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ABSTRACT Bottom-up strategies can be effectively implemented for the fabrication  —[Stepwise annealing of DBBA to 250°C (heating rate - 5°C/min)
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increase in reactivity for the open and anisotropic Cu(110) surface in comparison with the close-packed Cu(111). This increased reactivity results in a
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of atomically precise graphene nanoribbons. Recently, using 10,10’-dibromo-9,9'-
bianthracene (DBBA) as a molecular precursor to grow armchair nanoribbons on
Au(111) and Cu(111), we have shown that substrate activity considerably affects the
dynamics of ribbon formation, nonetheless without significant modifications in the
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growth mechanism. In this paper we compare the on-surface reaction pathways for
DBBA molecules on Cu(111) and Cu(110). Evolution of both systems has been studied

via a combination of core-level X-ray spectroscopies, scanning tunneling microscopy,

and theoretical calculations. Experimental and theoretical results reveal a significant

predominance of the molecular—substrate interaction over the intermolecular one, which has a critical impact on the transformations of DBBA on Cu(110).
Unlike DBBA on Cu(111), the Ullmann coupling cannot be realized for DBBA/Cu(110) and the growth of nanoribbons via this mechanism is blocked. Instead,
annealing of DBBA on Cu(110) at 250 °C results in the formation of a new structure: quasi-zero-dimensional flat nanographenes. Each nanographene unit
has dehydrogenated zigzag edges bonded to the underlying Cu rows and oriented with the hydrogen-terminated armchair edge parallel to the [1—10]
direction. Strong bonding of nanographene to the substrate manifests itself in a high adsorption energy of —12.7 eV and significant charge transfer of
3.46¢ from the copper surface. Nanographene units coordinated with bromine adatoms are able to arrange in highly regular arrays potentially suitable for

nanotemplating.
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graphene structures, charge carriers

can be laterally confined in quasi-one-
dimensional (1D) graphene nanoribbons
(GNRs).' 8 The electronic structure of GNRs
is highly dependent on their geometry and
chemical composition: the one-dimensional
band structure of GNRs depends critically
on their chirality (armchair, zigzag, or inter-
mediate edge shapes),®> & and the size of the
band gap depends inversely on the GNRs'
width 3*#9 Despite intriguing electronic pro-
perties, the synthesis of structurally precise

In order to introduce a band gap into
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GNRs using top-down concepts remains
challenging.®® On the other hand, a bottom-
up approach presuming on-surface reactions
between molecular precursors was demon-
strated to be a superior for production of
atomically precise GNRs.'®"2° In particular,
armchair-edge GNRs with the width of seven
rows of C atoms (7-AGNRs) can be grown
on certain metal substrates using the 10,10’
dibromo-9,9’-bianthracene (DBBA) molecule
as a precursor.

To date, this strategy was successfully
implemented to prepare 7-AGNRs on
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Au(111),10141317.18 Ay (788),'"12 Ag(111),"® and Cu-
(111).'82%2% The growth mechanism leading to the
formation of 7-AGNRs from DBBA on Au(111) and
Cu(111) can be described in three steps: (i) surface-
assisted dehalogenation of precursor molecules (in the
case of Cu(111) followed by the formation of surface-
stabilized structure); (ii) formation of linear polyanthra-
cene chains via directional covalent C—C coupling of
biradical molecular units; and (iii) cyclodehydrogenation
reaction upon further thermal activation.

The on-surface polymerization reaction between
halogen-substituted precursors, including stages (i)
and (ii), is also known as the Ullmann-type coupling
reaction.’®?’ It has become an established route for
tailored fabrication of covalent nanostructures in the
past few years. Particularly, Ullmann-type reactions
were successfully utilized for the synthesis of 1D%~'
and 2D?83%32739 molymer nanostructures from suita-
ble precursor molecules on noble metal surfaces. The
structure of the resulting system is known to depend
on many factors. Apart from the atomic structure of the
molecular precursor itself, it is essential to take into
account substrate morphology and reactivity, in order
to exert full control over the formation of molecular
nanoarchitectures.?’3%3>73° The more reactive the
substrate, the more pronounced its role in the bot-
tom-up mechanism.

The bottom-up growth of GNRs is not an exception.
In our recent study'® we have shown that on the
reactive Cu(111) a complete dehalogenation of DBBA
takes place at room temperature (RT) and is followed
by the formation of polymer chains at temperatures
around 100 °C, while for the less reactive Au(111)
debromination of DBBA molecules occurs at around
200 °C. Further annealing of polymer chains on Cu(111)
leads to the formation of 7-AGNRs already at 250 °C,
while on Au(111) the formation of GNRs completes
only at 400 °C. This difference confirms the crucial role
of substrate properties, including its atomic structure
and reactivity, in the GNR synthesis mechanism. It is
well known that the properties of noble metal surfaces
are strongly dependent on their composition and face
orientation. In particular, density functional theory
(DFT) calculations indicate that the surface reactivity
increases with the decreasing coordination of surface
Cu atoms in the series Cu(111), Cu(110), Cu(100).*%*'
The correlated upward energy shift of the d-band
center can cause stronger hybridization between the
metal d-states and the molecular orbitals of adsorbates,
thus increasing the chemisorption strength. Therefore, a
change in the surface orientation can dramatically affect
the molecular—substrate interaction. For the particular
case of the benzotriazole molecule, densely packed
surfaces are not reactive enough to interact with the
molecular 7 system, while the reactivity of the Cu(110)
surface is sufficient to promote such an interaction.*
Moreover, it was experimentally demonstrated that the
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highly anisotropic Cu(110) surface can induce a 1D
structure growth;?>3'*2 therefore one could potentially
anticipate formation of spatially aligned GNRs on
this substrate. For this reason it is of great interest
to compare the on-surface reaction mechanisms ac-
companying the adsorption and temperature-induced
modification of DBBA molecules on Cu(111) and
Cu(110).

In this work we address the question of how a
change in the atomic structure of the copper substrate
from close-packed (111) to open (110) affects the on-
surface reaction pathway for a DBBA molecule, which
in the case of DBBA/Cu(111) ultimately leads to the
formation of 7-AGNRs. Will it result in the growth of
aligned GNRs on Cu(110), or will a completely different
scenario be enforced by the change in surface sym-
metry and reactivity? To answer these questions,
we have performed a comparative study of DBBA
adsorption and transformation on Cu(111) and Cu(110)
by using near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy, X-ray photoelectron spectros-
copy (XPS), and scanning tunneling microscopy
(STM) in combination with DFT calculations. This set
of complementary techniques allows us to follow
and understand all reaction steps accompanying
the system evolution in the temperature range from
—120 to 250 °C. We report on a radical difference in
the thermally induced evolution of the DBBA/Cu(111)
and DBBA/Cu(110) systems. It is demonstrated how
and why a variation in the substrate reactivity and
anisotropy leads to a change in dimensionality of the
resulting nanostructures from quasi-1D on Cu(111) to
quasi-0D on Cu(110).

RESULTS

It has been shown previously that surface-assisted
debromination of DBBA molecules on Cu(111) is al-
ready complete at RT.'® In the present study the Br 3d
photoemission (PE) spectrum has been recorded in the
sample temperature range starting from —120 °C in
order to follow the debromination reaction progress.
The resulting intensity maps, showing the evolution of
the Br 3d line for DBBA deposited on Cu(111) and
Cu(110), are presented in Figure 1a,b, respectively. As
can be seen from Figure 1, the debromination dynamics
is significantly different for the two copper surfaces.
Below —40 °C, the Br 3d signal from DBBA/Cu(111)
(Figure 1a) is mainly a single broad spin—orbit doublet
with the binding energy (Eg) of Br 3ds,, = 70.4 eV, while
the corresponding spectrum of DBBA/Cu(110) (Figure 1b)
consists of two doublet components of almost
equal intensity: one is again located at Eg(Br 3ds,,) =
70.4 eV and another at E(Br 3ds/,) = 68.5 eV. A low-Fg
spin—orbit doublet appears in the Br 3d spectrum
of DBBA/Cu(111) at a temperature of approximately
—30 °C. This is accompanied by a proportionate fast
decrease of the high-Eg component, which completely
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Figure 1. Intensity maps, showing evolution of the Br 3d XPS spectra of DBBA/Cu(111) (a) and DBBA/Cu(110) (b) taken with
hv =170 eV, as a function of increasing sample temperature. Temperature varies from —120 to 30 °C. The red dashed line
marks the temperature of —30 °C. XPS intensity between 74 and 78 eV is due to the Cu 3p signal.

disappears above —25 °C. In turn, the total intensity of
the Br 3d line changes insignificantly in the entire
studied temperature interval, being simply redistribu-
ted from the high-£5 to low-Eg component at around
—30 °C. In the case of DBBA/Cu(110) annealing above
—30 °C also extinguishes the high-Eg energy compo-
nent, leaving behind a single doublet at Eg(Br 3ds,,) =
68.5 eV, the intensity of which is increased by the
amount close to the intensity of the disappeared
component.

The low-Eg component with Eg(Br 3ds/,) = 68.5 eV
in Figure 1a corresponds to atomic Br, adsorbed on
Cu(111).'® Since the intensity pattern observed for
DBBA/Cu(111) strongly resembles that for DBBA/
Au(111) but with an offset of almost 200 °C, it is logical
to assume that the component at Eg(Br 3ds,,) =70.4 eV
is due to Br atoms bonded to the anthracene units
of DBBA on Cu(111). This conclusion finds further
confirmation in the fact that both low- and high-£E;
components are shifted by the same value of 0.7 eV to
higher binding energy in comparison with correspond-
ing components of DBBA on Au(111) (67.8 and 69.7 eV,
respectively). The Eg positions of the Br 3d components
for DBBA on Cu(111) and on Cu(110) are the same;
therefore the above identification of spectral compo-
nents is valid also for DBBA on Cu(110). A conservation
of the total Br 3d intensity upon heating from —120 °C
to +30 °C for both substrates indicates that Br desorp-
tion is insignificant in this temperature range. This can
be explained by a strong bonding between chemi-
sorbed Br adatoms and active copper surfaces, which
suppresses the temperature-activated Br desorption
that is observed for DBBA/Au(111).'8'°

From Figure 1 one can see that at —120 °C the
DBBA molecules stay intact on Cu(111), while partial
debromination takes place on Cu(110). This is a clear
indication of increased surface reactivity and stronger
DBBA—substrate interaction on the Cu(110) surface
as compared to the close-packed Cu(111). Since the
intensity ratio between two Br 3d doublets for DBBA
on Cu(110) is close to unity below —40 °C (Figure 1b),
it is plausible to assume that the DBBA molecule loses
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one of its two Br atoms on this substrate. Heating both
surfaces does not have any remarkable impact on the
molecule until the temperature reaches —30 °C. Above
this temperature a fast debromination of DBBA/
Cu(111) takes place, and at —25 °C the molecule loses
both Br atoms simultaneously. In contrast, on Cu(110)
the molecule is already half-debrominated at —120 °C,
while complete debromination takes place at the same
temperature as on Cu(111) (—25 °C). The reason for this
effect is a high reactivity of copper in atomic rows
along the [1—10] direction of Cu(110), which causes
a substitution of one C—Br bond in DBBA by a C—Cu
bond with very low activation barrier (this occurs at
temperatures as low as —120 °C or maybe even lower).
Strong bonding to the Cu row atoms may result in
tilted adsorption geometry, with one anthracene
subunit flat and bonded to the surface and the other
one pointing upward, thus increasing the distance
between its Br atom and the surface. This explains
why the second Br atom remains bonded to DBBA until
—30 °C, when the thermal motion allows it to come
close enough to the Cu(110) surface to initiate com-
plete debromination.

DFT modeling of the DBBA adsorption on Cu(111)
and Cu(110) corroborates our experimental findings.
Figure 2a,b shows the relaxed configuration of DBBA/
Cu(111), and the DBBA adsorption energy (as defined
in the Sl) is determined to be E,qys = —2.14 eV. The
adsorption geometry is governed by the tendency to
keep each anthracene subunit in DBBA as parallel
to the flat Cu(111) surface as possible. The molecular
axis passing through the C—C bond connecting two
anthracene subunits is thus parallel to the substrate. In
turn, both bromine atoms belong to the molecule and
are located at a distance of about 3 A from the copper
substrate. Nevertheless, the steric hindrance between
hydrogen atoms causes significant deformation of both
anthracene subunits, as can be seen in Figure 2b.

In contrast to Cu(111), one of the most favorable
DBBA adsorption geometries on the Cu(110) surface
implies spontaneous surface-assisted partial debromi-
nation of the molecule even at low temperatures
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Cu(1171)

Side view

Figure 2. Optimized geometries computed within DFT for
the initially intact DBBA molecule on Cu(111) (a, b) and
Cu(110) (c, d) at 0 K. E, 4 refers to the calculated adsorption
energy of the molecule (a, b)/molecular fragment (c, d).
Bromine atoms are wine-colored, carbon atoms are dark
gray (except for the debrominated carbon, which is green),
and hydrogens are black. The surface substrate atoms are
light brown, while the deeper layers are light gray.

(Figure 2c,d). In this case one of the C—Br bonds in
DBBA can be broken with the subsequent formation
of a new C—Cu bond when a Br atom originally bonded
to an anthracene subunit occasionally comes into the
vicinity of the low-coordinated copper in the [1—10] rows.
As can be seen from Figure 2¢,d this causes a significant
change in the adsorption geometry of the DBBA and
leads to a 0.78 eV increase in the absolute value of
adsorption energy relative to the DBBA/Cu(111) system.
The debrominated anthracene subunit is lying on two
neighboring [1—10] rows almost parallel to the surface,
while the halogenated anthracene unit is tilted at an
angle of about 60° relative to its “flat-lying” counterpart.
This in turn results in a significant increase in the distance
between the remaining Br atom of the DBBA molecule
and the Cu(110) surface and consequently in a higher
temperature stability of the corresponding C—Br bond, in
agreement with the above Br 3d XPS data analysis.

The debromination process is one of the most
important stages for the Ullmann reaction, which is the
first step leading to the formation of GNRs on Cu(111).
Therefore, the differences revealed in the debromination
pathway for DBBA on Cu(111) and Cu(110) are the first
indication of the strong influence of the substrate pro-
perties on the entire subsequent on-surface reaction
mechanism.

A comparison of the STM images corresponding to
DBBA/Cu(111) and DBBA/Cu(110) at RT is shown in
Figure 3. At this temperature the process of C—Br bond
cleavage is completed, and STM reveals a significant
difference between structures generated from DBBA
on Cu(111) (Figure 3a) and Cu(110) (Figure 3b): on
Cu(111) the debrominated DBBA molecules form long
chain-like structures, while on Cu(110) highly ordered
2D islands are observed.

SIMONOV ET AL.
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Figure 3. (a) STM image of surface-stabilized organometallic
chains made of debrominated DBBA molecules on Cu(111) at
RT. The inset shows a schematic model of these molecules
superimposed over the chain. Additional circular features
that are visible to the right in the inset image are Br atoms
appearing on the Cu(111) surface, as a result of DBBA
debromination. (b) STM image of debrominated DBBA mol-
ecules forming an island on Cu(110) at RT and surrounded by
Br adatoms. Black solid lines show the orientation of mol-
ecules with respect to the [1—10] Cu rows. The insets, from
top to bottom: (i) enlarged image of the island's unit cell with
overlaid models of molecular fragments, (ii) calculated
ground-state adsorption configuration of a single debromi-
nated DBBA, top and side views. On all insets the ball-and-
stick models of debrominated DBBA are additionally color
coded to distinguish carbon atoms linked to Cu (green
atoms) and anthracene lobes looking upward (red atoms).
All other atoms are color coded as in Figure 2. Tunneling
parameters (Vs/lt): (@) —0.61 V/0.1 nA; (b) +1 V/150 pA.

Considering the DBBA/Cu(111) system (Figure 3a),
the protrusions appearing on both sides of the chain
axis result from the opposite tilt of the anthracene
subunits in DBBA analogous to the tilt characteristic
for intact molecules on Cu(111) (Figure 2b). The inset
in Figure 3a shows an enlarged image of two chains,
with molecular models superimposed on one of them
(see figure caption for explanation). From analysis of
multiple images, the periodicity along the chain axis
is determined to be 1.2 £ 0.1 nm, which is significantly
larger than the period characteristic of covalent polyan-
thracene chains (0.85 nm)."° Therefore, it was concluded
that at RT the debrominated DBBA molecules form
surface-stabilized organometallic chains on Cu(111).®
Analogous organometallic structures were demonstrated
to be intermediates for Ullmann reaction-based synthesis
of various polymer structures on Cu(111).29313337

In contrast, on Cu(110) the molecular units form 2D
islands instead of 1D chains, although a small fraction
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of a disordered phase is also present in the images.
To facilitate understanding of the island structure,
it should be noted that at RT the molecular fragments
are assumed to bind to the copper substrate at both
debrominated sites. Hence, the adsorption geometry
of DBBA/Cu(110) at RT resembles that for DBBA/
Cu(111) with two diagonally located anthracene
lobes tilted away from the surface. This is supported
by the DFT calculations presented below. Therefore,
each debrominated DBBA molecule is expected to give
two bright maxima in the STM image. The inset (i)
in Figure 3b shows an enlarged image of the island
structure with overlaid ball-and-stick models of DBBA
units. In principle, one can observe two possible island
types, corresponding to the opposite tilt of anthracene
subunits within the DBBA molecule (see Figure S1a,bin
the Sl). To a certain extent these are just mirror reflec-
tions of each other; therefore we consider only one
domain type, represented in Figure 3b. The unit cell is
close to rectangular with the parameters d, = 2.0 £
0.1 nm and d, = 1.5 & 0.1 nm. This means that, unlike
the DBBA on Cu(111), the formation of C—Cu—C
bonds connecting individual molecular fragments
into organometallic chains can be excluded. Indeed,
the distance between neighboring molecules along
the molecular axis (along d») is about 1.5 nm, which
would result in an impossibly large C—Cu bond length
of approximately 4 A. The island additionally comprises
clearly visible circular protrusions surrounding the
twisted molecular units, which we attribute to chemi-
sorbed Br atoms detached from the molecules at RT.
Similar adsorption of halogen atoms after dissociation
from the molecule was observed previously.?93"3243
Moreover, as reported by Kuck et al,** the halogen
atoms can promote molecular ordering on Cu(111).
In Figure 3b one can see a region of clean Cu(110)
surface in the upper-right corner of the image, with
close-packed Cu rows along the [1—10] crystallo-
graphic direction. Apparently, the DBBA anthracene
subunits are not oriented parallel to the Cu rows, but
rotated in the surface plane by 13 & 2° with respect to
the [1—10] direction (see Figure 3b).

The top and side views of the DFT-calculated geo-
metry for dehalogenated DBBA on Cu(110) are pre-
sented in inset (i) in Figure 3b. The complete surface-
catalyzed dehalogenation of DBBA is accompanied by
the binding of the second anthracene subunit to the
copper surface via bonding of debrominated carbon
with the copper atom in the underlying [1—10] row
(shown as second green carbon atom). This in turn
results in a relatively flat adsorption conformation of
DBBA having two anthracene lobes (red-colored) par-
tially tilted away from the surface, in agreement with
the STM data discussed above. The DBBA fragment in
the calculated ground-state geometry is oriented at an
angle of 13° with respect to the Cu(110) rows, also in
full agreement with experiment. The whole molecular
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Figure 4. (a) Comparison of C K-edge NEXAFS spectra of
DBBA/Cu(111) and DBBA/Cu(110) at —120 °C, 6 = 50°. (b)
Evolution of angle-dependent NEXAFS spectra of DBBA/
Cu(110) upon annealing to the noted temperatures for
15 min. 6 is an angle between the light polarization vector
and surface normal (see inset in (a)). The inset in the top-
right corner in (b) shows the enlarged 7* region of the
spectrum at —120 °C.

fragment is then oriented in such a way that both
anthracene subunits are locked to the [1—10] rows in a
symmetrical way, causing a significant increase in adsorp-
tion energy from —2.92 eV for the half-debrominated
molecule to —4.97 eV after complete debromination.

To conclude this section, the formation of 1D orga-
nometallic chains is not favorable on Cu(110). Instead,
warming from —120 °C to RT induces the growth of 2D
islands, composed of individual debrominated mol-
ecules bonded to the [1—10] rows through both of the
dangling bonds.

Figure 4a compares the C K-edge NEXAFS spectra
from DBBA deposited on Cu(111) and Cu(110) at
—120 °C. Although the near-edge fine structure
regions of both spectra are similar and dominated by
the 7* resonances A, and As, which originate from the
anthracene subunits,** the relative intensity of addi-
tional resonance A, significantly decreases for DBBA/
Cu(110). Taking into account that resonance A; reflects
the C 1s — x* transitions localized on the C atoms
bonded to Br,'® it is natural to associate this decrease
with partial (half) debromination of DBBA on Cu(110) at
—120°C, while on Cu(111) the molecules remain intact.
This is in agreement with our above conclusions based
on the analysis of Br 3d PE data (Figure 1).

Figure 4b shows angle-dependent C K-edge NEXAFS
spectra characteristic of the four consecutive stages of
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DBBA evolution on Cu(110) upon heating from —120 to
250 °C with 15 min annealing at 100 and 250 °C.
By comparing the spectral curves shown in red, taken
at an intermediate angle of 8 = 50° between the light
polarization vector and the surface normal, one can
see that the annealing results in dramatic changes in
the 7* region, thus indicating pronounced variations
in the atomic and electronic structure of the sample.
The overall behavior of the temperature evolution of
the C K-edge spectra is very similar to that for DBBA/
Cu(111) in the same temperature range:'® at RT peak
A, is missing, while at 250 °C the separate absorption
resonances merge into a single broad band. The
absence of peak A, starting from RT is in line with the
analysis of Br 3d PE spectra and is a consequence of
the complete debromination of the molecules. More-
over, by analogy with DBBA/Cu(111) it is reasonable to
assume that heating to 250 °C activates the cyclode-
hydrogenation within the molecular fragments, thus
leading to the formation of a delocalized 7* system,
which manifests itself as a broad absorption band.

An angle dependence is seen at all annealing steps.
It is generally characterized by a reduction or complete
suppression of 7* resonance intensity at normal in-
cidence (6 = 90°) and its enhancement at grazing
incidence (6 = 20°). However, as can be seen from
the inset in Figure 4b, peak A, behaves differently: it is
prominent in the normal incidence geometry (green
curve) and almost absent at grazing incidence (blue
curve). This angular dependence is consistent with
the “tilted” adsorption geometry of the molecule at
—120 °C discussed above. Indeed, the carbon atom
bonded to the remaining Br atom is responsible for the
appearance of peak A,. According to our DFT calcula-
tions, it resides on the anthracene subunit, which is
not parallel to the Cu(110) surface, but forms an angle
of around 60° with it. Therefore, the angle dependence
of resonance A, should have an opposite character
in comparison with A; and Az, leading to the observed
effect.

For the C K-edge spectrum at RT the angle depen-
dence is more pronounced, indicating a less tilted
geometry upon complete debromination, although
the s* resonances still have a significant nonzero
intensity at normal incidence. Such behavior is a result
of the alternating tilt of the anthracene subunits in the
debrominated molecular fragment, which additionally
supports our interpretation of STM data for DBBA on
Cu(110) at RT (Figure 3b) and is in agreement with
the results of DFT simulations (Figure 3b, inset (ii). For
the C K-edge spectrum at 250 °C the 7* resonance is
absent in the normal incidence geometry. This observa-
tion suggests a flattening of the system as a conse-
quence of cyclodehydrogenation within the molecular
fragment. An analogous cyclodehydrogenation process
within the polyanthracene chains leads to the forma-
tion of GNRs on Cu(111), which are characterized by a
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very similar C K-edge spectrum at 250 °C.'8In turn, the C
K-edge spectrum from DBBA/Cu(110) at 100 °C repre-
sents an intermediate step between RT and 250 °C.
As can be seen, the system is significantly flattened, but
the cyclodehydrogenation process is not complete.
This is different from the DBBA/Cu(111) system, where
NEXAFS and STM did not reveal any evidence for
cyclodehydrogenation at 100 °C.'®2> On the contrary,
for DBBA/Cu(111), annealing to 100 °C eliminates the
metal-stabilized organometallic chains and induces
the formation of covalent polyanthracene chains.?®
In contrast to DBBA/Cu(110), the C K-edge spectrum
from polymer chains on DBBA/Cu(111) is dominated by
sharp 7* resonances A; and As.'® Only further anneal-
ing at 150 °C induces partial cyclodehydrogenation
within the polymer chains on Cu(111), which manifests
itself as a C K-edge spectrum similar to that for DBBA/
Cu(110) at 100 °C."®

The above-noted difference in the NEXAFS spectra
for DBBA on Cu(111) and Cu(110) annealed at 100 °C
allows us to suggest that debrominated DBBA cannot
form polymer chains on the active Cu(110) surface. This
can also be confirmed by STM images from DBBA/
Cu(110) after annealing at 100 °C, which provide no
evidence of covalent coupling between DBBA frag-
ments on Cu(110) (see Figure S2 in the Sl). On the
contrary, partially flattened DBBA fragments remain
well separated from each other.

Since no polymer chains can be formed on the
Cu(110) surface before cyclodehydrogenation starts,
it is reasonable to expect that annealing to 250 °C will
result in different structures for DBBA/Cu(111) and
DBBA/Cu(110). In support of this, Figure 5 shows STM
images obtained after a 15 min anneal of DBBA on
Cu(111) (a, b) and Cu(110) (c) at 250 °C. In agreement
with earlier publications,’®* on Cu(111) annealing
leads to the formation of long (up to 50 nm) 7-AGNRs
(Figure 5a). From Figure 5a and, to a lesser extent,
Figure 5b, it can be seen that the GNRs are surrounded
by adatoms. These atoms can be associated with Br
atoms chemisorbed on the Cu(111) surface resulting
from DBBA debromination. This is supported by Br 3d
PE data, which reveal the presence of Br species on the
Cu(111) surface up to 500 °C."8 It should be noted that
we do not observe the growth of isolated Br islands on
the free Cu(111) surface.*® On the contrary, Br atoms
tend to agglomerate in the vicinity of GNRs, where they
most likely can be trapped in the surface potential
modulated by the presence of chemisorbed nano-
ribbons. A similar effect has been recently utilized for
adatom capture on metal surfaces.*>*®> Nevertheless,
further away from GNRs the Br atoms self-assemble
in a regular (+/3 x +/3)R30° structure, characteristic of
a submonolayer of Br on Cu(111).%¢

Interestingly, under certain conditions (like those
shown in Figure 5a), the GNRs on Cu(111) can
exhibit an additional zigzag modulation of their edge.
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Figure 5. STM images obtained after a 15 min anneal at 250 °C, showing 7-AGNRs on Cu(111) (a, b) as well as square
nanographenes formed on Cu(110) (c). The circular features on all images were determined to be Br adatoms (see text for
explanation). Inset in (b): enlarged image of individual 7-AGNR, revealing the charge density distribution along the ribbon
edge superimposed with the corresponding structural model. In (c): semitransparent square areas indicate sites where
irregularities in Br surrounding NG units are visible. (d) Part of the STM image in (c), showing individual unit cells of the
periodic structure (left), shown together with the corresponding structural model (right) built on the basis of the STM image.
The nanographene units are represented as black squares of appropriate size, the Br atoms are wine-colored, and the
surface atoms and atoms of deeper layers of the substrate are light brown and light gray, respectively. Tunneling parameters
(Vs/l7): (@) —0.04 V/170 pA, (b) —0.04 V/770 pA, (c) +0.77 V/580 pA.

Different explanations were proposed to describe
this effect, advocating either chiral GNR structure®* or
standard armchair structure.?® In line with our previous
studies,'®?> we believe that the growth of GNRs on
Cu(111) can result only in armchair ribbons, which is
further indirectly supported by STM images in the
inset of Figure 5b. Here an individual C—H bond can
be seen on the ribbon edges, while the edge modula-
tion is much less pronounced even though the ribbons
are the same as in Figure 5a. Although the nature of
the edge modulation is not entirely clear, it may be
attributed to the effect of regularly situated Br adatoms
surrounding GNRs. Even more probable, since the GNRs
strongly interact with the Cu(111) surface, this effect
can result from the presence of chemically nonequiva-
lent regions along the GNR due to the periodically
varying strength of the ribbon—substrate interaction.
Further detailed investigations, supported by theoreti-
cal calculations, are necessary for a complete under-
standing of this effect.

In contrast to the case of Cu(111), the adsorption of
DBBA on Cu(110) and subsequent stepwise heating to
250 °C leads to the formation of individual square units,
instead of GNRs (Figure 5c). The size of each molecular
unit, measured from STM images, is about 9 A x 9 A,
which corresponds to the dimensions of a single DBBA
molecule. Taking into account that annealing at 250 °C
results in cyclodehydrogenation within the DBBA
molecular fragment accompanied by a flattening of
the molecule, each unit can be considered as a quasi-0D
regular graphene dot with the area close to 1 nm?,

SIMONOV ET AL.

which hereafter will be called nanographene (NG). At
least two different types of coexisting regular arrange-
ments of NGs were observed in the STM images,
showing a more dense hexagonal or less dense square
ordering. The ratio between different types of NG order-
ing depends on the preparation conditions, although
the densest hexagonal phase shown in Figure 5¢ ap-
pears to be predominant when the coverage is close
to one monolayer.

In both arrangements, one of the edges of NG
(although from Figure 5c it is impossible to say exactly
which, zigzag or armchair) is parallel and another one
is perpendicular to the [1—10] direction. As can be seen
from Figure 5c and d (left), the NGs within the ordered
region arrange in a hexagonal pattern with a unit
cell basis vector a = 1.5 & 0.1 nm. Each of the NGs
is coordinated by eight regularly spaced adatoms. In
cases where there is a deviation from the ideal struc-
ture (see for example areas marked by blue semitran-
sparent rectangles in Figure 5c), even more adatoms
can surround a single NG unit, while at the cluster
edge the adatoms may diffuse away. It is reasonable
to assume that these adatoms have the same origin as
those observed at RT for DBBA/Cu(110) (Figure 3b) and
at 250 °C for DBBA/Cu(111) (Figure 5a), and hence they
are identified as bromine atoms. Moreover, bromine
chemisorbed on the Cu(110) surface can be detected
in XPS up to 550 °C (Figure S3). Nevertheless, on the
basis of STM images alone, the possibility that the
protrusions between the NGs are related to native Cu
adatoms cannot be excluded either. Indeed, as recently
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demonstrated by Haq et al.** Cu adatoms may play a

crucial role in the on-surface synthesis of macromole-
cular organometallic structures from nonhalogenated
molecules on the Cu(110) surface. On the other hand,
in line with our above discussion of DBBA on Cu(110) at
RT, the formation of C—Cu—C bonds between indivi-
dual NGs via Cu adatoms can be ruled out because the
spacing between them is too large.

In order to completely exclude misinterpretation of
the adatom nature, we have performed a cross-check
experiment with 9,9'-bianthracene (BA) molecules,
which contain no Br atoms (i.e., DBBA molecules with
Br substituted by H). It has been found that no structure
like the one shown in Figure 5c can be formed with BA
molecules on Cu(110) annealed to 250 °C. By analogy
with DBBA, the BA molecules also fuse into square NG-
like units via cyclodehydrogenation upon annealing.
On the other hand, no circular features, which would
coordinate the NGs in a way similar to that described
previously, were observed (Figure S4b in the Sl). There-
fore, we are confident that in the case of DBBA pre-
cursors the adatoms, captured in the vicinity of NG
units, are Br atoms chemisorbed on Cu(110).

As determined from DFT simulations, the most
energetically preferable positions for Br adsorption
on Cu(110) are the short-bridge sites between the Cu
atoms in the [1—10] rows. With this in mind and using
the distances measured from STM images, an atomic
model of the bromine matrix, in which NG units are
incorporated, can be constructed (Figure 5d, right).
This schematic model is in perfect agreement with the
experimental data. It clearly shows that each of the NG
units occupies approximately three [1—10] rows and is
well separated from the nearest neighbors. In turn, the
Br adatoms are regularly placed between them.

Although the orientation of the square NG unit
relative to the [1—10] rows of Cu(110) cannot be
determined exactly from Figure 5¢, the adsorption of
NG with its armchair edge almost parallel to the [1—10]
direction can be demonstrated to be the most energe-
tically favorable configuration for individual debromi-
nated NG units on Cu(110) (Figure S6a). However, it is
shown below that the real situation is more compli-
cated, because the NG units experience partial dehydro-
genation of their edges upon annealing.

An insight into the chemical state of individual
carbon atoms constituting the DBBA precursor upon
formation of the NG can be gained from the C 1s XPS
spectra recorded for different annealing temperatures.
As can be seen from Figure S5 in the S|, the line shape
evolves gradually upon annealing from RT to 150—
200 °C, while further annealing to 350 °C does not
change the spectrum very much, which confirms
the stability of the system in this temperature range.
Figure 6a,b,c show, respectively, fitted C 1s XPS spectra
for debrominated DBBA/Cu(110) at RT and NG/Cu(110)
after 250 °C annealing, compared with the C 1s XPS line

SIMONOV ET AL.

for GNRs/Cu(111) obtained after annealing at the
same temperature. The same fitting procedure used
previously for investigations of GNRs on Au(111)
and Cu(111) was implemented for the analysis of NG
formation on Cu(110) (see ref 18 for details). In general
it entails a deconvolution of the C 1s peak into several
components with the relative intensities matched
to the fraction of atoms in chemically close positions
(see structural models in Figure 6a,b,c). By analogy
with DBBA on Cu(111), the 28 C atoms constituting
the debrominated DBBA molecule on Cu(110) can be
divided into three main groups (see the corresponding
inset in Figure 6a): C atoms with three neighboring
carbons and sp*-hybridized valence electron states,
C[C3] sites (black carbon atoms); C atoms in C[C,H] sites
(cyan carbon atoms); and C atoms that have lost their
Br and, as shown above, are liable to interact with Cu,
C[C,] (green carbon atoms). Consequently, the C 1s XPS
spectrum can be fitted with three components, C1
(284.6 eV), C2 (284.2 eV),and C3 (283.3 eV), correspond-
ing to C atoms in C[C3], C[C,H], and C[C,] sites, respec-
tively. In the case of DBBA on Cu(111), stepwise
annealing of debrominated DBBA to 250 °C results in
the formation of AGNRs, characterized by the C 1s XPS
spectrum constituting only two components: C1 and
C2 (Figure 6¢). The C1 component dominates the
spectrum, accounting for about two-thirds of the total
peak area in accordance with the corresponding struc-
tural model (see inset to the left). In turn, the C 1s XPS
spectrum from nanographene on Cu(110) (Figure 6b) is
characterized by a significantly more pronounced low-
Eg shoulder, which develops as a clearly distinguish-
able plateau-like structure with approximately half the
maximum intensity of the main peak. Hence it is hardly
possible to realize a physically justified fitting proce-
dure for the C 1s spectrum from NG/Cu(110) with only
C1 and C2 components. Instead, to unambiguously fit
the photoemission line, it is necessary to include a new
component (C4), shifted by 0.5 eV to lower binding
energy with respect to C2 and thus contributing to the
low-energy shoulder. The appearance of component
C4 in the C 1s XPS spectrum of NG/Cu(111) is asso-
ciated with edge carbon atoms that have lost their
hydrogens and have bonded to copper substrate
atoms (C[C,Cu] sites). Indeed, C 1s components with
the same energy have been previously observed for
partially decomposed GNRs/Cu(111) annealed above
400 °C and were associated with the dehydrogenated
edge carbon atoms interacting with the Cu(111)
substrate.'® Furthermore, a similar low-Eg shift was
measured for the C atoms on the edges of graphene
nanoislands.*” Thus, we suggest that unlike Cu(111),
where no such effect can be observed upon annealing
to 250 °C, on the more active Cu(110) substrate the
temperature-activated surface-assisted dehydrogena-
tion reaction, leading to the formation of additional
C—Cu bonds, accompanies the cyclodehydrogenation
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C 1s XPS Calculated geometry of C,,H,/Cu(110)
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Figure 6. Left panel: C 1s XPS spectrum for DBBA/Cu(110) at RT (a) and after stepwise annealing to 250 °C (b) together with a
C 1s line corresponding to GNRs/Cu(111) after 250 °C annealing (c); hv = 380 eV. Each line is fitted in accordance with its
structural model; see insets to the left. The colors of the atoms in the model correspond to the colors of the spectral
components. Right panel: (d) The most energetically profitable configuration of the nanographene C,gHg, which has lost four
hydrogen atoms as a result of surface-catalyzed dehydrogenation reaction upon 250 °C annealing, as predicted from C 1s XPS
and determined within DFT. The strong binding of C atoms (red) to the favorably located underlying copper [1—10] rows
results in a very high adsorption energy of E 45 = —12.7 eV. The atoms within NG are color-coded to correspond with the inset
in (b). The surface atoms and atoms of deeper layers of the Cu(110) substrate are light brown and light gray, respectively. (e)
Results of the Bader analysis applied to the charge density distribution for the calculated configuration (d). Calculations yield
the total electron transfer of Q. = 3.46e from the Cu(110) substrate to the adsorbed nanographene. The average extra Bader
charge (AQ)group can be calculated for the carbon atom belonging to each of three groups responsible for C1 (14 black atoms),
C2 (8 cyan atoms), and C4 (6 red atoms) components in the spectrum of nanographene. For each individual carbon atom (i)
AQ'c corresponds to the difference between the calculated total valence electrons charge (Q'¢) and the charge of valence
electrons in carbon's elemental state (four electrons in 2522p2 valence configuration): AQC = Q'c — 4e. Therefore, on the
histogram in (e) the height of the column, centered at the calculated value of (AQ)g/oup (blue squares), corresponds to the
number of carbon atoms in each group, and the width of the column corresponds to the doubled value of standard deviation
for AQ within the group.

in the DBBA fragment. It is worth noting that the forming bonds with the Cu substrate are debrominated,

debrominated C atoms, giving rise to the C3 compo- the fitting analysis allows us to assume that annealing
nent for DBBA/Cu(110) at RT, are not distinguishable to 250 °C leads to the dehydrogenation of four addi-
from the dehydrogenated carbon atoms after nano- tional edge C atoms, leaving behind the molecular

graphene formation and, thus, also contribute to the fragment CygHg. Although the exact location of these
intensity of the C4 component. A shift to higher Eg on four C atoms in the molecule is generally unknown, the
going from C3 to C4 can be due to a redistribution of most energetically favorable configuration of the nano-

the excess electron density localized on the debromi- graphene unit with four H atoms removed can be
nated C atoms in the DBBA molecule over the whole calculated by DFT. Calculated ground-state structures
carbon framework upon formation of fused nano- of debrominated nanographene (CygH;;) on Cu(110)
graphene with a delocalized electronic structure. have been used as a starting point for optimization of

Integrated intensities of the C1, C2, and C4 compo- the dehydrogenated system. The largest energy gain
nents in the C 1s XPS spectrum are in the ratio has been obtained for the system with dehydrogenated
1:0.55:0.42, which implies that within an individual C atoms located on the zigzag edges of NG. In this
nanographene unit there are 14, 8, and 6 carbon atoms case the NG unit orients with its armchair edge parallel
in the C[C;], C[C,H], and C[C,Cu] sites, respectively. to the [1—10] direction as a result of an interaction
Taking into account that two of the carbon atoms with underlying [1—10] copper rows (see Figure S6b for
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Figure 7. (a) Small-scale, high-resolution STM image showing hexagonally arranged nanographenes on Cu(110) surrounded
by Br adatoms (round features). Tunneling parameters (Vs/I7): —0.1 V/500 pA. Unlike Figure 5c, the image reveals a local
density distribution of occupied states within individual nanographene units, as additionally illustrated by the inset. (b and c)
LUMO and HOMO-2 (dichromatically colored isosurfaces to the left), calculated for isolated hydrogen-terminated NG and
NG/Cu(110) (ball-and-stick models to the right), respectively. The isosurfaces represent the constant value of the real part of
the wave function and reflect the shape of the charge density isosurfaces (the isovalue is 0.02 e/A% in (b) and 0.01 e/A%in (c)).
The coloring of the isosurfaces is based on the wave function sign.

further information). The inset in Figure 6b shows a
schematic model of the NG unit, where C atoms that
have lost their Br and H neighbors and are engaged in
an interaction with Cu atoms are colored in red (NG with
stoichiometry CygHg).

Figure 6d shows top and side views of the calculated
ground-state adsorption configuration for dehydroge-
nated NG on Cu(110). The carbon atoms are color-
coded in correspondence with the C 1s peaks in the
XPS fitting procedure. As can be seen, in this geometry
the six carbon atoms shown in red and located on
both zigzag edges of the NG can interact with well-
positioned copper atoms in three underlying [1—10]
rows, resulting in a very high adsorption energy of
—12.7 eV.The hydrogen-terminated armchair edges are
aligned parallel to the [1—10] direction, in agreement
with the STM data discussed above (Figure 5¢,d).

The Bader topological analysis has been further
applied to the electron density distribution correspond-
ing to the ground-state configuration determined
from DFT. The outcome is illustrated in Figure 6e. The
pronounced interaction with Cu(110) results in a sig-
nificant negative charge transfer of Q"' = 3.46e per NG
unit from the underlying substrate. Furthermore, we
have performed analysis of Bader partial charges on
individual carbon atoms (AQ'0) within each of three
groups (black-, cyan-, and red-colored carbon atoms),
which contribute to the peaks C1,C2,and C4inthe C1s
XPS spectrum of nanographene (Figure 6b). As can be
seen from Figure 6e, the clear difference in the average
extra Bader charge per carbon atom ((AQ)group) €Xists
between the atoms responsible for the different com-
ponents. The (AQ)goup is Negative for all three groups,
and its absolute value increases in the order black
atoms—cyan atoms—red atoms. This is in agreement
with the suggested explanation for the origin of the C 1s
photoemission line shape of nanographene presented

SIMONOV ET AL.

above. Indeed, since the electron transfer from the sub-
strate is largest for carbon atoms in the C[C,CU] sites,
the corresponding component will have the smallest
binding energy due to the additional screening of
the core hole created upon the photoemission process.
In general, the more electron charge located on the
carbon atom, the less the corresponding C 1s binding
energy. Therefore, the atoms in C[C;] sites carrying the
smallest electron charge will, on average, contribute
to the high-Eg component, while the C 1s electrons of
the atoms in C[C,H] sites (cyan-colored) should have
an intermediate value of binding energy. Taking into
account the number of carbon atoms in each group,
one can expect that the C 1s photoemission spectrum
from the calculated structure (Figure 6d) will be in close
agreement with the experimentally observed spectrum
(Figure 6¢). In this way calculations unambiguously
support our interpretation of experimental data and
vice versa.

Figure 7a shows a small-scale STM image of the
hexagonal NG island structure recorded with a very
low negative bias voltage. In this case the tunneling
conditions allow us to image the local charge density
distribution of the filled states in the vicinity of the
Fermi level within individual NG units (see inset in
Figure 7a). A direct comparison with the molecular
orbitals calculated for isolated nanographene fully
terminated with H atoms reveals a close similarity be-
tween the experimental STM image (Figure 7a) and the
lowest unoccupied molecular orbital (LUMO) (Figure 7b,
also calculated in ref 21). Apparently, unoccupied states
cannot be imaged in STM at negative sample voltages.
However, as predicted above, the interaction of NG
units with Cu(110) results in electron transfer to the
NG, enabling a transformation and shift of the LUMO
below the Fermi level. In order to understand the
effect of interaction with the substrate on the electronic
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Figure 8. Schematics summarizing and comparing the on-surface reaction pathways for DBBA on Cu(111) and Cu(110). At RT
and 100 °C stages the benzene rings constituting DBBA molecules and other molecular derivatives are color coded to show
the geometrical distortion: white color corresponds to the tilt toward the substrate, while the dark gray represents the lobes
directed away from the surface; light gray has been chosen for the intermediate regions. The red circles on the edges of DBBA/
Cu(110) illustrate the bonding of the edge C atoms of the DBBA fragment with the copper atoms in the underlying [1-10]

rows. For further description refer to the text.

structure of NG, the molecular orbitals have been
additionally calculated for NG adsorbed on Cu(110) in
the ground-state geometry suggested above (Figure 7c,
right). The highest occupied molecular orbital (HOMO)—2
of the adsorbed NG (Figure 7c, left) clearly resembles
the LUMO of isolated hydrogen-terminated nanogra-
phene and is thus responsible for the observed STM
contrast. It is important to note that a match between
the STM image and the calculated HOMO-2 orbital is
possible only if the NG is oriented with its armchair
edge parallel to the [1—10] rows, as predicted by DFT
and shown in Figure 6d.

Apparently, the LUMO of isolated NG becomes
populated and shifts to HOMO—2 for NG/Cu(110)
due to the electron transfer from the Cu(110) surface,
as predicted by the Bader charge analysis.

DISCUSSION

The experimental and theoretical results described
above demonstrate a significant difference between
the on-surface reaction pathways for the DBBA mole-
cule on two copper facets. On Cu(111) the Ullmann
reaction and further cyclodehydrogenation result in
formation of AGNRs. On the other hand, on Cu(110)
square nanographenes strongly bonded to the sub-
strate are formed as a result of cyclodehydrogenation
within DBBA fragments accompanied by a partial
dehydrogenation of the NG edges. In the previous
section we have investigated each stage of the on-
surface reaction taking place on Cu(110) and its result-
ing products. We now briefly summarize our knowl-
edge about both systems and reveal principal factors
that modify the mechanism of the DBBA on-surface

SIMONOV ET AL.

transformation on Cu(110). Accordingly, Figure 8 pro-
vides a schematic comparison between the bottom-up
processes on the two copper surfaces. On the basis of
this scheme, let us consider each of the three steps: RT,
100 °C, and 250 °C.

Heating from —120 °C to RT causes a complete
debromination of DBBA on both surfaces, leading
to the formation of the surface-stabilized structures
with DBBA fragments bonded to copper at the debro-
minated sites. However, on Cu(111) the precursors
form 1D organometallic chains, while on Cu(110) the
DBBA fragments are well separated from each other
and bonded to the copper atoms in [1—10] rows (the
corresponding locations of C—Cu bonds for DBBA/
Cu(110) are shown by red circles in Figure 8).

We propose that the growth of 1D organometallic
chains is governed by the surface-assisted intermole-
cular interaction between the debrominated DBBA
fragments. In other words, each DBBA unit, which at
RT can easily diffuse on the flat Cu(111) surface,
attempts to form a bond with the copper atom already
activated by the C—Cu bond formation with another
molecule. Despite not being observed in STM, the
participation of native Cu adatoms in organometallic
bonding cannot be excluded. The chain growth direc-
tion is determined by the azimuthal orientation of
the debrominated molecule on Cu(111) and results in
alignment of the chains along six preferred high-
symmetry directions.'®?* It is also proposed that
the organometallic chains are further stabilized by
a noncovalent side-by-side interaction within patches
constituting several chains, as shown schematically in
Figure 8.
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In contrast to Cu(111), where the intermolecular
interaction determines the growth of 1D organome-
tallic chains, the interaction of DBBA with the aniso-
tropic Cu(110) surface is the main factor responsible
for the formation of 2D islands. As shown schematically
in Figure 8, each DBBA fragment adopts an orienta-
tion promoting easiest bonding of the debrominated
carbon atoms to the copper atoms in the [1—10] rows.
Therefore, the debrominated DBBA fragments appear
to be anchored in the preferential adsorption sites
through two C—Cu bonds.

Annealing at 100 °C modifies both systems,
although in different ways (see Figure 8). As illustrated
by the respective schematic energy diagrams, for
DBBA/Cu(111) temperature activation promotes a
dissociation of the C—Cu bonds and overcomes the
barrier for covalent intermolecular bond formation.
The subsequent interlinking of debrominated DBBA
units results in polyanthracene chains, the final pro-
duct of the Ullmann reaction. In turn, annealing DBBA
on Cu(110) at 100 °C is sufficient to break the C—Cu
bonds and (due to higher activity of Cu(110)) to
activate the process of cyclodehydrogenation within
DBBA fragments. The associated flattening reduces
the possibility of covalent coupling between the units
due to the increased steric hindrance relative to the
intact (nondehydrogenated) DBBA molecules. This can
also be understood as an increase in the barrier for
covalent bond formation. Moreover, strong spatial
variation of the potential of the anisotropic Cu(110)
surface makes the C—C interlinking of the DBBA frag-
ments unfavorable. Indeed, unlike Cu(111), where the
DBBA fragment freely diffuses in the shallow potential
of the close-packed (111) surface, on Cu(110) a molec-
ular fragment that has left its adsorption position
instantly seeks to repin with the [1—10] rows. Conse-
quently, an annealing of DBBA/Cu(110) at 100 °C
results not in the polymer chains but in a mixture of
debrominated DBBA fragments and poorly ordered
partially flattened nanoflakes, all bonded to the
[1—10] rows through their debrominated and partly
dehydrogenated edges. Thus, the Ullmann reaction
does not take place for DBBA on Cu(110), and no
polymer chains can be grown. In general, this makes
it impossible to fabricate nanoribbons on Cu(110), at
least using a preparation procedure analogous to that
employed to grow GNRs on Cu(111) and Au(111),

METHODS

Experimental Methods. The temperature evolution of the
system upon controllable annealing was monitored by XPS,
NEXAFS, and STM. The spectroscopic data were obtained at
the D1011 beamline, MAX IV (Lund, Sweden). The STM results
were acquired using the MAX IV laboratory STM system (VT
STM XA, Omicron Nanotechnology GmbH, Lund, Sweden) and
cross-checked in a separate analogous STM system (group of
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where the polymer chains play the role of precursor
for the growth of GNRs.

Further heating to 250 °C activates the cyclodehy-
drogenation within polymer chains on Cu(111), thus
leading to the growth of quasi-1D GNRs. In contrast,
on Cu(110) the cyclodehydrogenation within DBBA
accompanied by the partial dehydrogenation of
molecule edges results in the formation of quasi-0D
nanographenes. Nanographenes have a C,gHjg stoichio-
metry, are bonded to the [1—10] rows along their
zigzag edges, and are oriented with the H-terminated
armchair edge along the [1—10] direction.

CONCLUSIONS

It can be concluded that a fine balance between the
precursor-substrate and intermolecular interactions
is essential for the growth of GNRs. For the Ullmann
reaction, underlying the GNRs bottom-up synthesis,
the properties of the metal substrate are crucial. The
covalent coupling between precursor molecules can
be either enabled or blocked on surfaces having the
same elemental composition but different atomic
structure. In particular, unlike a close-packed Cu(111)
surface, the Cu(110) surface is strongly anisotropic,
which affects the adsorption energy, diffusion barriers,
and lateral interactions of the molecular precursors.

By using a combination of complementary experi-
mental techniques underpinned by a theoretical
analysis, we have studied the on-surface transforma-
tions of DBBA molecules on both Cu(111) and Cu(110).
Unlike Cu(111), where the Ullmann reaction between
the debrominated DBBA fragments results in forma-
tion of polymer precursors for GNRs after 100 °C
annealing, on Cu(110) the beginning of cyclodehydro-
genation and the highly anisotropic surface potential
block the covalent coupling of the molecular units,
and thus no polyanthracene chains are formed. As
a result, instead of GNR growth, a stepwise annealing
of DBBA on Cu(110) to 250 °C leads to the formation
of nanographenes (CygHg flat derivatives of DBBA)
oriented with their armchair edge parallel to the
[1—10] direction. Each NG unit is strongly bonded to
the underlying [1—10] copper rows, causing a signifi-
cant electron transfer from the substrate. Moreover,
NG on Cu(110) can self-assemble into ordered arrays,
which may be interesting for nanotechnological appli-
cations, e.g., nanotemplating.

Dr. A. A. Cafolla, DCU, Dublin, Ireland). The same in situ prepara-
tion procedures were used in all experimental stations. The
Cu(111) and Cu(110) crystals were cleaned by several cycles of
Art sputtering (E(Ar") = 1 keV) at RT and subsequent annealing
in UHV at 550 °C. The cleanliness of the substrate was verified
either by XPS and low-energy electron diffraction (LEED) or
directly by STM. The preliminary outgassed DBBA molecules
(Angene Chemical 99% purity) were deposited by sublimation
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under UHV conditions from a home-built Knudsen cell onto the
clean substrate maintained at either liquid nitrogen tempera-
ture (—120 °C measured with a thermocouple in contact with
the substrate) or RT. The amount of deposited material was
monitored by XPS and STM and was less than a monolayer.
Further, on both surfaces the molecules were gradually heated
to (i) RT, (i) 100 °C, and (iii) 250 °C for 15 min with a heating rate
of about 5 °C per minute and were fully characterized at each
step. For the comparative experiment with 9,9’-bianthracene
molecules (99% purity) the Knudsen-cell evaporator was ex-
changed in order to prevent contamination with residual Br.
The CK-edge NEXAFS spectra were measured in partial electron
yield (PEY) mode implying a retarding potential, Uy, of —150 V
at the entrance of the PEY detector in order to increase the
signal-to-background ratio. The C K-edge NEXAFS spectra were
normalized to the corresponding spectrum of the pristine
substrate taken over the same energy range. The photoelectron
spectra were measured relative to the Fermi level of the system
in the normal emission geometry and normalized to the current
in the storage ring and number of scans. The photon energy
resolution at the C K-edge was set to 75 meV, and the resolution
of the SES-200 electron analyzer was set to 125 meV for the C 1s
and Br 3d photoelectron spectra. The peak-fit analysis of the C
1s XPS spectra was performed with the FitXPS software.*® The
base pressure during spectroscopic measurements was better
than 5 x 10~ '° mbar. The STM measurements were performed
at liquid nitrogen temperature in an analysis chamber with
a base pressure of 5 x 10~ "' mbar. The images were recorded
in constant-current mode using an electrochemically etched
polycrystalline tungsten tip. The voltage, Vs, corresponds to the
sample bias with respect to the tip. The WSxM software*® was
used for the processing of STM images.

Computational Details. The calculations were carried out
using DFT with the gradient-corrected exchange—correlation
functional of Wu and Cohen (WC)*° as implemented in the
SIESTA package.’’ The WC functional provides an adequate
description of the lattice constants, crystal structures, and sur-
face energies of solids and systems with layered structures
such as graphene or hexagonal boron-nitride (h-BN) mono-
layers deposited on 3d, 4d, and 5d transition-metal surfaces.”*>*
Double-¢ plus polarization function (DZP) basis sets were used
to treat the valence electrons of all atoms, while the core
electrons were represented by Troullier—Martins norm-conserving
pseudopotentials.>* Periodic boundary conditions were used for
all systems, including free molecules.

The Cu fcc lattice was optimized using the Monkhorst—
Pack® 14 x 14 x 14 k-point mesh for Brillouin zone sampling.
The calculated Cu lattice parameter, a = 3.625 A, is in excellent
agreement with the experimental value of a = 3.61496 A.>° The
optimized lattice of bulk Cu was used to construct a four-layer
8 x 8 slab for Cu(111) and an eight-layer 5 x 8 slab for Cu(110)
surfaces, containing 256 and 320 Cu atoms, respectively. The
periodically replicated slabs were separated by a vacuum region
of 20 A. In calculations the bottom two layers for the Cu(111)
slab and the bottom four layers for the Cu(110) slab were fixed,
while all other atoms are fully relaxed. Only the I" point was used
for sampling the Brillouin zone of the slabs because of the large
size of the supercell. An energy cutoff of 200 Ry was chosen
to guarantee convergence of the total energies and forces.
A common energy shift of 10 meV was applied. Self-consistency
of the density matrix was achieved with a tolerance of 10, For
geometry optimization, the conjugate-gradient approach was
used with a threshold of 0.02 eV A~". The atoms in molecules
(AIM) method of Bader was used for charge analysis.‘r”'58

To obtain the most stable configurations of pristine, de-
brominated, and dehydrogenated DBBA on the Cu(111) and
Cu(110) surfaces, a large number of the starting geometries
(up to 30 for each molecule) in different nonequivalent posi-
tions and orientations were generated. The starting structures
were optimized without any geometry constraints. A similar
approach was successfully used in our previous works on adsorp-
tion, structure optimization, and catalytic reactions of various
types of molecules and metal clusters on surfaces.”®5?
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