (b) DBBA/Cu(111) annealed to 620 K, (c) DCBA/Cu(111)
annealed to 550 K, and (d) BA/Cu(111) annealed to 510 K. All scale bars represent 1 nm.

allows for the synthesis of boron-doped 7-AGNRs."*'* The
versatility of the bottom-up method is further illustrated by the
numerous examples of GNRs that have been established
recently, such as chevron-type GNRs” and their nitrogen-doped
counterparts,ls’16 ultranarrow 5-AGNRs,'”'® and zigzag GNRs
with modified edges.'”""*

Typically, the synthesis is carried out on gold (occasionally
silver”") substrates, and it has been proposed to proceed
through the metal-catalyzed Ullmann coupling of aryl
halides.**”*® The reaction mechanism is not completely
known, but the first step involves metal-substrate-catalyzed
cleavage of the carbon—halogen bond, resulting in a radical
species,”* followed by aryl—aryl coupling to form polymer
chains (protoribbons) at elevated temperatures. These
protoribbons are converted to fully aromatic GNRs through
cyclodehydrogenation at an even higher temperature (Figure
1a).2

It would be of interest to extend GNR synthesis to the
technologically more relevant copper surfaces, for which large-
scale graphene growth and reliable transfer techniques have
been developed with great success in recent years.”> >
Simonov et al.’® described the synthesis of GNRs on
Cu(111) from DBBA precursors. Based on the -earlier
experiments on Au(111) and Ag(111)**' and the assumption
that the molecules follow the same Ullmann-coupling
mechanism on Cu(111), the resulting structures were assigned
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to be 7-AGNRs. However, when the same experiments were
performed by Han et al,” a characteristic corrugation of the
nanoribbon edges was observed, which was ascribed to the
formation of (3,1) chiral GNRs (Figure 1a). The controversy
over the actual structure of these ribbons on Cu(111)*~**
shows the difficulties in assessing the atomic structures of
synthesis products by scanning tunneling microscopy (STM).
Structure identification by STM is limited, as STM is sensitive
to only electronic states near the Fermi energy,35 which, for
polyaromatic hydrocarbons, are usually highly delocalized. A
possible solution is offered by frequency-modulation non-
contact atomic force microscopy (nc-AEM):*® nc-AFM images
acquired with a passivated tip (e.g., after deliberate attachment
of a carbon monoxide molecule) provide a means of visualizing
the chemical structure of single molecules,”” including graphene
nanoribbons.***”

In this work, we used atomically resolved nc-AFM images to
confirm that DBBA forms (3,1) chiral GNRs on Cu(111)
surfaces, in stark contrast to the results obtained on Au(111)°
and Ag(111),”" as suggested by Han et al.”’ and verified by
Sanchez-Sanchez et al.”* This implies that the polymerization
on Cu(111) does not proceed by the Ullmann coupling route
as on Au(111). To establish the reaction mechanism and
determine the factors governing it, we repeated the experiments
with chlorinated (dichlorobianthryl) and halogen-free (bianthr-
yl) precursors. The nc-AFM images revealed that, in all cases,
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the same (3,1) chiral GNRs were formed. We investigated the
reaction mechanism with further nc-AFM/STM experiments
and followed the evolution of the reaction products from self-
assembled molecular chains to linear polymers and eventually
to fully aromatic graphene nanoribbons upon controlled
annealing to higher temperatures. The importance of
molecule—molecule interactions is highlighted by experiments
with flat precursors (dibromoperylene, DBP)'” that do form
armchair GNRs on Cu(111) through Ullmann coupling. Our
findings suggest a new paradigm for the synthesis of graphene
nanoribbons in which the coupling of the precursor molecules
is controlled by their geometry rather than their chemical
functionality. This break from prototypical Ullmann coupling
will allow for the realization of previously unattainable
covalently bonded nanostructures.

B EXPERIMENTAL METHODS

Sample Preparation. 10,10'-Dibromo-9,9'-bianthryl was
synthesized according to the method reported in ref 38, 9,9’
bianthryl and 10,10’-dichloro-9,9'-bianthryl according to the
method reported in ref 40, and 3,9-dibromoperylene and 3,10-
dibromoperylene according to the method reported in ref 17.
The two isomers of dibromoperylene form in a roughly 1:1
ratio during the synthesis for symmetry reasons. Although the
isomers could be separated with some effort, the publication of
Kimouche et al.'” showed that the mixture of the two isomers
does not seem to affect the GNR formation, as straight GNRs
are obtained.

Samples were prepared by evaporating the precursor
molecules from Knudsen-cell-type evaporators onto Cu(111)
single crystals, cleaned by sputtering/annealing cycles. Low-
temperature evaporation for DBBA and DBP was performed by
removing the cold Cu substrate from the STM/AFM
instrument (~S K), positioning it for short time in front of
the evaporator, and inserting it immediately back into the
STM/AFM instrument. The total time outside the cold
microscope was between 2 and 3 min, yielding a conservative
estimated temperature (and error margin) of (200 + 50) K.
Thus, the difference in debromination after low-temperature
evaporation between DBBA and DBP (see below) is more
likely to reflect the variation in sample temperature than
different energy barriers for C—Br bond cleavage.

For the experiments on DBBA and DBP, annealing
temperatures were monitored using a pyrometer, which is
sensitive to the optical alignment with the sample, the way it is
calibrated, and potential stray light. For the experiments on
DCBA and BA, sample temperatures during annealing were
deduced from the filament power and a calibration curve
recorded with a pyrometer. A reasonable error estimation for
the temperatures reported in this article is +30 K for each
setup. Comparing absolute sample temperatures between
different ultrahigh-vacuum systems is generally difficult. While
temperature measurements are repeatable as such, large
systematic differences between different setups can easily exist.

Scanning Probe Measurements. After preparation, the
sample was inserted into a low-temperature STM/AFM
instrument, housed within the same ultrahigh-vacuum system
(base pressure ~ 107'° mbar). The experiments on DBBA and
DBP precursors were carried out with a Createc LT-STM/
AFM system (with a qPlus sensor resonance frequency f, of
~30.7 kHz, a quality factor of ~100k, a spring constant k of
~1.8 kN/m, and an oscillation amplitude of SO pm). The
experiments on DCBA and BA precursors were carried out with
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an Omicron LT-STM/qPlus AFM system (with a qPlus sensor
resonance frequency f, of ~19.5 kHz, a quality factor of ~30k,
a spring constant k of ~1.8 kN/m, and an oscillation amplitude
of 85 pm).

Carbon monoxide for nc-AFM imaging with functionalized
tips was dosed onto the surface through a leak valve. Picking up
an individual carbon monoxide molecule on the tip apex was
carried out as described previously.””*' nc-AFM images were
acquired at a bias voltage (Vj,,) of 0 V.

B THEORETICAL METHODS

DFT Calculations. Density functional theory (DFT)
simulations to examine the adsorption geometries and
interactions between molecules on the surface were performed
with the CP2K code using the Perdew—Burke—Ernzerhof
(PBE) generalized gradient approximation (GGA) density
functional and a mixed Gaussian and plane wave (GPW) basis
set."”* These calculations included geometry minimizations of
various molecular variants on the surface. The Cu(111) surface
was represented using three atomic layers; the lowermost layer
was fixed, whereas the other two layers were allowed to relax to
reproduce the atomic and electronic structure of the system.
We employed semiempirical long-range dispersion correc-
tions™" to represent van der Waals (vdW) interactions in the
system. Finally, the molecularly optimized (MOLOPT)™* basis
set was used to minimize basis set superposition error (BSSE),
and the plane-wave cutoff was selected to be 400 Ry, as, above
this value, the results did not change. The lowest-energy
configuration of each molecule was computed by placing the
molecule onto the surface in various positions and optimizing
the geometry. The starting positions were obtained by rotating
the molecule by 2° increments on the surface.

nc-AFM Simulations. AFM simulations were performed
with the MechAFM code, based on the probe particle
model,***” as implemented by Spijker and co-workers.*® The
probe consists of a fixed C atom connected to an O atom
restrained in the xy plane by a harmonic spring with a stiffness
of 0.5 N/m. The tip—sample interactions were calculated by
placing the tip in several locations above the DFT-optimized
structures of the molecules and relaxing the tip O termination.
For simplicity, the interatomic interactions between O and the
atomic species of the sample were described by Lennard-Jones
potentials. At this stage, electrostatic interactions were
disregarded. The atomic parameters for the potentials were
taken from the CHARMM force field*” (Table 1).

Table 1. CHARMM Force Field Parameters Used in the
AFM Image Simulations

element € (kcal/mol) o (A)
C 0.07 3.5§
H 0.03 2.42
Br 0.42 3.69
0 (tip) 0.192 3.15

Parameters for pair potentials were obtained from the atomic
parameters using arithmetic mixing rules. Frequency shift
images were calculated from the tip—sample interaction maps
using the method described in ref 50, assuming that the AFM
cantilever had a stiffness of 1.8 kN/m and an oscillation
amplitude of 50 pm at a resonance frequency of 25 kHz.
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B RESULTS AND DISCUSSION

We begin by confirming that DBBA (1) on Cu(111) forms
(3,1) chiral GNRs, as proposed by Han et al.*’ and recently
verified by Sanchez-Sanchez et al.>* Figure 1b shows an nc-
AFM constant-height image of a GNR obtained after annealing
submonolayer coverages of 1 on Cu(111) to 620 K. The image
shows the chemical structure of the GNR and clearly reveals its
chiral symmetry, with a periodic arrangement of three zigzag
units and one armchair unit comprising the GNR edge. We
observed only these chiral GNRs on Cu(111), implying that
the formation does not proceed by Ullmann coupling. The
general coupling scheme resulting in such ribbons is outlined in
Figure 1la.

Surprisingly, the same chiral GNRs can also be synthesized
from 10,10’-dichloro-9,9'-bianthryl (DCBA, 2; Figure 1c), that
is, when the bromines in the precursor molecule are replaced by
chlorines, and by 9,9'-bianthryl (BA, 3; Figure 1d), which does
not contain any halogen atoms thought to be required for
Ullmann-type couplings. Compounds 1 and 3 represent
extreme cases, where the radical is expected to form either at
the very beginning of the GNR formation process (1) or not all
(3). Because of the C—Cl bond in 2 is stronger than the C—Br
bond in 1,**°"%? the radical is formed at a higher temperature,
that is, at a later stage in the reaction. Yet the outcome is the
same covalently bonded nanostructure with all of the
precursors. This confirms that the aryl—aryl coupling is of a
non-Ullmann type and suggests that the entire GNR formation
is insensitive to radical formation by dehalogenation.

We unravel the chemical mechanism behind the deviation
from Ullmann coupling””*® and explain why this synthesis
proceeds even without aryl halides by performing the synthesis
step by step, for all three precursors. Figure 2a shows an STM
image of a single DBBA molecule after evaporation onto
Cu(111) at (200 + 50) K, which results in mostly isolated
molecules and dimers. The molecule shows the typical
dumbbell-like protrusions due to the nonplanar geometry of
the bianthryl core, caused by steric hindrance between the inner

Figure 2. Characterization of the DBBA precursor molecule. (a) STM
image of an individual DBBA molecule evaporated onto Cu(111)
below room temperature. Red arrows mark adsorbed CO molecules.
Inset: Atomically resolved STM image of the Cu(111) substrate. (b)
Adsorption configuration for debrominated DBBA as calculated by
DFT. (c) Constant-height nc-AFM images at different tip—sample
distances, given as offsets with respect to the tunneling set point (left)
and overlaid with a structural model of debrominated DBBA (right).
(d) Simulated nc-AFM images based on the DFT-optimized geometry.
Tip heights are given as distances between the CO carbon atom and
the plane of the topmost copper layer. All scale bars represent S A.
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hydrogen atoms at C1, C1’ and C8, C8' (Figure la). Constant-
height nc-AFM images of the same molecule, recorded at
different tip—sample distances, are depicted in Figure 2c. When
the tip is far away, the molecule is imaged as two repulsive arcs.
Because their positions coincide with the two lobes in the STM
images, we assign them to the edges of the topmost carbon ring
of each of the two anthracene units of DBBA. The tilting of the
CO at the tip apex significantly influences the image contrast at
closer distances.***” This results in a sharp line diagonally
through the center of the molecule and unrelated to any actual
bond in the molecule.”® This feature can be identified based on
simulated nc-AFM images including the effect of CO flexibility
through a molecular-mechanics model of the tip—sample
junction®*” with the DFT-optimized geometry of the molecule
on the surface. We calculated the adsorption configuration for
both the intact DBBA molecule and the debrominated
biradical. Upon adsorption on Cu(111), the nonplanar shape
of the bianthryl core in both cases is mostly conserved,
although the symmetry in comparison to the gas phase is
reduced. The two carbon rings closest to the copper tend to
adsorb flat on the surface, inducing considerable distortion in
the anthracene moieties. In the case of the biradical (Figure
2b), the debrominated C10 and C10’ bend down toward the
copper substrate, causing additional strain. Our subsequent nc-
AFM simulations reproduced the filament-like feature appear-
ing at small tip—sample distances for both species. This feature
is due to the CO bending as a response to a saddle goint in the
potential energy surface over the molecule,”” thereby
connecting the two upper benzene rings of the two anthracene
units. However, the arc-like features at large tip—sample
distances were reproduced only in the nc-AFM simulation of
the biradical shown in Figure 2d (see Figure S1 for DFT
adsorption structure and simulated nc-AFM images of intact
DBBA). This is in agreement with the earlier experiments,
suggesting that bromine—carbon bond cleavage occurs already
below room temperature.*”

As a next step, we heated the DBBA/Cu(111) system to
room temperature, giving the results shown in Figure S2a. The
molecules self-assemble into wiggly, disordered chain structures
with rare and only short straight sections with periodicities
between 10 and 11 A (Figure S2c). STM images with a CO tip
reveal cleaved bromine atoms next to the chains (Figure S2b).
This assignment is supported by the asymmetric appearance of
some of the molecules, likely caused by the scission of only one
of the two C—Br bonds of DBBA or asymmetric subsequent
stabilization/passivation of the radical. The nc-AFM image
shown in Figure S2d suggests that the structure does not
deviate significantly from what would be expected for an
Ullmann pathway, with the radical sites of adjacent monomers
pointing toward each other. Although this cannot be directly
verified from the STM or nc-AFM images, the distance
between the monomers agrees with the incorporation of copper
atoms into the chains, which could stabilize the bianthryl
radicals.”

Figure 3a presents an STM image of the DBBA/Cu(111)
sample after it had been annealed to 470 K. The wiggly,
disordered structures have transformed into long, straight
molecular chains. Interestingly, the periodicity of the chains is
also reduced to about 8.5—9 A, as confirmed by the STM line
profile in Figure 3b. Such a reduction in periodicity was
observed previously and was interpreted as a transition from an
organometallic chain of surface-stabilized radicals to a
polymer.”® We obtained analogous molecular chains for
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Figure 3. Formation of molecular chains. (a—f) STM images and line profiles of molecular chains formed after annealing (a,b) DBBA/Cu(111) to
470 K, (c,d) DCBA/Cu(111) to 500 K, and (e,f) BA/Cu(111) to 440 K. Scale bars represent S nm. (g) nc-AFM image with overlaid structural
models (only BA core for clarity) for a chain with short periodicity formed from DBBA precursors. Scale bar represents 1 nm.

DCBA and BA after they had been annealed to 500 and 440 K,
respectively, with similar periodicities between 8.5 and 9 A, as
shown in Figure 3c—f. Within the experimental uncertainty,
these values are identical to the periodicity of the final (3,1)
chiral ribbons of ~9 A calculated from purely geometrical
considerations. Interestingly, we observed chains with long
periodicity for neither DCBA nor BA, despite testing a wide
range of annealing temperatures [see Figure S3 for DCBA/
Cu(111) and BA/Cu(111) at room temperature].

Within the chains shown in Figure 3, some monomers
exhibit a greatly reduced apparent height in the STM images,
which is an indication of the onset of cyclodehydrogenation of
the bianthryl cores. Indeed, the STM images in Figure 3a,c,e
also show individual molecules that are already fully cyclo-
dehydrogenated, similarly to many of the chain ends. The
energy barrier for cyclodehydrogenation seems to be
considerably higher for molecules within the chains. This
might be due to the intermolecular interactions favoring a
three-dimensional shape of the bianthryl core or the fact that
the cyclodehydrogenation reaction in the middle of a chain
would involve the formation of more bonds than that at the
chain end. Figure 3g shows an nc-AFM image of a DBBA chain
with short periodicity. Even though not all monomers look Figure 4. Chain manipulation and quenching of GNR formation by
alike because of the partial cyclodehydrogenation, we used the cyclodehydrogenation. (a) Stepwise STM lateral manipulation of a BA
filament-like feature exhibited by some of them to obtain their chain, starting from the topmost image. Scale bar represents S nm. (b)
orientation. Assuming that the remaining monomers have Schematic of a proto'rlbbon in which a single bond connects the BA

. . . monomers. (c) STM image of BA molecules evaporated onto Cu(111)
comparable positions, we found a structure that is radically

; . . R at room temperature. Scale bar represents 2 nm. (d) STM image of
different from that of the chains with longer periodicity. chiral GNRs formed after the sample in panel ¢ had been annealed to

Instead, it is very close to the orientation of the monomers in S10 K. Scale bar represents 2 nm. (e) STM image of cyclo-
the final (3,1) chiral GNRs (see Figure la), with the C10 and dehydrogenated BA molecules after evaporation onto a Cu sample
C10’ sites pointing away from each other and toward the sites held at 510 K. Scale bar represents 5 nm.

of the chain.
The question arises whether the molecules in these chains
are already polymerized, which we addressed by STM lateral Au(111) and Ag(lll).9 Considering the AFM image in Figure

manipulation experiments.”” Figure 4a shows a sequence of 3g, the most likely covalent bond formation is through C2—C2’
four STM images. The topmost depicts a straight BA chain, coupling, as depicted in Figure 4b. For the DBBA and DCBA
whereas the other three were recorded after subsequent precursors, this could be explained by radical hopping from
manipulation attempts, in which the tip was positioned on C10 (C10’) to C2 (C2’'). However, in the case of BA, no
one side of the chain, the tip—sample distance was reduced, and halogen—carbon bond can be cleaved to give rise to a radical.
the tip was moved across the chain. As can be seen, the chain Thus, the unusual C2—C2’ bond formation is most likely due
did not break, nor were individual molecules extracted. Instead, to activation of the corresponding C—H bonds by the catalytic
the chain bent in the direction of tip movement while activity of the Cu(111) surface, followed by polymerization into
remaining connected. This is a clear indication that the chains shown in Figure 3 through homocoupling.
intermolecular bonds have been established at this point of Formation of these protoribbons subsequently facilitates the
the growth process.”” These chains are thus the chiral ring-closure reaction by cyclodehydrogenation, which is the
analogues of the so-called protoribbons (polymer chains with final step to achieve graphene nanoribbons. Indeed, further
a single chemical bond between the monomers) formed on annealing leads to the chiral GNRs shown in Figure 1.
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Figure S. Formation of armchair GNRs from dibromoperylene through on-surface Ullmann coupling on Cu(111). (a—d) Structural model, STM
image, and AFM image of DBP evaporated onto Cu(111) at (a) 200 K and (b) room temperature and of DBP on Cu(111) annealed to (c) 470 and
(d) 570 K. The two very bright protrusions in the AFM image in panel a are CO molecules. All scale bars represent 1 nm.

The importance of the nonplanar shape of the precursor
molecules is emphasized by another set of experiments,
depicted in Figure 4c—e. The STM image in panel ¢ shows
BA molecules evaporated onto Cu(111) at room temperature,
exhibiting their typical dumbbell shape. Figure 4d shows the
same sample after it had been annealed to 510 K, resulting in
the formation of chiral ribbons. The same evaporation
procedure as in panel ¢ was repeated for the sample shown
in Figure 4e, except that the Cu(111) substrate was already
held at 510 K during the evaporation. As can be seen, no GNRs
formed, but the surface is covered by cyclodehydrogenated BA
molecules, namely, bisanthenes. Because they were evaporated
onto the hot copper surface, the BA molecules cyclo-
dehydrogenated immediately, before they could diffuse around
to self-assemble into chains and polymerize, thus efliciently
quenching GNR formation.

Thus far, we have established that the surface (Cu vs Au and
Ag) has a significant influence on the coupling mechanism. In
the following discussion, we further describe how the molecular
shape (planar vs nonplanar) affects GNR formation. In Figure
5, we follow, step by step, the GNR formation from planar 3,9-
dibromoperylene and 3,10-dibromoperylene (DBP, §) pre-
cursors'” on Cu(111), in a manner similar to that described
above for the different BA-derived precursors. Figure Sa shows
a schematic of DBP and an STM image and the corresponding
nc-AFM image of DBP evaporated onto Cu(111) at (200 =
50) K. Three DBP molecules have assembled into a trimer with
the bromines most likely still attached to the perylene core. In
contrast, when evaporated onto the Cu(111) sample held at
room temperature (Figure Sb), the molecules form long, wiggly
chains (see Figure S4 for the STM overview images).
Additional circular protrusions are visible next to the chain in
both the STM and nc-AFM images, corresponding to the
bromines from cleaved carbon-halogen bonds. The nc-AFM
image at first suggests the formation of covalent bonds between
C3 and C9’ (C10’) of adjacent perylene units (where primed
and unprimed carbon atoms indicate the two different perylene
units), that is, between radical sites formed by C—Br bond
cleavage. However, closer inspection reveals that these apparent
bonds have lengths of about 3—4 A, much too long for a
covalent carbon—carbon bond. In addition, the STM image
shows bright, circular protrusions at the positions of the
perylene—perylene links (indicated by the arrows in Figure Sb).
These is likely caused by the inclusion of individual copper
atoms into the structure,'®>° indicating the formation of

organometallic chains to stabilize the perylene biradicals (6a)
after C—Br bond scisson. The exact nature of the copper atoms
cannot be identified from our experiments, with both adatoms
and surface atoms pulled out of the plane of the top layer of the
substrate being plausible.

Figure Sc shows the sample after it had been annealed to 470
K. The appearance of the chains has changed markedly, as they
have become straighter and shorter. An analysis similar to that
applied to the wiggly chains can be carried out: The apparent
bonds in the nc-AFM image between C3 (C4) and C10’ (C9’)
of adjacent perylene units are too long for covalent carbon—
carbon bonds, and the STM image shows an oblong bright
feature at the same position. Because the four carbon atoms C3,
C4, C9, and C10 all look alike in the nc-AFM image, with
reduced intensity indicating a slight downward bending, we
conclude that these features indicate the formation of perylene
tetraradicals (6b) due to C—H activation, stabilized through
formation of organometallic chains connected by copper-atom
dimers. We completed the formation of the GNRs by further
annealing the sample to 570 K, as highlighted in Figure Sc. The
obtained ribbon is a five-atom-wide armchair GNR (5-AGNR),
undoubtedly formed by an on-surface Ullmann coupling
reaction and thus identical to the results for DBP on
Au(111)."” This confirms that radical coupling is effective in
the case of the DBP precursor and points to the nonplanar
molecular geometry being responsible for the departure from
the Ullmann coupling scheme in the case of the BA-derived
precursor molecules.

When performing such a step-by-step synthesis, it is
important to differentiate between actual reaction intermediates
and self-assembled structures formed upon cooling to the
imaging temperature after the heating step. The two types of
organometallic chains formed by DBP at different temperatures
and the long-periodicity DBBA chains probably represent the
latter. Nevertheless, these structures yield important informa-
tion about the sequence of the different steps along the reaction
path. The formation of the perylene tetraradicals indicates that,
on Cu(111), the energy barrier for C—H bond activation at C4
and C10 (C9) is significantly lower than that for aryl—aryl
homocoupling between C3 and C9’ (C10’), in stark contrast to
Au(111), where aryl—aryl coupling precedes C—H bond
activation and cyclodehydrogenation.”'”*® This also explains
the reduced quality of the S-AGNRs on Cu(111) (Figure S4c):
The higher number of radical sites compared to Au(111)
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increases the coupling rate and reduces the diffusion rate, which
leads to less-ordered structures.”’”

Applying these findings to the chiral ribbons completes our
picture of their unusual formation mechanism: Initially, radicals
are formed at C10 and C10’ by dehalogenation in the case of
DBBA, which form long-periodicity organometallic chains after
cooling. Such chains are not observed for DCBA and BA,
indicating that dechloronation occurs at similar temperatures as
homocoupling or cyclodehydrogenation. The next step occurs
analogously for all three precursors, which is C—H activation at
the C2 atoms. On Cu(111), this process has a reduced energy
barrier compared to that on Au(111), allowing for deviaton
from the Ullmann route through C2—C2’ homocoupling. This
step is likely driven by #—r interactions, which can significantly
influence adsorption structures” and would favor an arrange-
ment of the bianthryl cores in which the C2 and C2’ radical
sites point toward each other because of the three-dimensional
shape of the precursors.” Potential passivation of the C10 and
C10’ radical sites for DBBA and DCBA could also facilitate this
step. Once the covalent bond between the monomers is
established, further heating induces the cyclodehydrogenation
of the remaining bianthryl core to form the fully aromatic chiral

ribbon.

B CONCLUSIONS

Using STM and atomically resolved nc-AFM imaging, we have
followed the synthesis of chiral GNRs on Cu(111) from three
different BA-derived precursors step by step. Despite radical
formation through dehalogenation of the DBBA precursors, the
formation of armchair nanoribbons through Ullmann coupling
does not occur. This is due to the stronger interaction of the
molecule with the surface on Cu(111), which stabilizes the
radical after halogen—carbon bond scission and reduces the
energy barrier for C—H bond activation. Consequently, C—H
bond activation at C2 and C2’ atoms occurs at a lower
temperature than C10—C10" aryl—aryl coupling, resulting in
similar intermolecular carbon—carbon bond formation for
DBBA, DCBA, and BA. The ring-closure reaction through
cyclodehydrogenation yields as the final product the fully
aromatic chiral GNR.

The situation is quite different for the planar DBP precursor.
Although the observed organometallic chains show that the
formed radicals are stabilized by interaction with native
substrate atoms, further C—H bond activation and intermo-
lecular carbon—carbon bond formation still results in armchair
GNRs. The main difference between these two cases is the
three-dimensional shape of the BA-derived precursors that
favors molecular chains along the chiral direction. On the fairly
inert Au(111) surface, the C—H bond activation at the C2 and
C2’ atoms occurs only in the final cyclodehydrogenation step,
the difference in the precursor shape is insignificant, and both
DBBA and DBP follow the Ullmann coupling pathway. On
Cu(111), however, the strong interaction of the precursors with
the surface decisively influences the reaction pathway and
results in GNR formation being controlled by the precursor
shape rather than by the chemical functional groups. This
opens up new possibilities for on-surface synthesis in which the
precursor shape determines the coupling reaction, thus allowing
for the realization of previously unattainable covalently bonded
nanostructures.
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