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ABSTRACT: Controlling the regioselectivity of C—H activation in N\ T

unimolecular reactions is of great significance for the rational synthesis of :’fEé:/ =
functional graphene nanostructures, which are called nanographenes. Here, TR
we demonstrate that the adsorption of tetranaphthyl-p-terphenyl precursors - ,\/ / \ x Helicens

on metal surfaces can completely change the cyclodehydrogenation route ~

and lead to obtaining planar benzo-fused perihexacenes rather than double 1“:J¢Iv ,L:\Cj v Nanographene
[7]helicenes during solution synthesis. The course of the on-surface

planarization reactions is monitored using scanning probe microscopy, EmmC

which unambiguously reveals the formation of dibenzoperihexacenes and the
structures of reaction intermediates. The regioselective planarization can be
attributed to the flattened adsorption geometries and the reduced flexibility
of the precursors on the surfaces, in addition to the different mechanism of
the on-surface cyclodehydrogenation from that of the solution counterpart. We have further achieved the on-surface synthesis of
dibenzoperioctacene by employing a tetra-anthryl-p-terphenyl precursor. The energy gaps of the new nanographenes are
measured to be approximately 2.1 eV (dibenzoperihexacene) and 1.3 eV (dibenzoperioctacene) on a Au(111) surface. Our
findings shed new light on the regioselectivity in cyclodehydrogenation reactions, which will be important for exploring the
synthesis of unprecedented nanographenes.

B INTRODUCTION oxidative cyclodehydrogenation of tailor-made oligoarylene
precursors in solution in the presence of Lewis acids and
oxidants.”™'? Nevertheless, the cyclodehydrogenation in
solution is sometimes hampered by side reactions furnishing
undesired and often inseparable mixtures of products.”’~>* On
the other hand, cyclodehydrogenation on metal surfaces has
emerged during the past decade as an alternative and
complementary method enabling the synthesis of atomically

Nanographenes (NGs) are regarded as segments of graphene
featuring nanometer sizes in one or two dimensions." The size
control, especially at the sub-10 nm scale, has been proven to
induce a quantum confinement effect and allow for the tuning
of the electronic band gap.”’ The unique, structure-dependent
properties of NGs qualify them for various applications in
molecular electronics,” spintronics,” and optoelectronics.’

Since the electronic properties of NGs sensitively depend on precise N?_ zrnolecules under ultrahigh vacuum (UHV)
their size’ and edge geometries,” it is mandatory to fabricate conditions.”™*" The on-surface cyclodehydrogenation pro-
NGs with atomic precision. To this end, bottom-up molecular ceeds at elevated temperatures, typically at >400 °C, with the
synthesis is the most suitable approach for providing NG help of the catalytic effect of the metal surfaces such as
molecules, i.e., large polycyclic aromatic hydrocarbons (PAHs)

with uniform and defined chemical structures. The synthesis of Received: February 1, 2019

NG molecules has typically been carried out through the Published: April 16, 2019
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Au(111), Ag(111), and Cu(111). This process is most likely
accompanied by the release of hydrogen,” which is in contrast
to the solution reaction that is regarded to include cationic
intermediates with the elimination of protons; however, the
mechanisms of both cases are not yet fully understood. On-
surface synthesis allowed for the formation of unstable PAHs,
in particular, higher acenes, which could not be obtained in
solution.””? It is essential, therefore, that the resulting product
structures can be visualized at an atomic resolution using in
situ scanning probe microscopy (SPM).>>**31=3* However,
little is known about the influence of metal surfaces on the
selectivity of the cyclodehydrogenation reaction, especially
when different isomers can be envisaged.

Periacenes, which are zigzag-edge NG molecules with two
rows of peri-fused linear acenes, are highly attractive due to
their intriguing properties, such as low energy gaps and open-
shell biradical character.”*® In addition to the smallest
periacenes, perylene, and bisanthene,””~* the synthesis of
peritetracene with bulky substituents was recently achieved in
solution.*”** The synthesis of peripentacene was demonstrated
on a Au(111) surface under UHV to be the largest pristine
periacene reported to date.”> On the other hand, we have
synthesized OBO-doped perihexacene on a Au(111) surface,*
which was hitherto the largest periacene analogue in the
literature. However, its energy gap was relatively large and the
synthesis of a pure hydrocarbon structure of perihexacene has
remained challenging. Recently, we attempted the synthesis of
dibenzoperihexacene 3a as a hydrocarbon analogue of
perihexacene. Remarkably enough, the oxidative cyclodehy-
drogenation of the tetranaphthyl-p-terphenyl precursor 1la in
solution selectively provided the benzo-fused double [7]-
helicene 2a,” thus leaving the synthesis of dibenzoperihex-
acene elusive (Figure 1).

Herein, we investigated the on-surface cyclodehydrogena-
tion of tetranaphthyl-p-terphenyl precursors la and 1b on
Cu(110) and Au(111) surfaces (Cu(111) was also used for
comparison), which led to the formation of dibenzoperihex-
acenes with distinct regioselectivity of the reaction compared
with the solution synthesis. We have further achieved the on-
surface synthesis of dibenzoperioctacene, which is the higher
homologue of dibenzoperihexacene, from the tetra-anthryl-p-
terphenyl precursor 5. Regarding the reaction mechanisms,
partially fused intermediate structures could also be elucidated
by conducting on-surface reactions at different temperatures
while monitoring the progress using scanning tunneling
microscopy (STM) and bond-resolution atomic force micros-
copy (AFM)*® images. The pristine and intermediate
structures along the reaction combined with density functional
theory (DFT) calculations provided insights into the
planarization. Scanning tunneling spectroscopy (STS; dI/dV
vs V) revealed that their energy gaps were approximately 2.1
eV (dibenzoperihexacene) and 1.3 eV (dibenzoperioctacene),
thereby demonstrating the significant decrease of the gap upon
the extension of the NG core. To the best of our knowledge,
the dibenzoperihexacene and dibenzoperioctacene that are
reported here are to date the largest hydrocarbon periacene
analogues.

B RESULTS AND DISCUSSION

First, we deposited a submonolayer of 4,4”-di-tert-butyl-
2,2",6,6"-tetra(2-naphthyl)-p-terphenyl (TNTP-tBu, 1a) onto
a room temperature Cu(110) surface using molecular
sublimation at 620 K. As seen in Figure 2a, the molecules
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Figure 1. Chemical structures of the tetranaphthyl-p-terphenyl
precursor 1 (TNTP-fBu la and TNTP 1b) and its different
cyclodehydrogenation products, the double [7]carbohelicenes 2a-1
and 2a-2 that were synthesized in solution and the dibenzoperihex-
acene 3 formed on metal surfaces in this work.

were scattered on the Cu(110) surfaces without forming a
regular assembly. Most of the molecules of 1a (with the axis
across the two tert-butyl (tBu) groups) were adsorbed parallel
to the [1—10] direction of Cu(110). As shown in Figure 2d, g,
and j and Figure S1, the four naphthyl branches were arranged
nearly parallel to each other. This configuration is advanta-
geous for the C—C bond formation at the S-position of the
naphthyl group (highlighted in pink in Figure 1) because the
reaction at the a-position (highlighted in blue in Figure 1)
would involve an extra flipping process of the naphthyl group.
Two naphthyl groups (the upper two in Figure 2d and g) were
relatively flat, making them invisible to AFM imaging with a
constant height at the tip height +50 pm (Figure 2g) and a
constant-current mode (Figure S1b and c). In contrast, the
other two naphthyl groups and the central benzene ring were
tilted with respect to the surface plane due to intramolecular
steric hindrance. This configuration of adsorbed TNTP-tBu
molecules was verified by the DFT calculated structures
(Figures 3a and b) and the simulated AFM image (Figure 3c).
Interestingly, a 90° rotation of the molecules was observed
after annealing at 460 K for 30 min, but pristine TNTP-tBu
was still predominant (Figure S2b and Figure S3a—d).

To our delight, C—C bond formation at the f-positions of
the naphthyl groups was observed when annealing the sample
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530-590 K
Cu(110)

Figure 2. Cyclodehydrogenation reactions of TNTP-tBu la on
Cu(110). (a—c) STM overview images that were obtained after the
evaporation of la (a), and after annealing the sample at 590 K (b)
and at 620 K (c). (d—f) STM zoomed-in images of an initial TNTP-
tBu molecule, a typical intermediate molecule and a final product
molecule, respectively. (g—i) Constant-height frequency shift AFM
images of the three molecules shown in (d—f); (j—k) corresponding
chemical structures. Imaging parameters: (a—e) 0.1 V, 10 pA; (f) 10
mV, 100 pA; and tip heights Z = +50 pm (g), +130 pm (h), and +120
pm (i) (Z = —120 pm for the region between the two red dashed lines
in (i)), where the + signs represent the increase/decrease of the tip—
sample distance relative to the STM set point (0.1 V, 10 pA) on the
adjacent Cu(110) surfaces. Since the contrast in (i) is separately
optimized for the middle section and the top/bottom sections, an
overall color bar is not given.

at 530 K or higher, thereby leading to the formation of
dibenzoperihexacene 3a instead of double [7]helicene 2a, as
previously obtained in the solution synthesis (Figure 2; see
Figure S2 for the whole annealing processes). Between 530 and
590 K, intermediates such as 4, resulting from the incomplete
cyclodehydrogenation, were detected with different adsorption
geometries and orientations. The chemical structures of the
intermediates were confirmed by high-resolution AFM images
and computer simulations (Figures 3e—h and S3e—h).
Intermediate 4 was more distorted than the pristine precursor
1a, thus leaving two of the four naphthyl groups appearing as
bright lobes in the STM image (Figure 2e); they are
highlighted by the two yellow ovals in Figure 2k, while the
other two naphthyl groups are fused to the central benzene
ring. At 590 K, molecules with only one remaining naphthyl
group were also found, e.g., in Figure S3i—I. Nevertheless, no
other intermediate structure was found, indicating that the
planarization of each naphthyl group from structure 4 was
accompanied by subsequent or simultaneous formation of
three C—C bonds. Elevating the annealing temperature to 620
K induced the complete planarization of some molecules
(~10% (5/52), as seen in Figure 2, f, i, and I). After annealing
at 640 K, most of the molecules have been planarized. Some of
the molecules were connected with each other due to the
removal of the tert-butyl groups followed by intermolecular C—
C bond formation (Figure S2f). It should be noted that the
dibenzoperihexacene structure of 3a is not completely flat
because of the bulkiness of the tBu groups, which makes the

7401

Calculated adsorption geometries Simulated AFM

eTmTeTes
a (s > b
o

Experimental AFM

e e
pe Cr e Ty
< P T DN
M, e RN g

»
ro

me

Ll
»

-

Figure 3. Calculated adsorption geometries and simulated AFM
images of the initial la, intermediate 4, and final product 3a of
TNTP-tBu on Cu(110). (a, b, e, f, i, j) Top and side views of the
calculated adsorption geometries of an initial molecule (a, b), an
intermediate (e, f), and a final product molecule (i, j) on Cu(110).
The C, H, first layer Cu, and bulk Cu atoms are represented by the
black, blue, violet, and red spheres, respectively. (c, g, k) Simulated
constant-height AFM images of an initial molecule (c), an
intermediate (g), and a final product molecule (k) adsorbed on
Cu(110). (d, h, 1) Experimental constant-height AFM images of an
initial molecule (d), an intermediate (h), and a final product molecule
(1) adsorbed on Cu(110). Imaging parameters: images (d, h, and 1)
are the same as Figure 2g, h, and i.

middle part of the molecule higher while the two sides are bent
down due to the strong interaction with the substrate, as
shown in Figure 2i and Figure 3j and k.

As mentioned above, precursor la was distributed separately
on Cu(110) surfaces, thus implying that there is a stronger
molecule—surface interaction than molecule—molecule inter-
action. To exclude possible special template and/or catalytic
effects of Cu(110) as the driving force for the planarization,
control experiments on Cu(111) and Au(111) were
conducted. Unlike the scattered distribution on Cu(110),
precursor la initially assembled into a two-dimensional
monolayer on Cu(111) and Au(111) (see Figure S4c and
d). The molecules were adsorbed in a more twisted shape
presumably because of the interplay of a weaker molecule—
surface interaction on Cu(111)/Au(111) and the intra-
molecular geometric relaxation. The same planarized products
were observed when annealing at approximately 620 K on
Cu(111) (Figure SSc and Figure S6¢ and d) and at 700 K on
Au(111) (Figure SSd).

Notably, the benzo-fused double [7]helicene 2a that was
obtained from precursor 1a in the solution synthesis*” was not
observed at all in the on-surface experiments. Instead, the same
precursor exclusively led to benzo-fused perihexacence 3a. The
rotation around the C—C bond between the naphthyl group
and the inner benzene unit of the p-terphenyl is relatively free
in solution. Thus, bond formation seems possible at both the
a- and the f-positions of the naphthyl moiety. Nevertheless,
assuming that the oxidative cyclodehydrogenation of precursor
1a proceeds after the initial electron transfer, thus generating
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its radical cation of species, the formation of 2a in solution can
be ascribed to the higher spin density at the a-position
according to the DFT calculation at the UB3LYP/6-31G(d, p)
level (Figure S7). On the other hand, while not being perfectly
flat, precursor la adopts a conformation that maximizes the
contacts between the z-systems and the surface, as observed
using STM (see Figure 2a, d, and g). Maintaining these
contacts throughout the reaction will facilitate a flat product
structure, namely, dibenzoperihexacene 3a. The adsorption
energy of la on the Cu(110) surface was estimated to be
—2.48 eV from the reactive force field (ReaxFF) simulation
(see Table S1), which is consistent with the observed
conformation. Furthermore, the on-surface cyclodehydrogena-
tion supposedly proceeds via the initial abstraction of a
hydrogen atom,”>*® thereby generating free radical species of
the naphthyl group, followed by the C—C bond formation with
the central benzene ring. The reaction enthalpies and barriers
for the hydrogen abstraction from naphthalene were calculated
to be almost identical for the a- and f-positions,””* which can
explain the observed difference in the region selectivity.
Further, the rotation of the naphthyl groups on the surface is
hindered by the higher rotation barriers of 0.44 eV on Au(111)
and 0.46 eV on Cu(110) in comparison to that of 0.32 eV in
solution (see Table S1). It is worth noting that the adsorption
of 3a is much more stable than that of 2a-1 with a difference of
—4.65 eV (Table S2), which also favors the planarization
reaction. We propose the reaction processes as shown in
Figure S8. Nonetheless, comprehensive calculations of the
energy barrier of each reaction step as well as stabilization
energy of each possible intermediate need to be done in future
work to obtain deeper insights into the reaction pathways.

We noticed that a nonnegligible amount of the dibenzoper-
ihexacene molecules were randomly connected to each other
after annealing at 640 K (Figure S2f), probably because the tBu
radicals were removed so that the cyclodehydrogenation was
accompanied by intermolecular coupling. To suppress the
oligomerization of the products, 2,2”,6,6"-tetra(2-naphthyl)-p-
terphenyl (TNTP, 1b) was used as a precursor without tBu
groups for comparison. TNTP 1b was synthesized via a
fourfold Suzuki reaction between 2,2”,6,6"-tetrabromo-
1,1":4',1"-terphenyl®” and 2-naphthylboronic acid, as displayed
in Scheme S1. TNTP 1b was deposited onto Cu(110),
Cu(111), and Au(111) (Figure S4e—h). When the same
cyclodehydrogenation conditions as in the experiments with
TNTP-tBu la were applied, the TNTP molecules were
planarized to dibenzoperihexacene 3b with much fewer
intermolecular reactions (Figure SSa—d vs Figure SSe—h).
The yield of 3b on Au(111) was the highest compared to
yields on other metal surfaces (32% on Cu(110), 30% on
Cu(111), and 56% on Au(111), as shown in Figure S5f—h).
We thus took the reactions on Au(111) as a representative
example.

After thermal sublimation, TNTP precursor 1b was initially
adsorbed in a more distorted conformation on Au(111)
surfaces and self-assembled into one-dimensional (1D)
molecular chains. The chains were not perfectly periodic,
thereby indicating the coexistence of different adsorption
geometries. As illustrated in Figure 4c and d, precursor 1b was
transformed into dibenzoperihexacene 3b after annealing at
720 K for 30 min. Extending the annealing time leads to an
increased yield of the planarization reaction. However, it also
leads to an increase in intermolecular connections. Basing on
trial-and-error experiments, we finally determined 30 min as
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Figure 4. Cyclodehydrogenation reactions of 2,2”,6,6"-tetra(2-
naphthyl)-p-terphenyl (TNTP, 1b) on Au(111). (a) STM overview
of the self-assembly of TNTP 1b molecules on Au(111); (b) STM
overview of the TNTP/Au(111) sample after annealing at 720 K for
30 min. (c,d) Chemical structures of TNTP 1b and dibenzoperihex-
acene 3b. (e) STM image of a single planarized product molecule
marked with a red box in (b); (f) corresponding frequency shift AFM
image. Imaging parameters: (a, b) —1.0V, 10 PA; (e) 1.0V, 100 PA;
and (d) tip height Z = —S0 pm, where the — sign means a decrease of
the tip—sample distance relative to the STM set point (0.1 V, 10 pA)
on the adjacent Au(111) surfaces.

the optimal annealing time. The majority of the planarized
product molecules remained separate from each other (Figure
4b), in contrast to the randomly connected products that were
obtained from TNTP-tBu la (see Figure S2f and Figure SSc
and d). The exact chemical structure of dibenzoperihexacene
3b was determined using bond-resolution AFM (Figure 4f).

Finally, we exploited the on-surface regioselective cyclo-
dehydrogenation to synthesize an even higher homologue of
dibenzoperiacene, namely, dibenzoperioctacene 6 (Figure 4b).
To this end, 4,4”-di-tert-butyl-2,2",6,6"-tetra(2-anthryl)-p-
terphenyl (TATP-tBu, S, Figure Sa) was designed as the
precursor and synthesized via the fourfold Suzuki coupling
between 2,2”,6,6”-tetrabromo-l,1’:4’,1”-terphenyl47 and 2-
anthrylboronic acid, as described in Scheme S2. After
sublimation at 720 K onto the Au(111) surface that was
kept at room temperature, the TATP-tBu molecules
dominantly self-assembled into 1D molecular chains (Figure
Sc). The STM image of TATP-tBu S (Figure Se) indicated
that three of the four anthryl groups lie more or less flat while
the remaining one is highly tilted. Annealing the sample at 690
K for 30 min promoted the transformation from § to
dibenzoperioctacene 6, which was confirmed by the chemical
bond imaging (Figure Sg).

The electronic structures of dibenzoperihexacenes 3a and 3b
and dibenzoperioctacene 6 were characterized using scanning
tunneling spectroscopy (STS) on the Au(111) surfaces. The
STS curves in Figure 6a, e, and i recorded the dI/dV versus
bias voltage in the range from —2 to 2 V at specific points that
were marked in the STM images in Figure 6b, f, and j,
respectively. The characteristic peaks at —0.6 and 1.5 V in
Figure 6a and e were assigned as the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), respectively, for both 3a and 3b.
Therefore, a HOMO—LUMO energy gap of approximately 2.1
eV was deduced for dibenzoperihexacenes 3a and 3b. Similarly,
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Figure S. Synthesis of dibenzoperioctacene from TATP-tBu $ on
Au(111). (a, b) Chemical structures of TATP-tBu § and
dibenzoperioctacene 6 (with tBu groups). (c) STM overview of the
self-assembled TATP-tBu S molecules on Au(111); (d) STM
overview taken after annealing the sample at 690 K for 30 min. (e)
Zoomed-in STM image of an individual TATP-tBu $ molecule that
was marked with a red box in (c). (f) Zoomed-in STM image of a
single dibenzoperioctacene 6 molecule that was marked with a red
box in (d); (g) corresponding frequency shift AFM image. Imaging
parameters: (c) —=1.0V, 10 PA; (d,f) 0.1V, 10 PA; (e) —1.0 V, 100
pA; and (g) tip height Z = +170 pm, (Z = —20 pm for the region
between the two red dashed lines in (g)), where the + signs represent
the increase/decrease of the tip—sample distance relative to the STM
set point (0.1 V, 10 pA) on the adjacent Au(111) surfaces.

ddV (a.u.) ®

didV (au)®

drdv (au)

o [HOMO: -0.2 V LUMO: +1.1V
d//dV mapping

0.0 1.0

-1.0
Bias voltage (V)

-2.0

Figure 6. Electronic properties of dibenzoperihexacenes 3a and 3b
(with and without tBu groups) and dibenzoperioctacene 6 (with tBu
groups) measured on Au(111). (a, e, i) STS spectroscopies recorded
at the positions marked in the corresponding STM images (b, f j)
with the same colored dots. The spectra are vertically offset from each
other for clarity. (b, f, j) STM images of the individual nanographene
molecules with the corresponding molecular structures overlaid
(imaging set point: (b, f, j) —1.0 V, 100 pA; and (¢, d, g h, k, 1)
dI/dV maps recorded at —0.6 V, +1.5V, —0.6 V, +1.5V, —0.2 V, and
+1.1 V, respectively).

a HOMO-LUMO gap of 1.3 eV was measured for
dibenzoperioctacene 6, thus highlighting the drastic decrease
of the energy gap upon the structural extension and coinciding
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with the decreased HOMO—-LUMO gaps of the larger
periacene.51_53 Moreover, two-dimensional STS maps of the
HOMO and LUMO for dibenzoperihexacenes 3a (Figure Sc
and d, respectively), 3b (Figure Sg and h, respectively), and
dibenzoperioctacene 6 (Figure Sk and 1, respectively) were
obtained at constant current. The spatially localized distribu-
tion of the electronic states indicated a weaker interference
from the Au(111) surfaces compared to other more reactive
surfaces, e.g, Cu(111) (see Figure S14), which enabled the
detection of the molecular frontier orbitals. As seen in Figure
6¢, g, and k, the HOMO of 3a, 3b, and 6 mainly exists at the
zigzag edges, which is reminiscent of the edge states observed
in the zigzag-edge graphene nanoribbons.”* The HOMO
localized at the zigzag edges is enhanced in the middle, which
is where the zigzag edges are fused with a benzene ring. The
similarity in the electronic structures of 3a and 3b indicates
that the influence of tBu groups on the molecular electronic
properties is negligible.

B CONCLUSION

In summary, we demonstrate that the regioselectivity of the
cyclodehydrogenation of 2,2”,6,6”-tetra(2-naphthyl)-p-ter-
phenyl on metal surfaces is different from that in solution,
thereby leading to an unprecedented synthesis of dibenzoper-
ihexacene on Cu(110), Cu(111), and Au(111) in contrast to
the previously reported double [7]helicene generated through
the solution synthesis. To the best of our knowledge, this is the
first example to demonstrate different regioselectivity in similar
reactions on the surface and in solution, thereby yielding
different products from the same precursor. We have further
developed a 2,2",6,6”-tetra(2-anthryl)-p-terphenyl precursor to
accomplish the on-surface synthesis of dibenzoperioctacene as
the largest periacene analogue with a small HOMO—-LUMO
gap of 1.3 eV. The current results provide new insight into the
cyclodehydrogenation reactions on metal surfaces and a useful
guideline for the design of new precursors, e.g., those having
naphthyl and/or anthryl groups, for developing further
varieties of nanographene structures. The structural extension
to dibenzoperidecacene and the synthesis of benzo-fused
zigzag graphene nanoribbons® are planned for future
investigation in our laboratories.

B METHODS

Synthesis of Precursors. 4,4”-Di-tert-butyl-2,2",6,6"-tetra(2-
naphthyl)-p-terphenyl (TNTP-tBu, 1a) was synthesized as described
in our previous report.”” The details of the synthesis of 2,2”,6,6"-
tetra(2-naphthyl)-p-terphenyl (TNTP, 1b) and 4,4”-ditert-butyl-
2,2",6,6"-tetra(2-anthryl)-p-terphenyl (TATP-tBu, §) are provided
in Schemes S1 and S2, respectively.

Sample Preparation. The Cu(110)/Cu(111)/Au(111) crystals
that were purchased from MaTeck (Germany) were cleaned using
combined sputtering/annealing cycles. The precursors were deposited
onto the single crystal surfaces from a homemade molecule
evaporator.”® Reactions were triggered by heating the sample at
appropriate temperatures for 30 min. The prepared samples were
transferred into an STM/AFM scanner where the base pressure is
better than 1.0 X 107'° mbar.

STM/AFM and STS Measurements. All of the STM/AFM
images were measured at 5 K with a commercial LT-STM/AFM
(Scienta Omicron, Germany). The tip was grounded and a voltage
bias was applied to the sample for STM imaging in the constant
current mode. The STS spectra (dI/dV vs bias voltage (V)) were
acquired in the following steps: (i) Put the tip at the target positions
with a tunneling set point of —1 V and 100 pA, (ii) switch off the tip-
height feedback, and (iii) ramp V from —2 to 2 V and record the dI/
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e = 20 mV). The AFM
images are constant-height frequency shift images that were acquired
by using a tuning fork force sensor with CO-functionalized tips and a
frequency modulation mode. The resonance frequency of the force
sensor is approximately 27 kHz. Vibration amplitudes of S1—68 pm
were used for all the AFM images. The quality factors are 26.6k—
39.5k.

Calculations. For the reactive force field (ReaxFF) simulations,
we used LAMMPS (1 Feb 2014 version)®” with the USER-REAXC
package and fix geq/reax.*® All the density functional theory (DFT)
calculations were performed using the Vienna Ab initio Simulation
Package (VASP), in which the electron—ion interactions were
described using the Projector Augmented-Wave (PAW) poten-
tials.””®" The exchange-correlation interactions were interpreted
through the Perdew—Burke—Enzerhof (PBE) of the Generalized
Gradient Approximation (GGA) pseudopotentials.’’ The cutoff
energy for the plane wave was set as 400 eV. The vdW-D3 method
developed by Grimme et al. was employed to describe the van der
Waals interactions.”” The I'-center was adopted in all DFT
calculations.”* The Cu(110) surface was modeled using periodic
slabs consisting of four Cu atomic layers. A 15 A vacuum layer was
included in order to avoid the interactions between the periodical
cells. During the structural optimizations, the bottom two layers of Cu
atoms were kept fixed, and all other atoms were relaxed until the
atomic force was less than 0.01 eV/A. The simulations of the
constant-height frequency shift AFM images were carried out using
the probe particle model from Hapala et al.**** and taking the DFT
calculated molecular structures as input. A CO tip was used with a
lateral stiffness of 0.5 N-m™" and an oscillation amplitude of 1 A.

dV signal vs V using a lock-in amplifier (V,
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