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Ab initio investigation of the cyclodehydrogenation process for
polyanthrylene transformation to graphene nanoribbons

Zhongcan Xiao(@®', Chuanxu Ma®, Wenchang Lu'?, Jingsong Huang ®??, Liangbo Liang? Kunlun Hong @7, An-Ping Li?,

1,3

Bobby G. Sumpter*® and Jerzy Bernholc

Graphene nanoribbons (GNRs) can be synthesized from molecular precursors with atomic precision. A prominent case is the 7-
atom-wide armchair GNR made from 10,10’-dibromo-9,9'-bianthryl (DBBA) precursors on metal substrates through dehalogenation/
polymerization followed by cyclodehydrogenation. We investigate the key aspects of the cyclodehydrogenation process by
evaluating the energy profiles of various reaction pathways using density functional theory and the nudged elastic band method.
The metal substrate plays a critical catalytic role by providing stronger adsorption for products and facilitating H desorption. For
polyanthrylene on an extra layer of GNR on Au, the underlying GNR insulates it from the Au substrate and increases the reaction
barriers, rendering the polyanthrylene “quasi-freestanding”. However, positive charge injection can induce localized
cyclodehydrogenation. We find that this is due to the stabilization of an intermediate state through an arenium ion mechanism and
favorable orbital symmetries. These results provide mechanistic insight into the effects of the metal substrate and charge injection
on cyclodehydrogenation during GNR synthesis and offer guidance for the design and growth of new graphitic structures.
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INTRODUCTION

Graphene nanoribbons (GNRs) are a promising class of materials
for future generations of nanoscale devices. Precise control of
materials on an atomic level is critical to enable the fabrication of
nanoscale devices and circuits. In 2010, Cai et al. reported a
bottom-up fabrication of GNRs with atomic precision from 10,10’-
dibromo-9,9’-bianthryl (DBBA) precursor on Au(111) and Ag(111)
surfaces.” There are two stages in the fabrication process,
dehalogenation/polymerization and cyclodehydrogenation. In
the first stage, the DBBA molecules are deposited onto the metal
substrate and annealed at 470K. The DBBA molecules lose
bromine atoms to metal substrate, yielding surface-stabilized
biradical species that serve as molecular building blocks for the
targeted GNR.? These biradical species diffuse across the surface
and couple together to form polyanthrylene chains as imprinted
by the specific chemical functionality pattern of the precursor
molecules. In the second stage, polyanthrylene is annealed at
670K, the surface-assisted cyclodehydrogenation process takes
place and establishes extended, atomically precise GNRs. Follow-
ing this pioneering work, GNRs with a variety of widths,> edge
structures,”> and heterojunctions®’ have been fabricated on
several different catalytic metal substrates® ' including Au,'' '3
Ag,"*"® and Cu.>'®"” The metal substrate is believed to play a
critical role in the formation of GNRs.">'®'® For example, efforts to
grow GNRs from DBBA directly on an insulating TiO5(011)-(2 x 1)
substrate only lead to polymerization but without cyclodehydro-
genation.? This is strong evidence that the metal surface is crucial
for cyclodehydrogenation?' and thus for the transformation of
self-assembled polyanthrylene to GNRs.

The dehalogenation and polymerization processes in the first
stage are well kown?'®??% |n contrast, a full mechanistic

understanding of the subsequent cyclodehydrogenation process
in GNR growth on Au(111) surface is lacking. Despite a plethora of
experimental reports on the conversion of the polyanthrylene to
GNR on various metal surfaces, such as Au(111)," Au(110),""'>2*
Au(788),'* Ag(111),"® Cu(111),'® and Cu(110),'® theoretical inves-
tigations of GNR growth are limited and many of them?'?>2¢
focused on chemical environments different from those occurring
in GNR fabrication. For the cyclodehydrogenation process in GNR
formation on metal substrates, previous theoretical studies have
focused on metal substrates and proposed two different types of
domino-like reaction pathways.">'® Bjork et al. presented a
reaction pathway for the GNR growth on Au(111),'"® where the
cyclodehydrogenation process starts from one end of the
polyanthrylene and extends through the chain in a domino-like
fashion. In this pathway, a new C-C bond forms between the
reaction centers after the two hydrogen atoms bonded with the
reaction center atoms rotate toward the substrate. It has a barrier
of 2.6 eV. This step is followed by a barrierless dehydrogenation
step. Blankenburg et al. presented another reaction pathway on
Ag(111),"> where the cyclodehydrogenation process also extends
through the polyanthrylene in a domino-like fashion, but only on
one side of the polyanthrylene chain. Unlike the former case, the
C-C bond formation was shown to precede H movement. A
barrier of 1.4 eV was reported per one C-C bond formation. The
differences in the reaction barriers may be ascribed to the
different metal substrates, reaction pathways, and van der Waals
correction methods used. We note that both of these studies have
been mainly focused on the synthesis of GNRs from polyanthry-
lene in direct contact with metal substrates.

In our previous work,”” we demonstrated that if the coverage of
precursor molecules was high, a second layer of quasi-
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freestanding polyanthrylene could be formed on top of an
underlying layer of GNR in contact with the Au(111) surface.
Although a full conversion of the second-layer polyanthrylene to
GNR by thermal annealing was not observed, a controllable local
conversion could be realized by applying a negative sample bias
pulse with a scanning tunneling microscope (STM) tip, which led
to intra-ribbon heterojunctions of GNR embedded in the second
layer of polyanthrylene. To gain a systematic understanding of the
effects of the metal substrate, the underlying GNR layer, and
charge injection from the STM tip, we investigate the key
mechanistic steps in the cyclodehydrogenation process of GNR
synthesis from polyanthrylene placed directly on an Au(111)
substrate or as a second layer on top of an underlying GNR layer in
contact with an Au(111) surface. For convenience, the underlying
GNR layer on the Au surface in the latter case is denoted GNR-Au
substrate. For modeling of reaction pathways in the transforma-
tion from polyanthrylene into GNR in various environments, we
adopt a short bianthryl model consisting of two anthrylene units.
By comparing the energy barriers between bianthryl reaction
models on Au or GNR-Au substrates, we uncover the primary
effect that the insulating GNR layer has on the reaction barriers.
Further studies of the bianthryl model in vacuum in different
charge states reveal the catalytic effect of charge injection on the
cyclodehydrogenation process.

RESULTS AND DISCUSSION
Atomic structures and adsorption energies

Before investigating the mechanism of the transformation from
polyanthrylene to GNR, we examine the atomic configurations of
the various structures, including the first-layer polyanthrylene and
GNR on Au substrate obtained at low surface coverage, and the
second-layer polyanthrylene and polyanthrylene-GNR heterojunc-
tion on the GNR-Au substrate obtained at high surface coverage.
We also compare the adsorption energies of polyanthrylene and
GNR on Au and GNR-Au substrates. These results provide insights
for the understanding of polyanthrylene to GNR transformation on
different substrates.

The optimized atomic structures of polyanthrylene and GNR on
Au(111) at low coverage are shown in Fig. 1a, b together with
simulated and experimental STM images. The simulated STM
images are in good agreement with the experimental results. For
polyanthrylene on Au(111), the STM image clearly shows a zigzag
pattern because each tilting-up anthrylene unit appears as one
bright spot. For GNR on Au(111), the STM image exhibits the
typical hexagonal pattern. The good agreement between the
theoretical and experimental results corroborates the formation of
polyanthrylene and GNR on Au substrate at 470 and 670K,
respectively. The optimized atomic structure of polyanthrylene on
top of the GNR-Au substrate is shown in Fig. 1c together with
simulated and experimental STM images. The resolution of the
STM image is not as sharp as of that acquired for the first-layer
polymer (Fig. 1a), probably because of charge accumulation on
the second-layer polyanthrylene, which is not in direct contact
with the metal substrate. The lower resolution for structures on
GNR-Au than on Au is consistently observed across multiple
experimental measurements. Nevertheless, the zigzag signature
remains the same as the first-layer polyanthrylene on Au. As
revealed in our prior work,?” the second-layer polyanthrylene can
be converted to GNR with atomic precision by charge injection
from the STM tip at a selected location. The optimized atomic
structure of thus obtained polyanthrylene-GNR heterojunction,
along with its simulated and experimental STM images, is shown
in Fig. 1d. The converted GNR segment has a lower height than
polyanthrylene, and thus shows a darker contrast in the image.
The good agreement between the calculations and experiment
corroborates the formation of polyanthrylene on the GNR-Au
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Fig. 1 Optimized atomic structures (top panels), simulated (middle
panels), and experimental (bottom panels) STM images for a
polyanthrylene on Au, b GNR on Au, ¢ polyanthrylene on GNR-Au,
and d polyanthrylene-GNR heterojunction on GNR-Au. The experi-
mental and simulated STM images are obtained at a sample bias
of —2.0V

substrate and its conversion to a polyanthrylene-GNR heterojunc-
tion after the STM charge injection.

At low Au surface coverage, the distances between the substrate
and the lowest atoms in the adsorbate, or adsorption heights, are
>3 A. Such large separations suggest that no chemical bonds are
formed between the polyanthrylene or GNR and the Au surface. At
high Au surface coverage, the second-layer polyanthrylene or
heterojunction is also separated from the underlying GNR layer by
more than 3A. These distances justify the adoption of vdwW
corrections in the calculations to obtain reliable structures and
energies. Among the different methods available for vdW correc-
tions,*®=° the D2 correction method®® and the non-local vdwW-DF
functional®® have previously been used in studies of the
cyclodehydrogenation process in GNR formation on Ag(111) and
Au(111) surfaces.'>'® The former is an add-on empirical correction
while the latter is incorporated in a self-consistent functional. To
choose between these two methods for our investigations, we
compare the adsorption energies calculated by these two methods
for polyanthrylene and GNR on Au and GNR-Au substrates. In the
latter case, the adsorption energy of GNR instead of a polymer-GNR
heterojunction on GNR-Au substrate is calculated, to provide
information in the limit of a long GNR segment.

Table 1 shows the adsorption energies calculated by the D2 and
vdW-DF methods for polyanthrylene and GNR directly on Au(111)
and GNR-Au substrates. The quantitative values of adsorption
energies are relevant to the cyclodehydrogenation process
because the reaction barriers are profoundly affected by the
adsorption energies of various species on different substrates.
GNR has a larger adsorption energy than polyanthrylene on both
substrates, regardless of the vdW correction method being used,
despite having a smaller number of H atoms (due to their
desorption when forming a GNR). This difference may be ascribed
to the fact that the GNR is completely planar and therefore has
better contact with the substrate than the polymer. With the
empirical D2 correction, the adsorption energies are much
stronger on the Au substrate than on the GNR-Au substrate.
However, they only differ by <0.5eV when the self-consistent
vdW-DF functional is used. Furthermore, the D2 correction gives
much larger adsorption energies than vdW-DF for both polyan-
thrylene and GNR on Au, but they become comparable when the
substrate is changed to GNR-Au. These results are quite surprising
and point toward a caveat in the selection of vdW correction
methods for the studies of cyclodehydrogenation on top of
different substrates. Due to the empirical nature of the D2 method
and its prediction of the very large variations in adsorption
energies on different substrates, we adopt the self-consistent
vdW-DF method for the rest of the calculations.
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Table 1. Comparison of adsorption energies

vdW Polyanthrylene GNR on Polyanthrylene GNR on
corrections on Au® AuP on GNR-AuU? GNR-AUP
D2 34 5.9 0.6 1.3
vdW-DF 0.9 1.8 0.7 13

Adsorption energies (eV) per unit cell of polyanthrylene and GNR on Au
(111) or GNR-Au(111) substrates, calculated with the D2 correction and the
vdW-DF functional

*The unit cell contains two anthrylene units C,gH,¢, due to the alternately
tilting configuration

®The unit cell is chosen to be CagHg, Which contains the same number of
C atoms as two anthrylene units to facilitate the comparison

Key factors in the transformation of polyanthrylene to GNR

Understanding of cyclodehydrogenation process at the atomic
level will help provide theoretical guidance for the design and
fabrication of GNRs. To that end, we study the formation pathways
of cyclodehydrogenation process under different conditions: (1)
on an Au substrate, (2) on a GNR-Au substrate, and (3) in vacuum
with different amount of charge injections. The cyclodehydro-
genation process consists of two steps: cyclization and dehydro-
genation. In the cyclization step, the C¢H, groups at the edges of
neighboring anthrylene units of the polyanthrylene approach
each other while rotating around the central C-C bond and form
new C-C bonds. Concomitantly the orbital hybridization of the
reacting C atoms changes from sp? to sp. In the subsequent
dehydrogenation step, H atoms desorb and aromatic rings form.

Substrates effect: metal substrates and insulating GNR layer

In experiments, when the coverage of the precursor molecules on
Au(111) surface is >1 monolayer, a bilayer structure is formed.”” As
observed in the experiment, the underlying layer of polyanthry-
lene can be efficiently converted to GNR by annealing. However,
the second-layer polyanthrylene formed on top of the first layer of
GNR does not fully convert to a GNR, even after annealing at a
temperature so high as to cause its melting into one layer. It is
known that a metal substrate has a significant catalytic effect on
cyclodehydrogenation, yet the effect of the GNR layer separating
polyanthrylene from direct contact with the metal substrate needs
further investigation. Here, we calculate the energy profile for the
reaction pathways on Au(111) substrate and GNR-Au substrate.
We show by nudged elastic band (NEB) simulations that the first
layer of GNR serves as an insulating layer and prevents the metal
substrate from acting as a catalyst for the polyanthrylene to GNR
transformation.

The transformation is modeled using a bianthryl oligomer as a
reagent. Figure 2a shows the atomic structure of the models. In the
bianthryl oligomer, the two anthryl units are connected by one C-C
bond. During the transformation, the two units rotate around this
bond and the four C¢H,; groups pair with each other to form two
new C-C bonds. Our NEB simulations unravel that the two new
C-C bonds on the different sides of the bianthryl form separately:
first two CgH,4 groups approach each other to form one C-C bond
on one side, then the other two CgH4 groups undergo the same
reaction on the other side. We focus here on the first bond
formation, since the second step occurs similarly. The energy
profile is shown in Fig. 2b as the black curve for the cyclization
(Initial to IS-) and dehydrogenation reactions (IS-l to IS-Il). The H
migration steps are summarized into the dehydrogenation step
from 1S-I to IS-Il. The details of the reaction steps are depicted in
the Supplementary Fig. 1. For comparison, the energy profile for
direct contact with Au(111) is shown as the red curve. The
difference between the two curves is attributed to the different
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Fig. 2 a Atomic structures of bianthryl and GNR on GNR-Au. b
Energy profiles of the transformation of a bianthryl molecule to a
short GNR segment. The black and red curves represent systems
with and without a GNR insulating layer. The first barrier is for the
one-side cyclization. The second barrier is for hydrogen migration
and desorption. The lower panel shows Kekulé structures of the top
layer in the initial, IS-I, and IS-Il states

substrates, i.e, the polyanthrylene to GNR transformation takes
place on the GNR-Au substrate versus directly on the Au surface.

The underlying GNR layer between the bianthryl and the Au
substrate affects both cyclization and dehydrogenation signifi-
cantly. In the presence of an insulating GNR layer, the cyclization
barrier increases from 1.5 to 2.3 eV while the highest transition
state in dehydrogenation increases from 2.3 to 3.2 eV. From the
detailed reaction pathway in Supplementary Fig. 1, the highest
energy barriers in dehydrogenation steps are 1.0 and 1.6 eV for
the Au and GNR-Au substrates, respectively, which shows that the
GNR is not a good candidate for removing hydrogen atoms. In the
short bianthryl model of the polymer, the ISl state has two
unpaired electrons on the two CgH,; groups after a new C-C bond
forms. The electron delocalization can be described as five m
electrons on five C centers (5e/5¢) in each CgH,; group. Based on
the analysis shown above, the increase in barriers when changing
the substrate from Au to GNR-Au for both the cyclization and
dehydrogenation steps may be partially ascribed to the lower gain
in the adsorption energy when converting polyanthrylene to GNR
on the insulating GNR layer, compared with conversion directly on
the Au surface. However, this effect turns out to be small, as can
be seen from the small differences between the vdW-DF
adsorption energies in Table 1. The main reason should instead
be ascribed to the fact that the underlying GNR substrate does not
have a strong capability to adsorb H atoms like the Au substrate.
Although the underlying GNR is in contact with the Au surface, the
top layer is separated from the Au surface by two vdW
separations. Other possible pathways for the cyclodehydrogena-
tion on GNR-Au exist, such as hydrogen migration and desorption
as molecules to vacuum. Similar pathways on Au were studied,'®
but were found to be less energetically favorable. From the energy
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barrier comparison between the Au and GNR-Au substrates, it can
be concluded that the underlying GNR layer significantly inhibits
the metal substrate-assisted cyclodehydrogenation by increasing
the energy barrier. Therefore, the underlying GNR serves as an
insulating layer and renders the top layer of polyanthrylene quasi-
freestanding.

Charge injection effect on cyclodehydrogenation

Although the full polymer-to-GNR transformation is hardly
observed for the second-layer polymer, we found in our previous
work that charge injection from an STM tip can induce this
transformation at arbitrary sites of the second-layer polymer on
top of a GNR layer in contact with Au.*® Blankenburg et al. found
earlier that charge injection from an STM tip can induce a
transformation of a polymer segment in direct contact with Ag
substrate.'> We also found®” that hole (positive charge) injection
could induce cyclodehydrogenation reaction starting at a low STM
bias, while electron (negative charge) injection does not and can
instead lead to polymer decomposition at an increased STM bias.
Based on the analysis of orbital symmetries for the reactant in
different charge states, we were able to rationalize the distinction
between hole and electron injections by tracing it back to the
classical Woodward-Hoffman rules.”” To better understand the
effect of hole injection on this reaction, we investigate below the
energy profile and the electronic structure along the cyclodehy-
drogenation pathway by examining the charge states 0, + 1, and
+ 2. As discussed above, the insulating layer of GNR renders the
top layer of polyanthrylene quasi-freestanding. Considering this
effect and to avoid the interference of metal substrate in charged
systems calculation, in the following we investigate the charge
effect in vacuum, which also limits the computational expense.
Therefore, the calculated energy profile will be only qualitatively
and semi-quantitatively valid, because it omits the dielectric
screening by the GNR-Au substrate. As above, the reactant is the
bianthryl while the product is a short GNR segment.

Figure 3 shows the energy profiles along the reaction pathway
at g=0, + 1, and + 2, together with the Kekulé structures for the
bianthryl and the three intermediate states IS-l, IS-ll, and IS-Ill.
Similarly to the reaction on a substrate, the cyclization of the initial
state in vacuum gives rise to IS-l. The two H atoms could be on
either the same or opposite sides of IS-l. When the H atoms are on
the same side, the overall barrier is as high as 4.2 eV for the neutral
case, which is consistent with the results by Bjork et al.'® Due to the
very high barrier, the corresponding reaction pathway is not
considered below. We thus only focus on the other alternative, in
which the two H atoms remain on the opposite sides of IS-I. It is
evident that the charge has a substantial effect on cyclization. As it
increases from 0 to +1 and +2, the cyclization barrier is
dramatically reduced from 2.5 to 1.6 and 1.0 eV, respectively. As
explained above, the ISl is unstable when the system is neutral
because each CgH; group involved in cyclization carries an
unpaired 1 electron after the bond formation, which is due to
hybridization change from sp® to sp> for only one of the six C
atoms in each C¢H, group. However, when the system is positively
charged, IS-| becomes a metastable state owing to the arenium ion
mechanism3' In organic chemistry, the arenium ion is a
cyclohexadienyl cation that appears as a reactive intermediate in
electrophilic aromatic substitution. One arenium ion per CgH,
group, or equivalently +2 charge for the bianthryl molecule,
makes the IS a metastable structure. Also, the
Bronsted-Evans—Polanyi principle®? suggests that the energies of
transition states would be lowered proportionally to the stabiliza-
tion of IS-I. Obviously, the stabilization is more pronounced for g =
+ 2 than for + 1, due to the formation of two arenium ions versus
one. Furthermore, the stabilization of IS-l with greater positive
charge can be seen from the barriers for the backward reaction
from IS-I to the initial state: the neutral IS-I has a vanishingly small
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Fig. 3 Energy profiles of the reaction pathway for bianthryl with 0,
+1, and +2 charge in vacuum (top panel), and the Kekulé
structures of bianthryl and the three intermediate states, IS-I, IS-Il,
and IS-lll (bottom panel)

barrier for going back, while IS-1 with g=-+1 has a slightly
increased but still negligible barrier for the backward reaction.
Consequently, IS-l with g=0 and + 1 has a high probability for
reverting to the initial state even if it is formed. In contrast, the
barrier for the backward reaction of IS-l with g = + 2 is increased to
0.4 eV, thus enhancing its survivability as a metastable state for
subsequent reactions. The charge-induced reaction shows similar-
ity with Scholl reaction, but there are also significant differences. In
the charge-induced reaction, charges are supplied by the STM tip,
in the form of injected or extracted electrons. We have shown that
in vacuum the barriers are significantly lower when two electrons
are extracted from bianthryl. In the standard Scholl reaction in a
solution phase, two protons are eliminated to the solvent and are
stabilized by the solvation effect. For our reaction in ultra-high
vacuum on a substrate, two hydrogen atoms are eliminated
forming H, and the charges left on the organic species are
compensated by the metal substrate. In the second step, IS is
converted to IS-ll through an H migration process. Since the two H
atoms that must be desorbed are on opposite sides of 1S-I, one of
them needs to migrate to the edge and bond with the other H
atom in order to desorb as an H, molecule. We find that a
sigmatropic rearrangement is a favorable path for the H migration
in this step.” For g=0, + 1, + 2 charge injections, the reaction
barriers are 1.2, 1.6, and 1.9 eV, respectively. They agree with the
energy barriers reported for H migration on graphene, which are in
the range of 2.0-4.0eV.3® It appears that the positive charge
injections do not lower the energy barrier for the H migration
process; however, as discussed above, the barriers of the backward
reaction are negligible for g=0 and + 1 charge injections,
rendering IS-l unstable with regard to the backward reaction.
Therefore, it is likely that only the injection of two holes will enable
IS-1 to proceed toward IS-Il. In the final step of dehydrogenation,
two H atoms desorb from the molecule into vacuum as H,,
converting IS-Il to IS-lll. The energy barriers for =0, + 1, and + 2
charge injection are 3.8, 2.9, and 2.4 eV, respectively. For this step,
the lowering of the energy barrier by positive charge injection is
prominent. Considering the overall energy profiles, the + 2 charge
state has significantly lower energies for all intermediates and
transition states; the most prominent effect is the stabilization of
IS-I, due to the arenium ion mechanism.

To shed further light on the arenium ion effect, we calculate the
spatial distribution of the excess charge for g = + 2 charge injection
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in the initial, IS-, IS-1l, and IS-1ll structures along the reaction pathway,
which are shown in Fig. 4a-d, respectively. The spatial distribution of
excess charge is the difference between the charge densities of the
charged and neural systems. The isosurface value is 10% of its
maximum value. For the initial, IS-ll, and IS-lll states, the excess
charge is distributed over all edge C atoms, as a result of
electrostatic Coulomb repulsion. However, in ISl the excess charge
mainly resides on the four C atoms that are close to the newly
formed C-C bond. These four atoms are the recipients of excess
charge in the four resonant states shown in Fig. 4e. Compared with
IS-Il and IS-Ill, 1S is the state that is the most stabilized by the + 2
charge injection, indicating that positive charge injection provides a
catalyzing effect. Stabilization of IS is also observed for + 1 charge
injection, although its catalytic effect in the + 1 charge state may be
negated by the small barrier for backward dissociation of IS-I to the
initial state. Our analysis thus confirms that the experimentally
observed'” controllable polymer to GNR transformation induced by
STM tip is facilitated by positive excess charge and the formation of
arenium ions. This mechanism may also open a new avenue for
converting a completely freestanding polymer to GNR.

In summary, we have evaluated several key mechanistic effects
in the growth of atomically precise graphene nanoribbons from
molecular precursors. It was established that the metal substrate
exerts an important catalytic effect on the cyclodehydrogenation
reaction.'”® From the comparison between energy barriers for
reaction pathways on Au substrate and in vacuum, we can see
that metal substrate significantly lowers the energy barriers of
both cyclization and dehydrogenation, by providing strong
adsorption and facilitating H adsorption. We also find that the
metal substrate catalytic effect may be inhibited by detrimental
insulation from an underlying GNR layer, which increases the
energies of the intermediate states in the cyclodehydrogenation
reactions as well as the transition state energies, rendering the
polyanthrylene quasi-freestanding. However, our simulations
show that conversion of a quasi-freestanding polyanthrylene to
a second-layer GNR can be realized by positive charge injection,
which leads to the formation of arenium ions that stabilize the
CeH4 groups by removing the unpaired m electrons. These results
provide mechanistic explanations for the experimental observa-
tions of the difficulty in thermally activated second-layer GNR
growth, and shed light on the mechanism of STM-tip-induced
localized second-layer GNR conversion.

(a)

Z. Xiao et al.

METHODS

Sample preparation and STM measurement

The samples were grown from DBBA molecules on Ar'-annealed Au(111)
surface. The precursor molecules were deposited onto the Au substrate by
sublimating at 485K while the Au substrate was held at 470 K. Surface
coverage of the Au substrate was controlled by the amount of DBBA and
time of sublimation. Samples were subsequently annealed at 470K for
30min and 670K for additional 30 min. Depending on the temperature,
polyanthrylene and 7-atom-wide armchair graphene nanoribbon (7-aGNR)
were synthesized. For simplicity, we will refer to the 7-aGNR in the
following as GNR. Scanning tunneling microscopy (STM) characterization
was performed at 105K with a Ptlr tip in ultra-high vacuum. The STM
images were acquired at a constant current mode. The bias was applied by
adjusting the voltage of the sample with respect to the tip.

Calculation methods

Ab initio density functional theory calculations were performed with the
Quantum Espresso code® using ultrasoft pseudopotentials generated by the
Vanderbilts method®® with the Perdew-Burke—Ernzerhof exchange-
correlation functional.*® The plane wave energy cutoff was 24 Ry for the
Kohn-Sham wavefunctions, and 200 Ry for the charge density. To account for
the van der Waals (vdW) interactions between the polyanthrylene or GNR
and the Au substrate, all calculations were performed using a non-local
functional with vdW corrections (vdW-DF)>%37 The atomic structures were
relaxed until the forces were below the threshold of 0.025eV/A. The STM
images were simulated for polyanthrylene and GNR on Au and GNR-Au
substrates using Tersoff's method.>® The Au(111) surface was simulated by
four layers of Au atoms. The atoms in the bottom two layers were fixed while
those in the top two layers were fully relaxed along with the adsorbed
structures, if present. The energy barriers of the cyclodehydrogenation
reactions were obtained using the climbing images®® NEB method. The
forces on images were relaxed until they reached 0.1eV/A threshold. The
reaction pathways were evaluated for bianthryl on Au and GNR-Au
substrates, and bianthryl in vacuum at different charge states (g=0, + 1,
and + 2). In the systems without substrate, the supercells were constructed
with =20 A vacuum region along all directions separating the periodic
images of molecules. When the substrate is included, a vacuum region = 20 A
is used perpendicularly to the substrate surface, while the distance between
the periodic images of adsorbates on the substrate is chosen to be ~10 A to
reflect the typical adsorbate density in the experiment, as well as to reduce
the computational cost. For the periodic polymer models, three k points were
used along the periodic direction, while only the I' point was used when
investigating reactions for the bianthryl models. Certain computational
results, such as STM images obtained from the Quantum Espresso code, were
corroborated with the RMG code.***!

Fig. 4 Excess charge distribution for a bianthryl, b IS, ¢ IS-Il, and d IS-lIl. e Four resonance states of the arenium ion in the IS-I state. All results

are obtained from calculations with g =+ 2
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