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Abstract

The precise introduction of nonplanar pores in the backbone of graphene
nanoribbon represents a great challenge. Here, we explore a synthetic strategy
toward the preparation of nonplanar porous graphene nanoribbon from a
predesigned dibromohexabenzotetracene monomer bearing four cove-edges.
Successive thermal annealing steps of the monomers indicate that the
dehalogenative aryl-aryl homocoupling yields a twisted polymer precursor on a
gold surface and the subsequent cyclodehydrogenation leads to a defective
porous graphene nanoribbon containing nonplanar [14]annulene pores and
five-membered rings as characterized by scanning tunneling microscopy and
noncontact atomic force microscopy. Although the C-C bonds producing [14]
annulene pores are not achieved with high yield, our results provide new syn-
thetic perspectives for the on-surface growth of nonplanar porous graphene
nanoribbons.
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1 | INTRODUCTION

Porous graphene nanostructures have recently attracted
much attention due to their potential as active compo-
nents in a variety of applications, including water
desalination, gas separation, ion transport and sensing.’
Since their electronic properties and functionalities are
sensitively related to size, location, density and shape
of the pores, it is desirable to develop efficient strategies
to create well-defined nanoscale pores in graphene
nanostructures. In contrast to the top-down methods
using an oxygen plasma' or ultraviolet-induced oxidative
etching® on graphene, the combination of in-solution and
on-surface syntheses represents a unique approach for
the construction of atomically defined pores in graphene
nanostructures. For example, this strategy has recently
enabled the synthesis of nanoporous graphene networks®
and nanoporous nanoribbons* with different pore sizes
associated with unique electronic properties. In addition
to the tailored pore size, the conformation of the pores in
graphene nanostructures also plays an important role to
tailor their electronic and mechanical properties.™?
Depending on the inner edge structure, the nanopore can
have either planar or nonplanar geometry (Figure 1A)°%
for instance, the creation of one “benzene” vacancy in
graphene nanostructure leads to a planar 18-membered
pore (or [18]annulene, (a), while the exclusion of one
“C-C bond” creates a nonplanar 14-membered pore
(or [14]annulene, (b). The latter type of pores has been
recently reported by our group,” with the introduction of

(A) (B)

Sa %
ol

Ulimann-like
coupling reaction
Br ——— > -

DBHBT (1)

FIGURE 1

A2 2 I )
B e0a0608090% 0
cogecugedaced
DC-O-O-OD-

Nonplanar Porous GNR (nPGNR)

‘Cyclodehydrogenaﬂon

Polymer

three nonplanar [14]annulene pores into a graphene mol-
ecule via on-surface cyclodehydrogenation of a propeller
molecular precursor with 78 sp® carbon atoms, which
exhibits an enlarged energy gap in comparison to its pla-
nar non-porous counterpart with 84 sp> carbon atoms.
Pefia and Godlewski et al.® also synthesized a large trigo-
nal porous nanographene with 102 sp> carbon atoms by
using a similar strategy and explored the reactivity of the
nonplanar [14]annulene pores on a gold surface. How-
ever, the incorporation of nonplanar pores into the back-
bone of graphene nanoribbons has remained less
investigated, mostly due to the lack of suitable precursor
designs.

In this work, we demonstrate the combined in-
solution and on-surface synthesis of porous graphene
nanoribbon with nonplanar [14]annulene pores on a
coinage metal surface under ultrahigh vacuum (UHV)
conditions. Conceptually, the targeted nonplanar porous
GNR (nPGNR) can be exemplified by the periodic
removal of C-C bonds in the backbone of an armchair-
edged GNR of width N = 11 (11-AGNR) along the ribbon
longitudinal axis (Figure 1B). The calculated density of
states (DOS) and band structure of the nPGNR reveal a
significantly increased bandgap of 1.66 eV (Figure 1C),
compared to the pristine non-porous 11-AGNR
(0.15 eV).° As illustrated in Figure 1B, a new building
block with four cove-edges, that is,
10,21-dibromohexabenzo|a,c,fg.j,l,op]tetracene (DBHBT,
1), is designed and synthesized via wet chemistry
methods. This DBHBT precursor is expected to provide
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(A) Examples of planar (i) and nonplanar (ii) pores in graphene nanostructures; (B) Conceptual on-surface synthesis of

nPGNR (pink arrows indicate the rotational freedom of each unit around the newly formed bonds); (C) Band structure and DOS of the
targeted nPGNR with a band gap of 1.66 eV. The gray dashed line indicates the top of the valence band
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the targeted nPGNR through the surface-assisted
Ullmann-like coupling and subsequent
cyclodehydrogenation reaction. Upon annealing of
DBHBT monomers deposited on Au(111), the monomers
smoothly undergo the dehalogenative aryl-aryl coupling
in the first step to afford the expected polymers at 200°C,
as shown by scanning tunneling microscopy (STM)
images. However, in the second step under annealing at
400°C, we found that the obtained polymers could not
undergo the complete cyclodehydrogenation to form the
targeted nPGNR. Instead, a defective GNR containing
nonplanar [14]annulene pores and additional five-
membered rings is achieved. The chemical structure of
the product, including five-membered rings created upon
closing some of the cove edges,®® is demonstrated by
high-resolution noncontact atomic force microscopy (nc-
AFM). Our results provide a novel insight into the design
and synthesis of nonplanar porous GNRs.

2 | RESULTS AND DISCUSSION

The synthesis of monomer 1 was carried out in solution
as displayed in Scheme 1. First, 2,7-bis(4,4,5,5-tetra-
methyl-1,3,2-dioxaborolan-2-yl)pyrene (3) was prepared
using an iridium-catalyzed borylation of the commer-
cially available pyrene (2) according to the reported pro-
cedure.’® Subsequently, the key intermediate 5 was
synthesized in 17% yield through the twofold annulative
n-extension reaction'! with 5,5-dimethyl-5H-dibenzo[b,d]
silole (4) in 1,2-dichloroethane at 80 °C in the presence of
Pd(CH;CN),(SbFy), catalyst and o-chloranil. After that,
compound 5 was treated with copper(II) bromide (CuBr,)
for 24 h at 95°C to afford the DBHBT (1) with a yield of
40%. After purification by column chromatography on sil-
ica gel, compound 1 was recrystallized in CH,Cl,/MeOH
to ensure the high purity required by the on-surface syn-
thesis. The chemical structure of 1 was fully character-
ized by NMR spectroscopy (Figures S3-S6). High-
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resolution matrix-assisted laser desorption/ionization-
time of flight (MALDI-TOF) mass spectrometry analysis
of 1 showed an intense peak at m/z = 657.9941 (positive
mode, dithranol as the matrix) with isotopic distribution
patterns that matched well with the calculated spectrum
(calculated value for CuH,oBr,': m/z = 657.9932)
(Figure S11). In addition, the DFT optimized structure of
monomer 1 reveals a nonplanar conformation due to ste-
ric repulsion between the C-H bonds at the cove positions
(Figure S13). Notably, the benzene rings along the cove
edges in 1 adopt a mixed up-down conformation with a
largest torsional angle of 33.5°.

To explore the on-surface synthesis of nPGNRs, we
deposited the nonplanar cove-edged monomer 1 onto a
clean Au(111) surface at room temperature (RT) under
UHV conditions. STM investigation of the resulting sur-
face displays intact molecules arranged along chains that
follow the underlying herringbone reconstruction of the
Au(111) substrate (Figure 2A). Closer inspection of these
structures (Figure 2B) reveals rectangular features with
two bright protrusions at the center of their long sides,
which we assign to bromine atoms still attached to the
precursor monomers. Such assembly is most likely stabi-
lized by halogen-hydrogen interactions. To induce
dehalogenative aryl-aryl coupling, we annealed the sub-
strate to 200°C. As confirmed in previous studies,'? this
temperature is sufficient to promote debromination on
Au(111). As expected, after such temperature treatment
we observed the formation of (almost) straight stripes
decorated with some bright dots (Figure 2C,D). We assign
these nanostructures to polymers, where C-C bonds
between the initially brominated sites of the monomers
have formed, and where the phenanthrene subunits
(or just part of them) are pointing either away from or
toward the substrate, in virtue of the rotational freedom
of each repeat unit around the newly formed C-C bonds
(Figure 1B). Further annealing of the sample to 300°C
resulted in a reduced number of bright protrusions
(Figure 2E,F), which can be ascribed to local
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Synthetic route to precursor 1. Reagents and conditions: (a) B,pin,, [[r(OMe)cod],, dtbpy, cyclohexane, 70°C, 20 h, 65%; (b)

Pd(CH;CN),(SbF),, o-chloranil, CICH,CH,Cl, 80°C, 2 h, 17%; (c) CuBr,, THF/MeOH/H,0, 95°C, 24 h, 40%
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STM images of the Au(111) surface after deposition of 1 at RT (A,B) and subsequent annealing to the indicated temperatures

(C-H). Scanning parameters: Vi, = —0.7 V, I; = 50 pA (A,B); V, = —1.0 V, I, = 30 pA (C-G); V}, = —20 mV, I, = 100 pA (H)

cyclodehydrogenation processes with the creation of C-C
bonds between the phenanthrene subunits of the poly-
mers. This process is almost completed after annealing to
400°C, where only few remaining bright features are left
(Figure 2G) and the resulting nanostructures are mostly
planar and with some darker sites (Figure 2H).

To get atomically-resolved insights into the obtained
nanostructures, we performed constant-height nc-AFM
measurements with a CO-functionalized tip of a regular
segment obtained after annealing the sample to 420°C
(Figure 3). The frequency-shift image reveals that the
obtained product is still not completely planar, but entails
some distortion. The brighter features at the edges
(Figure 3C) are due to six-membered rings pointing away
from the surface as a result of steric repulsion of hydrogen
atoms facing each other. On the other hand, the opposing
six-membered rings are bent toward the surface and appear
as faint features in the nc-AFM image. These features are
highlighted in the scheme in Figure 3D. Notably, in some
cases successful cyclodehydrogenation was achieved
between these hexabenzotetracene units, leading to the for-
mation of C-C bonds (red lines in Figure 3D) and conse-
quently nonplanar [14]annulene pores are formed as in the
expected structure of the sought-for nPGNR. Unfortu-
nately, the absence of such pore formation in some posi-
tions of the ribbon prevented from achieving the desired
final nPGNR. However, it is interesting to note that when
the pores did not form, cyclodehydrogenation of the inner

cove edges led to the formation of five-membered rings
(Figure 3C,D), which is also observed in other reported
graphene nanostructures containing cove-edges.>” Hence,
the darker dots visible in the STM images (Figures 2H and
3A,B) are due to the nonplanar [14]annulene pores, char-
acterized by two opposing hydrogen atoms pointing away
from the substrate and the remaining two pointing toward
it. It is interesting to note that the bending direction of
these hydrogens within the pores is structurally consistent
with the overall distortion at the GNR edges, which pro-
duces an undulated geometry both in the longitudinal and
transverse GNR directions.

3 | CONCLUSIONS

In summary, by combining in-solution and on-surface
chemistry, we have synthesized a porous GNR containing
nonplanar [14]annulene pores and five-membered rings.
The structures of the obtained defective GNR and the
corresponding intermediates have been well characterized
by means of STM and nc-AFM experiments. The specifi-
cally designed precursor DBHBT containing cove-edges
allows the surface-assisted Ullmann-like polymerization to
afford the expected polymers. However, the subsequent
cyclodehydrogenation step finally led to defective porous
graphene nanostructures embedding five-membered rings
and only a partial amount of 14-membered pores as
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FIGURE 3
STM image after deposition of 1 on Au(111) and annealing to
420°C; (B) Zoom-in STM image of a porous GNR; (C) nc-AFM
image acquired with a CO-functionalized tip on the GNR segment

Structural investigation of a GNR segment. (A)

highlighted in B; (D) Chemical scheme of the structure observed in
C. Scanning parameters: V, = —0.1 V, I; = 100 pA (A);

Vi = —20 mV, I, = 100 pA (B); Az = +180 A with respect to STM
set point: Vi, = —5 mV, I, = 100 pA (C)

compared to the targeted geometry. Although the forma-
tion of the anticipated nPGNR is not achieved, the insights
reported herein are instructive to the synthesis of other
nonplanar porous graphene nanoribbons with high struc-
tural perfection.

4 | EXPERIMENTAL SECTION
4.1 | Synthesis and characterizations of
precursor 1

All the experimental details for the synthesis of new com-
pounds and precursor 1, and associated characterizations
are reported in Supporting information S1.

4.2 | Sample preparation and STM/nc-
AFM experiments

The on-surface synthesis experiments were performed under
UHV conditions with base pressure below 2 x 10" '° mbar.
Au/mica substrates (Phasis) with 200 nm Au layer on top of
mica were cleaned by repeated cycles of Ar + sputtering
(1 keV) and annealing (470°C) until a clean Au(111) surface
was achieved. The precursor molecule 1 was thermally evap-
orated onto the substrate from quartz crucibles heated at
350°C, which resulted in a deposition rate of ~0.5 A/min.
STM images were acquired with a low-temperature scan-
ning tunneling microscope (Scienta Omicron) operated at
4.7 K in constant-current mode using an etched tungsten
tip. Bias voltages are given with respect to the sample.
nc-AFM measurements were performed at 4.7 K with a
tungsten tip placed on a gPlus tuning fork sensor.” The
tip was functionalized with a single CO molecule at the tip
apex picked up from the previously CO-dosed surface.'* The
sensor was driven at its resonance frequency (25,000 Hz)
with a constant amplitude of 70 pm. The frequency shift
from resonance of the tuning fork was recorded in constant-
height mode using Omicron Matrix electronics and HF2Li
PLL by Zurich Instruments. The Az is positive (negative)
when the tip-surface distance is increased (decreased)
with respect to the STM set point at which the feedback
loop is opened.

4.3 | Computational methods

To compute the DFT band structure of the porous GNR, we
used an AiiDAlab'® app performing gas-phase calculations
with the Quantum Espresso'® software package. We used
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional.'” A plane wave basis with an energy cut-off of
400 Ry for the charge density was used together with the
projector augmented-wave method (PAW) pseudopotentials
(standard solid-state pseudopotentials [SSSP])."®* A mesh of
26 k-points was used for sampling the 1D Brillouin zone to
obtain the electronic ground state. The cell and atomic
geometry of the ribbon were relaxed until forces were
smaller than 0.001 a.u.
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